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1. Introduction 

The identification and monitoring of hazardous gases 

have become increasingly vital in modern industrial and 

environmental settings due to the significant risks they 

pose to human health and safety [1]. Among these 

harmful gases, hydrogen cyanide (HCN) is particularly 

notable for its high toxicity and potential for severe health 

impacts [2]. HCN is a colorless gas with a characteristic 

bitter almond odor, although it is important to note that 

not everyone has the genetic ability to detect this smell 

[3]. This compound is widely used in various industrial 

applications, including the manufacturing of plastics, 

dyes, and pesticides. Additionally, it can be released 

during the combustion of certain materials such as wool, 

silk, and synthetic polymers, further contributing to its 

presence in industrial and accidental fire scenarios [4]. 

The toxicity of HCN arises from its interference with 
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significant charge transfer between HCN and Li@TAS in both tested 

configurations, measuring 36 me and 28 me, respectively. Overall, the study 

concludes that lithium-decorated TAS is a promising candidate for effectively 
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cellular respiration. Specifically, it binds to cytochrome c 

oxidase in the mitochondria, disrupting the electron 

transport chain and effectively inhibiting the cell's ability 

to utilize oxygen [4]. This biochemical disruption leads 

to the rapid onset of symptoms, which can range from 

headache, dizziness, and nausea to more severe outcomes 

such as respiratory failure and death in cases of 

significant exposure [5]. The critical importance of 

detecting HCN gas cannot be overstated, particularly in 

environments where the risk of exposure is heightened, 

such as manufacturing facilities, research laboratories, 

and firefighting operations [5]. Early detection plays a 

pivotal role in preventing poisoning incidents by enabling 

timely evacuation or intervention. Implementing 

effective detection strategies is therefore essential for 

protecting workers' safety and minimizing the risk of 

accidental exposure [6]. To address the need for HCN 

detection, several advanced analytical methods have been 

developed. Techniques such as gas chromatography 

coupled with mass spectrometry (GC-MS), Fourier-

transform infrared (FTIR) spectroscopy, and 

photoionization detectors (PID) are commonly employed 

for the precise detection and quantification of HCN gas 

[7]. However, these methods are often associated with 

notable limitations. They tend to be time-consuming, 

require expensive instrumentation, and demand skilled 

personnel for operation and maintenance. These 

drawbacks can hinder their practicality in certain contexts 

where rapid or on-site measurements are necessary. In 

contrast, electrochemical gas sensors have emerged as a 

promising alternative for HCN detection. These sensors 

offer several advantages over traditional analytical 

techniques, including simplicity, portability, cost-

effectiveness, rapid response times, high sensitivity, and 

reliable accuracy [8]. As a result, electrochemical sensors 

represent an efficient and practical solution for real-time 

monitoring of HCN in various settings. Their adoption 

could significantly enhance safety measures by providing 

timely alerts and enabling swift actions to mitigate risks 

associated with this highly toxic gas. Therefore, 

investigating the adsorption behavior of pollutant gases 

on various adsorbent materials is essential for the 

development of effective systems for pollution control 

and environmental monitoring, and it plays a crucial role 

in protecting human health and the environment [9, 10]. 

Triazasumanene (TAS), a fascinating nitrogen-doped 

polycyclic aromatic hydrocarbon, has emerged as a 

promising nanostructure in the field of advanced material 

science due to its unique physicochemical properties and 

versatile applications [11]. Its distinct molecular 

architecture, characterized by a bowl-shaped structure 

with three nitrogen atoms strategically incorporated into 

the aromatic framework, imparts remarkable stability, 

electron-donating capabilities, and enhanced reactivity 

[12]. These features make TAS an attractive candidate for 

various applications, particularly in the realm of 

environmental monitoring and gas sensing technologies. 

The detection of toxic gases, is a critical challenge in 

ensuring public safety and environmental sustainability 

[13]. Conventional gas sensors often suffer from 

limitations such as low sensitivity, poor selectivity, and 

high energy consumption [14]. TAS addresses these 

challenges through its high surface area, excellent 

adsorption properties, and strong interaction with gas 

molecules, enabling the development of highly sensitive 

and selective sensors [15]. Furthermore, its ability to 

undergo reversible electron transfer processes enhances 

its responsiveness to trace concentrations of toxic gases, 

making it a valuable material for real-time monitoring 

applications [16]. Additionally, its chemical robustness 

and thermal stability ensure long-term operational 

reliability under varying environmental conditions [17].  

Density Functional Theory (DFT) has established 

itself as an essential and highly versatile computational 

method in the investigation of nanostructured materials, 

particularly for applications in gas sensing technologies. 

This powerful theoretical approach offers a detailed 

understanding of the electronic structure and atomic-level 

interaction mechanisms, enabling researchers to predict 

and optimize material properties tailored for specific 

functional requirements. In this context, DFT has proven 

invaluable in advancing the design and performance 

evaluation of materials used in gas detection systems 

[18]. Specifically, this study employed DFT simulations 

to examine the gas sensing capabilities of pristine and 

lithium-decorated TAS nano-adsorbents, focusing on 

their potential as effective sensors for detecting hydrogen 

cyanide (HCN). Through these computational analyses, 

insights were gained into the adsorption behavior, 

electronic interactions, and overall performance of these 

materials, paving the way for their potential application 

in highly sensitive and selective gas detection 

technologies.  

2. Materials and Methods 

The research concentrated on the meticulous 

geometry optimization of TAS molecules, utilizing the 

GAMESS computational software [19] and applying the 

B3LYP-D3(BJ)/6-311G(d,g) basis set within a gaseous 

environment [20]. This initial step was critical in refining 

the structural configuration of TAS molecules, laying a 

robust foundation for subsequent analyses and 

investigations. The study further delved into structural 

modifications by introducing lithium ions into the TAS 

framework, resulting in the formation of Li@TAS 

configurations. These modified structures were analyzed 

both independently and in combination with an HCN 

molecule to gain an in-depth understanding of molecular 

interactions and structural adaptations. The B3LYP-

D3(BJ) functional was specifically chosen due to its 

proven reliability and effectiveness in modeling 

molecular systems, as evidenced by its successful 
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application in prior theoretical studies [20]. Similarly, the 

6-311G(d,g) basis set [21], widely recognized for its 

utility in molecular optimization, was employed to ensure 

precise and accurate results. Following the initial 

optimization, all configurations underwent additional 

refinement using the same B3LYP-D3(BJ)/6-311G(d,g) 

basis set [22], a step deemed essential for achieving the 

most stable and energetically favorable configurations, 

including TAS, Li@TAS, S2, and S3 [22]. In addition to 

structural optimization, the study also focused on 

evaluating the adsorption energy (Eads) of HCN gas on 

both pristine TAS surfaces and those modified with 

lithium ions. This parameter serves as a critical metric for 

assessing the level of attraction between gas molecules 

and the adsorbent surface. By quantifying the energy 

required for gas molecules to adhere to the adsorbent, 

Eads provides valuable insights into the adsorption 

capacity and efficiency of different adsorbents. Such 

measurements are instrumental in understanding the 

reactivity and suitability of various surfaces for molecular 

interactions. The calculation of Eads was performed 

using a specific mathematical formula, referred to as 

equation 1 in the study, which ensures precise and reliable 

quantification of adsorption energies [23-25]. These 

findings contribute significantly to advancing knowledge 

in molecular interaction dynamics and optimizing 

adsorbent materials for potential applications. 

Eads = E(complex) − E(gas) − E(adsorbent) + EBSSE  (1) 

In the detailed exploration of the interaction 

mechanisms between hydrogen cyanide (HCN) gas and 

an adsorbent material, we conduct a thorough calculation 

of the total energy of the resulting complex, referred to as 

E(complex). This computation is a pivotal step in 

deciphering the nature of the interaction and requires an 

in-depth assessment of the energies associated with each 

individual component involved in the process. 

Specifically, we analyze E(gas), which denotes the 

energy of the HCN gas molecule, and E(adsorbent), 

which represents the energy of the isolated adsorbent 

material [26]. The adsorbent in this context may either be 

TAS or its lithium-doped counterpart, Li@TAS. One of 

the significant challenges encountered during these 

calculations is the basis set superposition error (BSSE), 

which arises due to the overlapping of basis functions 

when the interacting components come into proximity. 

To address and minimize this error, we utilize the 

counterpoise method, a widely recognized and reliable 

approach that improves the accuracy of energy 

calculations by compensating for BSSE effects.  

In addition to energy calculations, we perform a 

natural bond orbitals (NBO) charge analysis to gain a 

deeper understanding of the electronic structure and 

charge distribution within the molecular system [27]. 

This sophisticated analytical method assigns charges to 

individual atoms based on the occupancy of natural 

orbitals, providing a more precise and nuanced depiction 

of charge distribution compared to traditional 

electrostatic potential methods. By aggregating 

contributions from each natural orbital, weighted by their 

respective occupancies, NBO charge analysis offers 

valuable insights into molecular properties such as bond 

orders, bond lengths, and dipole moments. This level of 

detailed analysis not only enhances our ability to predict 

chemical behavior but also enables us to evaluate the 

relative stability of different molecular conformations 

[28]. Additionally, an important parameter in this study 

is the energy gap (Eg), which is defined as:  

Eg = ELUMO − EHOMO  (2) 

The concepts of ELUMO and EHOMO are fundamental for 

comprehending the energy levels associated with 

molecular orbitals and their implications in molecular 

behavior and reactivity [29]. Specifically, ELUMO 

represents the energy of the lowest unoccupied molecular 

orbital, while EHOMO corresponds to the energy of the 

highest occupied molecular orbital. These energy 

parameters serve as critical indicators for determining the 

electronic properties, chemical stability, and reactivity of 

molecules, making them essential tools in molecular 

chemistry and material science [30]. In a detailed 

investigation, researchers conducted analyses on both the 

total density of states (TDOS) and the partial density of 

states (PDOS) under two distinct conditions: one 

involving the pristine, unaltered material, and the other 

examining the material after it had been modified through 

the incorporation of a lithium atom [31]. Additionally, 

these evaluations extended to include the complexes 

formed when these materials interacted with hydrogen 

cyanide (HCN) gas. To further explore and quantify the 

interaction mechanisms between the adsorbent material 

and HCN gas, the electron transfer number, denoted as 

∆N, was calculated [32]. This parameter is instrumental 

in measuring the fractional electron transfer from the 

complex formed between the adsorbent and HCN gas to 

the HCN molecule itself. Such calculations provide 

critical insights into the molecular-level interactions and 

are invaluable for understanding adsorption phenomena. 

Moreover, these findings hold significant implications for 

practical applications in areas such as gas sensing 

technologies, separation processes, and environmental 

monitoring systems, where understanding and optimizing 

adsorption behaviors are of paramount importance. 

∆𝑁 =
µ𝐻𝐶𝑁−µ𝐶𝑜𝑚𝑝𝑙𝑒𝑥

2(ƞ𝐻𝐶𝑁+ƞ𝐶𝑜𝑚𝑝𝑙𝑒𝑥)
 (3) 

In the field of chemical thermodynamics, the notations 

µHCN and µcomplex are employed to represent the 

chemical potentials of hydrogen cyanide (HCN) gas and 

a specific complex, respectively. These chemical 

potentials play a fundamental role in elucidating the 

interactions and behaviors of substances at the molecular 

level. Complementing these symbols are ƞHCN and 
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ƞcomplex, which correspond to the chemical hardness of 

HCN and the complex. Chemical hardness is a parameter 

that measures a molecule's resistance to alterations in its 

electron distribution, providing insight into its stability 

and reactivity. The concept of charge transfer is 

particularly significant in this context [32]. When the 

value of ∆N, which quantifies the change in electron 

density between interacting species, is negative, it 

indicates that electrons are transferred from the complex 

to HCN. This scenario reveals that the complex acts as an 

electron donor. Conversely, a positive ∆N value implies 

that electrons are transferred from HCN to the complex, 

demonstrating that the complex functions as an electron 

acceptor [33]. Addressing these electron dynamics is 

critical for understanding molecular interactions. A 

notable challenge arises within density functional theory 

(DFT), a powerful computational framework widely used 

to examine van der Waals (vdW) forces. These forces, 

though weak, are crucial in numerous physical and 

biological systems, influencing processes ranging from 

molecular adhesion to protein folding [34]. One of the 

primary difficulties in DFT is achieving accurate 

calculations of energy dissipation, which is essential for 

predicting how vdW forces impact molecular behavior. 

To overcome this challenge, researchers frequently 

utilize the reduced density gradient, a sophisticated 

mathematical tool designed to facilitate the analysis of 

non-covalent interactions. Non-covalent interactions are 

vital for understanding how molecules interact and bind 

without forming strong covalent bonds typically 

associated with chemical reactions [35]. The reduced 

density gradient thus serves as an invaluable resource for 

investigating the nuanced yet impactful effects of vdW 

forces and other non-covalent interactions across diverse 

chemical systems. 

𝑅𝐷𝐺 = 1/(2(3𝜋2)
1

3 ×
∇𝑝

𝜌
4
3

   (4) 

In the field of molecular chemistry, the symbol ρ 

represents the electron density distributed across a 

molecule, serving as a fundamental parameter in 

understanding molecular structure and behavior. While 

density functional theory (DFT) has proven to be a robust 

and widely used computational method for analyzing 

electron density, it exhibits certain limitations in 

accurately identifying and characterizing specific non-

covalent interactions, such as hydrogen bonding, van der 

Waals forces, and steric repulsion. To overcome these 

challenges, researchers have turned their attention to the 

electron density Hessian matrix, with a particular focus 

on the sign of its second largest eigenvalue, denoted as λ2 

[36]. This eigenvalue provides crucial insights into the 

nature and strength of non-covalent interactions. The 

expression Ω = sign(λ2)ρ is particularly useful in 

classifying these interactions, as the sign of λ2 reflects 

key information about the interaction's characteristics 

based on the electron density distribution. To further 

enhance the understanding and visualization of these 

interactions, the Reduced Density Gradient (RDG) 

method is applied within the framework of non-covalent 

interaction (NCI) theory [37]. This method enables 

scientists to generate detailed visual representations of 

non-covalent forces using advanced graphical 

techniques. The MULTIWFN39 software package plays 

an indispensable role in this analytical process by 

facilitating the creation of scatter plots between relevant 

functions and producing cube files that are critical for in-

depth analysis. Additionally, visualization is significantly 

improved through the use of VMD software, which 

allows researchers to generate color-filled isosurface 

graphs. These visual tools provide an intuitive and 

detailed depiction of the complex molecular interactions, 

offering deeper insights into the dynamics and behavior 

of molecules at an atomic level [38]. 

3. Results and Discussion 

3.1. Geometry optimization of TAS and HCN 

The structure of TAS, as demonstrated in Figure 1, 

consists of a total of 18 carbon atoms and three nitrogen 

atoms, forming a nanosheet-like configuration that 

exhibits a subtle curvature with an angle of 155°. This 

structural arrangement includes various types of carbon-

carbon (C–C) bonds with differing lengths, which are 

specifically associated with the carbon atoms located 

within the pentagonal and hexagonal rings, as shown in 

Figure 1a. A detailed investigation into the electronic 

properties of TAS has been performed, focusing 

particularly on its molecular orbital energies. The 

corresponding energy values for the highest occupied 

molecular orbital (HOMO), the lowest unoccupied 

molecular orbital (LUMO), and the energy gap (Eg) are 

systematically presented in Table 1. Additionally, the 

total density of states (TDOS) for TAS, which reveals an 

energy gap of 4.22 electron volts (eV), is graphically 

depicted in Figure 1c. These results are consistent with 

findings reported in previous studies, further validating 

the accuracy of the current analysis. For comparison, 

Figure 1b illustrates the optimized molecular structure of 

HCN, providing a contrasting perspective on molecular 

configurations and emphasizing the unique 

characteristics of TAS. 

3.2. Adsorption of HCN on the pristine TAS 

In the quest to comprehend the adsorption properties 

of hydrogen cyanide (HCN) on TAS surfaces, an array of 

preliminary configurations was assessed. These 

configurations involved aligning the hydrogen and 

nitrogen terminals of HCN either directly above the core 

of the pentagonal ring or near a carbon atom. This 

methodology aimed to pinpoint the configuration that 

would result in the lowest adsorption energy across both 

the internal and external surfaces of the adsorbent. During 



Chem Rev Lett 9 (2026) 230-242 
 

234 

the optimization phase, modifications were made to the 

orientation of HCN, specifically adjusting its hydrogen 

atom closer to a nitrogen atom within the pentagonal ring 

structure of TAS. Following the completion of geometric 

optimization, it was found that only two configurations, 

named S1 and S2, demonstrated stability, as illustrated in 

Figures 2a and 2b. The adsorption energy, Gibbs free 

energy changes (∆Gads), enthalpy changes (∆Hads), charge 

polarization (QT), and dipole moments were thoroughly 

examined and are summarized in Table 1. The computed 

adsorption energy (Eads) for the S1 configuration, derived 

using equation 1, is documented in Table 1. The Eads 

values for S1 and S2 were calculated to be -5.88 and -1.57 

kcal mol−1, respectively, indicating a very weak physical 

adsorption, which is energetically unfavorable. The 

enthalpy change (∆Hads) and Gibbs free energy change 

(∆Gads) were determined to be -5.08, 2.15 kcal mol−1 and 

-1.33 and 5.69 kcal mol−1 for S1 and S2 conformers, 

respectively, further demonstrating that the adsorption 

process is thermodynamically unfavorable. The distance 

between carbon and hydrogen atoms in the S2 

configuration was measured to be 2.06 Å, as shown in 

Figure 2a, while the distance between carbon and 

nitrogen atoms was measured to be 2.61 Å, as shown in 

Figure 2b. According to the data presented in Table 1, 

HCN gas adsorption on TAS surfaces in both 

configurations is accompanied by a partial charge 

transfer, with approximately −32 and 2 |me| for S1 and S2 

conformers being transferred from the nano-adsorbent to 

the gas.  

The results suggest that there is a weak electrostatic 

interaction between HCN and TAS, indicating that 

unmodified TAS is not an effective sensor for detecting 

or identifying HCN gas [23-25].  

The electronic properties of both configurations were 

rigorously evaluated to gain a comprehensive 

understanding of the influence of HCN adsorption on the 

pristine TAS's electronic characteristics. As detailed in 

Table 2, the adsorption process induces a subtle shift in 

both the energy gap (Eg) and the Fermi level (EFL). 

Specifically, the energy gap values for the S1 and S2 

configurations were calculated to be 4.34 eV and 4.31 eV, 

respectively.  

This minor variation in the percentage change of the 

energy gap (% ∆Eg) is attributed to the weak adsorption 

interaction occurring on the outer surface of the pristine 

TAS [26]. To further elucidate these findings, the Total 

Density of States (TDOS) was analyzed in depth and is 

graphically represented in Figure 2b. The results indicate 

that there is no significant alteration in the TDOS profile 

between the S1 configuration and the original TAS 

structure. Additionally, the electron transfer number (∆N) 

was computed to evaluate electron deflection tendencies, 

which are influenced by electrical and chemical potential 

parameters [27].  

This deflection tendency is closely related to the ease 

with which electron density can be redistributed and is 

determined by the size of the involved ions and atoms. 

Importantly, the ∆N values at the adhesion sites were 

found to be negative, signifying electron transfer from 

TAS to HCN. These findings align with the Natural Bond 

Orbital (NBO) analysis results, which confirm a charge 

transfer of −32 and 2 |me| from HCN to TAS for S1 and 

S2 conformers, as summarized in Table 2 [28].

 

Fig. 1. Optimized structure of (a) TAS (b) HCN gas, (c) total density of states (TDOS) of TSSUM (All distances are in Å). 



Chem Rev Lett 9 (2026) 230-242 
 

235 

Table 1. Dipole moment, charge polarization transfer from nanostructure to gas molecule (QT) and adsorption energy (Eads) and 

calculated thermodynamic properties at 298K and 1atm (ΔHads and ΔGads) of TAS, S1 and S2 configurations. 

Systems Dipole moment QT (me) Eads (kcal/mol) ΔHads (kcal/mol) ΔGads (kcal/mol) 

HCN 3.06 - - - - 

TAS 2.11 - - - - 

S1 6.99 -32 -5.88 -5.08 2.15 

S2 3.15 2 -1.57 -1.33 5.69 

Table 2. Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg), Fermi level energy 

(EFL), the change of energy gap of nanocone after adsorption(∆Eg(%)), working function (Φ), the change of working function of 

nanocone after adsorption (ΔФ), electron transfer number (∆N), chemical potential (µ), hardness ( η), and electrophilicity (ω) for 

HCN molecule, Triazasumanene (TAS), S1, and S2 configurations at the theoretical level of   B3LYP-D3(BJ)/6-311G(d,g). 

Systems EHOMO (eV) EFL (eV) ELUMO (eV) Eg (eV) %ΔEg Φ (eV) ΔФ (eV) ΔN μ (eV) η (eV) ω (eV) 

HCN -10.20 -5.22 -0.24 9.96 - 5.22 - - -5.22 4.98 2.74 

TAS -6.48 -4.33 -2.18 4.30 - -4.33 - - -4.33 2.15 4.35 

S1 -6.81 -4.64 -2.47 4.34 0.66 -4.64 0.31 -0.04 -4.64 2.16 4.97 

S2 -6.33 -4.17 -2.02 4.31 0.19 -4.17 -0.16 -0.07 -4.17 2.15 4.04 

 

Fig. 2. (a), (c) Optimized structure, (b) total density of states (TDOS) and partial density of state (PDOS) of S1, S2 configuration 

(All distances are in Å). 

Furthermore, altering the work function of materials 

represents a pivotal strategy for optimizing electronic 

device performance. The work function of nanomaterials 

plays a critical role in controlling their surface properties, 

and in this study, the variations in work function due to 

charge transfer between pristine TAS and HCN were 

meticulously investigated to provide deeper insights into 

these interactions and their implications for material 

performance. The work function is a fundamental 

concept in the field of solid-state physics, describing the 

minimum energy required to remove an electron from the 

Fermi level of a material and transfer it to a position just 

outside the material's surface into the vacuum. This 

energy barrier is crucial for understanding various 

electron emission processes and plays a significant role 

in applications such as thermionic emission, 
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photoemission, and field emission. Represented by the 

symbol Ф, the work function is typically measured in 

electron volts (eV), providing a quantitative measure of 

the energy threshold. The study of electron emission 

processes often involves analyzing the current density, 

which quantifies the flow of electrons per unit area into 

the vacuum. This parameter is essential for characterizing 

the efficiency and behavior of electron emission in 

different materials, thereby contributing to advancements 

in technologies like vacuum electronics, electron 

microscopy, and semiconductor devices. Understanding 

the work function and its implications allows scientists 

and engineers to design materials and systems optimized 

for specific applications, emphasizing its importance in 

both theoretical studies and practical innovations. The 

current density, j, can be calculated using the formula: 

𝑗 = 𝐴𝑇2exp (−
Ф

𝐾𝑇
) (5) 

The variable A denotes Richardson's constant, which 

has units of amperes per square meter (A m⁻²). T refers 

to the absolute temperature measured in Kelvin (K), and 

K represents Boltzmann's constant, a fundamental 

physical constant. This relationship is derived from the 

Richardson-Dushman equation, a key formula in the 

study of thermionic emission. Thermionic emission 

describes the phenomenon where electrons are emitted 

from the surface of a material when it is heated to high 

temperatures. This process is crucial in understanding 

various applications, such as vacuum tubes, electron 

guns, and certain types of sensors. The Richardson-

Dushman equation provides a quantitative framework for 

predicting the current density of emitted electrons based 

on material properties and temperature conditions, 

making it an essential tool in fields like condensed matter 

physics and electronic engineering. To compute the work 

function, the following equation was employed: 

Ф = Einf − EFL (6) 

In this particular equation, the term EFL refers to the 

energy level of electrons at the Fermi level, which 

represents the highest energy state that electrons can 

occupy under conditions of absolute zero temperature. 

Essentially, it serves as a critical reference point for 

describing the electronic properties of a material. 

Meanwhile, Einf denotes the electrostatic potential at 

infinity, which is often simplified by assuming it to be 

zero in order to streamline calculations. This assumption 

does not impact the overall validity of the analysis but 

rather facilitates a more straightforward interpretation of 

the results. The calculation of these parameters plays a 

significant role in providing a deeper understanding of the 

energy landscape experienced by electrons within a given 

material. Specifically, it sheds light on their capacity to 

overcome the potential energy barrier present at the 

material's surface. Such insights are of paramount 

importance when determining or manipulating the work 

function, a property that is central to numerous 

technological applications.  

For instance, in electronic devices such as cathodes 

used in vacuum tubes and electron microscopes, precise 

control over electron emission is essential for ensuring 

optimal performance and functionality. Therefore, 

mastering the concepts and calculations related to the 

work function is indispensable in advancing innovations 

in these and other related fields [28-30] 

The interaction between TAS and HCN, along with 

the corresponding work function values, is 

comprehensively presented in Table 2, derived using 

Density Functional Theory (DFT) calculations. Notably, 

the work function values of pristine TAS undergo 

measurable changes upon the adsorption of HCN 

molecules onto its surface. As described by equation (4), 

the electron diffusion current density exhibits an 

exponential dependence on the negative work function. 

However, despite the adsorption process, no significant 

shifts were observed in the work function or Fermi level 

of TAS. This resulted in only a gradual increase in current 

density following the adherence of HCN to the outermost 

layer of TAS, highlighting a limited sensitivity of the 

adsorbent material to HCN molecules. The calculated ∆Ф 

values for the S1 and S2 conformers further suggest that 

pristine TAS holds potential as a type-4 sensor due to its 

relatively low adsorption energy [31-33]. Additionally, 

the interaction between HCN and TAS induces 

modifications in the electronic structure of TAS, which 

can be observed through changes in its electrical 

conductivity. This behavior underscores the potential 

application of TAS in sensing technologies while 

providing insight into its electronic response to HCN 

exposure. The conduction electron population of 

semiconductors, which is responsible for electrical 

conductance, was computed to further understand these 

changes with the following equation: 

s = AT3/2 exp(−Eg/2kT) (7)  

In the realm of chemical sensors, the parameter 

denoted as A, expressed in units of electrons per cubic 

meter per Kelvin raised to the power of three over two, 

serves as a fundamental constant that significantly 

influences the operational mechanisms of these devices. 

Furthermore, the constant k represents Boltzmann's 

constant, a pivotal physical constant essential for a wide 

range of thermodynamic computations. As highlighted 

earlier, the functionality of chemical sensors is primarily 

based on their ability to detect changes in electrical 

conductance, which arise due to the adhesion process. 

This process entails interactions between the sensor's 

surface and the targeted chemical species, resulting in 

modifications to the sensor's electrical properties. A prior 

investigation, specifically referenced as study number 

[34], has provided valuable insights into this 

phenomenon, demonstrating that the relationship 
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between adhesion-induced conductance variations and 

sensor performance can be effectively leveraged to 

evaluate the sensitivity of these devices. Notably, it has 

been shown that fluctuations in the energy gap, 

symbolized as Eg, serve as a critical indicator of the 

sensor's responsiveness and sensitivity.  

By meticulously studying these variations, researchers 

and developers are able to derive meaningful conclusions 

regarding the efficiency and accuracy of chemical 

sensors. This knowledge is instrumental in refining 

sensor designs and optimizing their applications across 

diverse domains, including environmental monitoring, 

industrial safety protocols, and healthcare diagnostics, 

thereby contributing to advancements in these critical 

fields. 

3.3. Adsorption of HCN on the Li@TAS 

In recent years, there has been the development of an 

innovative and highly effective strategy aimed at 

improving the interaction between adsorbing molecules 

and host adsorbents, which has opened new avenues in 

the field of adsorption technologies. This novel approach 

involves the deliberate decoration or modification of 

adsorbents using a variety of elements, including alkali 

metals, alkaline earth elements, group III elements, and 

transition metals [35]. The incorporation of these 

elements onto the adsorbent's surface has proven to be a 

groundbreaking advancement, as it significantly 

enhances the adsorbent's ability to interact with target 

molecules. This decorating strategy is typically executed 

through the use of functional groups that exhibit the 

capacity to interact with the adsorbent's surface via 

multiple mechanisms. These mechanisms include, but are 

not limited to, hydrogen bonding, electrostatic 

interactions, van der Waals forces, and other molecular-

level interactions that facilitate a closer and more 

effective binding between the adsorbent and the 

adsorbing molecule [36]. Additionally, the surface of the 

adsorbent itself can be further tailored or modified to 

maximize its interaction potential. One method to achieve 

this is by increasing the number of active or accessible 

sites available for adsorption. This can be accomplished 

through the incorporation of various chemical 

components such as polymers, surfactants, and functional 

groups that exhibit either hydrophilic or hydrophobic 

properties, depending on the specific requirements of the 

adsorption process [37]. By introducing these 

modifications, the adsorbent's surface becomes more 

versatile and capable of interacting with a wider range of 

molecules under varying environmental conditions. The 

combination of increasing accessible sites and 

reinforcing the strength of interactions between 

adsorbing molecules and the host adsorbent ultimately 

leads to a substantial improvement in the overall 

efficiency and performance of the adsorption process 

[38].  

To enhance the adsorption energy of TAS and 

establish it as an effective gas sensor for detecting 

hydrogen cyanide (HCN), a targeted decoration strategy 

was employed. This method not only increased the 

adsorption capacity but also significantly improved the 

sensitivity and selectivity of the adsorbent, positioning it 

as a highly effective tool for gas sensing applications. The 

study focused on strategically modifying the central 

benzene ring of the original TAS molecule, both on its 

internal and external surfaces, by incorporating lithium 

(Li) metal. This modification aimed to explore how such 

alterations could influence the structural and electronic 

properties of the TAS compound.  

Following this approach, the newly designed 

structures underwent optimization, and their electronic 

properties were carefully analyzed to assess any notable 

changes in performance. The optimized configurations of 

the Li-decorated TAS compounds, referred to as 

Li@TAS-1 for internal surface decoration and Li@TAS-

2 for external surface decoration, are illustrated in Figure 

3 of the study. A significant observation was the average 

distance between carbon and lithium atoms, which 

ranged from 1.360 to 2.442 Å in Li@TAS-1 and from 

1.386 to 2.483 Å in Li@TAS-2, indicating a stable 

interaction that could potentially be fine-tuned to meet 

specific application needs. A comprehensive analysis of 

the electronic properties of these structures was 

conducted, with key parameters such as EHOMO, ELUMO, 

EFL, and Eg systematically evaluated and presented in 

Table 3. The results revealed a substantial transformation 

in the Eg values of both Li@TAS-1 and Li@TAS-2 

compared to pristine TAS, with notable shifts in HOMO 

and LUMO energy levels toward lower states. This led to 

reduced Eg values of 1.64 eV for Li@TAS-1 and 1.49 eV 

for Li@TAS-2, underscoring the potential of these 

modified structures for enhanced gas sensing 

performance. 

The study further explored the adsorption behavior of 

hydrogen cyanide (HCN) on the Li@TAS-1 and 

Li@TAS-2 structures, with a particular focus on the 

regions where lithium decoration occurs. This 

investigation aimed to provide a deeper understanding of 

how lithium decoration influences interaction dynamics 

with other molecules, thereby offering valuable insights 

into potential applications of the modified TAS 

compounds. The findings of this analysis are presented in 

Figures 4(a–d), which illustrate the interaction between 

the nitrogen atom of HCN gas and the lithium atom in the 

Li@TAS-1 and Li@TAS-2 structures. To quantify the 

adsorption energy, Eads values for the resulting 

configurations were calculated using equation (1), with 

the results summarized in Table 4. Two stable 

configurations were identified: configuration S3, 

depicted in Figure 4a, where the nitrogen atom of HCN 

gas interacts with Li@TAS-1, and configuration S4, 

shown in Figure 4c, where the nitrogen atom of HCN gas 
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engages with Li@TAS-2. The adsorption energies (Eads) 

for configurations S3 and S4 were found to be −12.24 and 

−22.31 kcal mol−1, respectively, confirming the 

chemical adsorption of HCN gas onto the Li@TAS-1 and 

Li@TAS-2 surfaces. These results demonstrate that HCN 

gas molecules can form strong bonds with Li@TAS 

structures, thereby contributing to the stability of these 

configurations. 

This study examines the interaction between nitrogen 

from HCN gas and lithium from Li@TAS-1 and 

Li@TAS-2 adsorbents. The interaction distances are 

approximately 1.931 Å and 1.991 Å in the S3 

configuration and 1.965 Å in the S4 configuration on the 

surfaces of Li@TAS-1 and Li@TAS-2, respectively. 

These distances suggest chemical adsorption occurs 

between the two elements in both adsorbents. The 

interaction distances, along with adsorption energy 

values, indicate that both configurations are highly 

favorable for HCN adsorption.  

Thermodynamic parameters further support this 

conclusion, with ∆Gads and ∆Hads values of -12.87 kcal 

mol−1 and -22.54 kcal mol−1 for S3, and -13.65 kcal 

mol−1 and -21.51 kcal mol−1 for S4, respectively, 

demonstrating thermodynamic favorability in both 

configurations. NBO analysis highlights a significant 

charge transfer following adsorption, with 36 |me| 

transferred from HCN gas to Li@TAS-1 and 28 |me| to 

Li@TAS-2, indicating strong bond formation driven by 

electron exchange, which elevates the energy state of the 

combined molecules. Further investigation into 

electronic properties, including EHOMO, ELUMO, and the 

energy gap (Eg), reveals notable changes in Eg for S3 and 

S4 compared to the pristine Li@TAS-1 and Li@TAS-2 

adsorbents, with reductions of 7.70% and 8.38%, 

respectively. This suggests a pronounced adsorptive and 

electronic response to HCN gas, with new HOMO and 

LUMO levels for S3 and S4 being lower than those of 

Li@TAS-1 and Li@TAS-2, leading to substantial 

changes in Eg.  

These findings imply that Li@TAS materials exhibit 

sufficient sensitivity for HCN gas detection. Analysis of 

∆N values for S3 and S4 configurations reveals negative 

values of -0.23 and -0.21, confirming electron transfer 

from HCN gas to the Li@TAS adsorbents. Additionally, 

examination of ∆Ф values indicates a negative shift in ∆Ф 

for both configurations, resulting in a reduced work 

function (Ф) compared to the pristine Li@TAS-1 and 

Li@TAS-2 adsorbents.

 

Fig. 3. (a), (c) Optimized structures, (b), (d) total density of states (TDOS) and partial density of state (PDOS) of Li@TAS-1 and 

Li@TAS-2 configurations (All distances are in Å). 
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Table 3. Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg), Fermi level energy (EFL), 

the change of energy gap of nanocone after adsorption(∆Eg(%)), working function (Φ), the change of working function of 

nanocone after adsorption (ΔФ),  electron transfer number (∆N), chemical potential (µ), hardness ( η), and electrophilicity (ω) for 

HCN molecule, lithium decorated Triazasumanene (Li@TAS-1 and Li@TAS-2), S3 and S4 configurations at the theoretical 

level of   B3LYP-D3(BJ)/6-311G(d,g). 

Systems EHOMO (eV) EFL (eV) ELUMO (eV) Eg (eV) %ΔEg Φ (eV) ΔФ (eV) ΔN μ (eV) η (eV) ω (eV) 

Li@TAS-1 -3.76 -2.94 -2.12 1.64 - 2.94 - - -2.94 0.82 5.26 

S3 -3.38 -2.63 -1.87 1.51 7.70 2.63 -0.31 -0.23 -2.63 0.76 4.56 

Li@TAS-2 -3.72 -2.97 -2.23 1.49 - 2.97 - - -2.97 0.74 5.94 

S4 -3.53 -2.85 -2.17 1.36 8.38 2.85 -0.12 -0.21 -2.85 0.68 5.97 

Table 4. Dipole moment, charge polarization transfer from nanostructure to gas molecule (QT) and adsorption energy (Eads) and 

calculated thermodynamic properties at 298K and 1atm (ΔHads and ΔGads) of Triazasumanene (Li@TAS-1 and Li@TAS-2), S3 

and S4 configurations. 

Systems Dipole moment QT (me) Eads (kcal/mol) ΔHads (kcal/mol) ΔGads (kcal/mol) 

Li@TAS-1 3.95 - -12.24 -14.41 -7.02 

S3 6.69 36 -22.54 -22.33 -12.87 

Li@TAS-2 5.87 - -7.46 -9.56 -3.30 

S4 12.66 28 -22.31 -21.51 -13.65 

 

Fig. 4. (a), (c) Optimized structures, (b), (d) total density of states (TDOS) and partial density of state (PDOS) of S3 and S4 

configurations (All distances are in Å).  
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3.4. Analysis of non-covalent interaction (NCI) and 

reduced-density gradient (RDG).  

The Non-Covalent Interaction (NCI) analysis is a 

highly effective method for gaining detailed insights into 

the nature of non-covalent interactions within molecular 

systems. This analytical approach is particularly valuable 

for differentiating between weak intermolecular forces 

and the stronger, more localized interatomic attractions. 

The NCI plot utilizes a color gradient ranging from blue 

to green to red and operates within a defined (λ2)ρ range 

of −0.05 to +0.05 atomic units (au).  

This carefully selected range plays a crucial role in 

identifying the type, intensity, and precise location of the 

interactions being studied. By interpreting data derived 

from NCI analysis, researchers can achieve a deeper 

understanding of the fundamental forces driving 

molecular interactions, which, in turn, enhances our 

knowledge of chemical reactivity.  

For example, regions with positive (λ2)ρ values, 

indicative of strong repulsive non-bonded overlaps, are 

represented by red in graphical outputs such as Figure 5. 

In contrast, weaker interactions are depicted by green and 

blue regions, corresponding to very weak and attractive 

interactions, respectively. This detailed approach allows 

scientists to unravel and analyze the complex interplay of 

forces within molecular structures, advancing our 

comprehension of chemical phenomena. Within the 

context of molecular interactions analyzed using the 

B3LYP-D3(BJ)/6-311G(d) computational framework, 

intriguing patterns emerge in the scatter plots of 

Li@TAS-1 and Li@TAS-2 for configurations S3 and S4. 

The nature of HCN adsorption on the TAS surface was 

elucidated using reduced density gradient (RDG) analysis 

combined with sign(λ₂)ρ plots, as shown in Figure 5.  

For the Li-decorated TAS configurations (Figure 5a 

and 5b), pronounced blue RDG isosurfaces appear 

between the Li atom and the nitrogen end of HCN, 

accompanied by distinct spikes in the negative sign(λ₂)ρ 

region. These features indicate strong stabilizing 

interactions, which can be attributed to electrostatic 

attraction and partial Lewis acid–base coordination 

between the positively polarized Li center and the lone 

pair on the N atom of HCN. In addition to this dominant 

interaction, green RDG regions surrounding the 

adsorbate and the TAS framework suggest the presence 

of secondary van der Waals interactions that further 

stabilize the adsorption complex. Among the examined 

structures, the S3 configuration (Figure 5c) exhibits the 

most intense blue isosurfaces and the strongest negative 

sign(λ₂)ρ contribution, implying an optimized adsorption 

geometry in which Li–N coordination is maximized 

while being supported by favorable interactions with the 

TAS surface. In contrast, the S4 configuration (Figure 5d) 

is characterized mainly by green RDG features and a 

weak negative sign(λ₂)ρ signal, indicating that HCN 

adsorption in this case is governed primarily by van der 

Waals forces and corresponds to a weak physisorption 

regime.  

 

Fig. 5. Color-filled RDG isosurface maps (isovalue = 0.5 au) and plot of the reduced density gradient (RDG) versus sign (λ2)ρ for 

(a)  Li@TAS-1, (b) Li@TAS-1, (c) S3,and (d) S4 configurations. 
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Overall, these results suggest that HCN adsorption on 

TAS proceeds preferentially through an N-end-down 

orientation toward Li sites, where a synergistic 

combination of Li–N electrostatic/coordination 

interactions and dispersive forces lead to enhanced 

binding. This mixed chemisorption–physisorption 

mechanism highlights the critical role of accessible Li 

centers in improving the HCN capture performance of 

TAS-based adsorbents. 

4. Conclusion 

This study utilized advanced computational methods, 

specifically density functional theory (DFT) calculations, 

to evaluate the potential of Triazasumanene (TAS) 

nanostructures, both in their original form and enhanced 

with lithium atoms, as effective sensors for the detection 

of the hazardous hydrogen cyanide (HCN) gas. The initial 

findings revealed that pristine TAS exhibited only weak 

interactions with HCN molecules, as evidenced by 

minimal changes in its electronic properties, particularly 

its bandgap (Eg). This indicated that unmodified TAS 

alone was not particularly effective for HCN sensing. To 

address this limitation and enhance its sensitivity, the 

TAS structure was modified by incorporating a lithium 

atom, resulting in a lithium-decorated variant referred to 

as Li@TAS. The subsequent analysis of adsorption 

energy and thermodynamic parameters demonstrated that 

the interaction between HCN and Li@TAS was 

significantly stronger. The calculated negative adsorption 

energies indicated that the adsorption process was 

thermodynamically favorable, exothermic, and 

spontaneous under typical experimental conditions. 

Furthermore, a detailed density of states (DOS) analysis 

showed that the bandgap of Li@TAS decreased notably 

by 8.38%, from 1.49 eV to 1.36 eV, upon interaction with 

HCN, highlighting a substantial change in its electronic 

structure. Additional insights into the nature of the 

interaction were provided by non-covalent interaction 

(NCI) and reduced density gradient (RDG) analyses, 

which confirmed the formation of a strong bond between 

the nitrogen atom of the HCN molecule and the lithium 

atom on the modified TAS structure. Moreover, natural 

bond orbital (NBO) charge transfer analysis revealed 

significant charge transfer between HCN and Li@TAS in 

two tested configurations, with measured values of 36 me 

and 28 me, respectively. These findings collectively 

underscore that lithium modification greatly enhances 

TAS's ability to detect HCN gas. Consequently, the study 

concludes that Li@TAS is a highly promising candidate 

for use as an efficient sensor for monitoring the presence 

of hazardous HCN gas in various environments. 
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