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Lung cancer is one of the most pernicious health concerns and leading cause of mortality which is 
attributed to about two million deaths and four million new cases reported annually all over the world. 
So, a facile, quick, and non-invasive method of early detection of lung cancer is very crucial. Owing 
to the success of gas-sensing technology, this work proposed a novel work of developing sensors 
to diagnose lung cancer by analyzing the adsorption mechanism of three common volatile organic 
compound biomarkers- acetaldehyde, aniline, and isoprene on two Aluminum-derived nanotubes- 
Aluminum nitride (AlN) and Aluminum phosphide (AlP) via quantum mechanical approach DFT 
method. The adsorption energy confirms all the biomarkers will successfully adsorb on the AlNNT and 
AlPNT with an exothermic chemical reaction as well as AlNNT exhibits 26.30 ~ 29.66% more adsorption 
intensity than AlPNT for the corresponding biomarker. The absence of imaginary frequency in the IR 
spectrum for pristine and complex nanotubes confirms that the geometries belong to true energy 
minima and tend to form naturally. Also, the analyses of different electrical and thermodynamical 
properties strongly support the favor of AlNNT as sensory material. Based on the light of all factors, 
AlNNT could be a potential candidate for developing biosensors to diagnose lung cancer in its early 
stages.
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Lung cancer is responsible for the leading cause of cancer concerning mortality which is attributed to about 
two million deaths and four million new cases are reported annually all over the world1–4. The effective factors 
of the mortality of lung cancer have a wide range of variety such as age, sex, geographic changes, ethnicity, 
socioeconomic condition, and so on that lead to an alarming prediction of the death of lung cancer patients about 
3.2 million by 2050 2,5. However, a lot of clinical studies confirm that early detection and treatment of lung cancer 
help to reduce the mortality rate6. At present, the detection of lung cancer has been done using some popular 
diagnostic techniques such as chest radiographs, computed tomography scans (CT scan), magnetic resonance 
imaging technique (MRI), positron emission tomography (PET), and cytology sputum, biopsy, breath analysis 
and so on7–10. However, these current diagnostic techniques are associated with crucial challenges such as high 
costs, invasiveness, false reports, and so on, making the situation more critical11–14. So, developing rapid, simple, 
non-invasive early diagnosis techniques for detecting cancer has become a great concern for researchers15,16. 
In recent years, due to the development of nanoscience and technology, different low-dimensional materials 
such as nanosheets, nanotubes, nanodots, etc. have been extensively used in various technological, especially 
in biomedical and sensing applications17–21. In 2019, Roberts et al. developed a Fluorine-doped tin oxide-based 
graphene nanosheet as an immunosensor for rapidly detecting urokinase-type plasminogen activator receptor, a 
well-known cancer biomarker. From their experiment, they observed that the developed immunosensor showed 
better reproducibility, repeatability, and storage stability which is 75% more than the initial activity19. In 2024 
Sakr et al. investigated the adsorption properties of biphenylene quantum dot along with its metal oxide (CuO, 
ZnO, TiO2, and V2O5) before and after adsorbing glucose which is primarily considered a biomarker of diabetes 
using density functional theory (DFT) and found that all the structures are stable and the reaction process 
is spontaneous20. However, among miscellaneous nanomaterials, nanotubes exhibit greater sensitivity toward 
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diverse biomolecules because of their unique physicochemical properties greater surface areas with preferable 
chemical stabilities as well as affluent electronic polyaromatic structure making them perfect fits for advancing 
sensing materials22–26. In 2022, Chen et al. developed functionalized carbon nanotube (CNT) based field-
effect transistor (FET) to achieve higher sensitive and selective detection of blood biomarkers of β-amyloid to 
diagnose Alzheimer’s disease and found that the aptamer-functionalized CNT-based FET biosensor exhibits a 
large dynamic range as well as rapid response time, and low variation which can be helpful to develop a low-cost 
and rapid clinical detection technology for the early diagnosis of Alzheimer’s disease25. In the same year, using 
DFT theory Aasi et al. proposed the potentiality of platinum-decorated single-walled carbon nanotubes as a 
promising material for detecting octanol, decane, and hexanal as liver cancer biomarkers as the experimented 
biomarkers have strongly chemisorbed on the targeted nanotube along with preferable recovery time26. Therefore, 
consequencing the favorable outcome of different nanotubes, group III-IV nanotubes have drawn the attention 
of researchers in diverse sensing applications27–29. In 2023, using the DFT method, Kadhim et al. investigated the 
feasibility of antisite defect of Aluminum phosphide (AlP) nanotube for detecting ozone gas and observed that 
ozone shows weak interaction with the pristine and the phosphorus antisite AlPNT but in the case of Aluminum 
antisite the adsorption mechanism drastically improved for O3 gas27. In the same year, Kadhim et al. investigated 
the selective adsorption behavior of toxic chloropicrin on Cd-doped Aluminum nitride nanotube (AlNNT) 
using the DFT approach and found that Cd-decoration enhances the adsorption energy of AlNNT from − 6.0 to 
− 22.4 kcal/mol for chloropicrin28.

Owing to the successes of analytical chemistry and nano-sensing technologies, diagnosing different diseases 
by analyzing the breath of patients has become popular because of its non-invasiveness, rapidity, and cost-
effectiveness30–34. In 2026, Sun et al. summarized the potentiality of diagnosis of different cancers from exile 
gas by detecting volatile organic compounds (VOCs) and tabulated the presence of different unique VOCs in 
the breath of nine different types of cancer patients (lung cancer, breast cancer, colon cancer, esophagogastric 
cancer, gastric cancer, head and neck cancer, liver cancer, ovarian cancer, and prostate cancer)30. In 2018 Wan 
et al. investigated the adsorption mechanism of two biomarkers of lung cancer that are benzene (C6H6) and 
aniline (C6H7N) on transition metal Rhodium (Rh) doped carbon nanotube (CNT) using the DFT approach 
and found the suitability of doped nanotube to detect those volatile organic compounds for early diagnosis of 
lung cancer31. Again in 2021, Tarun et al. using the DFT method investigated the adsorption behavior of three 
volatile organic compounds that are aniline, isoprene, and o-toluidine, on pristine and mono vacancy GaAs 
nanoribbons to understand the feasibility of GaAs nanoribbons as lung cancer sensory materials and found that 
the defect causes drastic improvement in sensing which leads them to conclude the potentiality of mono atom 
defected GaAs nanoribbons to sense aniline, isoprene and o-toluidine from the breath of lung cancer patients34. 
Further, in 2024 using the DFT method, Rahman et al. investigated the interactions of two biomarkers, 2-methyl 
octane (C9H20) and 3, 3-dimethyl pentane (C7H16) that present in the breath of breast cancer patients with 
Aluminum phosphide nanotubes (AlPNT) and gallium phosphide nanotubes (GaPNT) and concluded that in 
between these two nanotubes, GaPNT exhibits greater sensitivity toward C9H20 and C7H16 and could be used in 
developing sensing material for breast cancer detectors29.

Based on all the discussed literature, we are motivated to conduct a DFT investigation on two aluminum-
derived nanotubes, Aluminum nitride nanotube (AlNNT) and Aluminum phosphide nanotube (AlPNT) to 
analyze their ability to adsorb Acetaldehyde (C2H4O), Aniline (C6H7N), and Isoprene (C5H8), three common 
biomarkers present in the breath of lung cancer patients which are confirmed by distinct researches30,31,34–36. 
Therefore, the adsorption mechanism of C2H4O, C6H7N, and C5H8, on AlNNT and AlPNT concerning the 
structural, electric, thermodynamic, and optical changes of the studied Aluminum-derived nanotubes are 
investigated in detail to understand how these changes in physicochemical properties confirm the presence of 
these biomarkers and the viability of these nanotubes for developing sensory materials for early detection of lung 
cancer are also explored in this work. We anticipate that this computational study will help to develop sensors 
that can detect C2H4O, C6H7N, and C5H8 in order to diagnose lung cancer in the preliminary stage, and as far as 
we are concerned, no empirical or even theoretical study has been performed yet to detect C2H4O, C6H7N, and 
C5H8 with the help of AlNNT and AlPNT.

Computational description
In this work, to understand the adsorption behavior of studied nanotubes (AlNNT and AlPNT) and biomarkers 
present in the breath of lung cancer patients, all the nanotubes along with three targeted biomarkers Acetaldehyde 
(C2H4O), Aniline (C6H7N), and Isoprene (C5H8) have been designed in Gaussview 06 program37 and optimized 
employing the quantum mechanical approach density functional theory (DFT)38 along with LanL2DZ basis 
sets39,40 and hybrid dispersion correlation functional B3LYP-D3 for non-covalent interactions41,42 between 
adsorbent and adsorbate structures in the Gaussian 09 software package43. This combination of hybrid 
functional and basis set was used due to its associated accuracy observed in former studies39–42. Also, to 
optimize all the geometries successfully, 1000 cycles along with the quadratically convergence criteria for self-
consistent field (SCF) equations (tolerance in the order of 10− 5) have been chosen, which is considered enough 
to relax structures with similar configurations44,45. In order to build the targeted adsorbents, at first instance, 
Aluminum nitride (AlN) and Aluminum phosphide (AlP) nanotubes (Al10N10 and Al10P10) having 20 atoms 
along with the tube length of 7 and 8Å respectively for AlNNT and AlPNT have been designed with armchair 
geometry (chirality 2, 2)46 and because of nominating nonperiodic boundary conditions in the Gaussian 09 
program, default K points have been used during the optimization process of achieving the nanotubes to the 
lowest ground state energy as well as the highest structural stability. In the same way, the adsorbed volatile 
organic compounds (VOCs) biomarkers C2H4O, C6H7N, and C5H8 have been designed and relaxed. Then these 
biomarkers were further adsorbed on AlNNT and AlPNT and formed six complexes those are AlNNT + C2H4O, 
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AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 and these complexes 
have been optimized in the same manner in the highest stable form to investigate physicochemical properties.

To understand the adsorption mechanism of the complex systems (nanotubes + VOCs), the adsorption 
energy has been computed using the following equation47.

	 EAE = ETotal (Nanotubes+VOCs) − (ENanotubes + EVOCs)� (1)

Where EAE is the adsorption energy while adsorbate VOCs (C2H4O, C6H7N, and C5H8) have been adsorbed in 
different adsorbent Nanotubes (AlNNT and AlPNT). Also, the basis set superposition error (BSSE) has been 
measured considering the counterpoise for computing the adsorption energy that is discussed in details in the 
corresponding section by using the following equation48.

	 EAE_C = EAE + EBSSE� (2)

The adsorbing distances between adsorbent nanotubes and the VOCs have been manually measured using the 
GaussView 6 software37.

The recovery time of the complex system is another important factor in understanding the adsorption 
mechanism and helps to understand the required time period when the complex system releases the adsorbate 
VOCs and returns the former state is calculated by the following equation49.

	
τ = 1

ϑ 0
e

− EAE
KB T � (3)

Where ϑ0 is the initial applied UV frequency that is 1018 s-1, KB is the Boltzmann constant (8.62 × 10−5 eV K− 1) 
and T is the standard room temperature which values 298.16 K.

To investigate the electrical behavior of the complexes, different electrical properties such as the Mulliken 
charge, Natural bond orbital (NBO),  Dipole moment, highest occupied molecular orbital (HOMO), lowest 
unoccupied molecular orbital (LUMO), HOMO-LUMO gap (ΔE), density of states (DOS) and Fermi energy 
level (EF) have been measured before and after the adsorption has taken places employing the same level of 
theory in the Gaussian 09 program as described earlier.

The HOMO-LUMO gap (ΔE), and Fermi energy level (EF) have been measured using the following 
equations50,51.

	 ∆ E = ELUMO − EHOMO � (4)

	
EF = ELUMO + EHOMO

2
� (5)

To understand the optical behavior of the nanotubes before and after the adsorption process has taken place, 
different optical properties such as the molar adsorption coefficient (ε) as well as the circular dichroism (CD) 
spectrum to understand the optical chirality, in the presence of UV-visible response of the nanotubes, is observed 
in the TDDFT theory in Gaussian 09 program.

Also, the thermodynamic stability has been observed in computing different thermodynamic properties such 
as the changes in the Gibbs free energy, enthalpy, and entropy of the complex system after adsorbing the VOCs 
into different nanotubes have been measured in the standard room temperature T = 298.16 K in the Gaussian 09 
program using the following equation51.

	 ∆ G = GTotal (Nanotubes+VOCs) − (GNanotubes + GVOCs)� (6)

	 ∆ H = HTotal (Nanotubes+VOCs) − (HNanotubes + HVOCs)� (7)

	
∆ S = ∆ H − ∆ G

T
� (8)

Where ΔG is the changes in the Gibbs free energy, ΔH is the changes in enthalpy, and ΔS is the changes in the 
entropy of the complex systems after adsorbing the VOCs into different nanotubes at standard room temperature 
T = 298.16 K.

Result and discussion
Structural properties analyses
Equilibrium configurations
To understand different properties initially, armchair geometries of having chirality 2,2, Aluminum nitride 
(AlN) and Aluminum phosphide (AlP) nanotubes (Al10N10 and Al10P10) consisting of 20 atoms along with the 
tube length of 7Å and 8Å respectively for AlNNT and AlPNT have been designed and then relaxed to the 
lowest ground state energy in order to get the highest structural stability of the nanotubes. After obtaining the 
structures with the highest stability, the total ground state energies AlNNT and AlPNT have been found to be 
-15454.220 eV, and −2323.193 eV respectively as well as the diameters are 3.71 Å and 4.88 Å for AlNNT and 
AlPNT respectively. All the volatile organic compounds (VOCs) biomarkers have been relaxed in the same 
manner and obtained total ground state energies of -4185.334  eV, -7825.043  eV, and −5313.938 for C2H4O, 
C6H7N, and C5H8 respectively. After adsorbing these biomarkers on the targeted nanotubes, the obtained total 
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ground state energies for the highest stable complexes are −19642.082, −23282.419, −20770.559, −6510.476, 
−10150.72  eV, and −7639.032 for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, 
AlPNT + C6H7N, and AlPNT + C5H8 respectively. The higher values of ground state energies for the adsorbed 
structures signify better structural stability of the adsorbed structures. The total ground state energies of all 
structures have been tabulated in (Table 1) and all the optimized geometries before and after the adsorption 
process has taken place have been illustrated in (Fig. 1).

Adsorption mechanism analyses
Adsorption energy is an important factor in understanding the adsorption behavior as well as the nature of the 
reaction between the adsorbent nanotubes and adsorbate the VOCs biomarkers. If the adsorption energy of the 
complex (after adsorbing the biomarkers) is negative, it signifies the exothermic as well as spontaneous nature 
of the reaction whereas the positive values of adsorption energy signify the endothermic and nonspontaneous 
nature of the reaction29,48. Furthermore, greater negative values in adsorption energy represent higher adsorption 
intensity and vice versa52. The computed adsorption energies of all the complex systems after adsorbing the 
biomarkers have been tabulated in (Table 1).

From the tabulated data, while acetaldehyde (C2H4O), aniline (C6H7N), and isoprene (C5H8) have been 
adsorbed on AlNNT the adsorption energy has been observed −2.527, −3.157, and −2.401  eV respectively 
and this adsorption energy has become −1.949, −2.484, and −1.901 eV respectively for AlPNT which clarifies 
that for the same biomarker, higher adsorption occurs in AlNNT than AlPNT. This means AlNNT exhibits 
more spontaneity along with a greater exothermic in nature while the adsorption process is taking place than 
AlPNT towards the adsorption of the same biomarker48,52. Also, in between AlNNT and AlPNT, AlNNT exhibits 
29.66% more adsorption energy for C2H4O, 27.10% more for aniline, and 26.30% more for isoprene than AlPNT. 
This higher adsorption intensity confirms the betterment of AlNNT to detect acetaldehyde (C2H4O), aniline 
(C6H7N), and isoprene (C5H8) in order to develop sensors than AlPNT. For a better understanding, a graphical 
illustration has been depicted in Fig. 2 to show the comparative analyses of adsorption energies for targeted 
biomarkers.

The basis set superposition error (BSSE) has been also measured considering the counterpoise which is crucial 
in order to get accurate values of adsorption energies when the adsorbate molecules interact with adsorbent 
materials48. Therefore, considering the basis set superposition error, the corrected values have been obtained as 
−3.807, −4.719, and −3.247 eV respectively when C2H4O, C6H7N, and C5H8 biomarkers are adsorbed on AlNNT 
and −2.206, −2.946, −1.938 eV respectively for AlPNT. So, the former pattern of better adsorption behavior of 
AlNNT remains the same for the counterpoise correction.

Adsorbing distance is another significant parameter to understanding physisorption behavior while the 
adsorbent material adsorbs the adsorbate molecules and a smaller distance between adsorbent and adsorbate 
structures refers greater possibility of adsorbate-adsorbent interaction and vice versa29,53. To comprehend the 
adsorption intensity between the adsorbent nanotube and adsorbed biomarkers, the adsorbing distances between 
adsorbent nanotubes and targeted volatile organic compounds have been measured and tabulated in (Table 2). 
From the data, it has been observed that when C2H4O, C6H7N, and C5H8 are adsorbed on AlNNT, the measured 
distances between AlNNT and the corresponding VOC are 1.961, 2.051, and 2.503 Å respectively whereas in the 
case of AlPNT, the observed adsorbing distances are 3.248, 2.571, and 2.915 Å respectively for the same VOC. 
Therefore, between these two studied nanotubes, AlNNT shows 39.62% smaller adsorbing distance for C2H4O, 
20.23% smaller for C6H7N, and 14.13% smaller for C5H8 than AlPNT which refers to an interesting key factor 
that this smaller adsorbing distance for AlNNT than AlPNT supports our former findings of greater adsorption 
energies as well as stronger physisorption nature of C2H4O, C6H7N, and C5H8 biomarkers on AlNNT and 
consequently this greater adsorption leads to a higher degree of recovery time during the desorption process48. 
In Fig. 3, comparative adsorbing distances have been illustrated for a better understanding.

Systems EAE (eV) TGSE (eV) MC (Q) NBO (Q) DM (Debye) EHOMO (eV) ELUMO (eV) ΔE (eV) EFL (eV)

AlNNT – −15454.220 1.463 2.051 0.000 −5.901 −3.386 2.516 −4.643

AlPNT – −2323.193 0.625 1.137 0.000 −6.396 −4.252 2.144 −5.324

acetaldehyde (C2H4O) – −4185.334 0.643 0.723 3.279 −7.143 −1.191 5.952 −4.167

Aniline (C6H7N) – −7825.043 0.705 0.866 1.908 −5.334 −0.006 5.328 −2.670

Isoprene (C5H8) – −5313.938 0.754 0.664 0.754 −6.293 −0.869 5.424 −3.581

AlNNT + acetaldehyde −2.527 −19642.082 1.524 2.062 5.612 −5.561 −3.041 2.521 −4.301

AlNNT + aniline −3.157 −23282.419 1.468 2.076 7.803 −5.341 −2.786 2.555 −4.063

AlNNT + isoprene −2.401 −20770.559 1.484 2.093 5.530 −5.473 −3.216 2.257 −4.344

AlPNT + acetaldehyde −1.949 −6510.476 0.686 1.190 4.743 −6.179 −4.014 2.166 −5.097

AlPNT + aniline −2.484 −10150.720 0.704 1.219 7.040 −5.979 −3.814 2.165 −4.897

AlPNT + isoprene −1.901 −7639.032 0.773 1.187 1.575 −6.329 −4.195 2.134 −5.262

Table 1.  The values of adsorption energies EAE in eV, total ground state energy (TGSE) in eV, Mulliken charge 
(MC) in Q, natural bond orbital (NBO) in Q, dipole moment (DM) in Debye, HOMO energies (EHOMO) in eV, 
LUMO energies (ELUMO) in eV, HOMO-LUMO gaps (ΔE) in eV and Fermi energy level (EFL) in eV of all the 
structures.
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To understand the desorption mechanism of the complex system (adsorbent nanotubes + adsorbate VOCs), 
the recovery time is very crucial to study as it refers to the required time to release the adsorbed VOCs from 
the complex system and return the adsorbent nanotube to the former phase49. Moreover, the order of recovery 
time acts as proportional to the adsorption energy that is greater negative values in adsorption energy signify a 
stronger reaction as well as greater time to desorption53. To calculate the recovery time, the initial applied UV 
has been considered as 1018 s− 1 with standard room temperature which values 298.16 K, and with the help of 
Eq. (3) all data for corresponding structures has been measured and tabulated in (Table 2).

From the tabulated data, it has been observed that the recovery times for AlNNT + C2H4O, AlNNT + C6H7N, 
AlNNT + C5H8 complexes are 5.02 × 1024, 2.22 × 1035, and 3.73 × 1022 s respectively and these values are 
8.58 × 1014, 9.42 × 1023, 1.33 × 1014 s respectively for AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 
complexes. So, it is apprehensible that the higher recovery time indicates being suitable enough for analyzing 
the presence of VOCs from the complexes and also impractical of the conventional method of spontaneously 
regenerating the adsorbent through chemical reaction and in this regard the changing in initial applied frequency 
ϑ0  as well as the temperature can be improved. To overcome this challenge of higher recovery time of adsorbed 
nanostructures, increasing system temperature is a popular method and distinct former studies suggested that 
applying high temperature (up to 1200 K) to make the desorption process quicker and get a reasonable recovery 
time54,55. Therefore using 600 K temperature, the obtained recovery times for AlNNT + C2H4O, AlNNT + C6H7N, 

Fig. 1.  Optimized structures of the AlNNT and AlPNT along with three VOCs C2H4O, C6H7N, and C5H8 
before and after the adsorption process.
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AlNNT + C5H8 complexes have become 1.66 × 103, 3.23 × 108, and 1.45 × 102 s respective and 2.32 × 10−2, 
7.21 × 102, and 9.18 × 10−3 s respectively for AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 complexes. 
Also, the recovery time has obtained 1.40 × 10−4, 4.71 × 10−1, 2.76 × 10−5, 8.14 × 10−8, 8.04 × 10−5, and 4.38 × 10−8 
s respectively for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C6H7N, and AlPNT + C5H8 
complexes when 900 K temperature is applied. Moreover, some regenerating agents such as HCl, NaOH, HNO3, 
NaHCO3, etc. can be applied to obtain better performance of making desorption process quicker48,56.

IR spectrum analysis
The infrared (IR) spectrum provides the idea about the molecular vibration of the complex systems (adsorbent 
nanotube + adsorbate biomarkers) as well as their possibility to form naturally or not. The negative imaginary 

Systems DAd (Å) τ (s) ΔG (eV) ΔH (eV) ΔS (meV/Mol K)

AlNNT + acetaldehyde 1.961 5.02 × 1024 −1.930 −2.458 −1.772

AlNNT + aniline 2.051 2.22 × 1035 −2.494 −3.045 −1.848

AlNNT + isoprene 2.503 3.73 × 1022 −1.800 −2.329 −1.776

AlPNT + acetaldehyde 3.248 8.58 × 1014 −1.421 −1.912 −1.648

AlPNT + aniline 2.571 9.42 × 1023 −1.860 −2.43 −1.913

AlPNT + isoprene 2.915 1.33 × 1014 −1.366 −1.863 −1.666

Table 2.  The tabulated values of adsorbing distances DAD in Å, recovery time τ  in second, changes in Gibbs 
free energy (ΔG) in eV, changes in enthalpy (ΔH) in eV, and changes in entropy (ΔS) in meV/Mol K.

 

Fig. 2.  Graphical presentation of the comparative adsorption energies of C2H4O, C6H7N, and C5H8 biomarkers 
for AlNNT and AlPNT.
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frequency in the IR spectrum predicts the inability of the complex to form naturally as well as the optimized 
geometry does not belong to true energy minima and vice versa45,57. The IR spectrum has been plotted to 
understand the molecular vibration of the nanotubes before and after adsorbing the studied biomarkers in 
(Fig. 4). For plotting the graphs, the frequency ranges have been selected from 0 to 4000 cm− 1 as all the peaks 
are observed within these ranges. In the case of AlNNT, before the adsorption of VOCs has taken place two 
sharp peaks are observed near 600 and 1000 cm− 1 but as the biomarkers are adsorbed on AlNNT, new lower 
amplitude peaks are observed between 1000 and 4000 cm− 1. This appearance of new secondary peaks refers to 
the stretching and bending of the complex systems due to the adsorption of targeted VOCs in AlNNT. A similar 
phenomenon is also observed for AlPNT while C2H4O, C6H7N, and C5H8 biomarkers have been adsorbed. 
Moreover, the absence of imaginary frequencies refers to all complexes that are AlNNT and AlPNT and formed 
six complexes those are AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, 
and AlPNT + C5H8 are likely to form naturally as well as the optimized complex geometries belong to true 
energy minima which supports the condition of highest structural stability47,57.

Electrical properties analyses
Charge analyses
Mulliken charge distribution plays a significant role in comprehending the electrical property of any system, 
which refers to the natural population and partially shared charges among the sub-shells of molecular orbital58. 
Moreover, the Mulliken charge analyses help to develop sensory devices to detect any molecule by observing 
detectable electrochemical signals in the presence of that molecule52. All the measured Mulliken charges have 
been tabulated in (Table 1). From the tabulated data, it has been observed that the Mulliken charges of pristine 
AlNNT and AlPNT and three targeted biomarkers C2H4O, C6H7N, and C5H8 are 1.463, 0.625, 0.643, 0.705, 
and 0.754e respectively. In light of the Pauling scale, the electronegativity of the constituent atoms of nanotubes 
and biomarkers that are Al, N, P, C, H, and O are 1.5, 3.0, 2.1, 2.5, 3.5, and 2.2e respectively59. Therefore, after 

Fig. 3.  Graphical representation of the comparative adsorbing distances while C2H4O, C6H7N, and C5H8 
biomarkers have been adsorbed on AlNNT and AlPNT.
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adsorbing these biomarkers on the AlNNT and AlPNT, the Mulliken charges have been redistributed because of 
wide ranges of electronegativity differences of the constituent atoms of adsorbent nanotubes and targeted VOCs 
and observed as 1.524, 1.468, 1.484, 0.686, 0.704, and 0.773e respectively for AlNNT + C2H4O, AlNNT + C6H7N, 
AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 complexes. This charge redistribution 
because of the Mulliken charge transfer from biomarkers to nanotubes confirms the electrochemical reaction 
between the nanotubes and biomarkers that will help to develop sensory devices with the help of AlNNT and 
AlPNT to detect C2H4O, C6H7N, and C5H8 by observing detectable electrochemical signals in the presence of 
these VOCs52,60.

Natural bond orbital (NBO) analysis is very crucial for understanding the accurate transfer along with the 
inter or intramolecular bonding interaction of a molecular system61. In this work, before and after the interaction 
of biomarkers with studied nanotubes, the NBO charge distribution is computed and tabulated in (Table 1). 
The NBO charges of AlNNT and AlPNT are 2.051e and 1.137e respectively where all the group III elements 
(Al atoms) act as donors and all group V elements (N and P atoms) act as receivers due to their differences in 
electronegativities as discussed in Mulliken charge distribution section. However, during the adsorption process, 
some charges from C2H4O, C6H7N, and C5H8 biomarkers are transferred to the nanotubes and during this 
process, all nanotubes act as charge receivers and biomarkers are as electron donors, and the NBO charges of 
the complexes negatively enhanced which confirms the intermolecular interaction during the physisorption 
process61,62. So, the redistributed NBO charges after the physisorption process are 2.062, 2.076, 2.093, 1.190, 
1.219, and 1.187 e respectively for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, 
AlPNT + C6H7N, and AlPNT + C5H8 complexes.

In order to understand the electric property, the dipole moment is another important factor that signifies the 
polarity that evolves due to the asymmetric charge distribution of the constituent atoms of the molecules and 
a higher degree of dipole moment refers to greater electric reactivity as well as lower electric stability and vice 
versa51,63. When the dipole moment increases, higher charge asymmetry occurs which leads to the attraction 
of more random electrons and thus makes structures triggered to the physio absorption process52. The dipole 
moments of all structures have been measured and tabulated in (Table 2). These data reveal that, before adsorption 
has taken place, the dipole moments of both nanotubes are 0 Debye which means these AlNNT and AlPNT 
exhibit the highest electrical stability and no reactivity and the dipole moments of three biomarkers are 3.279, 
1.908, and 0.754 Debye respectively for C2H4O, C6H7N, and C5H8. But after the adsorption process, the dipole 
moments of the complex system drastically improved and become 5.612, 7.803, 5.530, 4.743, 7.040, and 1.575 
Debye respectively for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, 
and AlPNT + C5H8 complexes. However, because of a higher degree of dipole moment for the same biomarkers, 
AlNNT exhibits greater reactivity than AlPNT.

Molecular orbital analyses
To understand the electric nature of the molecule, the highest occupied molecular orbital (HOMO), lowest 
unoccupied molecular orbital (LUMO), their gap, and Fermi energy level are some crucial factors to analyze. 
These factors have been measured with corresponding equations discussed in the computational description 

Fig. 4.  The IR spectrum analysis of AlNNT and AlPNT before and after adsorbing C2H4O, C6H7N, and C5H8 
biomarkers.
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section and tabulated in (Table  1). HOMO energy level has a direct relation with the electrical reactivity of 
any system and greater negative values in HOMO energy signify a higher degree of reactivity and vice versa64. 
The tabulated data reveal the HOMO energies of two nanotubes, AlNNT, and AlPNT as well as three studied 
biomarkers C2H4O, C6H7N, and C5H8 that are −5.901, −6.396, −7.143, −5.334, and −6.293 eV respectively. After 
adsorption of C2H4O, C6H7N, and C5H8 on AlNNT and AlPNT, the HOMO energies become −5.561, −5.341, 
−5.473, −6.179, −5.979  eV, and −6.329 respectively for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, 
AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 complexes which refers to the lower reactivity of the 
corresponding nanotube has observed when these biomarkers are adsorbed. Again, before adsorption, the 
HOMO-LUMO energy gaps of pristine AlNNT and AlPNT are 2.516 and 2.144  eV respectively but when 
C2H4O, C6H7N, and C5H8 on AlNNT and AlPNT, the energy gaps become 2.521, 2.555, 2.257, 2.166, 2.165, and 
2.134 eV respectively. The energy gaps of the complex systems increase when acetaldehyde (C2H4O) and aniline 
(C6H7N) are adsorbed on both nanotubes but decrease when isoprene (C5H8) is adsorbed. This increment in 
the energy gap signifies the decrement of the conducting nature of the complexes and vice versa29 which means 
adsorbing acetaldehyde (C2H4O) and aniline (C6H7N) causes the developing insulating nature of AlNNT and 
AlPNT and isoprene (C5H8) causes a developing conducting nature. The comparative graphical illustration of 
the energy gaps for the complex systems has been depicted in (Fig. 5) for a better view.

Fermi energy level is the energy of the highest occupied electrons at the absolute zero temperature which 
plays an important role in understanding the electronic nature and indicates the reaction process of any 
system53. The computed Fermi level is tabulated in Table 1 which shows that the Fermi energy level of pristine 
AlNNT and AlPNT is −4.643 and −5.324 eV respectively. When C2H4O, C6H7N, and C5H8 have been adsorbed 
in AlNNT, the Fermi energy level has been reduced and obtained −4.301, −4.063, and −4.344 eV respectively 
for the corresponding complexes. This reduction of Fermi energy level signifies stronger interaction between 
the adsorbent AlNNT and C2H4O, C6H7N, and C5H8 since the decrement in the forbidden gap width helps 
electrons to jump quickly to the conduction band as the density of states near the Fermi level increases. A 
similar pattern has been observed for AlPNT when C2H4O, C6H7N, and C5H8 have been adsorbed and these 

Fig. 5.  Graphical presentation of the comparative HOMO-LUMO energy gaps while C2H4O, C6H7N, and 
C5H8 biomarkers have been adsorbed on AlNNT and AlPNT.
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values are −5.097, −4.897 eV, and − 5.262 respectively for AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 
complexes. Therefore, the Fermi energy level reveals that comparing these two nanotubes, AlNNT exhibits a 
stronger reaction towards C2H4O, C6H7N, and C5H8 than AlPNT.

Density of state analysis
To understand the band gap, fluctuation of the Fermi level, and the electric behavior of any molecular system, 
DOS spectrum analysis is very important as it interprets the electric properties through electron density47. 
Before and after adsorbing the studied biomarkers, the DOS spectrum of AlNNT and AlPNT has been illustrated 
and depicted in (Fig. 6). From Fig. 6, it has been observed that, after adsorbing C2H4O, C6H7N, and C5H8 on 
both AlNNT and AlPNT, the DOS spectrum shifted to the right or the Fermi level (marked as Part I section) 
which refers to a stronger interaction with targeted biomarkers and adsorbent nanotubes24. Also, comparing 
the complex system for the same biomarker, AlNNT complexes exhibit greater shifting towards the Fermi level 
than AlPNT complexes (marked as Part II section) which supports the former finding of stronger interaction 
of C2H4O, C6H7N, and C5H8 on AlNNT than AlPNT discussed on the Fermi energy level discussion as more 
electrons can jump to the conduction band level and take part in interactions because of lowering width of the 
Fermi level.

Fig. 6.  The DOS spectrum of AlNNT and AlPNT before and after adsorbing C2H4O, C6H7N, and C5H8 
biomarkers.
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Thermodynamical properties analyses
To understand the thermodynamic stability of the nanotubes before and after the adsorption of the biomarkers,  
different thermodynamic properties changes have been measured using Eqs.  (6)–(8) as discussed in the 
computational description section and tabulated in (Table  2). The investigation of these thermodynamic 
properties is very crucial because favorable optimum thermodynamic properties can help to overcome the 
thermodynamic desolvation penalties65. In this work, all the thermodynamic properties have been measured 
at standard room temperature to understand the viability of the reaction of the targeted biomarkers on AlNNT 
and AlPNT.

Changes in Gibbs free energies
Gibbs free energy is a crucial factor in order to comprehend the thermodynamic state of any reversible system 
which signifies the amount of reversible work at a constant temperature and pressure. Moreover, if the value 
of Gibbs free energy is zero, it represents the equilibrium state whereas the negative value expresses the 
spontaneity of states and the positive value indicates the nonspontaneous nature of the system51,66. The changes 
in the Gibbs free energy of pristine AlNNT and AlPNT are −91.86 and −60.08 eV respectively. When the lung 
cancer biomarkers C2H4O, C6H7N, and C5H8 are adsorbed on AlNNT and AlPNT, the changes in Gibbs free 
energies become −1.930, −2.494, −1.800, −1.421, −1.860, and −1.366  eV respectively for AlNNT + C2H4O, 
AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 complexes. So, it is 
clear that the adsorption of these biomarkers causes directing the reaction to the thermodynamic equilibrium 
state and for the same volatile organic compounds, adsorption in AlNNT causes more spontaneity than AlPNT. 
For a better understanding of the comparative Gibbs free energies of the complexes, a graphical illustration has 
been provided in (Fig. 7).

Fig. 7.  Graphical illustration of the comparative analysis of the Gibbs free energy after adsorbing C2H4O, 
C6H7N, and C5H8 biomarkers on AlNNT and AlPNT.
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Changes in enthalpy
The enthalpy changes refer to the nature of the system whether the reaction is endothermic or exothermic. If 
the value of enthalpy is positive then it refers to the endothermic nature whereas the negative values in enthalpy 
express the exothermic nature of the system53. Initially, before the adsorption process has taken place, the 
changes in enthalpy of AlNNT and AlPNT are −99.60 and −67.38 eV respectively. However, as C2H4O, C6H7N, 
and C5H8 are adsorbed on AlNNT and AlPNT, the changes in enthalpies become −2.458, −3.045, −2.329, −1.912, 
−2.43, and −1.863  eV respectively for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, 
AlPNT + C6H7N, and AlPNT + C5H8 complexes. These negative values of the complex systems confirm all 
the structures after the adsorption process exhibit an exothermic nature and in between AlNNT and AlPNT, 
complexes corresponding with AlNNT will be more exothermic than AlPNT. A graphical representation has 
been provided to express the changes in enthalpies of the complex systems in Fig. 8 for better understanding.

Changes in entropy
To understand the orderliness of any structure, the changes in entropy signify a critical role as greater negative 
values in entropy refer to a higher degree of orderliness and vice versa45. The entropies of pristine AlNNT and 
AlPNT at 298.15 K are −25.94 and −24.49 meV/Mol K respectively. When the studied biomarkers have been 
adsorbed in these nanotubes, the orderliness decreases drastically and becomes −1.772 meV/ Mol K, −1.848 
meV/ Mol K, −1.776 meV/ Mol K, −1.648 meV/ Mol K, −1.913 meV/ Mol K, and −1.666 meV/ Mol K respectively 
for AlNNT + C2H4O, AlNNT + C6H7N, AlNNT + C5H8, AlPNT + C2H4O, AlPNT + C6H7N, and AlPNT + C5H8 
complexes. When C2H4O and C5H8 have been adsorbed into the nanotubes, AlNNT exhibits greater orderliness 
than AlPNT but in the case of C6H7N, AlPNT exhibits more orderliness than AlNNT. However, the detailed 
investigation of the IR frequencies revealed the increased entropy to be connected to both the vibrational and 
the rotational modes of the structures and this signifies an interplay between vibrational and rotational energies 
to further reach towards the thermodynamic equilibrium67. The comparative orderliness for all complexes after 

Fig. 8.  Graphical representation of the comparative analysis of the enthalpies after adsorbing C2H4O, C6H7N, 
and C5H8 biomarkers on AlNNT and AlPNT.
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the adsorption process has been represented graphically in order to get a better view of the changes in entropies 
in (Fig. 9).

Optical properties analyses
To understand the optical behavior of the AlNNT and AlPNT before and after the adsorption of C2H4O, C6H7N, 
and C5H8, the molar adsorption coefficient via ultraviolet response has been performed and visualized as UV 
visible spectrum. Also, the circular dichroism spectrum analyzed to understand the chirality of the systems. 
The initial applied frequency ranges have been taken from 300 to 1000 nm to understand the response of these 
structures with the corresponding complex one in this range.

UV-visible spectrum
The UV-visible spectrum gives the idea that the molecular response is in the presence of the electromagnetic 
spectrum45. In this work, the UV-visible spectrum analysis has been performed and presented in (Fig. 10). From 
Fig. 10, it has been observed that all the pristine and complex nanotubes exhibit molar adsorption coefficient 
response, and a sharp peak is observed in the range from 600 nm to 800 nm (marked in Part I). Moreover, 
different distinct amplitude of the complexes is the confirmation of adsorption of these biomarkers as well 
as suggests that the AlNNT and AlPNT can be useful in making optoelectrical sensors for detecting C2H4O, 
C6H7N, and C5H8 biomarkers and diagnosing lung cancer52.

Circular dichroism spectrum
The circular dichroism (CD) spectrum observes when any material absorbs left and right circularly polarized 
light in the presence of the chiral group45. The CD spectrum of AlNNT and AlPNT has been illustrated before 
and after the adsorption process (in Fig. 10). In between pristine AlNNT and AlPNT, only AlNNT exhibits a 
positive CD spectrum which means pristine AlNNT absorbs circularly polarized light on the right side. When 
C2H4O, C6H7N, and C5H8 biomarkers are introduced in AlNNT, the AlNNT + C2H4O complex absorbs a very 
lower amount of circularly polarized light on the left side as CD spectrum observed in the negative Y-axis. Again, 

Fig. 9.  A comparative graphical illustration of entropies after adsorbing C2H4O, C6H7N, and C5H8 biomarkers 
on AlNNT and AlPNT.
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the AlNNT + C6H7N complex absorbs a significant amount of circularly polarized light on the left side and the 
AlNNT + C5H8 complex absorbs a significant amount of circularly polarized light on the right side as positive 
Y-axis CD is observed. On the contrary, in the case of AlPNT, pristine AlPNT does not absorb any circularly 
polarized light as no CD spectrum is observed within the range 300 nm to 1000 nm but both the complexes that 
are AlPNT + C2H4O and AlPNT + C6H7N absorb circularly polarized light in both left and right direction and 
AlPNT + C5H8 absorbs circularly polarized light in right direction.

So, the UV-visible and CD spectrum analyses suggest that the adsorption of the biomarkers onto AlNNT 
and AlPNT nanotubes induces significant changes in their optical properties. These alterations confirm both 
the adsorption process and the sensitivity of these nanotubes to specific biomarkers. This sensitivity, coupled 
with their optical characteristics, positions AlNNT and AlPNT as promising materials for optoelectronic sensor 
applications for C₂H₄O, C₆H₇N, and C₅H₈. Such sensors could play a crucial role in diagnosing not only lung 
cancer but also any other form of cancer that may have the presence of the same biomarkers.

Conclusion
Owing to the success of gas-sensing technology, this work investigated the adsorption mechanism of three 
common volatile organic compound biomarkers that are acetaldehyde (C2H4O), aniline (C6H7N), and isoprene 
(C5H8) on two Aluminum-derived nanotubes- Aluminum nitride (AlN) and Aluminum phosphide (AlP) via 

Fig. 10.  Graphical illustration of the comparative analysis of the UV-visible spectrum and circular dichroism 
spectrum before and after adsorbing C2H4O, C6H7N, and C5H8 biomarkers on AlNNT and AlPNT.
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quantum mechanical approach DFT to understand the feasibility of these nanotubes in practical application 
of developing sensor to diagnose lung cancer. Therefore, different structural, electrical, thermodynamical, and 
optical properties analyses have been performed to understand adsorption behaviors. The adsorption energy 
confirms all the biomarkers will successfully adsorb on the AlNNT and AlPNT with an exothermic chemical 
reaction. In between AlNNT and AlPNT, AlNNT exhibits 26.30 ~ 29.66% more adsorption intensity than AlPNT 
for the corresponding biomarker. The adsorbing distance supports the former finding of a stronger reaction for 
AlNNT than AlPNT. Moreover, IR spectrum analysis reveals that the absence of imaginary frequency for both 
pristine and complex nanotubes is the confirmation that all the obtained optimized geometries belong to true 
energy minima as well as tend to form naturally. Different electrical properties such as charge analysis, molecular 
orbital analysis, and DOS spectrum confirm the adsorption mechanism of acetaldehyde (C2H4O), aniline 
(C6H7N), and isoprene (C5H8) on AlNNT and AlPNT. Also, the thermodynamical stability of the complex 
system has been examined by analyzing the changes in Gibbs free energy, enthalpy, and entropy. Considering 
thermodynamic stability, spontaneity, and orderliness, AlNNT is more viable than AlPNT. Also, the analysis of 
optical properties with the help of UV-Vis, and CD spectrum, supports the adsorption mechanism of C2H4O, 
C6H7N, and C5H8 on AlNNT and AlPNT. Therefore, considering all factors, AlNNT is more feasible to detect 
C2H4O, C6H7N, and C5H8 than AlPNT and thus has the potentiality for practical application of developing 
sensors to diagnose lung cancer at the preliminary stage.

Data availability
All data were used for the research described in the manuscrip.
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