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Abstract 

In this study, the electronic and chemical reactivity properties of circumcoronene 

(CC), a graphene analog with significant potential for nanoelectronic applications, are 

examined in relation to the contamination of sodium and potassium. The research 

analyzes seven distinct structural configurations that involve a variety of doping 

schemes using density functional theory (DFT) at the B3LYP/6-31G level of theory. 

Energy gaps, Fermi levels, dipole moments, HOMO, LUMO, and density of states 

(DOS) are assessed as critical electronic parameters. The results indicate that alkali 

metal doping consistently reduces the band gap and improves conductivity. The most 

pronounced effect is seen in co-doping (Na and K), which reduces the band gap to 1.012 

eV and increases the dipole moment and Fermi level. Enhanced reactivity and tunability 

were confirmed by the calculation of chemical indices, including ionization potential, 

electron affinity, hardness, softness, electronegativity, and electrophilicity, during the 

doping process. These results underscore the efficacy of Na and K incorporation as a 

strategic approach to alter the optoelectronic properties of circumcoronene, thereby 

confirming its suitability for future applications in advanced nanoelectronics devices. 
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1. Introduction 

Graphene is among the most extensively researched nanoscale materials 

concerning their electrical properties [1]. Graphene constitutes one of the most 

auspicious materials currently under investigation in this decade, owing to its extensive 

global potential and its capacity to enhance various domains and applications, thereby 
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elevating human existence to a higher echelon of civilization. Numerous scholars 

postulate that if the preceding century was characterized as the era of plastics (silicone), 

then this century appears poised to emerge as the epoch of grapheme [2]. Since the year 

2004, there has been a significant escalation in the volume of scholarly publications 

pertaining to graphene, with the quantity of articles disseminated in academic journals 

surpassing 15,000 by the year 2014 [3]. Circumcoronene (CC), a substantial 

polycyclic aromatic hydrocarbon, possesses notable thickness attributed to its 

exceptional electrical, optical, and structural properties [4-8]. It is classified within the 

category of graphene analogs and, consequently, can be regarded as an exemplary 

framework for the examination of polymers exhibiting extended π-systems, thereby 

holding considerable importance in the domains of materials science and 

nanoelectronics. Its utility is notably recognized in the context of organic light-emitting 

diodes (OLEDs) [9, 10]. Due to their low toxicity, enduring photoluminescence, 

chemical stability, and significant quantum confinement effect, GQDs are 

acknowledged as a distinctive material for applications in biology, optoelectronics, 

energy, and the environment [11, 12]. The characteristics of quantum dots are 

fundamentally distinct from those of larger constructions composed of the same 

materials. Indeed, these nanostructures possess a remarkable capacity for tunability, 

which facilitates a broad spectrum of applications, including but not limited to 

semiconductor electronics, light-emitting diodes (LEDs), quantum computing, solar 

energy conversion, medical applications, bioimaging, oncological therapies, and 

plasmonic technologies, among others. Furthermore, the exceptionally high carrier 

mobility of graphene, coupled with its linear band dispersion, positions it favorably for 

various optoelectronic applications [13-16].  

In the present investigation, we seek to illuminate the implications of 

incorporating sodium and potassium into the electronic characteristics of 

circumcoronene (CC). The objective is to examine the influence of these alterations on 

the electronic properties of (CC), thereby facilitating prospective advancements in the 

field of nanoelectronics. 
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2. Theoretical details 

 Gaussian 16 software package [17, 18]. The electrical characteristics of 

circumcoronene were examined utilizing both time-independent and time-dependent 

functional density (DFT) [19-22].  Employed in this study was the Density Functional 

Theory (DFT) methodology to examine the electronic characteristics pertaining to all 

seven structural configurations. Each of the seven carbon-carbon (CC) structures 

underwent optimization utilizing the unrestricted B3LYP functional in conjunction 

with the 6-31G basis set within the DFT framework [23-25].  

The electronic properties of CC encompass the energy gap (𝐸gap), Fermi level 

(𝐸FL), energies of LUMO orbitals (𝐸LUMO), energies of HOMO orbitals (𝐸HOMO), and 

the resolution of the density of states (DOS). which encompasses the parameters of 

chemical reactivity, serves as a significantly valuable tool for the exploration of 

reactivity trends, excited states, and assessments of toxicity. These parameters comprise 

chemical hardness (𝜂), chemical softness (𝑆), chemical potential (𝜇), and the 

electrophilicity index (𝜔). The derivation of these parameters can be achieved through 

[26-28]: 

𝜇 = −
(𝐼𝑃 + 𝐸𝐴)

2
                                     (1) 

𝜂 =
(𝐼𝑃 − 𝐸𝐴)

2
                                        (2) 

𝑆 =
(𝐼𝑃 − 𝐸𝐴)

2
                                        (3) 

𝜔 =
𝜇2

2𝜂
                                                      (4) 

The application of Koopman's theorem provides a method for approximating the 

ionization potential (IP) and the electron affinity (EA) [29-31]: 

𝐼𝑃 = −𝐸𝐻𝑂𝑀𝑂                                         (5) 

𝐸𝐴 = −𝐸𝐿𝑈𝑀𝑂                                         (6) 

where 𝐸HOMO and 𝐸LUMO denote the energy states associated with the Highest Occupied 

Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), 

respectively. Furthermore, we ascertain the electronic band gap as well as the Fermi 

level energy by employing the subsequent equation [32-34]: 
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𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                        (7) 

𝐸𝐹𝐿 =
(𝐸𝐿𝑈𝑀𝑂 + 𝐸𝐻𝑂𝑀𝑂)

2
                  (8) 

 To investigate the structural stability of CC following the addition of 

potassium and sodium, cohesion energies were computed for each structure. The 

structures with the greatest negative values are the most stable. 

3. Results and discussions 

This section provides a thorough investigation of the electrical and structural 

characteristics of circumcoronene (C₅₄H₁₈) and its alkali metal-doped derivatives 

through density functional theory (DFT). The examination encompasses virgins, singly 

doped, and co-doped configurations with sodium (Na) and potassium (K), evaluated via 

geometric optimization, HOMO-LUMO distributions, density of states (DOS), Fermi 

level, work function, and global chemical reactivity indices. 
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Fig. 1: (a) Geometric configuration of pure circumcuronine, (b) DOS, (c) HOMO, and 

(d) LUMO. 

3.1.Pristine and Monometallic Doped Systems 

The optimized geometry of the virgin circumcoronene molecule (Fig. 1a) displays a 

symmetric hexagonal configuration with uniformly distributed π-electrons throughout 

the aromatic system. The bond lengths are homogeneous and align with values 

anticipated for sp²-hybridized carbon atoms, confirming structural stability. The 

electronic density of states (DOS) and orbital diagrams (Figs. 1b–d) indicate a HOMO-

LUMO energy gap of 2.706 eV (as shown in Table 2), affirming its semiconducting 

characteristics and restricted chemical reactivity. 

 

 

Fig. 2: (a) Geometric configuration of circumcuronine after addition (1K), (b) DOS, 

(c) HOMO, and (d) LUMO. 
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Doping with a solitary potassium atom (Fig. 2) induces a minor out-of-plane 

distortion, signifying localized charge transfer from the alkali metal to the carbon 

lattice. The band gap diminishes to 2.354 eV, and new mid-gap states emerge in the 

density of states, indicating an increased electronic density at the Fermi level. The 

HOMO and LUMO orbitals exhibit greater spatial localization at the dopant site, 

indicating a potential for enhanced interaction with external fields or chemical entities.  

 

Fig. 3: (a) Geometric configuration of circumcuronine after addition (1Na), (b) DOS, 

(c) HOMO, and (d) LUMO 

Doping with a sodium atom (Fig. 3) results in a marginally elevated band gap 

of 2.639 eV and more nuanced electrical alterations. In comparison to K, Na produces 

diminished DOS peaks and leads to a reduced Fermi level. Its elevated electronegativity 

results in a more modest polarization (dipole moment: 8.24 D compared to 12.35 D for 

K) and a diminished electron-donating impact. These complexes exhibit enhanced 

chemical softness compared to the pristine molecule, indicating improved reactivity 

while preserving modest electronic stability.  

These observations corroborate prior studies on alkali-metal doping in nanocarbon 
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systems, validating the influence of single-atom doping on band gap modulation and 

surface polarization. 

  This structural system contains a single Potassium (K) atom. The HOMO 

energy was seen to increase to -4.254 eV, compared to -4.831 eV for CC; and the 

LUMO energy was seen to increase to -1.900 eV, while the 𝐸𝑔 was reduced to 2.354 

eV; indicating an increased conductivity of the CC system. The Fermi-level was 

increased (𝐸𝐹𝐿  = -2.846 eV) indicating an increased carrier concentration; and the 

calculated dipole moment (1.387 Debye) also increased indicating an increased charge 

asymmetry. 

Figure 3 shows where we added a single sodium (Na) atom. The HOMO is at –

4.442 eV and LUMO is at –1.802 eV, which gives 𝐸𝑔 = 2.639 eV. The 𝐸𝑔 is slightly 

larger than the K-doped case, but it is still smaller than the pure CC material Even when 

the Na atom is added, there is still a reduced energy gap compared to pure CC. The 

Fermi level is –3.122 eV and the dipole moment of the structure was 2.681 Debye, 

which would indicate moderate polarization. 

3.2. Effects of Co-doping and Sensitivity to Configuration 

  The simultaneous introduction of Na and K atoms (Fig. 4) markedly modifies 

the DOS, resulting in a HOMO-LUMO gap reduction to 1.294 eV and an increase in 

the dipole moment to 15.62 D. The pronounced orbital asymmetry and distinct density 

of states peaks at the Fermi level indicate a material exhibiting quasi-metallic 

properties. These modifications signify enhanced electronic conductivity and the 

possibility for applications in charge transport and nanoelectronic devices.  

An isomeric co-doped arrangement (Fig. 5) illustrates the sensitivity of electrical 

behavior to the placement of dopants. Despite the stoichiometry being unchanged, the 

band gap rises to 2.038 eV, while the dipole moment diminishes to 4.42 D, signifying 

decreased reactivity and reestablished symmetry (as shown in Table (1,2)). The reduced 

asymmetry in the electronic structure results in less charge redistribution, rendering this 

form more electrically stable yet less reactive. Configurational dependence is essential 

for device engineering, as the spatial positioning of dopants offers a controlled variable 

for performance optimization. 

 

85

Technium Vol. 31, pp.79-95 (2026)
ISSN: 2668-778X

www.techniumscience.com



 

 Fig 4: (a) Geometric configuration of circumcuronine after addition (1NA and 1K), (b) 

DOS, (c) HOMO, and (d) LUMO 

Table 1: The values of the total energy(𝐸𝑇) , dipole moment (DM), Fermi level 

energy(𝐸𝐹𝐿) 𝑒𝑉, work function (ɸ) eV. 

Structure 𝑬𝒕 DM 𝑬𝒇𝒍 ɸ 

CC -56299.584 0.010 -3.478 3.478 

K-CC -72592.593 12.35 -3.077 3.077 

Na-CC -60684.657 8.246 -3.122 3.122 

Na1K1-CC (Fig. 5) -76990.370 15.62 -3.417 3.417 

 Na1K1-CC (Fig. 6) -76991.486 4.425 -2.802 2.802 

Na2K2-CC (Fig. 7) -97694.808 1.792 -2.973 2.973 

 Na2K2-CC (Fig. 8) -97696.811 0.001 -2.399 2.399 

 

86

Technium Vol. 31, pp.79-95 (2026)
ISSN: 2668-778X

www.techniumscience.com



 

Fig. 5: (a) Geometric configuration of circumcuronine after addition (1Na and 1K) in 

various locations, (b) DOS, (c) HOMO, and (d) LUMO. 

3.3. High-Concentration Co-Doped Configurations  

Additional doping with two sodium and two potassium atoms (Fig. 6) amplifies these 

effects, yielding the lowest recorded band gap of 1.012 eV (see Table 2) and 

considerable density of states around the Fermi level. The HOMO and LUMO exhibit 

significant localization around the dopants, signifying increased conductivity and 

heightened chemical sensitivity. These systems demonstrate significant asymmetry and 

polarization, shown by high dipole moments, suggesting their appropriateness for field-

responsive or catalytically active settings [35]. 
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 Fig. 6: (a) Geometric configuration of circumcuronine after addition (2Na and 2K), (b) 

DOS, (c) HOMO, and (d) LUMO 

In a structural version (Fig. 7) with the same composition but altered dopant 

arrangement, the gap rises to 1.751 eV while the dipole moment nears zero. The 

symmetric arrangement electrically stabilizes the system and diminishes polarizability. 

This structure, although less reactive, may be preferable in applications necessitating 

long-term chemical and thermal durability. These findings illustrate how the 

concentration and spatial arrangement of dopants can be utilized to modify the electrical 

and chemical properties of circumcoronene, facilitating the tailored creation of material 

attributes [36]. 
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Fig. 7: (a) Geometric configuration of circumcuronine after addition (2Na and 2K) in 

various locations, (b) DOS, (c) HOMO, and (d) LUMO. 

3.4. Descriptors of Reactivity 

Table 1 aggregates information on total energy, dipole moments, Fermi levels, 

and work functions. A discernible pattern is noted: doped systems have reduced work 

functions and increased Fermi levels, indicating improved surface electron mobility. 

The substantial decrease in work function (from 3.478 eV in the pristine system to as 

low as 2.399 eV) indicates enhanced electron emission efficiency, advantageous for 

applications such as electron emitters and field-effect transistors [21, 37, 38]. 

The bar chart (Fig. 9) depicts the fluctuations in energy gap and work function 

for both pristine and alkali-metal-doped circumcoronene structures. A significant 

decrease in band gap is seen with Na and K doping, with the lowest value (1.012 eV) 

recorded in the Na₂K₂-CC (Fig. 7), signifying improved electrical conductivity. 

Similarly, the work function diminishes with doping, reaching a low of 2.399 eV in 

Na₂K₂-CC (Fig. 8), indicating enhanced electron emission capability. The findings 
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validate that the electrical characteristics of circumcoronene may be efficiently adjusted 

by alkali metal integration and dopant arrangement. 

Table 2: The values of the 𝐸𝐻𝑂𝑀𝑂 , 𝐸𝐿𝑈𝑀𝑂, energy gap (𝐸𝑔𝑎𝑝) for all structures in eV 

unit. 

Structure 𝑬𝑯𝑶𝑴𝑶 𝑬𝑳𝑼𝑴𝑶 𝑬𝒈 

CC -4.831 -2.126 2.706 

K-CC -4.254 -1.900 2.354 

Na-CC -4.442 -1.803 2.639 

Na1K1-CC (Fig. 5) -4.064 -2.770 1.294 

 Na1K1-CC (Fig. 6) -3.821 -1.783 2.038 

Na2K2-CC (Fig. 7) -3.479 -2.467 1.012 

 Na2K2-CC (Fig. 8) -3.274 -1.523 1.751 

 

Table 3 enumerates global reactivity descriptors: ionization potential (IP), 

electron affinity (EA), hardness (η), softness (S), electronegativity (μ), and 

electrophilicity (ω). Co-doped systems, specifically C₅₄H₁₄Na₂K₂, exhibit low hardness, 

high softness, and pronounced electrophilic properties, rendering them excellent 

candidates for catalytic and sensing applications. The enhancement in softness is 

associated with an improved capacity to donate or take electrons when interacting with 

target molecules, a crucial characteristic of sensor materials.  

The electrophilicity index further confirms that these complexes may function as potent 

electron acceptors [39]. Systems with elevated ω values typically exhibit favorable 

interactions with nucleophilic species, providing a customizable framework for surface 

chemistry and tailored functionalization [40].  
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Fig. 9: Comparison of energy gaps and work function of all structures.  

Table 3: All chemical indices were calculated, including the ionization potential (𝐼𝑃), 

electron affinity (𝐸𝐴) , hardness (𝐻) , softness (𝑆) , and electronegativity (μ) and 

electrophilicity (ω), in (eV) unit. 

Structure 𝑰𝑷 𝑬𝑨 𝑯  𝑺 μ ω 

CC 4.831 2.126 1.353 0.3696 4.472 3.478 

K-CC 4.254 1.900 1.177 0.425 4.021 3.077 

Na-CC 4.442 1.803 1.320 0.379 3.694 3.122 

Na1K1-CC (Fig. 5) 4.064 2.770 0.647 0.773 9.019 3.417 

 Na1K1-CC (Fig. 6) 3.821 1.783 1.019 0.491 3.852 2.802 

Na2K2-CC (Fig. 7) 3.479 2.467 0.506 0.988 8.736 2.973 

 Na2K2-CC (Fig. 8) 3.274 1.523 0.875 0.571 3.286 2.399 

 

The findings validate that alkali metal doping is an efficacious method for 

modifying the electronic structure, reactivity, and stability of circumcoronene. This 

study emphasizes the capability of dopant-driven modulation to tailor material 

performance, offering a solid theoretical basis for the development of high-efficiency 

nanodevices in electronics, sensing, and energy storage technologies [4]. 
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4. Conclusion  

This study utilized DFT-based simulations to systematically examine the electrical 

structure, chemical reactivity, and structural modification of both pristine and alkali-

metal-doped circumcoronene complexes. The findings indicate that both the nature and 

arrangement of dopants substantially affect critical parameters like band gap, Fermi 

level, dipole moment, and global reactivity indices. Single-atom doping with sodium 

or potassium results in substantial band gap reduction and enhanced dipole polarization, 

with potassium demonstrating a more pronounced electrical effect than sodium. Co-

doping configurations result in significant alterations, such as considerable band gap 

reduction, orbital localization, and asymmetric charge distribution. The effects are 

further amplified in high-concentration co-doped systems, which exhibit exceptional 

tunability of their electrical characteristics and promise for multifunctional 

applications.  

Co-doped structures demonstrate increased softness and electrophilicity from a 

reactivity standpoint, affirming their appropriateness for catalytic, sensing, or charge-

transfer applications. The configurational dependence of electrical behavior indicates 

that meticulous spatial control of dopant placement is crucial for enhancing device 

performance. 
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