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3.1. INTRODUCTION 

In Chapter 1, the thesis highlighted the severe health risks associated with hazardous gases 

like CO, NO, and NH3. These gases, often produced from improper burning of fossil fuels, 

pose significant dangers to both the environment and human health. CO and NO, being 

colourless and odourless, are particularly dangerous, leading to potential fatalities due to 

unconsciousness or severe respiratory issues upon exposure [1-2]. NH3, although widely used 

in various applications, can also cause significant health issues in concentrated forms, including 

skin, eye, and lung irritation.  

Given these risks, the need for reliable gas detection technologies has surged, prompting 

extensive research into various carbon allotropes like graphene, carbon nanotubes, and unique 

structures like cyclo[18]carbon (C18). Recent studies have shown promising gas adsorption 

capabilities of these allotropes, especially when doped or functionalized with specific elements. 

For instance, graphene's interaction with CO gas changed when aluminium was introduced, 

altering adsorption behaviour from physical to chemical bonding [3-16]. 

Numerous studies exploring the gas adsorption behaviours of various carbon allotropes, 

their interactions with different hazardous gases, and the significant enhancements brought 

about by element doping. These investigations demonstrate the potential for creating highly 

sensitive and responsive gas sensors [17-23]. Despite this progress, the present chapter 

emphasizes the underexplored potential of C18 nanoclusters in gas sensing applications. 

Previous studies have examined the structural and electronic properties of C18, showcasing its 

unique characteristics as a semiconductor and its potential application in molecular machines 

and nano-mechanical systems [23-29]. However, research regarding its gas adsorption 

capabilities, especially concerning hazardous gases like CO, NO, and NH3, remains scarce. 

Building on existing insights, the thesis aims to fill this research gap by investigating the 

adsorption behaviour of hazardous gases on C18 nanoclusters using a first-principles approach 

rooted in density functional theory [30-31]. The study intends to explore not only the adsorption 

characteristics but also the structural, electronic, absorption, and vibrational properties of both 

pristine C18 nanoclusters and those interacting with hazardous gas molecules. This exploration 

seeks to unveil the potential of C18 nanoclusters as effective and responsive sensors for 

hazardous gases. 
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3.2. METHODOLOGY 

The investigation involved employing first-principles density functional theory (DFT) 

calculations with the Gaussian 09 package [32]. For optimizing the C18 nanocluster, we opted 

for the range-separated hybrid ωB97XD, known for accurately replicating the experimentally 

observed structural geometry of polyynic C18 [24-25, 33]. All geometry optimizations were 

carried out using the 6-311++G(d, p) Gaussian basis set [25]. We applied the same theoretical 

framework to compute total energies, electronic characteristics, molecular electrostatic 

potential (MEP), density of states (DOS), global index parameters, work function, relaxation 

time, and adsorption energies. Utilizing the outcomes of the density functional theory (DFT) 

calculations, the structural geometry, molecular orbitals, Mulliken charges, and MEP were 

visually represented using GaussView (version 6) [34]. Density of states (DOS) plots were 

generated using GaussSum software [35]. The calculation process adhered to specific 

convergence criteria: 12×10−4 radian for the root-mean-square (rms) displacement gradients, 

18×10−4 Bohr for maximum displacement, 3×10−4 Hartree/radian for rms force, and 45×10−5 

Hartree/Bohr for maximum force. The HOMO-LUMO gap (EG), defined as the disparity 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) [36-38], is expressed as: 

EG = ELUMO – EHOMO ----- (1) 

Here, ELUMO represents the energy of the lowest unoccupied molecular orbital (LUMO), and 

EHOMO corresponds to the energy of the highest occupied molecular orbital (HOMO). The 

Fermi level energy (EF) [36, 38-39] is determined by the following relationship: 

EF = (ELUMO + EHOMO)/2 ------ (2) 

 

3.3. RESULTS AND DISCUSSION 

3.3.1. Structural and electronic properties of  pristine C18 nanocluster 

Before investigating how hazardous gas molecules NO, CO, and NH3 interact with the 

C18 nanocluster, we optimized its structure using the ωB97XD/6-311++G(d, p) theory level. 

The optimized structure, shown in Fig. 1(a), demonstrates lengths for single (C-C) and triple 

(C≡C) carbon-carbon bonds at 1.34 Å and 1.22 Å, respectively, indicating sp-sp hybridization. 

Additionally, the angles between carbon atoms stand at 159.80o and 160.19o (Fig. 3.1(a)). These 

structural findings align well with previous DFT studies (refer to Table 1) [25-26]. 
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The HOMO and LUMO energies, determined as -8.51 eV and -1.77 eV respectively, 

yield a calculated HOMO-LUMO gap (EG) of 6.74 eV using equation (1), consistent with prior 

research (see Table 1) [26]. The Fermi level energy (EF), positioned between the HOMO and 

LUMO at -5.14 eV (equation 2), is visually represented by the HOMO and LUMO electron 

densities in Fig. 3.1(b and c). Our examination of the C18 nanocluster's charge distribution via 

Mulliken charge population analysis reveals distinctive positive and negative charge 

distributions among neighbouring carbon atoms (Fig. 3.1(d)). 

The density of states (DOS) plot in Fig. 3.2 further supports our calculated HOMO, 

LUMO, and EG values, corroborating the findings presented in Table 3.1. 

 

Figure 3.1: Optimized molecular structure (a), HOMO electron density (b), LUMO electron density 

(c) and Mulliken atomic charge distribution (d) of C18 nanocluster, respectively. 
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Table 3.1: Structural parameters, EHOMO and ELUMO, HOMO-LUMO gap (EG) and dipole 

moment for C18 nanocluster. 

System 

Bond length 

(Å) 
Angle (o) EHOMO 

(eV) 

 

ELUMO 

(eV) 

 

EG 

(eV) 

 

Dipole 

moment 

(Debye) 

Ref. 
C-C 

 

C≡C 

 
𝛉𝟏 𝛉𝟐 

C18 

1.34 1.22 160.19 159.80 -8.51 -1.77 6.74 0.000 Our work 

1.346 1.223 160.2 159.8 --- ---- ---- ---- [25] 

--- ---- ---- ---- -8.45 -1.70 6.75 ---- [26] 

 

 

Figure 3.2: DOS spectrum for pristine C18 nanocluster. 

3.3.2. Adsorption performance of CO, NO and NH3 gas molecules adsorbed C18 

nanocluster 

Initially, we optimized the isolated CO, NO, and NH3 gas molecules, analyzing their 

structural and vibrational characteristics and validating our findings by comparing them with 

existing reports. To understand how these gas molecules interact with the C18 nanocluster, we 

calculated the adsorption energy [36-42] using the following formula: 

Ead = E(C18+Gas) –E(C18) – E(Gas) + δBSSE ----- (3a) 

This equation involves E(C18+Gas), indicating the total energy of the C18 nanocluster 

with the gas molecule adsorbed, E(C18) representing the total energy of the pristine C18 

nanocluster, E(Gas) denoting the total energy of the gas molecule in isolation, and δBSSE 

considering the energy correction due to basis set superposition error (BSSE). However, as we 

found the energy correction from BSSE to be insignificant, we've chosen to omit δBSSE. Thus, 

equation (3a) now simplifies to: 
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Ead = E(C18+Gas) –E(C18) – E(Gas)  ----- (3b) 

For both CO and NO gases, we placed them at different sites on the C18 nanocluster, 

such as atop a carbon atom, a triple bond, and a single bond. Moreover, we explored various 

orientations for each gas molecule, considering the C/N or O head of CO/NO and a horizontal 

orientation at each site of the C18 nanocluster. As for NH3 gas, we examined the N head, 

vertical, and three H head orientations at various locations on the C18 nanocluster. Among the 

different potential configurations for each gas molecule, we selected the most stable 

arrangement, specifically those configurations with the lowest energy, for subsequent 

calculations. 

 

Figure 3.3: Stable-most configurations for the CO (a), NO (b) and NH3 (c) adsorbed C18 nanoclusters  

The computed adsorption energy for CO gas on the C18 nanocluster, using equation (3), 

stands at -0.31 eV. In Fig. 3(a), the configuration with the lowest energy for CO adsorption is 

presented. After CO gas adsorption, the C head of the CO molecule maintains a distance of 

1.43 Å from the closest carbon atom of the C18 nanocluster. The interaction causes an increase 

in the bond length of the CO gas molecule from 1.12 Å to 1.19 Å (see Fig. 3.3(a)). Following 

adsorption, the carbon-carbon bond length extends from 1.22 Å to 1.37 Å, as depicted in Fig. 

3.3(a). This close adsorption distance, coupled with the elongation of the carbon-carbon bond 
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length, indicates a chemisorptive interaction between the CO molecule and the C18 nanocluster. 

Fig. 3(b) displays the configuration with the least energy for NO adsorption, showcasing an 

adsorption energy of -0.29 eV for NO on the C18 nanocluster. After NO gas adsorption, the N 

head of the NO gas stays at a distance of 1.43 Å from the carbon atom of the C18 nanocluster. 

The bond length of the NO gas molecule increases from 1.14 Å to 1.20 Å post adsorption, 

depicted in Fig. 3(b). Simultaneously, the carbon-carbon bond length expands from 1.34 Å to 

1.36 Å after NO adsorption. This change indicates a chemisorptive behaviour similar to that of 

the CO gas molecule over the C18 nanocluster. In Fig. 3(c), the lowest energy configuration for 

NH3 adsorption on the C18 nanocluster reveals NH3 gas molecules adsorbing at the hollow site, 

with an adsorption energy of -0.23 eV. The closest distance between the H atom of the NH3 gas 

molecule and the carbon atom of the C18 nanocluster measures at 2.85 Å. The average N-H 

bond length of the NH3 gas, remaining consistent at 1.01 Å, shows no change after adsorption, 

mirroring the isolated NH3 gas molecule. Additionally, there are no alterations in the carbon-

carbon bond lengths of the C18 nanocluster. The substantial adsorption distance and unchanged 

bond lengths suggest minimal interaction between the NH3 gas molecule and the C18 

nanocluster, indicating a physisorptive nature in NH3 adsorption over the C18 nanocluster. 

3.3.3. Electronic properties after the adsorption 

The potential for charge transfer between the C18 nanocluster and gas molecules 

prompts an examination of the Mulliken atomic charge distribution [37, 43-44]. Post adsorption 

of CO, NO, and NH3, the total Mulliken charge on the gas molecules registers as -0.76e, +0.07e, 

and -0.10e, respectively. This signifies a transfer of charge from the C18 nanocluster to CO and 

NH3 gas molecules, as the isolated gas molecule holds a total Mulliken charge of zero. 

Conversely, in NO gas adsorption, the charge moves from the gas molecule to the C18 

nanocluster [43-44]. Fig. 4 displays the charge distribution for the C18 nanocluster with 

adsorbed gas. Considering the electric dipole moment vector as an indicator of charge 

distribution [37, 43-44], the C18 nanocluster exhibits an even charge distribution, reflected in a 

dipole moment of 0.00 Debye. However, following the adsorption of CO, NO, and NH3 gas 

molecules, the dipole moment shifts to 3.99 Debye, 4.23 Debye, and 0.43 Debye, respectively. 

These shifts in the dipole moment further affirm the alteration in charge distribution subsequent 

to gas adsorption in each instance. 
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Figure 3.4: Mulliken charge population analysis of the CO (a), NO (b) and NH3 (c) adsorbed C18 

nanocluster, respectively. 

For a thorough comprehension of the interplay between gas molecules and the C18 

nanocluster, an array of parameters including HOMO, LUMO, EF, ΔEF, EG, and ΔEG were 

computed and are meticulously documented in Table 3.2 [37-44]. Furthermore, an in-depth 

examination of the density of states for the C18 nanocluster with adsorbed gas molecules was 

conducted, juxtaposed with the pristine C18 nanocluster (refer to Fig. 3.5) [37-44]. Post-CO 

adsorption, there is a 5.93% reduction in EG compared to the pristine C18 nanocluster, in line 

with the observations extracted from the DOS spectrum (refer to Fig. 3.5(a)). The scrutiny of 

the DOS spectra and Table 3.2 reveals a discernible shift in the Fermi energy accompanied by 

a corresponding adjustment in the Fermi level. In the instance of NO adsorption, molecular 

orbitals (MOs) undergo a split into α-MOs and β-MOs (spin up and spin down). Subsequently, 

after CO and NO adsorption, there is a respective decline of 4.66% and 11.28(α)% (or 

14.28(β)%) in the Fermi energy. Furthermore, α-EG and β-EG witness respective reductions of 

21.66% and 14.68% in comparison to the pristine C18 nanocluster, as evident from the DOS 

spectrum (refer to Fig. 5(b)). Both Figs. 3.5(a) and 3.5(b) underscore an augmented 

contribution of DOS in the valence band, underscoring the chemisorptive nature of CO and NO 

gas molecules over the C18 nanocluster. In the case of NH3 adsorption, while EG also diminishes 
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by 5%, the shift in the DOS (refer to Fig. 3.5(c)) is marginal, indicating a physisorptive nature. 

Following NH3 adsorption, there is a noteworthy elevation of 10.11% in the Fermi energy. Figs. 

3.6 (a and b) illustrate the electron densities of HOMO and LUMO [37-44] after CO adsorption 

on the C18 nanocluster. These figures distinctly showcase the concentration of HOMO electron 

density on both the CO gas molecule and the region between the gas molecule and the C18 

nanocluster. Additionally, the LUMO electron density localizes between the nearest carbon 

atom of the C18 nanocluster with adsorbed gas and its neighbouring carbon atom. 

 

Figure 3.5: DOS spectra for CO (a), NO (b) and NH3 (c) adsorbed C18 nanocluster, respectively. 
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Table 3.2: Adsorption energy (Ead), HOMO and LUMO energies (EHOMO and ELUMO), HOMO-

LUMO gap (EG), change in EG (∆ EG), work function (𝝋), average adsorption distance (d) and 

dipole moment (D) of CO, NO and NH3 adsorbed C18 nanoclusters, respectively. 

System 
Ead 

(eV) 

EHOM

O (eV) 

EF 

(eV) 

ΔEF  

(%) 

ELUMO 

(eV) 

EG 

(eV) 

ΔEG  

(%) 

𝝋 

(eV) 

d 

(Å) 

D 

(Debye) 

CO/C18 -0.31 -8.55 -5.38 -4.66 -2.21 6.34 -5.93 5.38 1.43 3.99 

NO/C18 -0.29 
-8.36α -5.72α -11.28α -3.08α 5.28α -21.6 5.72α 

1.43 4.23 
-8.76β -5.88β -14.28β -3.01β 5.75β -14.7 5.88β 

NH3/C18 -0.23 -7.47 -4.62 +10.11 -1.77 5.69 -5.00 4.62 2.85 0.43 

 

 

Figure 3.6: HOMO (a) and LUMO (b) electron density of CO adsorbed C18 nanocluster, 

respectively. 

 

Figure 3.7: α-HOMO (a), α-LUMO (b), β-HOMO (c) and β-LUMO (d) electron density of NO 

adsorbed C18 nanocluster, respectively. 
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Figure 3.8: HOMO (a) and LUMO (b) electron density of NH3 adsorbed C18 nanocluster, 

respectively. 

In Figures 3.7(a, b, c, and d), we observe the α-HOMO, α-LUMO, β-HOMO, and β-

LUMO electron densities for the C18 nanocluster with adsorbed NO. A notable observation is 

the concentration of α-HOMO and β-HOMO (refer to Figs. 3.7(a and c)) close to or between 

the NO gas molecule and the C18 nanocluster. Figures 3.7(b and d) distinctly show the 

concentration of both α-LUMO and β-LUMO between the NO gas molecule and the C18 

nanocluster. This electron density concentration strongly supports the chemisorptive nature of 

CO and NO gas molecules over the C18 nanocluster. In the case of NH3 adsorption, the absence 

of significant HOMO and LUMO electron densities (refer to Figs. 3.8(a and b)) over the NH3 

gas molecule, with minimal deviation from the pristine C18 nanocluster (refer to Figs. 1(b and 

c)), confirms the weak interaction. 

3.3.4. Electrostatics potential (ESP) analysis 

The Electrostatic Potential (ESP), an indicator of positive, neutral, and negative 

electrostatic potential regions, alongside molecular size and shape, is a valuable tool for 

understanding how gas molecules interact with the C18 nanocluster [37, 41-44]. Following 

convention, the blue, green, and red areas represent positive, neutral, and negative electrostatic 

potential regions. The red and blue zones signify electrophilic and nucleophilic activity, 

respectively, where positively charged particles bind strongly due to an excess of electrons and 

negatively charged particles bind strongly due to an electron deficiency. Fig. 9 displays the ESP 

surfaces of both the pristine C18 nanocluster and the C18 nanocluster with gas molecules 

adsorbed. The ESP of the pristine C18 nanocluster (refer to Fig. 3.9(a)) shows repetitive positive 

(blue region) and negative (yellow region) electrostatic potential areas, supporting Mulliken 

charge analysis.  
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After CO adsorption, evident negative electrostatic potential areas emerge near the O 

atom of the CO molecule, attributed to oxygen's higher electronegativity compared to carbon, 

consistent with the accumulation of negative Mulliken charge on the CO molecule post-

adsorption (refer to Fig. 3.9(b)). Likewise, after NO adsorption, noticeable negative 

electrostatic potential regions appear near the O atom of the NO molecule due to oxygen's 

higher electronegativity compared to nitrogen (refer to Fig. 3.9(c)). Upon NH3 adsorption, a 

negative electrostatic potential region is observed near the N atom of the NH3 molecule, while 

positive electrostatic potential regions appear near the H atoms of NH3, influenced by the 

higher electronegativity of the N atom in the NH3 gas molecule (refer to Fig 9(d)). This 

observation aligns with the Mulliken charge analysis. 

 

Figure 3.9: ESP maps of C18 nanocluster (a) and CO (b), NO (c) and NH3 (d) adsorbed C18 

nanocluster, respectively. 

3.3.5. Sensing properties of C18 nanocluster 

The sensing or sensitivity characteristics of the C18 nanocluster regarding the chosen 

gas molecules can be determined by examining the conductivity [37-38, 41], expressed by the 

following equation: 
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                                                          σ = AT3/2exp(
−EG

2𝑘T
) -----(4) 

In this equation, various symbols are defined: σ represents the electrical conductivity, A is a 

placeholder, EG stands for the HOMO-LUMO gap, k denotes the Boltzmann constant, and T 

signifies the temperature. Equation (4) reveals an intriguing correlation at a given 

temperature—electrical conductivity and EG share an inverse relationship. This implies that as 

EG decreases, the electrical conductivity tends to rise, as evidenced in Table 2. When exposed 

to CO, NO, and NH3, the C18 nanocluster undergoes a noticeable increase in conductivity, 

directly linked to the decrease in EG. As EG reduces, the resistance of the C18 nanocluster 

diminishes. These changes in material resistance are proportionate to the concentration of gas 

molecules present in the environment. The significant impact of gas molecules on the C18 

nanocluster's electronic properties hints at its potential as an electronic sensor for gas detection. 

In the realm of gas molecule sensors, the recovery time holds paramount importance 

[2, 43-45]. It defines the expected duration until the adsorbed molecule detaches from its 

hosting system. For an efficient gas sensor, shorter recovery times are preferable. A strong 

interaction between gas molecules and the sensor hampers the desorption process, leading to 

prolonged recovery times. The recovery time [2, 43-45] is calculated as follows: 

τ = υ−1 exp(
−Ead

𝑘T
) -----(5) 

The formula provided employs symbols where τ signifies the recovery time, υ 

represents the attempt frequency, Ead stands for adsorption energy, k is the Boltzmann constant, 

and T denotes the temperature. To establish a more comprehensive analysis of recovery times, 

three distinct attempt frequencies (υ) have been utilized—1x1012 Hz (infrared), 5.2x1014 Hz 

(yellow light), and 1x1016 Hz (UV light)—coupled with two different temperatures (T = 300 K 

and T = 500 K) [2, 43-45]. Recovery times denoted as τI, τY, and τU for infrared, yellow, and 

UV light, respectively, have been computed. The determined recovery times (using equation 5) 

for CO and NO adsorption vary from nanoseconds (ns) to picoseconds (ps) and even 

femtoseconds (fs) across different frequencies and temperatures (refer to Table 3.3). These 

calculated times indicate remarkably swift desorption processes for CO and NO gas molecules. 

Such swift recovery times position C18 nanoclusters as highly promising options for CO and 

NO sensor applications. However, despite the very short recovery time for NH3 adsorption, its 

physisorptive nature suggests it might not be suitable for sensor applications. 
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Table 3.3: Calculated recovery time (𝝉𝑰, 𝝉𝒀 and 𝝉𝑼) of CO, NO and NH3 adsorbed C18 

nanoclusters at T = 300 K and T = 500K, respectively. 

System 
𝛕𝐈 𝛕𝐘 𝛕𝐔 

T= 300 K T = 500K T= 300 K T = 500 K T = 300K T = 500K 

CO/C18 
 

162.70 ns 1.33 ns 0.31 ns 2.57  ps 16.27 ps 133.90 fs 

NO/C18 74.60 ns 0.83 ns 0.14 ns 1.60 ps 7.46 ps 83.70 fs 

NH3/C18 7.31 ns 0.20 ns 0.01 ns 0.40 ps 0.73 ps 20.80 fs 

Gas adsorptions significantly impact the Fermi level and work function (φ) of materials, 

which are critical factors for a φ-type sensor. In φ-type sensors, the Kelvin theory of oscillators 

is employed to estimate the φ values before and after the gas molecule interaction [37]. When 

the gas interaction causes increase or decrease in the sensor's φ, it disrupts the gate voltage, 

resulting in the generation of an electrical signal [34]. The work function (φ) is formally 

described as the minimum energy needed to extract an electron from a material to a location 

just outside the solid surface, as represented by the following equation [36, 38]. 

                                                                  𝜑 = Vel(+α) - EF -----(6) 

Here, Vel(+α) represents the electrostatic potential energy at a distance from the material 

surface, and EF denotes the Fermi energy. According to equation (6), when Vel(+α) equals zero, 

we can express φ as -EF. The alteration in the φ value of an adsorbent system during the gas 

adsorption process impacts its field emission characteristics, and this relationship can be linked 

through the classical Richardson-Dushman equation [36, 38]. The current density of emitted 

electrons in a vacuum is determined by the Richardson-Dushman equation. 

j= AT2exp(-𝜑/kT) -----(7) 

Here, A represents the Richardson constant (A/m²), and T stands for temperature. Following 

gas adsorption, the interaction between gas molecules and the C18 nanocluster leads to a 

modification in the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO) energies of the C18 nanocluster. This alteration in HOMO and 

LUMO energies subsequently results in changes to the work function and Fermi energy, as 

detailed in Table 2. The work function experiences a positive increase of +4.66% and 

+11.28(α)% (or +14.28(β)%) attributed to a shift in the LUMO energy magnitude from -1.77 

eV to -2.21 eV and -3.08(α) eV (or -3.01(β) eV) during CO and NO adsorption, respectively. 

Conversely, in the case of NH3 adsorption, there is a decrease of -10.11% in φ due to a change 

in the HOMO energy from -8.45 eV to -7.47 eV. Our findings indicate that the C18 nanocluster 

can serve as a sensitive φ sensor for NH3 gas molecules, as the maximum change in φ is 
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observed compared to the change in EG. However, it's important to note that NH3 gas molecules 

exhibit physisorption, indicating that the C18 nanocluster may not be suitable for sensor 

applications in this context. 

3.3.6. Absorption and Raman spectra 

The absorption characteristics for both before and after gas interaction of C18 

nanoclusters are examined using TDDFT-ωB97XD/6-311++G(d, p) at their respective ground-

state geometries, as indicated in Fig. 10. An evident absorption peak, approximately at 220.00 

nm, corresponds to an EG value of 6.74 eV for the pristine C18 nanocluster, consistent with an 

earlier DFT investigation (see Fig. 3.10(a)) [26]. Upon CO adsorption, the absorption peak 

slightly shifts to around 215 nm, reflecting the reduced EG of 6.34 eV (see Fig. 3.10(b)). 

Conversely, NH3 adsorption leads to an absorption peak at 223.00 nm, aligning with a lower 

EG of 5.69 eV (see Fig. 3.10(d)). However, for the C18 nanocluster with NO adsorption, the 

detected absorption peaks at 300.00 nm and 384.00 nm, attributed to α-LUMO and β-LUMO, 

respectively, appear weaker compared to the peaks observed in C18, CO, and NH3 adsorbed C18 

nanocluster (refer to Fig. 3.10(c)). 

 

Figure 3.10: Absorption spectra for pristine (a) and CO (b), NO (c) and NH3 (d) adsorbed C18 
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Raman spectroscopy is a good experimental method to study materials without causing 

damage. It not only helps us understand material properties but also sheds light on how gas 

molecules interact with the materials. Techniques like in situ spectroscopy, including Raman 

spectroscopy, let us assess the gas composition and qualitatively analyze how these gases 

interact with the material [46-49]. In this study, we examined Raman spectra for both the 

pristine C18 nanocluster and the same cluster exposed to different gases (see Fig. 11). These 

spectra offer valuable information about the types of bonds and functional groups within the 

material. Vibrational frequencies reflected as Raman shifts depend on atomic masses and bond 

strengths. We employed the CAM-B3LYP/6-311+G(d,p) level of theory for Raman spectrum 

calculations [47]. 

For example, we found that the 898.50 cm⁻¹ band corresponds to the weak C-C bond, 

while the bands at 1765.50 cm⁻¹ and 2188.00 cm⁻¹ represent strong C≡C bonds (see Fig. 

3.11(a)) [47]. Changes or new bands in the spectrum usually indicate the interaction between 

gas molecules and the C18 nanocluster. In our analysis, we observed new weak bands and a 

shift in another weak band, particularly at 827.00 cm⁻¹ and 941.00 cm⁻¹. This alteration 

suggests that the interaction between CO gas molecules and one of the C≡C bonds influences 

specific weak bands. Moreover, vibrations at 1565.00 cm⁻¹ and the presence of three strong 

C≡C bonds imply a change in the overall symmetry of the ring due to this interaction. 

Additionally, the intense peak at 2024.00 cm⁻¹ confirms the presence of CO gas molecules 

(refer to Fig. 3.11(b)) [48]. This underlines a strong covalent interaction with the C18 

nanocluster, corroborating previous findings on adsorption energy.  

For NO-adsorbed C18 nanoclusters, new bands in both weak (C-C) and strong (C≡C) 

bonds suggest increased bond strength compared to the pristine nanocluster. This signifies a 

more significant distortion due to symmetry breaking, far more noticeable than in both the 

pristine and CO-adsorbed C18 nanoclusters. Our analysis hints at a covalent bond nature, 

supported by the appearance of the NO Raman band at 1869.00 cm⁻¹ (see Fig. 3.11(c)), 

consistent with earlier studies on NO gas [48]. However, in NH3-adsorbed C18 nanoclusters, a 

red shift in C≡C Raman bands implies electron loss from the C18 nanocluster to NH3. 

Importantly, the absence of NH3 in the Raman spectra (see Fig. 11(d)) supports physisorption, 

consistent with previous findings [49]. Conversely, the presence of CO and NO peaks confirms 

the chemisorption nature of their interaction with the C18 nanocluster. 
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Figure 3.11: Raman spectra of pristine (a) and CO (b), NO (c) and NH3 (d) adsorbed C18 

nanocluster, respectively. 

3.3.7. Global reactivity indices  

The investigation of the activity of clusters or molecular systems involves the 

calculation of global indices parameters [37, 43], including chemical potential (μ), softness (S), 

hardness (η), and electrophilicity (ω). These global indices parameters are determined by the 

following formulas,  

Chemical Potential (μ) = −
 𝐼+𝐴

2
-----(8) 

Hardness (η)  =
𝐼−𝐴 

2
 -----(9) 

Softness (S) =
1

2𝜂
 -----(10) 

Electrophilicity (ω) =
𝜇2

2𝜂
  -----(11) 
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Here, I ≅ - EHOMO and A ≅ - ELUMO. The tabulated global indices parameters, calculated 

using equations (8) to (11), are presented in Table 3.4.  

Table 3.4: Chemical potential (μ), hardness (η), softness (S) and electrophilicity (ω) for CO, NO 

and NH3 adsorbed C18 nanoclusters, respectively. 

System μ (eV) η (eV) S (eV)-1 ω (eV) 

C18 -5.14 3.37 0.14 3.91 

CO/C18 -5.38 3.17 0.15 4.56 

NO/C18 
-5.72α 2.64α 0.18α 6.19α 

-5.88β 2.87β 0.17β 6.02β 

NH3/C18 -4.62 2.85 0.17 3.74 

 

The chemical potential (μ) of the pristine C18 nanocluster stands at -5.14 eV. However, 

upon gas adsorption, there are substantial shifts in μ due to changes in the HOMO and LUMO 

positions within the systems. Specifically, the μ values experience variations of +4.66%, 

+11.28(α)% (or +14.39(β)%), and -10.11% for C18 nanoclusters adsorbed with CO, NO, and 

NH3, respectively. Compared to the pristine C18 nanocluster, the chemical potential is highest 

in NH3 adsorption and lowest in NO adsorption. The system's chemical stability, as measured 

by hardness (η) at 3.37 eV for the C18 nanocluster, diminishes after CO, NO, and NH3 

adsorption, decreasing by -5.93%, -15.43(α)% (or -21.66(β)%), and -14.83%, respectively. 

This decline is attributed to the reduction in EG post-gas adsorption.   

Conversely, softness (S), inversely related to hardness, increases as the hardness of the 

gas-adsorbed system decreases. The softness values listed in Table 4 follow the sequence C18 

< CO/C18 < NH3/C18 = NO/C18 (β) < NO/C18 (α). For CO, NO, and NH3 gas adsorption, softness 

escalates by +7.14%, 28.57(α)% (or 21.42(β)%), and 21.42%, respectively, in comparison to 

the pristine C18 nanocluster. Electrophilicity (ω), indicating the tendency to accept electrons 

from atoms or molecules, is measured at 3.91 eV for the pristine C18 nanocluster. This 

electrophilicity surges by +16.62% and 58.31(α)% (or 53.96(β)%) for CO and NO adsorption, 

respectively, and diminishes by -4.34% for NH3 adsorption. Notably, electrophilicity peaks 

with NO gas adsorption and decreases notably with NH3 gas adsorption. 
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3.3.8. C18 nanocluster as compared to other carbon nanomaterials 

To assess the superiority of the pristine C18 nanocluster in terms of gas sensing, we 

compared the adsorption energy (Ead) and adsorption distance (d) of toxic gas molecules CO, 

NO, and NH3 on the C18 nanocluster with previously reported novel carbon-based 

nanomaterials [5-16]. Table 3.5 clearly indicates that CO, NO, and NH3 gas molecules exhibit 

physisorption nature on various carbon-based nanomaterials, including graphene, single-

walled carbon nanotubes (SWCNT), armchair graphene nanoribbon (AGNR), zigzag graphene 

nanoribbon (ZGNR), graphene quantum dot (GQD), and graphyne.  

Table 3.5: Comparison of CO, NO and NH3 gas adsorption properties of C18 nanocluster with 

other carbon based nanomaterials 

System 

CO NO NH3 

Ead 

(eV) 

d 

(Å) 
Ref. 

Ead 

(eV) 

d 

(Å) 
Ref. 

Ead 

(eV) 

d 

(Å) 
Ref. 

C18 -0.31 1.43 
Our 

work 
-0.29 1.43 

Our 

work 
-0.23 2.94 

Our 

work 

Graphene -0.01 3.85 [5] -0.07 ---- [6] 0.11 ---- [7] 

SWCNT 0.25 2.83 [8] -0.09 2.88 [9] -0.03 3.41 [10] 

AGNR -0.06 3.40 [11] -0.13 3.32 [11] -0.15 2.80 [12] 

ZGNR -0.09 ---- [13] -0.27 2.88 [14] -0.09 3.03 [14] 

GQD -0.12 3.20 [15] ---- ---- ---- -0.11 2.87 [15] 

Graphyne -0.11 3.30 [16] -0.12 3.15 [16] -0.14 2.70 [16] 

The poor adsorption energy and large adsorption distance from the surface of these 

materials imply that their pristine forms are not suitable for gas sensing purposes [5-16]. 

Contrastingly, our findings reveal that CO and NO gas molecules undergo chemisorption on 

the C18 nanocluster, exhibiting notably favourable adsorption energy and very short adsorption 

distances compared to the carbon-based nanomaterials mentioned in Table 5. Moreover, the 

adsorption energy of NH3 over the C18 nanocluster is favourable compared to the mentioned 

carbon-based nanomaterials. However, the large adsorption distance suggests a weak 

interaction between NH3 and the C18 nanocluster, indicating its unsuitability for gas sensing 

purposes. In summary, the C18 nanocluster emerges as an excellent candidate for CO and NO 

gas molecule sensing applications but not for NH3 gas molecules. 
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3.4. CONCLUSION 

In this chapter, we conducted an extensive investigation into the structural, electronic, 

vibrational, and adsorption properties of toxic gas molecules onto the C18 nanocluster using 

Density Functional Theory (DFT). The stability of the C18, confirmed by its negative formation 

energy and absence of imaginary frequencies in the Raman and IR plots, supports its structural 

and dynamic robustness, validating the experimental realization of polyynic cyclo[18]carbon. 

The short adsorption distances (1.43 Å and 1.43 Å) and low adsorption energies (-0.31 eV and 

-0.29 eV) between CO and NO gas molecules and the C18 nanocluster indicate a chemisorption 

phenomenon. Conversely, the notably longer adsorption distance (2.85 Å) observed for NH3 

gas molecule adsorption suggests its physisorption behavior on the C18 nanocluster. 

A transfer of charges, from the C18 to CO and NH3 gas molecules (-0.76e and -0.10e, 

respectively) and from the NO gas molecule to the C18 nanocluster (+0.07e), leads to dipole 

moments ranging from 0 Debye to 3.99 Debye, 4.23 Debye, and 0.43 Debye for CO, NO, and 

NH3 gas molecule adsorbed C18 nanoclusters, respectively. The reduction in the HOMO-

LUMO gap from 6.74 eV to 6.34 eV, 5.28(α) eV (or 5.75(β) eV), and 5.69 eV following CO, 

NO, and NH3 adsorption indicates a qualitative increase in electrical conductivity. This 

suggests the potential of the C18 nanocluster as a gas sensor for detecting these molecules. 

The concentration of HOMO and LUMO electron densities near the CO and NO gas 

molecules aligns with their chemisorption behavior, while their absence near the NH3 gas 

molecule supports physisorption. The theoretically calculated short recovery time for CO and 

NO gas molecules indicates the potential applicability of the C18 nanocluster as an 'ultra-fast 

gas sensor.' However, despite its short recovery time for NH3 gas molecules and physisorption 

behavior, its practical utility might be limited. The evaluation of the adsorption capabilities of 

these gas molecules on the C18 nanocluster positions cyclo[18]carbon as a promising material 

in the domain of gas sensors when compared with other pristine carbon-based nanomaterials. 
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