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ABSTRACT: Ab initio calculations were performed to determine i :

the sensing behavior of g-C;N, and Li metal-doped g-C;N, (Li/g- A g

C;N,) quantum dots toward toxic compounds acetamide (AA), RENRS

benzamide (BA), and their thio-analogues, namely, thioacetamide P O e

(TAA) and thiobenzamide (TAA). For optimization and

interaction energies, the ®B97XD/6-31G(d,p) level of theory . -

was used. Interaction energies (E;,,) illustrate the high thermody- oy l o
namic stabilities of the designed complexes due to the presence of Bag ,

the noncovalent interactions. The presence of electrostatic forces in i i e (‘ e .; ke
some complexes is also observed. The observed trend of E; in g-  ¢"+"s «“¢"¢ BooNeoVW
C;N, complexes was BA > TAA > AA > TBA, while in Li/g-C;N,, **° 7" "% T ===~
the trend was BA > AA > TBA > TAA. The electronic properties -GN, doping  Lifg-CN,

were studied by frontier molecular orbital (FMO) and natural bond A B

orbital analyses. According to FMO, lithium metal doping greatly

enhanced the conductivity of the complexes by generating new HOMOs near the Fermi level. A significant amount of charge transfer
was also observed in complexes, reflecting the increase in charge conductivity. NCI and QTAIM analyses evidenced the presence of
significant noncovalent dispersion and electrostatic forces in Li/g-C3N, and respective complexes. Charge decomposition analysis
gave an idea of the transfer of charge density between quantum dots and analytes. Finally, TD-DFT explained the optical behavior of
the reported complexes. The findings of this study suggested that both bare g-C;N, and Li/g-C;N, can effectively be used as
atmospheric sensors having excellent adsorbing properties toward toxic analytes.

1. INTRODUCTION sensing materials have been used for sensing such as metal
1.9 . 10,11 S
oxide,” semiconductors, boron nitride nanotubes
(BNNTs),"” carbon nanotubes (CNTs),"”'* graphene,'’
graphene-like compounds,'® various nanocages and nano-
7,18 . . .
etc. Recently, two-dimensional nanomaterials

Nowadays, environmental and energy deadlock crises have been
seriously provoked." The rapid consumption of industrial fuels
and the increasing concentration of toxic molecules in the
atmosphere are adding their contribution to the melancholy of o ) T
living beings.” The World Health Organization (WHO) has have been leading in gas sensing applications ~ because of

: . ; .20
reported that over 25% of the global load of disease is associated thecl;r hu}:g.e.accesbmble Yo%gme ar(ljd;]ssoaated c;Srge densmes'. 1
with atmospheric factors, including exposure to hazardous raphitic carbon nitride (g-C;N;) among 2D nanomaterials

chemicals.>* Over the past decade, global warming because of has been iznlc_r2e4dibly used to sense and remove harmful gases and
industrialization and modern civilization has disrupted the materials. In comparison to graphene, the g-C;N, structure
cycles of the natural environment affecting many countries.’ shows a strong affinity for absorbing molecules, probably due to
Meanwhile, the gradual release of hazardous molecules from the semiconducting nature with a calculated band gap 0f 2.73 eV

different chemical industries also opened the door of lethality for

1
clusters,

both humans and other creatures in the ecosystem.é Hence, the Received: September 23, 2023
existence of harmful gases even at a very low level can greatly Revised: ~ December 19, 2023
affect the surroundings.7 To mediate health risks against Accepted: December 27, 2023

environmental pollution, along with medical diagnosis, gas Published: January 12, 2024

sensing, detection, and monitoring have become imperative for
healthy and safe life.* Reviewing the literature, numerous gas
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(see Figure 1).”> Nguyen et al. investigated the sensing behavior
of pristine g-C;N, for NO, molecules and concluded that g-
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Figure 1. Structures of (a) graphene and (b) C;N,, (c) band gap of
graphene, and (d) band gap of C;N,.

C;N, is the best sensor material to detect NO, in the
atmosphere.”® For dopamine detection, an ultrasensitive
chemical sensor was made by Zou et al. using 2D g-C;N,/
CuO nanocomposites. The authors proposed the 2D g-C;N,/
CuO as a novel sensor to detect dopamine in real biological
samples.”” Recently, Asif et al. used C,N nanoflakes for the
detection of pesticides and concluded that C,N can efficiently be
used to detect pesticides in the atmosphere.””* Zhou et al.
investigated the adsorption behavior of pristine and tungsten
(W), chromium (Cr), and molybdenum (Mo) metal-doped g-
C;N, complexes toward CO, via DFT simulations and observed
that the conductivity of g-C3N, was incredibly increased after
doping of respective metals.””*' Cao et al.*” studied SnO,@g-
C;N, composites for efficient sensing of ethanol. The authors
concluded that th eSnO,@g-C;N, composite has remarkable
electronic behavior in favor of the elevated gas sensing of
ethanol.” Similarly, Basharnavaz et al. reported the adsorption
mechanism of NH; molecules on pristine and Fe-, Ru-, and Os-
doped g-C;N,. The authors concluded that the interaction of
NH; with the Os-embedded g-C;N, is much higher than g-C;N,,
systems, with relatively high adsorption energy (—2.73 eV). This
research proposed that the Os-doped g-C;N, is an excellent
candidate for adsorption and removal of NO, from the
environment.” Exploring the literature, it is found that very
little work has been proposed on heptazine g-C;N, as a harmful-
molecule sensor.

Heptazine g-C;N, is one of the most stable carbon nitride
analogue, formed by three s-triazine units, which is called tri-s-
triazine.”** Tri-s-triazine is commonly known as heptazine,
which consists of three s-triazine units, connected covalently by a
central nitrogen atom.® Because of the extra number of N atoms
present in the heptazine structure as compared to the triazine
unit, the heptazine g-C;N, exhibits unique properties including
mechanical strength, strong alkalinity, chemical sensing, and
semiconducting nature.”” " In addition, heptazine g-C3N,is a
thermodynamically and chemically stable analogue of g-C;N,
with low price and a nontoxic nature, which makes it appropriate
for applications in biosensing and environmental gas sensing."’
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Literature survey reveals that only a few studies are presented in
explaining the geometric, energetic, and electronic properties of
heptazine g-C;N, quantum dots.”"** The band gap of the 2D-g-
C;N, nanosheets is 2.97 eV compared to the band gap (2.77 eV)
of infinite bulk g-C;N, and shows a blueshift in the fluorescence
emission spectra. Furthermore, the lifetime of charge carriers in
the nanosheets is higher than that of bulk g-C;N,. However, the
2D nanomaterials are still limited by their low efliciency of light
absorption, slow rate of charge transfer, and high recombination
probability of the photogenerated electron—hole pairs.
Compared to 2D nanosheets, 1D ribbon-like g-C;N, nano-
structures have intriguing optical and electrical features,
including a substantial blueshift in their absorption spectra
corresponding to a rise in the band gap from 2.7 to 3.0 eV.*’ The
nanoribbons are converted to zero-dimensional g-C;N,
quantum dots through a hydrothermal process. These quantum
dots exhibit excellent photoinduced charge transfer, good
upconversion photoluminescence, and electron reservoir
properties.”® Additionally, the ultrasmall size, edge effects,
high band gap, and strong quantum confinement render g-C;N,
excellent optical properties like carbon dots.** Due to these
properties, the heptazine g-C;N, quantum dot is selected in the
current study. We also studied the doping of heptazine g-C;N,
quantum dots with Li metal, which further enhances the
properties of g-C;N, quantum dots. Scientists believe that the
geometric and electronic properties of any nanomaterials can be
enhanced by metal doping, which can be used for further
applications.”> Wang et al. illustrated that the photocatalytic
activity of the g-C;N, quantum dot is increased by decorating
the surface of quantum dots with Pt during their work on
hydrogen evolution. They concluded that the g-C;N, quantum
dot shows no intrinsic activity but plays a crucial role in
accelerating photocatalytic reactions.*” The main objective of
this work is to study and compare the adsorption behavior/
sensing of pure g-C;N, and Li metal-doped g-C;N, (Li/g-C;N,)
quantum dots (Figure 2) toward harmful molecules.
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Figure 2. Structural representation of g-C;N, quantum dots and
selected toxic organic volatile analytes.

Reviewing the literature, Ruan et al. used lithium-doped
triazine-based g-C;N, sheets effectively for hydrogen (H,)
storage.*® Opoku and Govender studied the behavior of harmful
gases H,S, CO, and CO, binding on g-C;N, by anchoring with
Siusing a first-principles study. The authors concluded thatitisa
potential sensor with the features of short recovery time,
excellent charge transfer, high electrical conductivity, and
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Figure 3. Optimized geometries of pure g-C;N, and Li/g-C;N, complexes with the interaction distance (d;,;) (gray, C; white, H; blue, N; purple, Li;
yellow, S; red, O); (A1) AA@g-C;N,, (A2) TAA@g-C;N,, (A3) BA@g-C;N,, (A4) TBA@g-C;N,, (B1) AA@Li/g-C;N,, (B2) TAA@Li/g-C;N,,

(B3) BA@Li/g-C;N,, and (B4) TBA@Li/g-C;N,.

remarkable adsorption affinity.”” However, a detailed study of
harmful molecules such as acetamide (AA), thioacetamide
(TAA), benzamide (BA), and thiobenzamide (TBA) (for
structures, see Figure 2) for adsorption and electronic behavior
on pristine g-C;N, and doped Li/g-C;N, is still lacking.
Acetamide, benzamide, and their thio-analogues are hazardous
molecules and are environmental contaminants.”® They are
usually assembled from petroleum and industry refineries,
vehicle exhaust emissions, and coal gasification. The Interna-
tional Agency for Research on Cancer (IARC) has classified
acetamide (AA), with the formula CH;CONH,, as a possible
human carcinogen.*”*” It is also produced as a byproduct during
ammonization technology for feed production resulting in
acetamide being present as a feed contaminant.”’ Initially,
thioacetamide (TAA) was used to control the decomposition of
oranges and also as a fungicide.””>”

TAA is a strong hepato toxicant, which needs metabolic
activation by oxidation to its S-oxide and then further to reactive
S,S-dioxide and ultimately attacks lipids and proteins in
humans.’*** Benzamide (BA) and thiobenzamide (TBA) are
basically amide derivatives of benzoic acid, and they are
effectively used as pesticides but also have pharmaceutical
value as they are used to control fungal growth or parasites.”®>”
Prolonged exposure to benzamide and thiobenzamide can
severely cause irritation to eyes, harmful effects to the nose and
throat, nausea, vomiting, and in some cases abdominal pain.58’59
According to literature survey, the detection of acetamide,
benzamide, and their thio-analogues on pure and doped g-C;N,,
quantum dots is not studied yet. To overcome this deficiency in
the literature, we proposed this study within the DFT
framework. The results are based on the exploration of
geometric as well as electronic properties of pure and Li-
decorated g-C;N, quantum dots before and after interaction
with the selected toxic analytes. Li-decorated g-C;N, is selected
because of its excellent performance in adsorption of
molecules.”” We are hopeful that the findings of this manuscript
will be favorable for the experimentalists to design rational
carbon nitride-based sensors for harmful molecules.
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2. RESULTS AND DISCUSSION

2.1. Geometric and Energetic Analysis of Pure g-C;N,
and Li/g-C;N, Quantum Dots. To demonstrate the most
stable binding sites of Li on g-C;N,, we had placed the Li metal
at different possible positions, including the open hollow site,
the center of triazine rings, the top of atoms, and the bond
between atoms. By comparing the binding energies, it was found
that the binding of the Li metal atom through the open hollow
site is energetically the most favorable configuration (Figure 1,
top right); this study is similar to the work of Zhu et al.”’ and
Zhang et al.®"%> Based on the literature report and our obtained
results, the top hollow site is only considered for metal
decoration in this study. The bond length of the C—N bond
in aromatic rings is 1.32 A, and the bond length of the C—N
bond between the aromatic rings is 1.38 A. The bond angle
between N—C—N in g-C;N, of the central ring is 120.78°. The
dihedral angle between C—N—C—N of the central ring is
168.54°. After Li doping on the g-C;N,, increases in the bond
lengths and dihedral angles of the g-C;N, are seen due to
interaction of nitrogen atoms of the g-C;N, with the Li metal. In
addition, the overall structural integrity of the g-C;N, is
sustained after doping of Li metal. The average bond length of
Li from the central nitrogen atoms of the g-C;N, is 2.37 A; the
bond distance represents physisorption of Li. The bond length
of the C—N bond in aromatic rings is 1.34 A, and the bond
length of the C—N bond between the aromatic rings is 1.39 A.
The bond angle between N—C—N in g-C;N, of the central ring
is 119.60°. The dihedral angle between C—N—C—N of the
central ring is 175.59°. The geometric properties of pure g-C;N,
are changed after Li metal doping, which reflects the strong
interaction between g-C;N, and the Li atom. The reason is the
lone pair of electrons on nitrogen atoms of g-C;N,, which attract
the Li atom toward the g-C;N,. The charge on the Li atom is
0.34 ¢, and the average charge on the nitrogen atom is —0.56 e.
The Li acts as an electropositive metal for further interactions
with hazardous molecules. The E;,, of Li/g-C;N, is —=77.63 kcal/
mol, which shows high thermodynamic stability of the
complexation between Li metal and g-C;N,.

The change in geometric properties causes a change in
electronic properties, the Eyyopo and E; o of g-C3N, are —7.48

https://doi.org/10.1021/acsomega.3c07350
ACS Omega 2024, 9, 3541-3553
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Table 1. Interacting Atoms (A;,), Interaction Distances (d,,,) in A, and Interaction Energies (E,,) in kcal/mol of Analytes@g-

C;N, and Analytes@Li/g-C;N, Complexes®

E

int

Apy dine wB97XD/6-31G(d,p)

g-C:N, Al N,,—Hg, 2.06 -25.70
Nyy—Hg, 2.33

A2 Nys—Hg, 2.03 -27.29
N,s—Hgs 2.20

A3 N,,—Hyo 211 -29.72
Nyg—Hgo 2.19

A4 N,o-Hog 1.97 -17.20
H;—Sss 242

Li/g-C;N, Bl Liss—Ogq 1.96 -25.14
Nio—Hgs 1.99

B2 Ny—Hgs 1.96 —20.98
Ligs—Ss6 2.66

B3 Liss—Oss 1.93 —30.98
N,,—H,, 2.08

B4 N,,—H,, 2.05 -23.77
Liss—H,, 2.36

@B97XD/6-31+G(d,p)

MO05-2X/6-31G(dp)  B3LYP-D3/6-31G(d,p)

—25.03 —27.13 —28.36
—27.25 —28.44 —29.80
—-30.06 —29.55 —32.35
—16.66 —17.08 -19.62
—24.77 —26.71 —27.37
—23.17 -23.16 —24.80
—31.27 —32.80 —35.70
—25.14 —24.21 —25.93

“(A1) AA@g-C;N,, (A2) TAA@g-CN,, (A3) BA@g-C;N,, (A4) TBA@g-C;N,, (B1) AA@Li/g-C;N,, (B2) TAA@Li/g-C;N,, (B3) BA@Li/g-

C;N,, and (B4) TBA@Li/g-C;N,.

and —1.41 eV, respectively, and the respective H—L E,,;, is 6.07
eV. After Li doping, the Eyopo and Epyyo are —3.87 and —1.65
eV, respectively, and their respective energy gap is 2.21 eV. The
reduction in the H-L E_,, after doping of Li metal is evidence of
the strong interaction between Li metal and the surface. The
source of interaction is the shifting of electronic density from Li
metal toward g-C;N, under the electron-withdrawing effect of
the electron-rich nitrogen atoms of the g-C;N,. This electronic
charge transfer is responsible for the semiconducting behavior of
the Li/g-C;N,, which can be used as a potential sensor for the
adsorption of the selected hazardous molecules. To search for
the favorable and energetically stable complexes of pure g-C;N,
and Li metal-doped g-C;N, quantum dots, the selected toxic
analytes, namely, acetamide (AA), thioacetamide (TAA),
benzamide (BA), and thiobenzamide (TBA) (Figure 2), are
adsorbed at different sites of g-C;N, and Li/g-C;N,. All the
complexes with their relative energies and possible geometries
are given in the Supporting Information (Figure S1), while the
most stable complexes are shown in Figure 3. The number of
possible interaction configurations in Figure S1 is based on the
opposite charge interactions between adsorbents and adsor-
bates. For example, the electrophilic sites of adsorbates are
placed closer to the nucleophilic end of adsorbents, based on the
molecular electrostatic potential surface (MEPS). The inter-
action sites, distances (di,,), and energies (E;,) of analytes@g-
C;N, and analytes@Li/g-C;N, complexes are mentioned in
Table 1.

2.1.1. Interaction of Selected Molecules with Pure g-C;N,.
The selected analytes AA, TAA, BA, and TBA are absorbed at
different sites on pure g-C;N, quantum dots resulting in
complexes named as AA@g-C;N, (A1), TAA@g-C;N, (A2),
BA@g-C;N, (A3), and TBA@g-C;N, (A4), respectively.
Among all the reported complexes of g-C;N,, the highest
interaction energy (E,,,) is observed for the A3 complex, which is
—29.71 kcal/mol with an interaction distance (d,,) of 2.11 A.
The high value of E; ; is due to the presence two hydrogen bonds
between the H., and Hgy of benzamide (BA) with the N3 and
N,, of g-C3N462 ; thus, electrostatic forces dominate in stabilizing
the A3 complex. The stability of the A3 complex is followed by
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A2 and A1l complexes with the E;, of —27.29 and —25.70 kcal/
mol, respectively, due to the reduction in dispersion forces and
absence of & stacking. However, the A4 complex is reported to
have the least value of E;,,, which might be due to the different
modes of interaction (only two side interactions) in which only
two atoms are interacting with the g-C;N,. The overall
interaction stabilities have the following trend: BA@g-C;N,
(A3) > TAA@g-C;N, (A2) > AA@g-C;N, (Al) > TBA@g-
C,N, (A4).

2.1.2. Interaction of Selected Molecules with Li/g-C;N,,. The
lithium metal is doped in pure g-C;N, to analyze the adsorption
behavior of Li/g-C3;N, toward selected toxic analytes. The
selected toxic analytes, namely, AA, TAA, BA, and TBA, are
allowed to adsorb at different sites of Li/g-C3N, quantum dots
resulting in complexes named AA@Li/g-C;N, (B1), TAA@Li/
g-C;N, (B2), BA@Li/g-C;N, (B3), and TBA@Li/g-C;N,
(B4) complexes. Among these complexes, B3 shows the highest
Ei due to the presence of strong dispersion forces and #
stacking (vide supra). However, in B3, the d,,, decreased to 1.93
A as compared to A3 (2.11 A). The stability of the B3 complexis
followed by B1, B4, and BS with the E;  of —25.14, —23.77, and
—25.14 kcal/mol, respectively. The overall stabilities followed
the trend as follows: BA@Li/g-C;N, (B3) > AA@Li/g-C;N,
(B1) > TBA@Li/g-C;N, (B4) > TAA@Li/g-C;N, (BS).

The interaction energies are further calculated on other DFT
functionals (Table 1) including B3LYP-D3 and MO0S-2X in
order to investigate the contribution of Hartree—Fock exchange
(eygr) on noncovalent interactions. For instance, B3LYP and
MO06-2X contain 25 and 27% of ey, which are higher than that
of @B97XD (22%).°>** It is found that the negative interaction
energy increases with increasing eyp, e.g, the interaction
energies of analytes with g-C;N, and Li/g-C;N, are respectively
increased to —32.35 and —35.70 at B3LYP-D3 DFT, which are
even higher than that at M05-2X due to the inclusion of an extra
Grimme dispersion factor and excellent performances of B3LPY
in modeling organic molecules.®™®° Moreover, the diffuse
function at the ®B97XD/6-31+G(d,p) level of theory does not
show prominent variation in the energetic stability of complexes,
and the results are quite comparable.
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From the overall results of geometric analysis, we can
conclude that Li doping improves the adsorption of toxic
molecules that can be justified with the increased interaction
energy and close binding.*” The trend in interaction energy is
graphically represented in Figure 4.
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Figure 4. Interaction energies (E,,) and zero-point vibrational
corrected energies (Ey.zpvp) of AA@g-C;N, (Al), TAA@g-C;N,
(A2), BA@g-C;N, (A3), TBA@g-C;3N, (A4), AA@Li/g-C3N, (B1),
TAA@Li/g-C;N, (B2), BA@Li/g-C3N, (B3), and TBA@Li/g-C;N,
(B4) complexes.

After discussing the energetic stability of designed complexes,
one may wonder whether the electronic energies provide an
accurate trend in the interaction stability. In this regard, ZPVEs
have been computed for all the complexes within the vibrational
or harmonic approximation at the ®B97XD/6-31G(d,p) level.
The comparison of interaction energies (E,) obtained by
considering the ground-state electronic energies and the
interaction energies at ZPVE corrections (E;,.pyg) is displayed
in Figure 4, which reveals the inclusion of ZPVE corrections
trending well with the electronic Ej,.

2.2. Reduced Density Gradient Analysis (RDG). RDG
analysis is a visual approach to elaborate the noncovalent
interactions and is also known as noncovalent interaction (NCI)
analysis.”’ Tt differentiates the types of interactions based on
their strengths by three colors of spikes, i.e., reddish, bluish, and
greenish. These spikes represent the existence of steric
repulsions, hydrogen bonding or halogen bonding, and van
der Waals (dispersion) forces, respectively. NCI results include
3D isosurfaces and 2D RDG scatter graphs. In RDG scatter
spectra, the sign(42)p(r) ranges between —0.05 and 0.05 au.”"”*
The 2D scatter graphs and 3D isosurfaces of pure g-C;N,, Li/g-
C;N, complexes with molecules are shown in the Supporting
Information in Figure S2.

In the case of AA@g-C;N, and TAA@g-C;N,, the NCI
isosurface illustrates that the flaky greenish and bluish patches
appear, which is attributed to the presence of dispersion and
electrostatic forces, respectively. Meanwhile, in AA@Li/g-C;N,
and TAA@Li/g-C;N, complexes, the density of green patches
reduces, and blue patches increase, which can be seen from the
2D RDG map (B1 and B2 in Figure S2). These greenish spikes
in AA@g-C;N, and TAA@g-C;N, range between 0.015 to
—0.01 au, while these spikes range between 0.015 and —0.09 au
in Li-doped complexes of AA and TAA. The reduction of
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dispersion forces in Li-doped complexes of AA and TAA tends
to decrease the interaction stability as compared to correspond-
ing g-C;N, complexes.

In BA@g-C;N, and BA@Li/g-C3N, complexes, the deep
greenish flaky patches indicate that the dispersion forces
dominate along with a small contribution of electrostatic forces,
which is evidenced by a few blue patches between BA and g-
C;N,. Moreover, the presence of dispersion forces can also be
seen in the RDG map where greenish spikes appeared between
—0.015 to 0.015 au and —0.02 to 0.01 au in BA@g-C;N, and
BA@Li/g-C;N, complexes, respectively. This indicates that the
high stability of BA molecules is due to the presence of
dispersion forces, which arise due to the 7 stacking of benzyl
rings of BA and the triazine ring of g-C;N,.

Finally, in the TBA@g-C;N, complex, the blue patch in the
3D isosurface and the blue peak at —0.03 au of the 2D RDG map
indicate the presence of strong hydrogen bonding, which arises
because of Coloumbic interactions between the electronegative
nitrogen atom of g-C;N, and the electropositive hydrogen atom
of TBA. However, in the case of TBA@Li/g-C;N,, a deep green
flaky isosurface and a dense green peak in the RDG map at —0.01
to 0.01 au show the dominant dispersion forces (van der Waals
forces) in the TBA@Li/g-C;N, complex. These green spikes in
the TBA@Li/g-C;N, complex clearly explain high stability as
compared to the TBA@g-C;N, complex. Finally, the results
generated from NCI analysis are in accord with the interaction
thermodynamic analysis.

2.3. QTAIM Analysis. Bader’s quantum theory of atoms in
molecules (QTAIM) is a topological analysis. It elaborates the
nature of interactions, which cannot be predicted via structural
analysis.”””* The QTAIM parameters including electron density
(p), Laplacian of the charge density (V2p), total energy density
(H), kinetic energy density (G), and potential energy density
(V) are important parameters to evaluate the noncovalent
interactions at a bond critical point (BCP). The total energy
density can be calculated as the integral sum of electron potential
energy and kinetic energy terms, as shown in the equation below.

H=V+G

The strength of interactions depends on the electron density
term (p). For noncovalent interactions, the magnitude of p
should be less than 0.1 au with the positive values of V2p and H
and vice versa.”>”® The isosurfaces of all complexes are also given
in Figure 5. In QTAIM analysis, the observed values of p less
than 0.1 au with the positive value of V2p illustrate the presence
of noncovalent interactions and vice versa. In our reported
analytes@g-C;N, complexes, the values of p and V2p are in the
range of 0.004 to 0.033 and 0.015 to 0.084 au, respectively,
which show the existence of noncovalent interactions in AA@g-
C;N,, TAA@g-C;N,, BA@g-C;N,, and TBA@g-C;N,, com-
plexes. The highest number of BCPs, i.e., 9 BCPs, is observed in
BA@g-C;N,, which predicts the highest stability among all
reported complexes of g-C;N,. The numbers of BCPs in AA and
TAA are 7, whereas only 2 BCPs are observed in TBA complexes
with the negative H values, indicating the presence of
electrostatic interactions.

Similarly, in the case of lithium metal-doped g-C;N, (Li/g-
C;N,) complexes, the highest number of BCPs is observed for
the BA@Li/g-C;N, complex, which indicates the highest
number of interactions and high stability of BA with the surface.
The number of BCPs decreased in AA@Li/g-C;N, and TAA@
Li/g-C3N, complexes from 7 to 6, which also shows a decrease
in the interaction energies. However, the number of BCPs
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Figure 5. Topological isosurfaces of analytes@g-C;N, and analytes@Li/g-C;N, complexes resulted from QTAIM analysis. (A1) AA@g-C;N,, (A2)
TAA@g-C;N,, (A3) BA@g-C;N,, (A4) TBA@g-C;N,, (B1) AA@Li/g-C;N,, (B2) TAA@Li/g-C;N,, (B3) BA@Li/g-C;N,, and (B4) TBA@Li/g-
C;N,.

increases in the TBA complex as compared to TBA@g-C;N, topological parameters of analytes@Li/g-C3N, complexes,

with the increase in topological parameters, which is consistent namely, p and V?p, are in the range of 0.004 to 0.029 and
with the interaction energies (vide supra). The values of 0.014 to 0.193 au, respectively. Espinosa et al.”””® reported a
3546 https://doi.org/10.1021/acsomega.3c07350
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Table 2. Parameters Including the HOMO—LUMO Energies, Energy Gap, NBO Charge Transfer, Wavelength (4,,,,) in eV and
nm along with the Oscillating Frequency (), and Variable Excitation Energies (AE in eV) of Analytes@g-C;N, and Li/g-C;N,

Complexes”
complex HOMO (eV) LUMO (eV) E, (ev)
A —8.08 —-0.51 7.58
Al —8.07 —0.58 7.49
A2 —6.91 —-0.70 6.22
A3 —8.07 —0.56 7.50
A4 —7.88 —0.61 7.27
B —8.18 —4.62 3.56
B1 -7.97 —4.50 3.47
B2 —8.08 —4.61 3.46
B3 —8.02 —4.53 3.49
B4 —8.00 —4.72 3.27

NBO (e”) Amax (V) Amax (nm) f AE (eV)

4.96 250 0.290 4.96

—0.023 4.35 285 0.024 4.35
—0.035 4.37 284 0.021 4.90
—0.029 4.90 253 0.089 4.38
—0.008 4.81 258 0.120 4.80
1.78 695 0.221 1.78

—0.002 1.65 749 0.106 1.29
0.008 1.99 623 0.171 1.92
—-0.017 1.92 645 0.187 1.99
—0.014 1.18 1049 0.165 1.18

“(A) g-CsN,, (A1) AA@g-C;N,, (A2) TAA@g-C:N,, (A3) BA@g-C:N,, (A4) TBA@g-CsN,, (B) Li/g-CN,, (B1) AA@Li/g-CiN,, (B2) TAA@

Li/g-C;N,, (B3) BA@Li/g-C;N,, and (B4) TBA@Li/g-C;N,.

method of estimating noncovalent interaction energies (E=V/
2). The noncovalent interaction energies for all the complexes
are not very high and are found between —0.0081 and —0.0010,
which falls under the category of weak van der Waals forces.””*’
The overall result of topological parameters suggests the
existence of dispersion forces with some electrostatic
interactions at some bond critical points (see Table S1),
whereas BA@g-C;N, and BA@Li/g-C;N, complexes are the
most stable among all studied complexes. The results of QTAIM
are very well-consistent with the energetic and NCI analyses.
2.4. Electronic Properties. FMO (frontier molecular
orbitals) analysis is performed to study the electrochemical
sensitivity of g-C;N,, which is analyzed by measuring the energy
gap between the highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbitals (LUMO).”” The
variation in the HOMO and LUMO gaps of bare, complexed,
and Li-doped g-C;N, along with their complexes is displayed in
Table 2. The E,,, values between the HOMO and LUMO of
bare g-C3;N, and Li/g-C3N, quantum dots are calculated before
and after the complexation with toxic analytes. The energies of
the HOMO and LUMO of g-C;N, are —8.08 and —0.51 eV,
respectively, while the energies of the HOMO and LUMO of
lithium metal-doped g-C;N, are —8.18 and —4.62 eV,
respectively. The direct band gap of 7.58 eV can be observed
in g-C3N,, which reduces to 3.56 eV in lithium metal-doped g-
C;N, due to doping. The literature reveals that Eg, can
effectively be reduced with the suitable dopant, which ultimately
increases the conductivity."”"' The E,,, values of analytes@g-
C,N, are 749 (AA@g-C:N,), 622 (TAA@g-C,N,), 7.50
(BA@g-C;N,), and 7.27 eV (TBA@g-C;N,). These gaps are
higher than the reported gaps obtained by Tulu et al. during their
explosive adsorption on the g-C;N,,*’ which justifies the
electronic stability of the complexes. Similarly, the Eg,, values
of analytes@Li/g-C;N, are 3.47, 3.46, 3.49, and 3.27 eV in AA@
Li/g-C;N,, TAA@Li/g-C;N,, BA@Li/g-C;N,, and TBA@Li/
g-C3N, complexes, respectively. The decrease in Eg,, after
complexation indicates the increase in sensitivity and con-
ductivity of the complexes.”” Apparently, in reported complexes,
a small decrease in E,, is observed after complexation with the
quantum dots, which indicates the generation of new molecular
orbitals away from the Fermi level upon interaction.*® This
result also suggests that Li/g-C;N, complexes are more
conductive as compared to g-C;N, complexes. The values of
Eg,, of lithium metal-doped complexes lie in the range of 3,
whereas the values of the other complexes lie in the range of 7.
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The variation in the HOMO and LUMO can be seen in Figure 6,
where the HOMO and LUMO are dispersed on the whole
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Figure 6. Graphical representation of changes in HOMO—-LUMO
gaps. (A) g-C;N,, (A1) AA@g-C;N,, (A2) TAA@g-C;N,, (A3) BA@
g-C:N, (A4) TBA@g-C;N,, (B) Li/g-C;N,, (B1) AA@Li/g-CyN,,
(B2) TAA@Li/g-C,N,, (B3) BA@Li/g-C;N,, and (B4) TBA@Li/g-
C;N,.

surface of g-C;N, and Li/g-C3;N, quantum dots before
complexation. After complexation, the HOMO tends to move
between the analytes and the surface whereas the LUMO resides
on the side of the surface away from the analytes in analytes@g-
C;N, complexes. In the case of Li/g-C3N, complexes, an
opposite behavior can be seen where the HOMO resides on the
surface and the LUMO prefers to move between the analytes
and the surface. The variation in E,,, and shifting of orbitals
cause the charge transfer between the interacting species.”*
Therefore, NBO charge analysis is performed to evaluate the
charge transfer.®® The values of NBO charges are given in Table
2. The negative sign with the NBO charges indicates that the
charge is being transferred from the surface to the analytes and
vice versa. Ibarra-Rodriguez and Sanchez also observed the
shifting of charges from g-C;N, toward the analyte,*® which
justifies our results. The appreciable amount of charge transfer is
observed in all reported complexes. In analytes@g-C;N,
complexes, the highest charge transfer is observed in TAA@g-
C3N,, which is probably due to the lowest Eg,, (6.22 eV).
Meanwhile, the amounts of charge transfers in AA@g-C;N,,
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BA@g-C;N,, and TBA@g-C;N, complexes are —0.023, —0.029,
and —0.008 eV, respectively. In the case of Li-doped complexes,
—0.002, 0.008, —0.017, and —0.014 eV of charge transfer are
observed in AA@Li/g-C;N,, TAA@Li/g-C;N,, BA@Li/g-
C;N,, and TBA@Li/g-C;N, complexes, respectively. Unexpect-
edly, a positive charge transfer is observed in the TAA@Li/g-
C;N, complex, which might be due to the lone pairs of the sulfur
atom, which tends to transfer charges toward the nitrogen atom
of the surface. Overall, the transfer of charge after complexation
is due to the rearrangement of electrons of g-C;N, and Li/g-
C;N,, quantum dots, which is vital to producing electric signals
in sensor applications.

2.5. Charge Decomposition Analysis (CDA). Charge
decomposition analysis (CDA) is a technique used to study the
donor—acceptor interactions in terms of charge donation and
backdonation. This technique was first developed by Frenking et
al.*” In this approach, the molecular orbitals, either Kohn—Sham
or Hartree—Fock, of donor—acceptor molecules are trans-
formed to the nonorthogonal basis provided by the super-
position of orbitals of the donor and acceptor units. Practically,
the orbitals of the donor, acceptor, and their combined form are
obtained in the same basis set of contracted Gaussian-type
functions; thus, it is possible to account for the total density in
the new basis set in terms of the overlap matrix between donor
and acceptor units. Consequently, the CDA technique has
proven to be effective for estimating the relative strength of
charge fluctuation, e.g., donation and backdonation between the
donor—acceptor molecules. Herein, CDA analysis is executed to
analyze the relative strength of interactions between analytes
and g-C;N, in terms of charge density.®” The results of CDA for
analytes@g-C;N, and Li/g-C;N, complexes are summarized in
Table 3.

Table 3. CDA Results of Bare g-C;N, and Li/g-C;N,
Including Donation (d), Backdonation (b), Residual (d — b),
and Repulsion (r) of Analytes@h-g-C;N, Complexes”

donation backdonation residual (d — repulsion
complex (d) (b) b) (r)

Al 0.036 0.035 0.001 —0.065
A2 0.022 0.026 —0.004 —0.059
A3 0.047 0.027 0.019 —0.119
A4 0.019 0.057 —0.037 —0.029
B1 0.005 0.061 —0.0585 —0.015
B2 0.011 0.034 —0.023 —0.031
B3 0.012 0.069 —0.057 —0.036
B4 0.006 0.034 —0.027 —0.043

“Note: (A1) AA@g-C;N,, (A2) TAA@g-C;N,, (A3) BA@g-C;N,,
(A4) TBA@g-C;N,, (B1) AA@Li/g-C;N,, (B2) TAA@Li/g-C;5N,,
(B3) BA@Li/g-C;N,, and (B4) TBA@Li/g-C;N,.

According to the CDA results listed in Table 3, the donations
of charges from the surface to analytes in AA@g-C;N,, TAA@g-
C,N, BA@g-C,N,, and TBA@g-C;N, are 0.036, 0.022, 0.047,
and 0.019 e7, while the backdonations are 0.035, 0.026, 0.027,
and 0.057 e7, respectively. By analyzing these results, we
observed that the high amount of charge donation is seen in
AA@g-C;N, (0.036 e~) and BA@g-C;N, (0.047 e™) complexes.
The reason is the transfer of charge density from the p orbital of
the nitrogen atom of the quantum dot toward the interacting s
orbitals of the hydrogen atoms of analytes. However, the higher
amount of backdonation is seen in TAA@g-C;N, (0.035 e7)
and TBA@g-C;N, (0.057 ) complexes because the electron-
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rich sulfur atoms of these analytes have the ability to donate
more electronic density as compared to nitrogen atoms. Thus,
backdonation is more pronounced than donation. These results
are similar to the results obtained by Igbal and co-workers for
delivery of carboplatin through g-C;N, where charge transfer is
supported by CDA analysis.” In the case of Li/g-C;N, quantum
dots, backdonation is more prominent in all the reported
complexes. The values of backdonation are 0.061, 0.034, 0.069,
and 0.034 e” in AA@Li-g/C3N,, TAA@Li-g/C;N,, BA@Li-g/
C;N,, and TBA@Li-g/C;N, complexes, whereas values of
donation are 0.005, 0.011, 0.012, and 0.006 e~ respectively. The
negative values of residual charge are also defining dominant
backdonations.”” The positive values of repulsion explain the
accumulation of charge density within the interaction regions
and vice versa. However, in our reported complexes of g-C;N,
and Li/g-C;N,, the negative values of repulsion explain the
accumulation of charges density away from the interacting
region.”® The charge transfer between the surface and harmful
molecules confirmed the sensitivity of the respected surface for
the detection of selected harmful molecules, as observed by Tulu
et al. during explosive detection of g—C3N4.23 The charge transfer
between the surface and analytes results in stronger interactions,
which is justified from the interaction energies of all complexes
(as discussed vide supra).

2.6. UV-Visible Analysis. The electronic excitation
properties play an important role in understanding the
sensitivity of considered analytes toward the quantum dots.*
Table 2 presents the UV—vis results of g-C;N, and Li/g-C;N,
quantum dots along with their complexes. Meanwhile, the
graphical representation of shifting of the wavelength is
displayed in Figure 7. According to the observed results, the
wavelength (4,,,,,) value of bare g-C;N, is 250 nm along with an
excitation energy (E.) of 4.96 eV. For all the reported
complexes of g-C3N,, an increase in the wavelength (4,,.,)
(redshift) and a decrease in excitation energy (E,,.) can be seen,
which indicates the increase in 7 to 7* electronic transitions.”’
The value of 4, in AA@g-C;N,, TAA@g-C;N,, BA@g-C;N,,
and TBA@g-C;N, complexes increases from 250 to 285, 284,
253, and 258 nm, respectively. Strange behavior is observed for
Li-doped quantum dots with analytes. In our previous work on
detection of heptazine on pure g-C;N, quantum dots (A =
249 nm), we noticed a redshift after heptazine adsorption (4,
up to 286 nm), and similar results are obtained in the current
study. The value of the wavelength (4,,,,) for Li/g-C;N, is 695
nm, which changes to 749 and 1049 in AA@Li/g-C;N, and
TBA@Li/g-C3N, complexes resulting in the redshift. Surpris-
ingly, TAA@Li/g-C;N, and BA@Li/g-C;N, show a blueshift
with the 4., of 623 and 645 nm, respectively. This blueshift
might be due to the increase in the transition energies from 1.78
to 1.99 and 1.92, which makes it difficult to move electrons from
the ground state to the excited state. The A, has an inverse
relationship with the excitation energy, i.e., the smaller excitation
energy of a complex results in the longer ., of this complex. On
the other side, the higher excitation energy results in the shorter
Amae The excitation energy is directly linked with the HOMO
and LUMO gap; with a smaller gap between the HOMO and
LUMO, a lower excitation energy is required for electronic
excitation and vice versa, which affects the 4. The pure g-C;N,,
has the highest gap of 7.58 eV, and it has the lowest 4., of 250
nm (see Figure 8). All doped complexes of g-C3N, follow the
same trend of an increase in A,,,,, with a decrease of the HOMO—
LUMO gap except TAA@Li/g-C;N, and BA@Li/g-C;N,.
Comparatively, TBA@Li/g-C;N, has the lowest gap of 3.27,
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Figure 7. UV—vis analysis of g-C;N, and Li/g-C;N, with their complexes.
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Figure 8. Inverse relationship between the A, and energy gaps of g-
C;N, (A) and TBA@Li/g-C;N, (B4).

and it has the highest 4., of 1049 nm among all complexes. Xia
et al. also observed the A,,,, between 430 and 800 nm when g-
C;N, quantum dots interact with BiOBr,”" which justifies our
results

The reduction in energy gaps results in a decrease of the
excitation energies, and ultimately, high absorption maxima are
obtained (as discussed vide supra). In the A (1—4) series
complexes, the excitation energy is higher, so the wavelength is
shorter. In the case of B (1—4) complexes, the excitation energy
is lower, and the wavelength is high, which is reflected in their
values (Table 2). The only thing that we can see here is that the
excitation energy of Li@complexes B (1—4) is much lower,
which is responsible for the longer wavelength (shifts in UV—vis
spectra). From the overall results of UV—vis analysis, we can
conclude that Li/g-C;N, can act as a good optical sensor for
hazardous molecules as they show 4, in the visible region of
the electromagnetic spectrum.

3. CONCLUSIONS

Herein, we demonstrated the sensing of hazardous molecules
including acetamide (AA), benzamide (BA), and their thio-
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analogues (thioacetamide (TAA) and thiobenzamide (TBA))
by using heptazine-based graphitic (g-C;N,) and Li metal-
doped g-C;N, quantum dots. All the calculations were carried
out at the wB97XD/6-31G

(dp) level of theory. The interaction energies (E,,) are
observed in the range of —17.20 to —29.72 kcal/mol for analyte
g-C;3N, complexes and —20.98 to —30.98 kcal/mol for analyte Li
metal-doped g-C;N, complexes. In both cases with or without Li
metal doping, the highest interaction energy is observed for the
benzamide (BA) analyte. The interaction energy of benzamide
and thiobenzamide is improved in Li/g-C;N, quantum dots,
whereas g-C;N, gave better response for acetamide (AA) and
thioacetamide (TAA). NCI and QTAIM analyses also
evidenced the presence of significant noncovalent dispersion
and electrostatic forces in g-C3N, and Li/g-C;N,. Subsequently,
the electronic properties reveal that doping of g-C;N, with
lithium metal appreciably increases the conductivity of the
quantum dot. Charge decomposition analysis (CDA) shows the
prominent donation of electrons from g-C;N, to acetamide and
benzamide, whereas backdonation is more prominent in their
thio-analogues. Meanhwile, in Li/g-C;N,, backdonation is more
efficient in all the reported complexes. Finally, UV—visible
analysis shows the redshift for all the reported complexes of g-
C;N,. Meanwhile, in Li/g-C;N,, a high redshift is observed in
AA@Li/g-C;N, and TBA@Li/g-C;N, complexes, while a
blueshift is observed in TAA@Li/g-C3N, and BA@Li/g-C;N,
complexes. Overall results conclude that Li/g-C;N, can be an
effective electrochemical sensor for selected analytes, whereas
UV results suggest that g-C3N, can be an efficient optical gas
sensor for selected toxic molecules due to the prominent
redshift. Li/g-C;N, can only be used as an optical gas sensor for
acetamide and thiobenzamide toxic molecules. If we talk about
only benzamide, which is the most stable toxic molecule out of
all reported molecules, we can conclude that Li/g-C;N, gave
better interaction energy and can be a good electrochemical
sensor for benzamide toxic molecules. Moreover, when
compared, Li/h-g-C;N, quantum dots can be a potential
candidate for electrochemical applications, whereas g-C3N, can
be a potential candidate for optical applications.
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4. COMPUTATIONAL METHODOLOGIES

The structural optimization and result visualizations were
carried out using Gaussian 09°% and GaussView 5.0”° software
packages, respectively. ®B97XD/6-31G(d,p)’* was employed
for the geometry optimization and interaction energy calcu-
lations of pure g-C;N, and Li/g-C;N, quantum dots. Cui and
Yang developed the @B97XD density functional and found it to
be the most reliable and accurate for the calculations of
noncovalent interactions. It is a long-range corrected hybrid
density functional”>”® and has already been employed on g-
C;N, sensing for neurotoxins’””® and other chemical warfare
agents.””” Moreover, the adsorption of pesticides’”® on a
similar surface (C,N) was also studied on the wB97XD/6-
31G(d,p) level of theory. Based on these studies, the
implementation of the above-mentioned level of DFT is justified
in such types of analyses. Therefore, we employed the
calculations on the ®B97XD/6-31G(d,p) method. Among all
possible orientations (Figure S1), the lowest-energy structures
on the potential energy surface were chosen for further analysis,
which are displayed in Figure 3. The convergence criteria for
optimization were a maximum force less than 4.5 X 107*
hartree/bohr with a root-mean-square force less than 3.0 X
10™* hartree/bohr and a maximum displacement less than 1.8 X
1073 hartree/bohr with a root-mean-square displacement less
than 1.2 X 1072 hartree/bohr. All these quantitative parameters
ensure the accuracy of the results.

The interaction energies of g-C;N, and Li/g-C;N,, with toxic
analytes were performed by using the equations given below:

Eint = [Eanalytes@g—C3N4 - (Eg—C3N4 + Etoxic analytes)] (1)

Eint = [Eanalytes@Li/g—C3N4 - (ELi/g—C3N4 + Etoxic analytes)]
(2)

where E uiptes@g-cang Eanalytes@Li/g-cang, Eg-cang, ELi/g-cang, and
Ejoxic analytes Tepresent the energy of pure g-C3N, and the Li/g-
C;N, complex, surfaces of g-C3N, and Li/g-C3N,, and toxic
analytes, respectively. The harmonic vibrational frequency
calculations were carried out at the wB97XD/6-31G(d,p)
level of theory in order to obtain the zero-point vibrational
corrections to interaction energies as well as to check the true
minima of reported complexes with no imaginary frequency.
The strength and nature of interactions were further studied by
noncovalent interaction (NCI) and quantum theory of atoms in
molecules (QTAIM) analyses.”” NCI analysis is a visual
approach to elaborate the noncovalent interaction and a helpful
tool for understanding the nature of interactions. In NCI
analysis, the RDG graph follows the equation shown below.

_ 1 IVpl
2(371'2)1/3 p4/3 (3)

where p represents the electronic density and Ap represents the
gradient of electronic density, whereas sign(42)p(r) differ-
entiates attractive (when A2 < 0) and repulsive (42 > 0)
interactions. Both properties are observed by utilizing Multiwfn
3.8 software.”” We used the aforementioned level of theory for
the observations of other electronic properties, including
energies of the HOMO and LUMO, HOMO—-LUMO energy
gaps, and natural bond orbital (NBO) analysis. NBO 7.0
software was used to calculate the NBO charges.100 Moreover,
the charge decomposition (CDA) analysis was carried out to
study and visualize the charge separation between surfaces and
selected analytes.'”" The UV—vis calculations were performed

to observe the electronic transitions upon the interaction of g-
C;N, and Li/g-C;N, surfaces with the toxic analytes. The TD-
DEFT calculations for UV—vis absorption spectra were simulated
with a total of 40 states; half of them were singlet states, and the
other half were triplet states.
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