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Abstract 

Organic light-emitting diode (OLED) technologies depend on precise control of molecular 

electronic structure to enable efficient charge transport and stable emission. In this context, 

naphthalimide–carbazole-based bipolar emitters offer a versatile donor–acceptor framework for 

tuning optoelectronic properties. The molecular structures studied include three reference 

compounds (1–3), where carbazole and triphenylamine units act as electron-donating segments, 

and the naphthalimide core functions as the electron-accepting unit. A boron–nitrogen (BN) 

isosteric doping strategy is applied to these structures to systematically explore changes in 

electronic properties. BN units are selectively incorporated into the acceptor core and nearby 

aromatic regions, adjusting the distribution of frontier molecular orbitals while maintaining the 

overall π-conjugated framework of the parent molecules. Density functional theory (DFT) and 

time-dependent DFT (TD-DFT) calculations are used to assess key electronic features, including 

HOMO–LUMO energy levels, global reactivity descriptors, and molecular electrostatic potential 

(MEP) maps. The findings show that structural differences among compounds 1–3, especially in 

donor strength and substitution patterns, significantly impact orbital localization and charge 

distribution. Comparing these results reveals that BN substitution further enhances electronic 

polarization and influences donor–acceptor interactions based on the substitution site. These 

outcomes highlight that both the molecular architecture and BN-doping strategy are crucial in 

shaping electronic behavior. Overall, this study offers a structure-based computational perspective 

on BN-doped naphthalimide–carbazole systems and provides guiding principles for designing 

efficient bipolar OLED emitter materials. 
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Abstract  

Organic light-emitting diode (OLED) technologies depend on precise control of molecular electronic structure to 

enable efficient charge transport and stable emission. In this context, naphthalimide–carbazole-based bipolar 

emitters offer a versatile donor–acceptor framework for tuning optoelectronic properties. The molecular structures 

studied include three reference compounds (1–3), where carbazole and triphenylamine units act as electron-

donating segments, and the naphthalimide core functions as the electron-accepting unit. A boron–nitrogen (BN) 

isosteric doping strategy is applied to these structures to systematically explore changes in electronic properties. 

BN units are selectively incorporated into the acceptor core and nearby aromatic regions, adjusting the distribution 

of frontier molecular orbitals while maintaining the overall π-conjugated framework of the parent molecules. 

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations are used to assess key electronic 

features, including HOMO–LUMO energy levels, global reactivity descriptors, and molecular electrostatic 

potential (MEP) maps. The findings show that structural differences among compounds 1–3, especially in donor 

strength and substitution patterns, significantly impact orbital localization and charge distribution. Comparing 

these results reveals that BN substitution further enhances electronic polarization and influences donor–acceptor 

interactions based on the substitution site. These outcomes highlight that both the molecular architecture and BN-

doping strategy are crucial in shaping electronic behavior. Overall, this study offers a structure-based 

computational perspective on BN-doped naphthalimide–carbazole systems and provides guiding principles for 

designing efficient bipolar OLED emitter materials 

Keywords: OLED, BN-doping, bipolar emitters, TADF, DFT 

 

1. Introduction    

Organic light-emitting diodes (OLEDs) have emerged as a key technology in modern optoelectronic 

applications due to their high efficiency, flexibility, and tunable emission properties [1-3]. The performance of 

OLED devices is fundamentally governed by the electronic structure of the emissive materials, particularly the 

alignment of frontier molecular orbitals and the balance between electron-donating and electron-accepting units 

[4, 5]. In this context, bipolar donor–acceptor systems based on naphthalimide–carbazole frameworks have 

attracted considerable attention for their ability to enable balanced charge transport and controlled emission 

behavior [6-8]. Naphthalimide derivatives act as strong electron-accepting cores, while carbazole and 

52nd International Conference of SSCHE
May 26 - 29, 2026, Štrbské Pleso, Slovakia

3



triphenylamine units serve as efficient electron donors, forming a well-defined intramolecular charge-transfer 

system. Naphthalimide derivatives act as strong electron-accepting cores, while carbazole and triphenylamine units 

serve as efficient electron donors, forming a well-defined donor–π–acceptor (D–π–A) architecture that promotes 

intramolecular charge transfer. In this framework, the π-bridge serves as an electronic conduit, comprising 

conjugated aromatic linkers that connect the donor units to the naphthalimide acceptor core. This π-conjugated 

pathway enables efficient electronic communication between spatially separated frontier orbitals, facilitating 

charge delocalization and tuning the extent of donor–acceptor coupling. As a result, the electronic distribution, 

optical transitions, and overall device-relevant properties can be precisely modulated through structural variations 

within the π-bridge and substituent positioning. Such controllable D–π–A interactions are therefore central to 

optimizing charge transport balance, emission efficiency, and overall performance in OLED systems.  

In this context, boron–nitrogen (BN) isosteric substitution emerges as a powerful molecular engineering 

strategy to fine-tune these interactions further. By selectively incorporating BN units into the π-bridge and acceptor 

segments, it becomes possible to modulate electronic polarization, adjust frontier orbital localization, and control 

donor–acceptor coupling without disrupting the overall π-conjugated framework. This position-dependent 

electronic perturbation provides an additional degree of freedom for tailoring optoelectronic properties, thereby 

offering a rational pathway for optimizing the performance of bipolar OLED emitters. The modulation of this 

donor–acceptor interaction plays a crucial role in determining the electronic distribution, optical response, and 

overall device efficiency [9-14]. In particular, donor–acceptor (D–A) molecular architectures are widely 

recognized as effective platforms for achieving balanced charge injection and transport, enabling high external 

quantum efficiency (EQE) and long device lifetime in OLED systems (15, 16]. Therefore, rational molecular 

design strategies that can precisely tune the electronic structure without disrupting the π-conjugated framework 

are of significant importance. Boron–nitrogen (BN) isosteric substitution has emerged as a powerful molecular 

design strategy that enables precise tuning of frontier orbital distributions and charge-transfer characteristics 

without disrupting the π-conjugated backbone. 

Recent advances have shown that π-conjugated systems incorporating BN units can effectively modulate 

electronic polarization and intermolecular interactions, offering enhanced control over HOMO–LUMO alignment 

and optoelectronic response [17-20]. One of the most effective approaches in this regard is boron–nitrogen (BN) 

isosteric substitution [21]. The incorporation of BN units into aromatic systems preserves the overall conjugation 

while introducing localized polarity and altering the electronic distribution. This strategy enables fine control over 

HOMO–LUMO energy levels, charge separation characteristics, and molecular electrostatic potential, which are 

directly related to charge injection and recombination processes in OLED devices. From a structural perspective, 

naphthalimide-based acceptor units are particularly advantageous due to their strong electron affinity, rigid 

aromatic frameworks, and favorable photophysical properties. At the same time, carbazole derivatives contribute 

high hole-transport capability and chemical stability, making them ideal building blocks for bipolar OLED emitters 

[22, 23]. A recent experimental study has reported thermally stable and energy-efficient bipolar emitters based on 

naphthalimide–carbazole architectures, which are herein represented as compounds 1–3 [24]. As illustrated in Fig. 

1, the representative molecular systems (1–3) exhibit distinct donor–π–acceptor architectures, where variations in 

the π-bridge and acceptor regions provide a structural basis for systematically exploring the electronic effects of 

BN incorporation. These materials exhibit high device performance and favorable optoelectronic properties, 

providing a reliable reference platform for evaluating structure–property relationships [19, 25-28]. However, 
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despite these experimental advances, the extent to which BN isosteric substitution can systematically modulate the 

electronic structure of such bipolar architectures remains to be fully elucidated, particularly with respect to 

position-dependent effects within the π-bridge and acceptor regions. Despite these promising experimental 

findings, a comprehensive theoretical interpretation that systematically correlates their electronic structure with 

the observed behavior remains limited. Consequently, a detailed computational investigation is required to bridge 

this gap and to provide a rational understanding of how BN doping influences donor–acceptor interactions and 

overall optoelectronic performance, thereby enabling more effective molecular design strategies for next-

generation OLED emitters [29-31]. 

 

Fig. 1. Molecular structures of the reference naphthalimide–carbazole bipolar emitters (compounds 1–3) 

illustrating donor–π–acceptor architecture. 

In this context, the present study aims to establish a robust and predictive structure–property–performance 

relationship for naphthalimide–carbazole-based bipolar OLED emitters by systematically investigating three 

representative molecular systems (1–3) that correspond to experimentally reported analogs. Although these 

systems have demonstrated promising optoelectronic performance, a comprehensive molecular-level 

understanding of how site-specific structural modifications influence electronic structure, charge-transfer 

characteristics, and device-relevant properties remains insufficiently resolved. To address this gap, a boron–

nitrogen (BN) isosteric substitution strategy is selectively implemented across the donor, π-bridge, and acceptor 

regions to generate a series of position-dependent isomers while preserving the intrinsic donor–π–acceptor (D–π–

A) framework. Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations are employed to 

systematically evaluate key electronic descriptors, including frontier molecular orbital energies, global reactivity 

parameters, molecular electrostatic potential (MEP) distributions, and excited-state transition characteristics. The 

results reveal that BN incorporation induces a pronounced spatial redistribution of frontier orbitals, enhances the 

intramolecular charge-transfer (ICT) character, and enables fine control of electronic polarization in a position-

dependent manner. By directly correlating these theoretical insights with available experimental data for 

compounds 1–3, this study establishes a mechanistically grounded and experimentally consistent framework for 

rational molecular design, highlighting BN doping as an effective strategy to tune the electronic structure and 

optimize the performance of next-generation bipolar OLED emitters. 

2. Computational Methods 

All quantum chemical calculations were performed using Density Functional Theory (DFT) and Time-

Dependent DFT (TD-DFT) as implemented in the Gaussian 16 software package (Revision C.01) [32]. Molecular 

structures were constructed and visualized using GaussView 6.0.8 [33]. The ground-state (S₀) geometries of all 

BN-doped position isomers were fully optimized at the B3LYP/6-311++G(d,p) level of theory without any 

symmetry constraints [34–36]. Excited-state calculations were carried out using TD-DFT at the B3LYP/6-

31++G(d,p) level to evaluate the electronic excitation properties of the studied systems. This computational 
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protocol enables a reliable description of frontier molecular orbitals and related electronic transitions in π-

conjugated donor–acceptor systems. Key electronic descriptors, including HOMO–LUMO energy levels, 

oscillator strengths, and transition dipole moments, were systematically analyzed to elucidate the effects of boron–

nitrogen substitution on the electronic structure. In addition, molecular electrostatic potential (MEP) distributions 

were examined to provide insight into charge distribution and polarization characteristics. Overall, this 

computational framework enables consistent evaluation of structure–property relationships and provides a reliable 

theoretical basis for interpreting the influence of BN incorporation on the optoelectronic behavior of bipolar OLED 

emitters [37–41]. 

In addition to the electronic structure analysis, electrochemical descriptors were further computed to 

assess the charge-injection characteristics of the investigated systems. These parameters are directly related to the 

alignment of molecular energy levels at the electrode/organic interface, which critically influences the turn-on 

voltage and overall luminance efficiency of OLED devices. The following expressions were employed for their 

evaluation: 

𝑉𝑜𝑛𝑠𝑒𝑡−𝑜𝑥 = −𝐸𝐻𝑂𝑀𝑂 − 𝑉𝑟𝑒𝑓        [1] 

𝑉𝑜𝑛𝑠𝑒𝑡−𝑟𝑒𝑑 = −𝐸𝐿𝑈𝑀𝑂 − 𝑉𝑟𝑒𝑓         [2] 

𝐸𝑔−𝑒𝑙 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂         [3] 

𝐸𝑜𝑛𝑠𝑒𝑡 = 𝑉𝑜𝑛𝑠𝑒𝑡−𝑜𝑥 + 𝑉𝑜𝑛𝑠𝑒𝑡−𝑟𝑒𝑑 2⁄         [4] 

 Four key electrochemical descriptors were evaluated to characterize charge injection and transport 

behavior in BN-doped position isomers. The onset oxidation potential (𝑉𝑜𝑛𝑠𝑒𝑡−𝑜𝑥)) corresponds to the energy 

required to remove an electron from the HOMO level and indicates hole-injection capability. In contrast, the onset 

reduction potential (𝑉𝑜𝑛𝑠𝑒𝑡−𝑟𝑒𝑑)) reflects the energy associated with electron addition to the LUMO level and is 

directly related to electron injection efficiency. The electrochemical energy gap (𝐸𝑔−𝑒𝑙)) represents the difference 

between LUMO and HOMO energies, providing insight into the intrinsic electronic structure and exciton 

formation characteristics of the molecule. The average onset potential (𝐸𝑜𝑛𝑠𝑒𝑡), defined as the mean of the 

oxidation and reduction onset values, serves as a practical descriptor of redox balance and charge neutrality in 

device environments. All electrochemical quantities were referenced to a constant electrode potential (𝑉𝑟𝑒𝑓) of 4.8 

eV, corresponding to the standard ferrocene/ferrocenium (Fc/Fc⁺) redox couple [42–46]. 

 In this study, a set of quantum-chemical parameters and global reactivity descriptors were systematically 

computed to elucidate the structure–property relationships governing the optoelectronic performance of BN-doped 

positional isomers in OLED applications. These calculations provide detailed insight into the electronic factors 

controlling charge transport, exciton behavior, and emission efficiency, thereby establishing a link between 

molecular-level properties and device-relevant performance. The evaluated descriptors include HOMO and 

LUMO energy levels, the HOMO–LUMO energy gap (ΔEgap), dipole moment, and conceptual DFT-based global 

reactivity indices such as chemical potential (μ), electronegativity (χ), chemical hardness (η), softness (σ), and 

electrophilicity (ω). These parameters play a central role in determining charge injection characteristics, electronic 

stability, and intermolecular interactions in OLED systems.Particular emphasis is placed on assessing how 

positional isomerism of boron–nitrogen units influences electronic distribution, charge-transfer characteristics, and 

overall optoelectronic behavior. In this context, global reactivity descriptors are employed to quantify the electron-
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donating and electron-accepting tendencies of the molecules, providing mechanistic insight into their interaction 

potential within multilayer OLED architectures. A comprehensive analysis of μ, χ, η, and ω enables a predictive 

evaluation of molecular stability and reactivity under operational conditions, offering valuable guidelines for the 

rational design of efficient and stable OLED emitters [46–50]. 

            ∆𝐸𝑔𝑎𝑝 = 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂                                                                                                                                                                   [5] 

         𝐼𝑃 = −𝐸𝐻𝑂𝑀𝑂                                                                                                                                                                                                      [6] 

 

            𝐸𝐴 = −𝐸𝐿𝑈𝑀𝑂                                                                                                                  [7] 

 

       η = (
IP−EA

2
)                                                                                                                       [8] 

  

       σ = 1/η                                                                                                                              [9] 

 

       µ = − χ = (
𝐼𝑃+𝐸𝐴

2
)                                                                                       [10] 

         ω− =
(3IP+EA)2

(16(IP−EA))
                                                                                                            [11] 

 

         ω+ =
(IP+3EA)2

(16(IP−EA))
                                                                                                            [12] 

Following these definitions, a comprehensive evaluation of global reactivity descriptors including 

chemical hardness (η), softness (σ), electronegativity (χ), chemical potential (μ), and electrophilicity index (ω) was 

carried out to establish quantitative relationships between electronic structure, thermodynamic stability, and 

chemical reactivity. Since these descriptors are directly derived from frontier molecular orbital energies, they 

provide reliable insight into the intrinsic charge-transfer capability of BN-doped positional isomers, a key factor 

governing exciton dynamics and carrier balance in OLED systems. Additionally, the electroaccepting (ω⁺) and 

electrodonating (ω⁻) powers were calculated further to characterize the donor–acceptor nature of the molecules. 

This extended descriptor set enables a detailed reactivity mapping and offers mechanistic insight into 

intermolecular interactions within multilayer OLED architectures. All calculations were performed under standard 

conditions without empirical corrections, ensuring consistency and reproducibility of the obtained results. 

3. Result and Discussion 

Based on this systematic BN substitution strategy across the donor, π-bridge, and acceptor segments, the 

following section presents a detailed analysis of how position-dependent doping influences the electronic structure 

and charge-transfer characteristics of compounds 1–3. In this context, a comprehensive quantum-chemical analysis 

was performed to evaluate the optoelectronic suitability of BN-doped positional isomers for OLED applications. 

Key electronic properties, including frontier molecular orbital distributions, global reactivity descriptors, 

ionization potentials, electron affinities, and energy level alignments with interfacial layers, were systematically 

investigated. Particular emphasis was placed on elucidating how boron–nitrogen incorporation influences 

electronic distribution and donor–acceptor interactions. The obtained results provide detailed insight into the 

structure–property relationships governing charge transport and overall optoelectronic behavior in these systems. 
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3.1. Frontier Molecular Orbital Analysis of BN-Doped Position Isomers 

 The frontier molecular orbital (FMO) properties of compounds 1–3 and their BN-doped position isomers 

were systematically investigated to establish a comprehensive structure–property relationship governing electronic 

distribution, intramolecular charge transfer (ICT), and optoelectronic performance within naphthalimide–

carbazole-based donor–π–acceptor (D–π–A) systems. As illustrated in Fig. 1, all optimized structures retain the 

intrinsic conjugated backbone upon BN incorporation, confirming that isosteric B–N substitution does not disrupt 

the overall molecular framework but instead introduces localized electronic perturbations that can be exploited for 

fine-tuning electronic properties [51-56]. 

 

Fig. 1. Optimized structures of compounds 1–3 and their BN-doped position isomers. 
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Within this framework, the position-dependent nature of BN substitution plays a decisive role in 

modulating electronic behavior. Specifically, substitution at p1 primarily perturbs the donor 

(carbazole/triphenylamine) region, p2–p3 correspond to modifications along the π-bridge, and p4–p6 progressively 

approach the naphthalimide acceptor core. This spatial classification enables a direct interpretation of how BN 

doping influences orbital energies and charge-transfer pathways along the molecular backbone. A quantitative 

analysis of the computed energy levels presented in Table 1 reveals that the parent compounds exhibit HOMO 

energies of −5.226 eV (1), −5.248 eV (2), and −5.919 eV (3), with corresponding LUMO levels of −2.889 eV, 

−2.971 eV, and −2.981 eV. These values show good agreement with experimentally reported data (HOMO: −5.160, 

−5.050, −4.710 eV; LUMO: −2.760, −2.650, −2.470 eV) [24], thereby validating the computational methodology 

employed. Notably, compound 3 exhibits a significantly deeper HOMO level than experimental observations, 

indicating enhanced orbital stabilization and reduced donor–acceptor coupling, consistent with its more localized 

electronic structure. 

Table 1. Electrochemical Parameters Derived from Frontier Molecular Orbital Energies of BN-Doped 

Position Isomers of Naphthalimide–Carbazole-Based Donor–π–Acceptor Systems 

B-N 

Derivatives 

HOMO 

eV 

LUMO 

eV 

Vonset-ox Vonset-red
 Eg-el

 Eonset
 

1 

-5.226 

(-5.160)* 

-2.889 

(-2.760)* 

0.426 -1.911 2.337 -0.743 

1-BN(p1) -5.202 -2.674 0.402 -2.126 2.528 -0.862 

1-BN(p2) -5.299 -3.038 0.499 -1.762 2.261 -0.631 

1-BN(p3) -5.262 -2.889 0.462 -1.911 2.373 -0.725 

1-BN(p4) -5.261 -2.723 0.461 -2.077 2.538 -0.808 

1-BN(p5) -5.412 -2.803 0.612 -1.997 2.609 -0.692 

1-BN(p6) -5.188 -2.886 0.388 -1.914 2.302 -0.763 

2 

-5.248 

(-5.050)* 

-2.971 

(-2.650)* 

0.443 -1.829 2.272 -0.693 

2-BN(p1) -5.222 -2.758 0.423 -2.042 2.464 -0.809 

2-BN(p2) -5.318 -3.106 0.518 -1.694 2.212 -0.588 

2-BN(p3) -5.282 -2.976 0.482 -1.824 2.306 -0.671 

2-BN(p4) -5.288 -2.801 0.488 -1.999 2.487 -0.756 

2-BN(p5) -5.433 -2.884 0.633 -1.916 2.549 -0.642 

2-BN(p6) -5.211 -2.967 0.411 -1.833 2.244 -0.711 

3 

-5.919 

(-4.710)* 

-2.981 

(-2.470)* 

1.119 -1.819 2.938 -0.350 

3-BN(p1) -5.843 -2.765 1.043 -2.035 3.078 -0.496 

3-BN(p2) -6.045 -3.121 1.245 -1.679 2.924 -0.218 

3-BN(p3) -6.028 -2.987 1.228 -1.813 3.041 -0.293 

3-BN(p4) -5.618 -2.823 0.818 -1.978 2.795 -0.579 

3-BN(p5) -5.748 -2.899 0.948 -1.901 2.850 -0.476 

3-BN(p6) -5.687 -2.982 0.887 -1.818 2.705 -0.466 

*Values given in parentheses correspond to experimental HOMO and LUMO energy levels (Ref. 

[24]). 

This behavior is further reflected in the calculated electrochemical band gaps (Eg-el), which follow the 

trend: 

2 → 1 < 3 (2.272 < 2.337 << 2.938 eV). 
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The relatively smaller band gaps of compounds 1 and 2 indicate stronger electronic communication 

between the carbazole donor and the naphthalimide acceptor through the π-bridge. In contrast, the significantly 

larger band gap of compound 3 suggests reduced orbital overlap and increased localization. This trend is fully 

consistent with experimental observations, where compounds 1 and 2 exhibit superior optoelectronic performance 

compared to compound 3 [24]. 

The spatial distributions of frontier orbitals shown in Fig. 2–4 provide critical insight into these trends. 

The LUMO densities are consistently localized on the naphthalimide acceptor core across all derivatives, 

confirming that BN substitution preserves and even enhances the electron-accepting character of this unit. In 

contrast, the HOMO distributions show strong dependence on substitution position. For compounds 1 and 2, the 

HOMO is delocalized over the carbazole donor and partially extends into the π-bridge, indicating efficient π-

conjugation and strong ICT character. However, a fundamentally different behavior is observed in Fig. 4 for 

compound 3, where HOMO densities become highly localized and fragmented, particularly in BN-doped 

derivatives. This pronounced fragmentation disrupts the continuity of π-conjugation, thereby significantly 

weakening donor–acceptor electronic coupling. As a consequence, the HOMO loses its extended delocalization 

across the molecular backbone. It becomes confined to isolated donor regions, resulting in diminished ICT 

efficiency and reduced charge transport capability compared to compounds 1 and 2. This explains why compound 

3, despite having relatively stable energy levels, exhibits inferior optoelectronic performance. 

The influence of BN substitution on charge injection processes is further elucidated through the onset 

potentials reported in Table 1. Compounds 1 and 2 exhibit relatively low oxidation onset potentials (0.426 V and 

0.443 V), indicating favorable hole injection from the donor region. In contrast, compound 3 shows a significantly 

higher value (1.119 V), reflecting the energetic penalty associated with its deeper HOMO level. These variations 

in onset potentials directly influence charge-injection barriers at the electrode/organic interface, thereby affecting 

the device turn-on voltage and overall OLED efficiency. Similarly, the reduction onset potentials demonstrate that 

BN-induced lowering of LUMO energies, particularly for π-bridge substitutions (p2–p3), enhances electron 

injection capability by improving alignment with electron transport layers. The molecular electrostatic potential 

(MEP) surfaces presented in Fig. 2–4 further support these findings by revealing a pronounced increase in charge 

polarization upon BN incorporation. The electron-deficient regions remain centered on the naphthalimide acceptor, 

while electron-rich regions are localized on the carbazole donor; however, BN substitution amplifies this 

separation, particularly along the π-bridge. This enhanced polarization promotes directional charge transfer and 

facilitates exciton formation, which is essential for efficient OLED operation. 

Overall, the combined analysis of Table 1 and Fig. 1–4 clearly demonstrates that BN doping exerts a 

strong position-dependent influence on both electronic structure and spatial orbital distribution. Substitution along 

the π-bridge enhances electron injection by lowering LUMO energies and improving orbital delocalization, 

whereas substitution near the acceptor stabilizes the electronic structure and increases orbital localization. Most 

importantly, the strong agreement between theoretical predictions and experimental observations confirms that 

BN-induced modulation of frontier orbitals directly governs device-relevant properties, establishing a robust and 

predictive framework for the rational design of advanced OLED materials. This study clearly demonstrates that 

BN doping provides a rational and highly effective strategy for fine-tuning both electronic structure and device-

relevant properties, offering direct design guidelines for next-generation high-efficiency OLED emitters. 
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Fig. 2. HOMO, LUMO, and MEP distributions of compound 1 and its BN-doped position isomers. 
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Fig. 3. HOMO, LUMO, and MEP distributions of compound 2 and its BN-doped position isomers. 
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Fig. 4. HOMO, LUMO, and MEP distributions of compound 3 and its BN-doped position isomers. 

 Building upon these insights, a more nuanced picture emerges when the interplay between orbital 

topology and position-specific BN incorporation is considered in terms of charge-transport anisotropy along the 

molecular backbone. In particular, derivatives featuring BN substitution within the π-bridge region (p2–p3) exhibit 

a more continuous electronic pathway between the carbazole donor and the naphthalimide acceptor, as evidenced 

by the smoother phase progression of frontier orbitals and the reduced energetic separation between charge 

injection levels. This continuity facilitates not only enhanced electron mobility but also a more balanced charge 

recombination profile within the emissive layer. In contrast, substitution patterns approaching the acceptor core 
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(p4–p6) introduce localized electrostatic perturbations that, while stabilizing the LUMO, partially disrupt the 

coherence of the π-system, leading to anisotropic charge transport and reduced overlap between frontier orbitals. 

This distinction becomes particularly critical under device-relevant conditions, where subtle differences in orbital 

connectivity can dictate exciton formation zones and recombination efficiency. Consequently, the ability to 

selectively position BN units along the π-bridge provides a strategic handle for engineering charge flow pathways 

at the molecular level, enabling simultaneous optimization of carrier balance and emission characteristics without 

altering the fundamental D–π–A scaffold. 

3.2. Global Reactivity Descriptors and Electronic Structure Modulation in BN-Doped Donor–π–Acceptor 

Systems 

 To further substantiate the structure–property relationships established in Section 3.1 through frontier 

orbital distributions and electrochemical parameters, a detailed evaluation of global reactivity descriptors (GRDs) 

was performed. These descriptors, summarized in Table 2, provide a quantitative framework for interpreting 

molecular electronic responsiveness, charge stabilization capability, and redox adaptability in BN-doped 

naphthalimide–carbazole-based donor–π–acceptor systems. The calculated parameters, including ionization 

potential (IP), electron affinity (EA), chemical hardness (η), softness (σ), electronegativity (χ), chemical potential 

(μ), electrophilicity index (ω), and electroaccepting/electrodonating powers (ω⁺/ω⁻), collectively describe the 

intrinsic tendency of a molecule to participate in charge transfer processes. Unlike conventional analyses based 

solely on HOMO–LUMO gaps, these descriptors provide deeper mechanistic insight into how BN substitution 

modulates electronic flexibility and charge-accommodation capacity, both of which are essential for OLED 

performance [57-59]. 

Table 2. Computed Global Reactivity Descriptors and Ionization Parameters of BN-Doped Position Isomers in 

Naphthalimide–Carbazole-Based Donor–π–Acceptor Systems 

B-N 

Derivatives 

GRPs* 

IP EA Egap η σ χ µ ω ε ω+ ω- 

1 5.226 2.889 2.337 1.169 0.856 4.058 -4.058 7.045 0.142 5.161 9.219 

1-BN(p1) 5.202 2.674 2.528 1.264 0.791 3.938 -3.938 6.134 0.163 4.323 8.262 

1-BN(p2) 5.299 3.038 2.261 1.131 0.885 4.169 -4.169 7.686 0.130 5.743 9.912 

1-BN(p3) 5.262 2.889 2.373 1.186 0.843 4.075 -4.075 7.000 0.143 5.111 9.186 

1-BN(p4) 5.261 2.723 2.538 1.269 0.788 3.992 -3.992 6.279 0.159 4.442 8.434 

1-BN(p5) 5.412 2.803 2.609 1.304 0.767 4.108 -4.108 6.468 0.155 4.577 8.685 

1-BN(p6) 5.188 2.886 2.302 1.151 0.869 4.037 -4.037 7.081 0.141 5.206 9.244 

2 5.248 2.971 2.277 1.138 0.879 4.109 -4.109 7.418 0.135 5.506 9.615 

2-BN(p1) 5.223 2.758 2.464 1.232 0.812 3.991 -3.991 6.462 0.155 4.621 8.612 

2-BN(p2) 5.318 3.106 2.212 1.106 0.904 4.212 -4.212 8.018 0.125 6.051 10.263 

2-BN(p3) 5.282 2.976 2.306 1.153 0.867 4.129 -4.129 7.395 0.135 5.475 9.604 

2-BN(p4) 5.288 2.801 2.487 1.243 0.804 4.044 -4.044 6.577 0.152 4.710 8.755 

2-BN(p5) 5.433 2.884 2.549 1.274 0.785 4.158 -4.158 6.784 0.147 4.864 9.022 

2-BN(p6) 5.211 2.967 2.244 1.122 0.891 4.089 -4.089 7.452 0.134 5.548 9.637 

3 5.919 2.981 2.938 1.469 0.681 4.450 -4.450 6.741 0.148 4.700 9.150 

3-BN(p1) 5.843 2.765 3.078 1.539 0.650 4.304 -4.304 6.019 0.166 4.059 8.364 

3-BN(p2) 6.045 3.121 2.924 1.462 0.684 4.583 -4.583 7.184 0.139 5.075 9.658 

3-BN(p3) 6.028 2.987 3.041 1.520 0.658 4.507 -4.507 6.682 0.150 4.618 9.125 

3-BN(p4) 5.618 2.823 2.796 1.398 0.715 4.221 -4.221 6.372 0.157 4.437 8.658 

3-BN(p5) 5.748 2.899 2.850 1.425 0.702 4.324 -4.324 6.560 0.152 4.577 8.900 

3-BN(p6) 5.687 2.982 2.705 1.352 0.739 4.334 -4.334 6.946 0.144 4.948 9.283 

*The values for σ and ε are given in eV-1, while all other GRD values are presented in eV. 
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 Consistent with the trends observed in Table 1, the parent compounds exhibit a clear differentiation in 

reactivity profiles. Compound 3 shows relatively higher chemical hardness (η = 1.469 eV) and lower softness (σ 

= 0.681 eV⁻¹), indicating a more rigid electronic structure with reduced adaptability toward charge transfer. In 

contrast, compounds 1 and 2 display lower hardness values (η = 1.169 and 1.138 eV), suggesting enhanced 

polarizability and greater responsiveness to electronic perturbation. These findings are fully consistent with the 

HOMO–LUMO delocalization patterns discussed in Section 3.1, where compounds 1 and 2 exhibited stronger 

donor–π–acceptor coupling and more efficient ICT behavior. A more detailed analysis of BN-doped derivatives 

reveals a strong position-dependent modulation of GRDs across the p1–p6 substitution sites. In particular, π-bridge 

substitutions (p2–p3) consistently yield lower hardness and higher softness, indicating improved electronic 

flexibility and enhanced charge-transfer capability. For example, 2-BN(p2) (η = 1.106 eV; σ = 0.904 eV⁻¹) and 3-

BN(p2) (η = 1.462 eV; σ = 0.684 eV⁻¹) demonstrate optimized reactivity profiles, which correlate directly with the 

improved LUMO stabilization and electron injection behavior identified in Section 3.1. Similarly, electrophilicity 

index (ω) and electroaccepting power (ω⁺) provide critical insight into the ability of these systems to accommodate 

incoming electrons. Derivatives such as 2-BN(p3) and 2-BN(p6), with relatively high ω values (~4.13–4.09) and 

elevated ω⁺ values (>5.4 eV), indicate strong electron-accepting capability, which is essential for efficient electron 

transport in OLED devices. This observation aligns directly with the previously discussed LUMO localization on 

the naphthalimide acceptor core, confirming that BN substitution enhances the system's intrinsic electron affinity 

without altering its fundamental electronic topology. 

In contrast, substitutions closer to the acceptor region (p4–p5) tend to increase chemical hardness and 

reduce electrophilicity, as observed for 1-BN(p4) (η = 1.269 eV; ω = 3.992) and 2-BN(p5) (η = 1.274 eV; ω = 

4.158). This behavior reflects increased orbital localization and reduced electronic communication within the π-

system, consistent with the partially confined HOMO distributions observed in Fig. 2 and Fig. 3. Such localization 

effects reduce charge-transfer efficiency and may lead to less balanced carrier transport under device conditions. 

A particularly important observation emerges when comparing derivatives of compound 3 with compounds 1 and 

2. Despite exhibiting relatively high electrophilicity values in certain cases (e.g., 3-BN(p3), ω = 4.507), the overall 

reactivity of compound 3 remains limited due to its consistently higher hardness and lower softness values. This 

confirms that electrophilicity alone is insufficient to ensure efficient charge transport; rather, an optimal balance 

between hardness, softness, and charge distribution is required. This finding directly supports the HOMO 

fragmentation behavior observed in Fig. 4, where reduced orbital delocalization leads to diminished electronic 

coupling and poorer charge-transport performance. The chemical potential (μ) and electronegativity (χ) values 

further reinforce these trends, as they remain relatively symmetric (μ = −χ) across all systems, indicating stable 

electronic configurations. However, subtle variations in these parameters—particularly in π-bridge-substituted 

derivatives — suggest improved charge balance, which is critical for minimizing recombination losses in OLED 

devices. 

Importantly, the consistency between GRDs in Table 2, orbital distributions in Fig. 2–4, and 

electrochemical parameters in Table 1 demonstrates the robustness of the applied computational approach. The 

observed correlation confirms that BN-induced electronic modulation is not only reflected in frontier orbital 

energies but also quantitatively captured by scalar reactivity descriptors. Furthermore, the trends observed in GRDs 

52nd International Conference of SSCHE
May 26 - 29, 2026, Štrbské Pleso, Slovakia

15



are in strong agreement with experimentally reported optoelectronic performance, with materials exhibiting lower 

hardness, higher electrophilicity, and balanced charge-injection characteristics demonstrating superior OLED 

efficiency. This agreement highlights the predictive capability of GRDs as reliable descriptors for screening high-

performance emissive materials. 

Overall, this analysis establishes that BN substitution serves as a powerful, position-sensitive tuning 

mechanism, in which π-bridge modifications enhance electronic flexibility and charge transfer. In contrast, 

acceptor-proximal substitutions increase stability at the expense of reactivity. These findings provide a 

mechanistically grounded framework linking molecular topology to electronic function, demonstrating that precise 

dopant placement enables targeted optimization of both reactivity and optoelectronic performance. 

3.3. Position-Dependent Energy Level Alignment and Charge Injection in BN-Doped Donor–π–Acceptor 

Systems 

The meticulous alignment of energy levels across emissive, transport, and interfacial layers critically 

governs the performance of OLED devices. Building upon the electronic structure insights obtained in Sections 

3.1 and 3.2, the energy level alignment of compounds 1–3 and their BN-doped position isomers was systematically 

evaluated with respect to representative HTL and ETL materials, as illustrated in Fig. 5. Since the pioneering 

multilayer OLED architecture proposed by Tang and VanSlyke, the integration of charge transport and emissive 

layers has been recognized as a key strategy for optimizing charge injection and recombination processes [60, 61]. 

For efficient hole injection, the HOMO level of the emissive layer must be lower than that of the HTL 

(HOMO_HTL > HOMO_EML), ensuring a thermodynamically favorable downhill transition [62,63]. As shown 

in Fig. 5, compounds 1 and 2 and their BN-doped derivatives (particularly p2–p5) exhibit HOMO levels in the 

range of approximately −5.0 to −5.6 eV, which align well with commonly used HTLs such as PEDOT:PSS (~−5.0 

eV), Spiro-TPD (~−5.3 eV), and TFB (~−5.4 eV). This favorable energy alignment minimizes hole-injection 

barriers and facilitates efficient carrier transfer across the HTL/EML interface, resulting in reduced turn-on voltage 

and enhanced hole-injection efficiency, in accordance with established OLED design principles [64–66]. 

In contrast, compound 3 exhibits a significantly deeper HOMO level (~−5.9 eV), resulting in a larger 

injection barrier relative to these HTLs, which is expected to increase the turn-on voltage and reduce hole-injection 

efficiency in device operation. This behavior directly correlates with the HOMO localization and fragmentation 

observed in Fig. 4, and with the higher chemical hardness identified in Section 3.2, both of which indicate reduced 

electronic coupling and inferior hole-transport characteristics. Importantly, experimental findings support this 

trend: materials with HOMO levels ranging from −5.16 to −5.05 eV exhibit lower driving voltages and higher 

efficiency, whereas deeper HOMO levels lead to increased injection barriers and reduced device performance. This 

provides direct validation of the superior hole-injection characteristics predicted for compounds 1 and 2 relative 

to compound 3. Electron injection is subject to the complementary requirement that LUMO_EML < LUMO_ETL. 

As illustrated in Fig. 5, the LUMO levels of the BN-doped derivatives (~−2.7 to −3.1 eV) form favorable energy 

offsets with widely used ETL materials such as PEIE, Liq, TPN2, ZnO, and TiO₂, whose LUMO levels lie between 

−1.5 and −2.0 eV [67,68]. This alignment establishes a thermodynamically favorable pathway for electron 

injection with a small energy barrier, facilitating efficient charge transfer from the cathode into the emissive layer. 

A clear position-dependent trend emerges when comparing BN substitution sites. π-bridge substitutions (p2–p3) 

lead to more-stabilized LUMO levels and improved alignment with ETLs, thereby enhancing electron injection 
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efficiency. This observation is fully consistent with Section 3.2, where these derivatives exhibited higher 

electrophilicity (ω) and electroaccepting power (ω⁺), confirming their enhanced ability to accommodate incoming 

electrons. In contrast, substitutions near the acceptor region (p5–p6) increase orbital localization, slightly reducing 

alignment efficiency. 

 

 

 

Fig. 5. Figure 3. Energy-level alignment diagram of compounds 1–3 and selected BN-doped positional isomers 

relative to representative HTL and ETL materials, illustrating position-dependent modulation of charge-injection 

characteristics. 

 The combined HOMO–LUMO alignment reveals that compounds 1 and 2, and their π-bridge-substituted 

derivatives, exhibit a more balanced charge-injection profile than compound 3. This balance is essential for 

efficient exciton formation and recombination within the emissive layer, as it minimizes charge accumulation and 

reduces non-radiative losses. Furthermore, the bidirectional charge injection pathways illustrated in Fig. 5 

highlight the ambipolar character of selected BN-doped derivatives, particularly those substituted at intermediate 

positions (p2–p4). These systems simultaneously satisfy both hole and electron injection criteria, enabling efficient 

carrier transport across the device. This behavior directly correlates with the GRD trends discussed in Section 3.2, 

in which lower hardness and higher softness values indicate enhanced electronic adaptability. From a device-

oriented perspective, this alignment directly impacts key performance parameters such as turn-on voltage, 

luminance efficiency, and charge balance. Materials with HOMO and LUMO levels well-matched to those of the 

HTL and ETL layers exhibit reduced injection barriers and improved recombination efficiency. In contrast, systems 
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with deeper HOMO levels and localized orbitals, such as compound 3, require higher operating voltages and 

exhibit poorer charge-transport characteristics. 

Overall, the energy level alignment analysis presented in Fig. 5, together with the orbital topology 

(Section 3.1) and GRD analysis (Section 3.2), establishes a coherent structure–property–device relationship. BN 

doping emerges as a rational and highly effective molecular design strategy, enabling precise position-dependent 

control over interfacial energetics and charge-injection characteristics, while π-bridge modifications further 

enhance charge injection and transport efficiency. At the same time, donor- and acceptor-proximal substitutions 

modulate orbital localization and stability. This integrated framework provides a rational basis for designing high-

performance OLED emitters with optimized charge injection and transport characteristics. 

3.6. Excited-State Properties of BN-Doped Position Isomers 

The excited-state properties of compounds 1–3 and their BN-doped positional isomers were 

systematically analyzed to establish a direct correlation among electronic-structure modulation, optical transitions, 

and device-relevant optoelectronic behavior. In particular, the simulated UV–Vis absorption spectra provide 

critical insight into excitation characteristics and intramolecular charge transfer (ICT), which are closely linked to 

OLED performance and thermally activated delayed fluorescence (TADF) mechanisms, where BN incorporation 

plays a key role in tuning singlet–triplet energy splitting and emission efficiency [19, 69, 70]. The simulated UV–

Vis absorption spectra, presented in Fig. 6–8, provide critical insight into the nature of electronic excitations, 

oscillator strength distribution, and intramolecular charge transfer (ICT) characteristics, thereby complementing 

the frontier orbital (Section 3.1), GRD (Section 3.2), and energy level alignment (Section 3.3) analyses. A 

consistent spectral feature across all systems is the presence of two distinct absorption regimes: (i) a high-intensity 

band in the ~280–320 nm region and (ii) a lower-intensity, red-shifted band extending into the ~340–420 nm 

region. The former is primarily associated with localized π–π* transitions within the conjugated framework. At the 

same time, the latter corresponds to ICT transitions involving charge transfer from the carbazole-based donor to 

the naphthalimide acceptor core. This assignment is fully consistent with the HOMO–LUMO spatial separation 

discussed in Section 3.1, where HOMO densities are predominantly localized on the donor segments, and LUMO 

densities are strongly confined to the naphthalimide acceptor. 

For compound 1 (Fig. 6), the dominant absorption band is centered around ~300 nm, exhibiting high 

oscillator strength, indicative of strongly allowed π–π* transitions arising from extensive conjugation across the 

donor–π–acceptor backbone. Upon BN substitution, a pronounced position-dependent modulation of spectral 

features is observed. In particular, π-bridge substitutions (p2–p3) induce noticeable bathochromic shifts in the ICT 

region, accompanied by the emergence of broader and more intense low-energy absorption tails. This behavior 

reflects enhanced donor–acceptor electronic coupling and improved orbital overlap, consistent with the increased 

softness and electrophilicity identified in Section 3.2. In contrast, substitutions near the acceptor (p5–p6) lead to 

slight hypsochromic shifts and reduced intensity in the ICT band, indicating increased orbital localization and 

diminished charge-transfer efficiency. A similar trend is observed for compound 2 (Fig. 7), although the spectral 

response is more pronounced due to its inherently stronger donor–acceptor interaction. The main absorption peak 

(~300 nm) remains dominant; however, BN substitution at the π-bridge (particularly at p2) significantly enhances 

the low-energy absorption band (~350–400 nm), accompanied by increased oscillator strength. This indicates a 

stronger ICT character and improved electronic delocalization, which directly correlates with the lower chemical 
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hardness and higher electron-accepting power reported in Table 2. Notably, the red-shifted absorption observed 

for these derivatives suggests a reduced excitation energy, which is highly favorable for OLED applications as it 

enables more efficient exciton generation and lower energy loss during charge recombination. 

 

 

 

          Fig. 6. Simulated UV–Vis spectra of compound 1 and its BN-doped position isomers 

In contrast, compound 3 (Fig. 8) exhibits a fundamentally different excited-state behavior. The dominant 

absorption band is blue-shifted (~260–280 nm) and significantly narrower, indicating a more localized π–π* 

transition with reduced conjugation length. This observation is fully consistent with the HOMO fragmentation and 

increased orbital localization identified in Section 3.1. Although BN substitution still induces position-dependent 

variations, the extent of spectral modulation is comparatively limited. Even in π-bridge substituted derivatives 

(p2–p3), the ICT band remains weak and less pronounced, confirming that electronic communication between 

donor and acceptor units is inherently restricted in this system. This is further supported by the higher chemical 

hardness and reduced softness values reported in Table 2, which indicate limited electronic flexibility. A 

particularly important observation emerges when comparing oscillator strength distributions across the three 

systems. Compounds 1 and 2 exhibit strong oscillator strengths in both the π–π* and ICT regions, indicating 

efficient electronic transitions and strong light-absorbing capability. In contrast, compound 3 displays significantly 

weaker oscillator strengths in the ICT region, reflecting reduced transition probability and less efficient charge-

transfer excitation. This directly affects radiative recombination efficiency and is expected to lead to inferior OLED 

performance. 

Importantly, these theoretical predictions are in strong agreement with experimental observations, where 

materials exhibiting red-shifted absorption and enhanced ICT character demonstrate improved electroluminescent 

efficiency and lower energy losses. In particular, compounds with stronger donor–acceptor coupling and broader 
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absorption profiles are reported to show higher luminance efficiency and more balanced charge transport, directly 

validating the trends observed for compounds 1 and 2 relative to compound 3. 

 

         Fig. 7. Simulated UV–Vis spectra of compound 2 and its BN-doped position isomers 

 

         Fig. 8. Simulated UV–Vis spectra of compound 3 and its BN-doped position isomers 

The position-dependent effect of BN doping provides further mechanistic insight. Substitution along the π-

bridge (p2–p3) enhances conjugation continuity and facilitates charge delocalization, resulting in red-shifted 

absorption and increased oscillator strength. Conversely, substitutions near the acceptor (p5–p6) introduce 

localized electronic perturbations that partially disrupt conjugation, thereby reducing ICT intensity. Donor-

proximal substitutions (p1) exhibit intermediate behavior, indicating partial modulation of electronic structure 
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without significantly altering the overall transition character. Collectively, the excited-state analysis presented in 

Figs. 6–8 establishes a clear and consistent relationship between molecular structure, electronic distribution, and 

optical response. The results demonstrate that BN doping is a highly effective, position-sensitive strategy for tuning 

excited-state properties, in which π-bridge modifications maximize ICT efficiency and optical absorption. At the 

same time, acceptor- and donor-proximal substitutions provide finer control over spectral characteristics. This 

comprehensive analysis, when combined with the orbital topology (Section 3.1), GRD trends (Section 3.2), and 

energy level alignment (Section 3.3), provides a unified framework for understanding and optimizing the 

optoelectronic behavior of BN-doped naphthalimide–carbazole systems. Importantly, it highlights that precise 

control over substitution position enables simultaneous tuning of electronic structure, charge transfer, and optical 

transitions, thereby offering a rational pathway for the design of next-generation high-performance OLED emitters. 

4. Conclusion  

This study provides a comprehensive and mechanistically consistent understanding of how BN isosteric 

substitution governs the electronic structure, charge-transfer behavior, and optoelectronic performance of 

naphthalimide–carbazole-based bipolar OLED emitters. By integrating frontier molecular orbital analysis, global 

reactivity descriptors, energy level alignment, and excited-state properties, a clear and unified structure–property–

device relationship has been established. The results demonstrate that the intrinsic performance differences among 

compounds 1–3 arise from their distinct donor–π–acceptor coupling strengths, with compounds 1 and 2 exhibiting 

superior electronic delocalization, stronger intramolecular charge transfer (ICT), and more favorable charge-

injection characteristics than compound 3. This theoretical prediction is in strong agreement with experimental 

observations, confirming the reliability of the computational framework used. Most importantly, BN doping 

emerges as a highly effective, position-sensitive strategy for fine-tuning molecular properties without disrupting 

the π-conjugated backbone. Substitution along the π-bridge (p2–p3) significantly enhances orbital delocalization, 

reduces chemical hardness, stabilizes the LUMO levels, and strengthens ICT transitions, thereby improving 

charge-injection balance and optical response. In contrast, substitutions near the acceptor region (p5–p6) increase 

orbital localization and electronic stability but partially suppress charge-transfer efficiency, while donor-proximal 

substitutions (p1) provide intermediate modulation. 

The excited-state analysis further confirms that BN incorporation enables controlled tuning of optical 

transitions, with π-bridge substitutions inducing bathochromic shifts and enhancing oscillator strength, thereby 

improving light absorption and exciton formation efficiency. These effects, combined with optimized energy level 

alignment, highlight the critical role of BN doping in reducing injection barriers and enabling balanced charge 

transport under device conditions.  

Overall, this study clearly demonstrates that BN doping offers a rational and highly effective molecular 

engineering strategy to simultaneously control the electronic structure, charge-transfer dynamics, and 

optoelectronic response. The strong agreement between theoretical predictions and experimental data underscores 

the predictive power of the adopted approach and establishes a reliable design principle for next-generation OLED 

materials. By revealing the decisive role of the substitution position in governing both ground- and excited-state 

properties, this work offers a practical and scalable pathway for the targeted design of high-efficiency bipolar 

emitters, thereby advancing OLED technology toward improved performance, stability, and energy efficiency. 
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