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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Sensing applicability of the cytosine 
(CTE)-Y9N9 (Y = Al, B, Ga) nanorings.

• CTE recovery time indicates that it can 
be used to extract or store CTE depend
ing on the environment.

• RDG analysis, gives the nature and 
strength of the interaction in both vac
uum and aqueous medium.
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A B S T R A C T

Nucleobases are nitrogenous biological compounds that are more significant in a range of biological and in 
medical applications. They are constituents of nucleotides in deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA). Therefore, we assessed the sensing applicability by studying the cytosine (CTE)-Y9N9 (Y = Al, B, Ga) 
nanoring interaction using density functional theory. It was evident that CTE interacted strongly with each ring. 
Due to charge transfer between the nanoring and CTE, a dipole moment (DM) is generated. All complexes have 
band gaps less than that of CTE. Complexes’ band gap energies are lower in aqueous phase and vacuum than they 
are in pristine rings. All complexes exhibit higher adsorption energies in solvent medium in comparison with that 
in vacuum. Changes in the frontier molecular orbitals (FMOs) energies of nanorings after interaction have a 
major impact on their electrical conductivity and work function. In addition to being an electrical sensor, the 
Y9N9 nanorings for CTE can also be utilized as a work function-based sensor. But Y9N9′s CTE recovery time 
indicates that it can be used to extract or store CTE depending on the environment. The current work can be 
expanded to examine the impact of Ag/Au/Cu doping using Y9N9 in order to examine the characteristics of drug 
delivery carriers and the consequence of doping. The interaction between the analyte and substrate was further 
studied using reduced density gradient (RDG) analysis, comparing the nature and strength of the interaction in 
both vacuum and aqueous medium. The observations revealed a stronger interaction in the presence of an 
aqueous medium, which aligns with the higher adsorption energy values.
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1. Introduction

Carbon atoms can combine in a variety of ways to create several 
allotropes with unique hybridizations. Various carbon allotropes can be 
found in materials such as diamond, graphite, bucky balls, and others. 
Due to the differences in structural geometry and hybridization, these 
allotropes display unique physical and chemical properties [1,2]. Dia
mond, for instance is a crystal that is incredibly transparent and hard 
and acts as an insulator. Conversely, graphite is electrically conductive 
and flaky [3–5]. The most flexible carbon allotrope, graphene, has 
several amazing properties [1,2]. Furthermore, other allotropes, such as 
fullerenes and carbon nanotubes, have unique properties of their own 
[6]. These materials’ mechanical, optical and thermal characteristics are 
well known.

Although several nitrides have been investigated both theoretically 
and empirically, boron and aluminum nitrides are the most sought-after 
due to their remarkable characteristics [7,8]. The unadulterated AlN 
exhibits chemisorption with NH3, but only slight interactions with 
dangerous gas molecules [7]. The physisorption behavior of boron and 
aluminum nitride nanotubes with CO and NO is similar [8]. NH3 and 
aluminium/boron nitride nanotubes have a substantial interaction 
[9,10]. Similarly, B12N12 fullerene is a good NH3 sensor on its own, but 
it’s not the greatest choice for CO and NO detecting [11]. Synthesis of 
BN-polycyclics and identification of novel azaborine chemistry charac
teristics are reported [12]. The solvothermal approach of Guo et al.’s 
pyrene-based metal organic framework (MOF) synthesis was able to 
detect the presence of water in common organic solvents [13]. There is a 
literature on a theoretical study of fluorouracil adsorption on B-, Al-, Ga- 
doped C36 nanotubes [14]. Zinc oxide nanoclusters were used to 
demonstrate the chemisorbed nature of CO2 and physical adsorbed na
ture of CH4 through their adsorption [15].

An analysis using DFT shows that the Al6N6 is a useful NH3 sensor 
[16]. Science predicts that in addition to group-III element based ni
trides are using for detection purposes [17,18]. Earlier studies have 
shown how crucial it is to create nanomaterials with superior sensing 
qualities in order to identify dangerous gases [17,18]. Report on the 
interaction between C18 (Y9N9: Y = Al, B) and its predicted allotropes is 
in literature [19]. Hasnain et al., looked into the sensing mechanisms of 
C18 [20]. Additionally, a variety of adamantine derivatives are used in 
the investigation of medicinal compounds over B9N9 and their in
teractions with varied surroundings [21]. However, Y9N9(Y = Al, B, Ga) 
has to be thoroughly investigated for drug detection. Recently, there has 
been reporting on the interaction between oxadiazoles and pure and B/ 
Al/Ga-doped C60 [22]. Theoretical reports of fluoroquinolone adsorp
tion on the surface of C60 doped with magnesium, calcium, iron and zinc 
are presented [23].

Theoretical reports of ZnO nanoclusters’ size-dependent adsorption 
ability for drug carrier systems are in literature [24]. Recently, an 
investigation on the pharmacological interaction between favipiravir 
and BN-doped C60 for drug carrier systems was published [25]. Lin
smeier et al., have reported on the stability of GaP, and their results 
corroborate the idea that GaP is poisonous [26]. Gallium nitride is non- 
toxic and biocompatible both before and after functionalization with 
peptides [27]. BN nano spheres are potentially biocompatible material 
that is more biocompatible at lower concentrations than water soluble 
BN nano material [28].

The therapeutic paradigm has substantially evolved in the last few 
years thanks to the theranostic nano medicine, a developing field. Early 
and extremely accurate detection of clinical complaints as well as effi
cient therapies are possible with nano medicine [29]. Nucleo bases are 
nitrogenous molecules that are present in the basic structures of nucle
otides in DNA and RNA. They are becoming more and more important in 
a variety of biological domains, especially in medicinal applications 
[30]. In DNA and RNA molecules, cytosine joins guanine as a base pair. 
However, it has intrinsic instability, which makes it prone to sponta
neous deamination and conversion to uracil [31,32].

The synthesis, solvent role, absorption and emission study of cyto
sine derives was reported recently [32]. Cytosine is present within DNA, 
RNA, and nucleotides. In its capacity as cytidine triphosphate, it exhibits 
co-factor activity with enzymes, facilitating the transfer of a phosphate 
group [32]. Cytosine forms a base pair with guanine in both DNA and 
RNA molecules. There has been recent reportage on the theoretical 
interaction of Au13 nanocluster with nucleic acid bases [33]. The density 
functional theory (DFT) investigations on cytosine analogs for guanine- 
induced double-proton transfer were published by Xue et al., [34]. Kim 
et al., published a theoretical report on the adsorption of cytosine on Si 
(100) [35]. Using DFT simulations, the adsorptions of nucleo bases over 
B12N12 and Al12N12 were also investigated [36]. Furthermore, compared 
to its Al12N12, the B12N12 nano cluster exhibits weak adsorption and high 
sensitivity towards nucleo bases [36]. The theoretical study of hydroxyl 
radical reactivity with cytosine and thymine are studied [37]. In 
experimental setting, artificial cytosine analogs were complexes to 
create silver arrays inside DNA duplexes [38]. The DFT study of nucleo 
bases cytosine on on zinc oxide-graphene and platinum decorated gra
phene was reported [39,40].

Cytosine has been considered for quantum computation since 1998, 
when researchers at Oxford University developed nuclear magnetic 
resonance quantum computer based on cytosine [41]. Adsorption of 
cytosine on Si and Ge doped graphene are reported theoretically [42]. 
Fan et al., reported the high performance TadA-8e derived cytosine and 
dual base editors with undetectable off-target effects in plants [43]. 
Synthesis, solvent role, absorption and emission studies of cytosine 

Fig. 1. CTE’s (a) optimized geometry (b) FMOs (c) MEP (d) DOS spectrum.
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derivative were reported recently [32]. Parkinson et al., reported the 
harnessing cytosine for tunable nano particle self assembly behavior 
using orthogonal stimuli [44]. It is stated that a fluorophore molecule 
placed in Tb-MOF functions as a chemo sensor to detect bacterial spores 
[45]. Surface enhanced Raman scattering (SERS) has been widely used 
in science because it greatly increases the samples’ intrinsically weak 
Raman emissions [46]. Because of the charge transfer caused by 
chemical interaction between nanosurfaces and adsorbates, the Raman 
intensity is very much boosted [46].

The cytosine, a nucleo bases are nitrogenous molecules that are 
present in the basic structures of nucleotides in DNA and RNA, a key 
pharmacore of several non-nucleoside chemotherapeutic agents and its 
derivatives have been developed as anticancer, antiviral agents etc., 
[47]. Hence in order to understand the adsorption nature of cytosine, in 
this work we have investigated cytosine’s adsorption on nano rings. 
Motivated by the previously mentioned details as well as the literature 
review, we have investigated the interaction of CTE over Y9N9 nano 
rings by density functional theory (DFT) simulations. The effect of nano 
rings as an adsorbent for CTE is examined theoretically in the present 
report.

2. Methods

DFT calculations are performed using the Gaussian16 software using 
B3LYP/def2-TZVPPD technique for Y9N9 nano ring optimization, which 
works well for parent material study (C18) in vacuum and solvent 

(water) [48]. This basis set is ideal for the computation because it is a 
diffuse-augmented variations function [49]. We used the same basis set 
and methods to find the properties of Y9N9. FMOs, structural analysis 
and the charge population from natural bond orbital (NBO) analysis 
were all displayed using the Gaussview software [50]. Density of states 
(DOS) spectra was plotted using GaussSum software [51]. Figs. 1 and 2
depict the optimum CTE geometry (with FMOs, molecular electrostatic 
potential (MEP) and DOS spectra) and CTE-nano rings. The 2D-RDG 
scatter plots and 3D-RDG isosurfaces were produced utilizing the Mul
tiwfn [52] and VMD [53] software tools. The RDG function s(r) assesses 
deviations from a uniform electron distribution and is defined by: 

s(r) =
1

2(3π2)
1/3

|∇ρ(r)|
ρ(r)4/3 

3. Results and discussion

3.1. The Y9N9 nano rings

Fig. 3 shows Y9N9 nanorings and the bond lengths of B9N9, Al9N9, 
and Ga9-N9 are 1.32/1.70/1.76Å for B/Al/Ga-N. The angles around N 
and B are 147◦ and 173◦. For Al9N9, angles around N and Al are 152◦ and 
168◦. The angles N and Ga of Ga9-N9 are 130◦ and 170◦.

Al9N9, B9N9, and Ga9-N9 have energy gap (Eg) of is 3.52, 6.03, and 
3.40 eV (Table 1) which agrees with DOS (Fig. S1). The Fermi energy 
(EF) values for Al9N9, B9N9, and Ga9-N9 are − 4.37, − 4.58 and − 4.81 eV, 
respectively. The nano rings structural properties, highest occupied 

Fig. 2. Optimized geometry of CTE with (a) Al9N9 (b) B9N9 (c) Ga9N9.

Fig. 3. Optimized geometry of (a) Al9N9 (b) B9N9 (c) Ga9N9.
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molecular orbital energy (EH), lowest unoccupied molecular orbital 
energy (EL) and energy gap (Eg) are compared and the results are in line 
with earlier research [19–21,54,55].

For B9N9, the energies of the HOMO and LUMO were reported as 
− 9.70 and 0.60 eV respectively, corresponding to an energy gap of 
10.30 eV [19]. For Al9N9, the HOMO and LUMO energies are − 8.73 and 
− 0.93 eV with an energy gap of 7.80 eV [19]. According to Pichierri 
et al., B9N9 nano ring energy gap is significantly larger (9.04 vs 5.71 eV) 
than that of C18 [56]. The reported values of HOMO and LUMO energies 
of B6N6 nano cluster are − 9.61 eV and 0.35 eV and for Al6N6 nano 
cluster are − 8.81 eV and − 1.49 eV, respectively [16]. According to re
ported literature, the energy gap between HOMO and LUMO for five 
nucleo bases, adenine, thymine, guanine, cytosine and uracil are 3.81, 
3.54, 3.40, 3.68 and 3.92 eV respectively [57].

The HOMO and LUMO energy values for Mg9O9 nano ring are − 8.62 
and − 0.18 eV with an energy gap of 8.44 eV [58]. Upon adsorption of a 
CO molecule onto nano ring, the HOMO and LUMO energy values 

become − 8.52 and − 0.13 eV with energy gap 8.39 eV [58]. The 
calculated value of energy gap of B9N9 and Al9N9 nano rings is 10.06 and 
7.58 eV, respectively according to recent literature [59]. The nano ring 
has a limited HOMO only over N of B-N bond but for other nano rings, 
the LUMO is found around B of B9N9 and ring (Fig. 4). In CTE-Al9N9, 
HOMO is in CTE and LUMO in Al9N9 ring (Fig. 5a). In B9N9-CTE both the 
HOMO and LUMO over CTE (Fig. 5b). For Ga9N9-CTE systems, HOMO is 
over CTE while LUMO is over the nano ring (Fig. 5c). Figs. S2 and S3
displays the IR and Raman spectra of the nanorings; the lack of an 
imaginary frequency denotes the stability of the nano rings [16].

3.2. CTE-Y9N9 interactions

For CTE the obtained bond lengths are: C7=O1 = 1.25, C7-N4 =
1.39, C7-N2 = 1.45, C5-N3 = 1.37 and C8-N4 = 1.34 Ǻ. CTE is placed 
parallel to the nano rings at a separation of 2.5Ǻ in order to maximize 
the contact between CTE and the latter. The adsorption energy (Table 2), 

Table 1 
Chemical descriptors and changes.

Systems EH 
(eV)

EL 
(eV)

Eg 
(eV)

ΔEg 
(%)

η 
(eV)

µ 
(eV)

Δϕ 
(%)

Ω(eV)

CTE − 6.22 − 1.38 4.84 − 2.42 − 3.80 ​ 2.98
Al9N9 − 6.13 − 2.61 3.52 − 1.76 − 4.37 ​ 5.42
B9N9 − 7.60 − 1.57 6.03 − 3.01 − 4.58 ​ 3.48
Ga9N9 − 6.51 − 3.11 3.40 − 1.70 − 4.81 ​ 6.80
Vacuum
Al9N9-CTE − 5.70 − 3.08 2.62 − 25.58 1.31 − 4.39 0.44 7.35
B9N9-CTE − 6.73 − 1.89 4.84 − 19.71 2.42 − 4.31 6.03 3.83
Ga9N9-CTE − 5.46 − 3.32 2.14 − 37.07 1.07 − 4.39 8.59 9.03
Water
Al9N9-CTE − 6.10 − 2.58 3.52 − 0.11 1.76 − 4.34 0.84 5.34
B9N9-CTE − 6.35 − 1.47 4.89 − 18.89 2.44 − 3.91 14.68 3.13
Ga9N9-CTE − 5.72 − 2.61 3.11 − 8.42 1.56 − 4.17 13.33 5.58

Fig. 4. HOMO-LUMO plots of (a) Al9N9 (b) B9N9 (c) Ga9N9.
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Eads = E(nanoring+CTE) − E(nanoring) – ECTE [60]. The Eads for CTE 
adsorbed Al9N9, B9N9, and Ga9-N9 are − 10.54, − 8.54 and − 54.93 kcal/ 
mol (vacuum) and − 56.62, − 26.13 and − 113.46 kcal/mol (solvent).

After adsorption, the distances from CTE and Al9N9 were found to be 
1.80 Å from H12 of NH2 and 2.84 from N3 to the ring. Here, NH2 is 
interacted with the ring and in a nearly perpendicular manner outside 

the ring. The bond lengths of CTE after adsorption show no significant 
changes (Table S1). The Al-N length is 1.73Å and angles around N and Al 
are 132 and 171◦ near adsorption site. Al-N of CTE-Al9N9 increase in 
comparison to value, 1.70 Å and angles around N and Al for Al9N9 are 
152◦ and 168◦ which becomes 1.73, 132 and 171 after adsorption.

After adsorption, distances from CTE to B9N9 were found to be 3.17 
and 3.38 from O to B and N. Here, C=O is in a nearly perpendicular 
order at the centre of the ring. C––O length after adsorption is 1.26Å, C- 
N lengths of CTE changes as: 1.39 (C7-N4), 1.44 (C7-N2), 1.45 (C5-N2), 
1.37 (C5-N3) and 1.34Å (C8-N4) without any significant change 
(Table S1). B-N lengths are 1.33 Å and 1.32Å near CTE and angles 
around N and B are 142 and 176◦ near CTE site. The B-N length in B9N9 
is 1.32Å and angles around N and B are 147 and 173◦, different in CTE- 
B9N9.

Following adsorption, separation between CTE and Ga9N9 are 1.95 Å 
from the bonded O atom to Ga, 2062 from H9 to N of ring and H9 is 
detached from N2 of CTE, 3.23 from N2 to Ga and 2.15 from N4 to Ga. 
Here, CTE is nearly perpendicular to Ga9N9 within the cavity of the ring. 
Mainly, the interaction with the ring is through O1 which is bonded to 
Ga, H9 detached from the NH group and attached with the N atom of 
ring. Also N4 is near to the ring showing strong interaction in the 
adsorption. The C=O length is increasing from 1.25 to 1.33Å (Table S1). 
The C-N lengths of CTE after adsorption are: 1.37 (C7-N4), 1.36 (C7-N2), 
1.36 (C5-N2), 1.37 (C5-N3) and 1.37Å (C8-N4) and the variations show 
strong interaction between CTE with the ring (Table S1). The Ga-N 
length becomes 1.80 to 1.89 near CTE and angles, Ga-N-Ga/N-Ga-N 
are 109/137◦. The Ga-N distance in Ga9N9 is 1.76 Å and angles 
around N and Ga are 130 and 170◦, which are different in CTE-Ga9N9.

Fig. 5. HOMO-LUMO plots of CTE with (a) Al9N9 (b) B9N9 (c) Ga9N9.

Table 2 
Energies, dipole moment, polarizability and adsorption energies.

Systems Energies (a.u.) Dipole 
moment 
(Debye)

Polarizability 
(a.u.)

Adsorption 
energies (kcal/ 
mol)

CTE − 394.857445 9.2451 64.9033 −

Al9N9 − 2674.824704 0.0040 308.9900 −

B9N9 − 716.952650 0.0003 184.1860 −

Ga9N9 − 511.373155 0.0001 347.0693 −

Vacuum
Al9N9- 

CTE
− 3069.698938 12.8671 386.6287 − 10.54

B9N9- 
CTE

− 1111.823705 9.0894 239.4387 − 8.54

Ga9N9- 
CTE

− 906.318141 13.6421 391.0483 − 54.93

Water
Al9N9- 

CTE
− 3069.770673 15.5849 479.2847 − 56.62

B9N9- 
CTE

− 1111.851737 13.3666 329.4490 − 26.13

Ga9N9- 
CTE

− 906.411403 23.9644 522.3123 − 113.46
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Enthalpy values that are negative suggest that adsorption of CTE is 
exothermic (Table S2). It is evident that CTE adsorption happens 
spontaneously because all compounds exhibiting CTE adsorption un
dergo an entropy decrease and computed Gibb’s energy changes (ΔG) 
are negative. Consequently, it is expected that CTE will cling to the 
nanoring surface spontaneously. For CTE, entropy variations in the Al/ 
B/Ga-N are more negative, at − 30.368/-30.868/-58.083 and − 24.943/- 
35.116/-67.069 kcal/mol in vacuum and aqueous phase. There is a 
greater negative change in the Gibbs energy when CTE adsorption takes 
place with the Ga9N9 nanoring in both phases. The outcome validates 
that CTE can be applied to nano rings with success [61].

When compared to the polarizability value of CTE and Y9N9 rings, all 
complexes have high values (Table 2). The systems’ nonlinear optical 
features result from an increase in polarizability values in the solvent 
[62].

3.3. Electronic properties of CTE-Y9N9

In general, the NBO charge analysis confirms the interaction [63]. 
Following adsorption, O1 charge becomes − 0.65/-0.67/-0.85e in Al/B/ 
Ga-N ring while that of CTE is − 0.64e. For Ga9N9-CTE, charge becomes 
more negative giving strong interaction (Table S3). For N4 and C6 atoms 
also show variations in value, especially − 0.71 for N4 and − 0.36 for C6 
in GaN adsorption while the pristine values are − 0.58 and − 0.41e.

Also the interaction with CTE can be connected to change in 

nanorings’ dipole moments [64]. The dipole moment of nano rings is 
0.00 because the charge is dispersed symmetrically among their atoms 
(Table 2). The DM for Al/B/Ga-N becomes 12.8671/9.0894/13.6421 
(vacuum) and 15.5849/13.3666/23.9644 Debye (aqueous phase) after 
contact with CTE; nevertheless, DM for Ga9N9 it is high and DM for CTE 
is 9.2451 Debye. The higher generated DM of CTE adsorbed Ga9N9 in 
this case confirms the strong interaction between the two.

Table 1 shows the calculated work function (ϕ), HOMO and LUMO 
energy (EH and EL), energy gap (Eg), and changes in Eg of the CTE 
adsorbed Y9N9 [65]. The DOS spectra support these parameters 
(Fig. S4). The Eg of CTE-Y9N9 reduced after adsorption in comparison 
with that of nano rings. The nano ring has a limited HOMO only over N 
of B-N bond but for other nano rings, the LUMO is found around B of 
B9N9 and ring (Fig. 4). In CTE-Al9N9, HOMO is in CTE and LUMO in 
Al9N9 ring (Fig. 5a). In B9N9-CTE both the HOMO and LUMO over CTE 
(Fig. 5b). For Ga9N9-CTE systems, HOMO is over CTE while LUMO is 
over the nano ring (Fig. 5c).

3.4. MEP

MEP is a helpful tool for the interactions between molecular systems. 
Together with identifying regions of positive (blue), negative (red) and 
neutral (green) potential, it also find size and shape of the molecule 
[66]. In the MEP maps, several colors have been employed to represent 
the various potential intensities. The negative and positive zones are 

Fig. 6. MEP plots of (a) Al9N9 (b) B9N9 (c) Ga9N9.

Fig. 7. MEP plots of CTE with (a) Al9N9 (b) B9N9 (c) Ga9N9.
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shown in red and blue. The MEP map of every molecule under consid
eration displays an asymmetric form that results from the presence of 
metals. The molecules under consideration have a net charge of zero. As 
a result, the negative charge spreads to the other nanocage sections. 
Nucleophilic interactions can be therefore occurs in the vicinity of the 
metal location [67]. Al/B/Ga-N MEP (Fig. 6) shows green and yellow 
zones in the outer side with blue region in the cavity. The immaculate 
nano rings have a consistent distribution of green surface. Green zones 
give neutral potential areas and 0 % electrophilicity, which are non- 
reactive zones. When CTE is adsorbed, there are changes in potential 
between atoms, indicating chemisorption of CTE with nano ring (Fig. 7). 
Additionally, CTE adsorption produces positive potential on CTE and 
negative potential on Y9N9, confirming the NBO charge analysis and the 
chemisorptions. The uneven pattern of atom charges caused by CTE 
adsorption creates a variety of reactive regions.

3.5. Sensing properties

The electrical conductivity (σ) gives the sensing relation to CTE and 
σ = AT3/2exp(− Eg/2kT) [68]. We can deduce that σ is the inverse of Eg 
at a certain temperature based on the equation presented above. When 
Eg decreases, there seems to be a significant increase in electrical signal 
needed to identify CTE. The ΔEg for CTE adsorption over Al/B/Ga-N 
nano rings are − 25.58/-10.71/-37.07 % in vacuum and − 0.11/ 
− 18.89/− 8.42 in aqueous phase (Table 1). These dips in Eg suggest 
during CTE adsorption, which increases the likelihood that they might 
be used as sensors.

Any sensor’s recovery time (τ), or the expected time needed to 
desorb every molecule from the complex [65]. For repeated usage, 
shorte τ are highly desired and τ = υ-1 exp(− Eads/kT). Here, we have T 
set to 300 K and υ as 3 × 1012, 4 × 1011, 5 × 1010 Hz [69 ]. B9N9 and 
Al9N9 have low τ values for CTE, whereas Ga9N9 has a high value in 
solvent and vacuum (Table S4). The value of τ for CTE over Y9N9 is 
modest in vacuum, and this means that CTE can be stored or eliminated 
from an environment [69].

For ϕ-type sensors, consideration of the effects of CTE adsorption and 
ϕ of nanorings is essential. The current density of electrons, j = AT2exp 
(− ϕ/kT) [70]. Our findings indicate that the Δϕ for CTE on Al/B/Ga-N is 
− 0.44/6.03/8.59 % (vacuum) and 0.84/14.68/13.33 % (solvent), 
indicating that they can act as ϕ-type sensor (Table 1).

3.6. Global indices parameter

The estimated global parameters and its change in percentage are 
displayed in Table 1. Unadulterated Al/B/Ga-N has a µ of − 4.37/-4.58/- 
4.81 eV. The EH and EL values of nano rings changes during CTE 
adsorption, resulting in a considerable change in µ. The change in µ 
when CTE interacts with Al/B/Ga-N is 0.44/6.03/8.59 % (vacuum) and 
0.84/14.68/13.33 % in aqueous phase. Hardness (η) is a metric for 
measuring chemical stability of any system; for Al/B/Ga-N, the η values 
are 1.76/3.01/1.70 eV. In the vacuum and aqueous phase interaction 
with CTE, all complexes have a decrease in their η values. The electro
philicity index (ω) of Al/B/Ga-N has values 7.35/3.83/9.03 eV (vac
uum) and 5.34/3.13/5.58 eV (aqueous phase). When B9N9 comes into 
touch with CTE, the values of ω drop to their lowest levels.

3.7. Raman spectra analysis

In CTE the main bands are at 3633, 3503 cm− 1 (υNH2), 3464 (υNH), 
3135 and 3074 cm− 1 (υCH), 1642 (υC=O), 1619 and 1585 (δNH), 1538, 
1424, 1324, 1014, 980 cm− 1 (υring), 1282 (υCN of NH2), 1370, 1102 
cm− 1 (δCH), 754 (γCH) (Fig. S5 of CTE). The complexes’s IR and Raman 
spectra are provided in Figs. S6 and S7.

In Al9N9-CTE, NH2 and NH stretching modes appear at 3533 and 
3457 for Al9N9-CTE and the drops in values from that of CTE show the 
strong interaction with Al9N9 nanoring. Also a very strong NH2 

stretching is observed in the complex at 2951 with a very large redshift 
from that of CTE due to SERS effect. The CH of CTE at 3074 is down
shifted to 3054 in Al9N9-CTE due to the adsorption process. CTE’s υC=O 
at 1623 in the complex is lowered by 19 cm− 1 from that of CTE. The ring 
modes of complex appear at 1535 and 980 in the complex without any 
significant shifts. The CH modes of the complex at 1332 and 762 show 
deviations from that of CTE after adsorption. Bands are at 27, 211, 251, 
270, 330, 499 and 1250 cm− 1 in the Al9N9 Raman spectra and in Al9N9- 
CTE these are at 10, 209, 321, 489, 1263 cm− 1.

In B9N9-CTE, the NH2 and NH stretching modes appear at 3625, 3487 
and 3426 and the decrease in wave number from that of CTE shows the 
strong interaction with B9N9 nano ring. The υCH of CTE shows no shift 
in the B9N9-CTE. The NH2 deformation mode of B9N9-CTE complex is 
present at 1631 while that of CTE 1619 and υCN (NH2) of complex is at 
1290 blue shifted by 8 cm− 1 from the pristine value. The υC=O of CTE 
(1642) is 1604 in the complex which is downshifted by 38 cm− 1. The 
ring modes of complex appear at 1535, 1424, and 976 in the complex 
without any significant shifts. The CH deformation modes of the com
plex is at 1321, 1115 and 762 with deviation from that of CTE after 
adsorption. The bands at 2014, 1929 and 521 correspond to B9N9 
modes. B9N9′s spectra give bands at 44, 388, 533, 554, 598 and 2044 
(Fig. S3) and after adsorption, bands are at 51, 373, 531, 562, and 2004 
cm− 1.

In Ga9N9-CTE, the NH2 and NH stretching modes appear at 3629, 
3483 and 3387 and the reduction in wave number from that of CTE 
shows the strong interaction with Ga9N9 nano ring. The υCH of CTE 
(3135) shows no significant shift in the Ga9N9-CTE (3139). The NH2 
deformation mode of Ga9N9-CTE complex is present at 1608 while that 
of CTE is 1619 and υCN (NH2) of complex is at 1274 blue shifted by 8 
cm-1 from the pristine value (1282). The υC=O of CTE (1642) appear at 
1344 in the complex as υC-O mode which is due to the attachment of O 
atom to Ga. The ring modes of complex appear at 1573, 1512, and 1240 
in the complex with significant shifts. The CH bending modes of complex 
were at 1110 and 777 with deviations from that of CTE after adsorption. 
The bands at 920, 552, and 387 correspond to Ga9N9 modes. Ga9N9′s 
Raman show bands at 17, 102, 151, 341, 407 and 981 cm− 1 (Fig. S3) and 
after adsorption, peaks are at 10, 163, 378, 936 cm− 1.

The ensuing modified Raman spectra give additional evidence for the 
tight bond between CTE and the nano rings. SERS enhancement causes 
the majority of the modes in complexes to be amplified and the complex 
spectrum contains inactive Raman modes of CTE [71].

3.8. RDG analysis

RDG analysis is an essential tool for gaining insights into both the 
strength and nature of interactions. It pinpoints the exact atoms and 
specific sites involved in the interaction, providing a more detailed 
explanation of the adsorption mechanism.

RDG analysis has been used for developing a gradient corrected 
functional of increasing quality. By this method, both the nature and 
strength of the interactions are displaced in the isosurface. The method 
of RDG is used in this study for assessing the strength and the interaction 
types of the complex structures through the analysis of the calculated 
isosurfaces [61] The RDG scatter plot illustrates the relationship be
tween the RDG function s(r) and ρ(r) sign(λ2), with ρ(r) representing 
electron density. The Hessian matrix has three eigen values (λ1, λ2, and 
λ3), and the sign of λ2 is crucial for determining the nature of the in
teractions. A positive λ2 indicates steric interactions, while a negative λ2 
points to covalent or non-covalent interactions. The RDG function s(r) 
assesses deviations from a uniform electron distribution and is defined 
by: 

s(r) =
1

2(3π2)
1/3

|∇ρ(r)|
ρ(r)4/3 

According to this hypothesis, the material’s attractive, repulsive and 
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neutral interactions are represented by the tiny range between negative 
and positive sign (λ2)ρ. In the RDG map, if the sign (λ2)ρ > 0, nearly 
0 and less than zero are indicating that the repulsive steric effect. Van 
der Waals interaction and the attractive hydrogen bond interaction, 
respectively, and their corresponding colours of red, green and blue 
were also used to identify them [53]. Additionally, red colour give 
strong steric repulsion, green and greenish-yellow signify van der Waals 
(vdW) or weak interactions, and blue strong attraction. Fig. 8 (Fig. 9) 
presents both the 2D RDG scatter plot and the 3D RDG plot, illustrating 
the interaction of CTE with Al9N9, B9N9, and Ga9N9 nanorings in a 
vacuum (water).The appearance of green spikes in 2D scatter plot in
dicates the presence vdW interactions in all cases. The existence of blue 
disc between H atom of CTE and N atom of Al9N9 nanoring indicates 

strong electrostatic attraction between them. A careful comparison of 
the 2D scatter plots for CTE interaction with Al9N9 in vacuum and in 
water reveals that the interaction is stronger in the aqueous medium. 
This conclusion is drawn from the observation that the position of blue 
spike shifts towards higher electron density in aqueous medium, indi
cating a stronger interaction compared to that in vacuum [72]. It is also 
evident that there exists solely vdW interaction between CTE and B9N9 
nanoring in both vacuum and water. However, these interactions are 
more pronounced in the aqueous medium. These observations align with 
the obtained adsorption energy values, which indicate a stronger 
interaction in the presence of an aqueous medium compared to a 
vacuum.

Fig. 8. a–c) 2D RDG scatter plot for CTE adsorbed on Al9N9, B9N9 and Ga9N9 in presence of vacuum, respectively. a’–c’) 3D RDG isosurface plot for CTE adsorbed on 
Al9N9, B9N9 and Ga9N9 in presence of vacuum, respectively.
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4. Conclusion

To sum up, we have explored the potential of Y9N9(Y = Al, B, Ga) for 
CTE sensing using DFT analysis. The structural and dynamical stabilities 
of Y9N9 are confirmed by IR spectra. The chemisorption interaction of 
CTE with nano rings is supported by the adsorption distance, bond 
lengths of CTE, and optimal designs of nano ring with appropriate 

adsorption energy. The charge transfer caused by CTE’s adsorption onto 
Y9N9 is what causes the variations in DM of nano rings. Moreover the 
localization of the FMOs electron concentration confirms the types of 
interactions. The Y9N9 nano rings have potential use as a work-function 
and electron-based sensor for CTE. Furthermore, the projected recovery 
durations for CTE over Y9N9 are fairly long due to their strong interac
tion, and this means that CTE can be stored or eliminated from a 

Fig. 9. a–c) 2D RDG scatter plot for CTE adsorbed on Al9N9, B9N9 and Ga9N9 in presence of water, respectively. a’–c’) 3D RDG isosurface plot for CTE adsorbed on 
Al9N9, B9N9 and Ga9N9 in presence of water, respectively.
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particular environment. Raman spectra provide additional evidence for 
the interaction between nanorings and CTE. RDG analysis indicated the 
presence of van der Waals (vdW) interactions in all cases and addi
tionally revealed a strong attraction between CTE and the Al9N9 
nanoring. The interaction between CTE and nano ring is stronger in 
aqueous medium compared to vacuum.
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