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ARTICLE INFO ABSTRACT

Keywords: C4N is a novel porous two-dimensional material with fascinating electronic and chemical properties. Thereby, the

C4N_nfm°ﬂake sensing ability of C4N is the most aspect topic of research nowadays. In this study, potential application of C4N

Is)eSt‘F‘des nanoflake as a chemical sensor for the toxic pesticides has been investigated using density functional theory
ensing

calculations. The sensing ability of C4N for pesticides is evaluated through the interaction energy, noncovalent
interaction index (NCI), quantum theory of atoms in molecule (QTAIM), molecular orbitals and CHELPG charge
transfer analyses. The first principle calculations on ®B97XD/6-31G(d, p) level of DFT show that the C4N is
selectively sensitive to Dichlorodiphenyltrichloroethane (DDT), Fenitrothion (FNT), Dimethoxy (DMDT), Ronnel
(RN) and Fenthion (FT). The interaction of pesticides leads to the significant changes in the electronic structure
of C4N. The observed sequence of interaction energy of our reported complexes is DDT@C4N > FNT@C4N >
DMDT@C4N > RN@C4N > FT@Cy4N. The electronic structure changes can be demonstrated from two aspects: the
strong interaction between pesticide molecule and C4N, the variation in HOMO-LUMO orbital energies and
charge transfer from C4N to pesticide. The charges distribution between analytes and C4N nanoflake on inter-
action is analyzed by the electron density differences (EDD) and charge decomposition analysis (CDA). Our
results reveal the potential application of C4N in electronic and sensor devices especially for the detection of toxic

Density functional theory

chemicals.

1. Introduction

Chemical sensors are important devices that are used extensively for
the detection of environmental pollutants [1-4]. From the last few de-
cades, covalent organic frameworks [5,6], metal-organic frameworks
[7-9], metal oxides [10,11], graphene [4,12], clusters [13,14] and
2-dimensional (2D) sheets [15,16] are extensively explored materials in
sensor devices. Owing to their high sensitivity, selectivity and quick
response, these materials have attracted the attention of the scientific
community. This might be due to the high chemical & mechanical sta-
bility and extraordinary optical and electrical properties of carbon
nitride sheets. Literature reveals that the C;N and C3N have been widely
studied in gas sensing applications [17-19]. For example, Yar et al. [20],
used CyN for selective detection of NH3 and HyS from a mixture of
warfare agents (NHs, PH3, NF3, NCl3, HyS, HCN and COCl3). Another
report explored the sensitivity and selectivity of C3N sensor toward NOs,
SO3, NO and NO; gases [18]. These and many other studies [19,21-2.3]
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attribute the high sensing abilities of CoN and C3N sheets toward gaseous
molecules. However, the sensing utility of their novel analogue i.e., C4N
still needs to be explored. Although, C4N is not explored as a gas sensor,
however, it has been applied in various other fields. Recently, Li et al.
used C4N as a catalyst for oxygen reduction reaction [24].

In 2020, C4N is firstly reported by Li et al. [24], and postulated that
C4N is a conjugated nonmetallic organic polymer with a thin sheet-like
structure containing repeating pyrazine units. The mechanical and
electronic structures of C4N is confirmed by various experimental
techniques such as fourier transform infrared (FT-IR) and nuclear
magnetic resonance (NMR) [24]. C4N exhibits high chemical stability,
great thermal resistance, extraordinary charge transport properties due
to the m-conjugated system. Pyrazine nitrogen in C4N triggers the
intramolecular charge transfer which enhances the binding affinities of
C4N for various foreign entities [24]. In this study, we became interested
in exploring the sensing ability of C4N for toxic pesticides.

Extensive use of agrochemicals (pesticides) to prevent agriculture
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energetic, electronic, and optical properties.

Journal of Physics and Chemistry of Solids 160 (2022) 110345

Dichlorodiphenyltrichloroethane
(DDT)

Dimethoxy-DT (DMDT)

Ronnel (RN) Fenthion (FT)
; *r
Ii| H—C—H H H—(l:—H
H—C—0Q L )
k|| \P/ ° H /\P\/
o\ N
S
H H & o
cl .
S
O\P// H !
_C
li' /\O H H \H
—i—d | ° Ly
H H—C—H ¢
| Cl £ H
H H

Fig. 1. Molecular structures of Dichlorodiphenyltrichloroethane (DDT), Dimethoxy-DDT (DMDT), Fenitrothion (FNT), Ronnel (RN) and Fenthion (FT).

crops from insects and pests to increase the yield has led to environ-
mental pollution with toxic residues. According to the research of
Pimentel et al., only 0.3% of applied pesticides are used for pest killing
while about 99.7% are mixed with the environmental gases [25]. Thus,
pesticides poisoning accounts for approximately 300,000 deaths annu-
ally [26]. The pesticides cause many disorders including cancer,
neurological, respiratory, reproductive, endocrine and DNA damage
[27-30]. Generally, pesticides are divided into different classes based on
the mode of action i.e., herbicides, fungicides, insecticides, etc. While,
based on their chemical structures, pesticides are classified as, organo-
phosphates, carbamates, organochlorines etc. Among them, the organ-

Bu

Dimethoxy (DMDT), Ronnel (RN) and Fenthion (FT) (Fig. 1), cause a
more drastic effect on the living organisms [36]. For instance, Feni-
trothion, Dimethoxy, Ronnel and Fenthion show some genotoxic effects
and also cause cardiovascular diseases, dementia, and neurological
disorders [31]. Moreover, DDT exposure can cause tremors, paralysis,
excitability, muscle twitch, anemia, vomiting, seizures, nausea, hyper-
pyrexia, ataxia, and many others in humans [32]. Many studies reveal
that the most chronic effect of these pesticides especially DDT on the
female is breast cancer [33-35]. FNT produces cytotoxic effects on the
liver and lungs of patients which ultimately causes death [36]. The
chronic effects of DMDT, RN and FT are similar to those caused by DDT
and FNT. Therefore, the detection of these toxic molecules in the topic of
significant scientific interest.

Bc
B~

ophosphate and organochloride pesticides namely,
Dichlorodiphenyltrichloroethane (DDT), Fenitrothion (FNT),
Front View
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Fig. 2. Optimized structure of C4N (Front view and Side view).
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Fig. 3. The optimized geometries of DDT@C4N, FNT@C4N, DMDT@C4N, RN@C4N and FT@C4N complexes with interacting distance (Dj,,) (Where grey: C, white: H,

red: O, yellow: S, orange: P, green: Cl, and blue: N).

Although, the 2D carbon sheets [37], metal oxide [38,39], synthetic
polymers [40] have been used for the sensing of toxic chemicals as well
as organophosphate pesticides. However, the research to explore the
best sensor material with excellent sensitivity for the detection of toxic
chemicals is still under investigation. Recently, graphene-like heter-
oatomic nanomaterials such as phosphorene [41,42], tellurene [43],
bismuthine [44], arsenene [45] have attracted great attentions of
researcher due to their high mechanical strength and fascinating elec-
tronic properties. On the other side, significant efforts have been made
to improve the semiconducting properties of graphene by controlling
construction of 2D nitrogenated holey graphene [46] i.e., CoN and C3N,
etc. The C4N is quite comparable to that of holey graphene analogues

because the hybridization of C/N atoms of C4N is sp> and the remarkable
band structure with the Fermi velocity of 2.6 x 10° m/s at the Dirac cone
[47]. Thus, the researchers claimed that C4N is a promising material for
applications in high speed opto-electric devices. Here, we explore the
sensitivity and selectivity of C4N towards toxic pesticides via geometric,
energetic, electronic, and optical properties.

2. Computational methodology
All calculations are performed at Gaussian09 [48] software while the

results are analyzed by GassView5.0 [49] software. For comparison,
®B97XD and MO052X-D3 (employing Becke Johnson damping (BJ))
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Table 1
Counterpoise corrected interaction energies (Ecp) in unit of kcal/mol, interacting
atoms (Ajny), interacting distance (Dj,,) of analytes@C4N complexes.

Analyte@C4N Aint Dint (A) Ecp (WB97XD) Eep (M052X)
DDT@C,N Hiso-Nag 2.40 —24.37 _21.77
Hi61-Ni20 2.45
His59-N26 2.69
Hi61-N11s 2.81
Ciag-Hiz 2.84
FNT@C4N O140-Hi22 2.45 —-21.79 —21.70
His7-Ni1s 2.56
Hiso-Nsg 2.57
Hi50-Nsg 2.58
DMDT@C4N Hj50-N120 2.29 —21.43 —18.27
Hig0-Noa 2.45
O140-Hiz1 2.46
Hi69-N26 2.54
Hi62-Ci03 2.64
His50-N11g 2.87
RN@C4N Hj56-Nog 2.52 —19.90 —19.39
O140-H3o 2.63
His2-N11g 2.66
His2-N116 2.76
FT@C4N Hj61-Nso 2.56 —15.29 —-13.37
Hy61-Ns3 2.58
S138-Hea 2.83

functionals along with 6-31G(d, p) basis set are used for geometry
optimization of pure C4N (Fig. 2) and all the respective complexes with
selected pesticides (Fig. 3). ®B97XD is a hybrid DFT, long-range
dispersion corrected functional which performs exceptionally well for
noncovalent interacting systems [50-52]. On the other hand, M05-2X is
also a well know functional for noncovalent interaction with double
nonlocal exchange contribution [53], however, Grimme’s dispersion
(D3BJ) has also added to further refine the interaction energies [54].
The interaction energies of the optimized complexes are calculated by
the expression below:

Eint = Eanalyles@C4N - (EC4N + Eanalytes) +BSSE____ 1

Where, Eanalytes@cans Ecan, Eanalytes represent the energies of complex,
surface (C4N) and individual analytes (pesticide), respectively. The
counterpoise method is implemented to remove basis set superposition
error (BSSE), which arises due to overlapping of finite basis set. In order
to investigate the nature and strength of interactions between C4N and
Pesticides, noncovalent interaction index (NCI) and quantum theory of
atoms in molecules (QTAIM) analyses are performed using Multiwfn3.6
software [55]. The electronic response of C4N toward pesticide molecule
is measured by calculating the variation of electronic properties upon
complexation. The electronic properties including HOMO-LUMO gap
and NBO charge transfer are calculated at ®B97XD/6-31G(d, p) level of
theory. The density of state analysis is also performed via GaussSum
package [56], for the confirmation of shifting of orbitals on interaction
with pesticide molecules. Furthermore, the charge decomposition
analysis (CDA) is performed to quantify the donor-acceptor relationship
between the interacting analytes and C4N. Lastly, time-dependent den-
sity functional theory (TD-DFT) calculations are performed to study the
variation in the optical properties of C4N on interaction with pesticides.

3. Results and discussions
3.1. Optimized geometries and their stability

The analytes including DDT, DMDT, FNT, RN and FT are adsorbed on
C4N surface which result five complexes namely, DDT@C4N,
DMDT@C4N, FNT@C4N, RN@C4N and FT@C4N, respectively. A num-
ber of orientations of each analyte on C4N are studied to get the most
stable geometries. These orientations are carefully and judiciously built
by evaluating electrophilic and nucleophilic sites of C4N and analytes
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from molecular electrostatic potentials (MESP) analysis (see Fig. S1).
Thus, the geometries are constructed in such a way that the electrophilic
site of pesticides sits on the nucleophilic site of C4N, vice versa. The most
stable complexes are displayed in Fig. 3 while the other possible inter-
action geometries with their relative energies (Hartree) are given in
supplementary information (Figs. S2-S6). As mentioned above, the BSSE
corrected energies of all the complexes are calculated at ®B97XD and
MO052X-D3 functionals for a better analysis of interaction stabilities. The
counterpoise interaction energies of complexes are listed in Table 1.
Expectedly, the complexes reflect the higher stability at ®B97XD/6-31G
(d, p) level of theory, however, the trend of interaction stability of
complexes is quite comparable in the both functionals. The discussion is
limited only to the results generated at ®B97XD functional.

Like interaction energies (Eiy¢), the interaction distances (Djn¢) play a
pivotal role in describing the interaction strength and behavior. These
interaction parameters of the stable complexes are also listed in Table 1.
Although, there are multiple interactions possible, but the discussion is
only limited to the least interaction distance for the ease of under-
standing. The results reveal that the interaction energy of the DDT@C4N
complex is the highest which illustrates the high sensitivity of C4N to-
wards DDT. The Ey¢ of the DDT@C4N complex is —24.37 kcal/mol along
with the interaction distance of 2.40 A between the His9 and Noy (refer
to Fig. 3). Among various interaction distances (listed in Table 1), the
discussion is only made on the least distance between analytes and C4N.
The structure of the DDT@C4N complex in Fig. 3 illustrates that the
molecule of DDT shows maximum interaction with a single unit of C4N
which might be due to the high flexibility and the torsion between the
aromatic rings of the DDT molecule [32]. The next highest interaction
energy is calculated for FNT@C4N complex that is —21.79 kcal/mol. The
small interaction distance (2.45 A) between 0140 of FNT and Hyo5 of C4N
results in higher stability of the complex. The higher stability of the
FNT@C4N complex might be due to the maximum interaction between
FNT and C4N. The molecular size of FNT is 9.94 A and it can be easily
accomodated in the cavity of C4N with the pore size of 13.97 A. More-
over, the terminal oxygen atoms of the nitro group at the para position of
the aromatic ring of FNT enhances the interaction stability of FNT@C4N
complex.

The thermodynamic stability of FNT@C4N is followed by the
DMDT@C4N complex. The interaction energy and the interaction dis-
tance (H;50-Np20) in the DMDT@C4N complex are —21.43 kcal/mol and
2.29 A, respectively. The DMDT molecule cannot fully accommodate in
the cavity of C4N due to the large size of the molecule which might be
the reason for decreasing interaction stability as compared to the
DDT@C4N and FNT@Cy4N. Lastly, the RN@C4N and FT@C4N complexes
show the least stability based on their interaction energies. The Ejy of
RN@Cy4N and FT@C4N are —19.90 and —15.29 kcal/mol, respectively.
The interaction distances (Djn;) in RN@C4N (Hi56-Nog) and FT@C4N
(Hy61-N52) complexes are 2.52 A and 2.56 ;\, respectively. Due to the
lack of terminal oxygen atoms in RN, the interaction energy is low in the
RN@C4N complex. However, the mode of interaction is completely
switched to out of the cavity in the FT@C4N complex, probably due to
the larger molecular size of FT (11.23 A). Thus, FT cannot accommodate
inside the cavity. Therefore, FT interacts exohedrally with the C4N
surface in order to minimize the possible repulsion. Based on these re-
sults, the thermodynamic stability trend is as followed; DDT@C4N >
FNT@C4N > DMDT@C4N > RN@C4N > FT@CyN. The interaction en-
ergies of pesticides are compared to the interaction energies of pesticides
on other surface to better judge the efficiency of C4N. Chandiramouli
et al. [32], studied the interaction of DDT on the p-antimonene nano-
tube. In their study, the maximum reported interaction energy of the
DDT@SbNT complex is —0.208 eV (—4.84 kcal/mol). The interaction
energy of the DDT@C4N complex is nearly five-fold greater than that of
DDT@SbNT complex. In another report, Yadav and coworkers investi-
gated the interactions of chlorpyrifos and malathion pesticides with
graphene oxide surface [57]. The maximum reported interaction energy
is —3.01 kcal/mol. Wang et al. [58], studied the interaction between
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Fig. 4. IR spectra of bare and complexed C4N.

graphene oxide and pesticides (Carbaryl, Catechol and Fluridone). The
reported interaction energies for Carbaryl, Catechol and Fluoridone on
graphene oxide are —19.36, —17.11 and —27.17 kcal/mol respectively.
In our previous study, we reported the interaction of some toxic warfare
agents i.e., A-230, A-232 & A-234 onto the graphdiyne (GDY) [59]. The
interaction energies for these systems are less than 20 kcal/mol. Finally,
it can be concluded that the interaction affinity of C4N is multifold
higher than most of the previously reported adsorbents.

3.2. Infrared (IR) analysis

The infrared analysis plays pivotal role in investigating the interac-
tion mechanism [60]. Literature reveals that the noncovalent forces
generate additional peaks in the neat IR region [52,61]. Herein, the IR
spectra of bare and complexed C4N are generated through harmonic
approximation or vibrational analysis. These spectra of bare and com-
plexed C4N are given in Fig. 4. Among all the fluctuations in the region
between 400 and 1000 cm’l, the new peaks at 801, 858, 855, 854 and

853 cm! in the IR spectra of DDT@C4N, FNT@C4N, DMDT@C4N,
RN@C4N and FT@C4N complexes, respectively appear due to the
stretching vibrations between the atoms of analytes and C4N nanoflake.

3.3. Noncovalent interaction index (NCI) analysis

NCI analysis is performed to visualize the non-covalent interactions
between C4N and analytes. The NCI describes the strength and nature of
interactions such as steric repulsion, hydrogen bonding and van der
Waals forces [51]. The interactions are differentiated by different colors
including, red, blue and green for steric repulsion, hydrogen bonding
and van der Waals forces (dispersion), respectively. The NCI results are
plotted as reduced density gradient (RDG) isosurfaces and scatter graphs
of complexes. The NCI results of our reported complexes are given in
Fig. 5 and Fig. S7, which clearly illustrate that the weak van der Waals
interaction forces dominate in all the considered complexes. The results
of NCI are well consistent with the trend of interaction energies. For
instance, the more-green spikes can be observed between —0.02 and
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Fig. 4. (continued).

0.01 au of scattering RDG graphs of DDT@Cs4N, FNT@C4N and
DMDT@C4N complexes. However, the number of green spikes reduces
in RN@C4N complex which is further reduced in FT@C4N complex.
These results indicate that the contribution of dispersion forces de-
creases from DDT@C4N to FT@C4N. In the NCI results, the other
contributing factor is steric repulsion which can be seen with red spikes
in RDG spectra ranging from 0.01 to 0.03 au. However, the isosurfaces
show that these steric repulsions are intramolecular which take place
between the atoms of aromatic rings.

3.4. Quantum theory of atoms in molecules (QTAIM) analysis

The nature and strength of interaction between C4N and pesticides
(analytes) are also characterized through QTAIM analysis [61,62]. Ac-
cording to QTAIM analysis, the strength of the bond depends upon the
electronic density (p) whereas bond nature depends on the Laplacian of

electronic density (Vzp) and the sum of electronic densities (H). The
total sum of electron density (H) is the integral sum of potential energy
density (V) and kinetic energy density (G) given in equation (2).

H=V + G—— 2

The results of QTAIM parameters are given in Table 2 while the
critical points are given in Fig. 6 and Fig. S8. According to the results,
FNT@C4N and FT@C4N complexes have the values of electron density
(p) less than 0.1 au along with positive values of Laplacian (V2p) which
depicts the presence of weak noncovalent interactions. On the other
hand, the values of p for bond critical point (BCP) 239 and 233 for
DDT@C4N and DMDT@C4N complexes, respectively are greater than
0.1 au along with the negative values of Laplacian (V2p) which indicate
the presence of strong noncovalent interactions. Although, the RN@C4N
complex, the values of electron density for 259, 267, 303, 339 and 343
bond critical points (BCPs) are greater than 0.1 au along with the
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Fig. 5. NCI iso-surfaces of DDT@C4N complex and RDG graphs of analyte@C4N complexes.

negative values of Laplacian (V2p), but the interaction is still considered
is weak noncovalent because of the larger interatomic distances (>2.5
A) between interacting atoms. Overall, it can be postulated that the
weak van der Waal forces (dispersion) dominate in the stability of
complexes.

3.5. Electronic properties

After the geometric analysis, the variation in electronic parameters is
computed to measure the sensitivity of C4N towards analytes. In this
regard, the energies of HOMO and LUMO orbitals along with their en-
ergy gaps (Eg,p) are computed using ®B97XD/6-31G(d, p) level of the-
ory. The Exomo, Erumo and respective energy gaps (Egap) of bare and
complexed C4N are given in Table 3. The HOMO and LUMO energies of
bare C4N are —8.06 eV and —1.20 eV, respectively. The Eg,;, of bare C4N

is 6.85 eV. In the literature, the energy gaps between HOMO and LUMO
orbitals of C4N are 1.41 [24] and 1.97 eV [63] reported by Yu et al. Our
reported Eg of C4N is significantly different than that of the values ob-
tained by Yu and coworkers which is due to the different choice of the
density functional level of theory. For example, in the previous studies,
the author calculated the results at the B3LYP/6-31G(d, p) level
whereas, our results are obtained at the long range ®B97XD/6-31G(d, p)
DFT level. For comparison, we have also calculated the Eg of bare C4N at
the B3LYP/6-31G(d, p) which is about 2.09 eV. At this point, we can
assume that the accuracy of the results depends upon the selection of
suitable functional. Furthermore, from the results, it is revealed that the
energy gap of C4N decreases upon complexation with analytes which
ultimately indicates the change in the conductivity. The observed Eg,j, in
DDT@C4N, FNT@C4N, DMDT@C4N, RN@C4N and FT@C4N complexes
are 6.75, 6.55, 6.30, 6.69 and 6.74 eV, respectively. The decrease in the
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Table 2

QTAIM results of DDT@C4N FNT@C,4N, DMDT@C4N, RN@C4N and FT@C4N
complexes. Where BCPs (bond critical points), p (electron density), Vzp (Lap-
lacian electron density), G (kinetic energy density), V (potential energy density)
and H (sum of electron density).

BCPs  Analyte “C4N  p v G v H
DDT@C,4N

215  Hie-Nig 0.0066  0.023 0.0046  —0.0035  0.00111
219 Hje-Nigo 0.0114  0.031 0.0073  —0.0069  0.00040
229 Cyso-Hizg 0.0046  0.014 0.0028  —0.0020  0.00081
237 Clysg-Higyy 0.0067  0.024 0.0046  —0.0032  0.00145
239 C5-Ciq 0.3561 —0.947 0.3617 —0.9603  —0.59859
248  Cys-Hize 0.0033  0.011 0.0020  —0.0013  0.00068
249  Cys-Hysy 0.0111  0.042 0.0085  —0.0065  0.00198
262 Cisg-His 0.0078  0.023 0.0049  —0.0040  0.00101
285  Hise-Nag 0.0075  0.022 0.0049  —0.0042  0.00069
293 Hiso-Nag 0.0082  0.028 0.0059  —0.0046  0.00119
307  Hiso-Nag 0.0130  0.034 0.0084  —0.0081  0.00029
315  Cy47-Nag 0.0053  0.016 0.0035  —0.0028  0.00065
320  Ciso-Hgp 0.0049  0.016 0.0032  —0.0023  0.00077
343 Ci55-Cas 0.0031  0.009 0.0018  —0.0014  0.00046
373 CliaCq 0.0063  0.019 0.0039  —0.0029  0.00096
FNT@C,N

213 HisyNigg 0.0092  0.029 0.0064  —0.0053  0.00105
238 Oj4-Hiz 0.0097  0.030 0.0072  —0.0068  0.00042
250  Ciae-Hing 0.0064  0.020 0.0040  —0.0028  0.00115
251 O141-Hiao 0.0050  0.018 0.0037  —0.0029  0.00083
257  Opy-Hizm 0.0055  0.021 0.0043  —0.0037  0.00091
257 Os40-Hizo 0.0055  0.021 0.0043  —0.0037  0.00091
259  Hje-Hoy 0.0048  0.020 0.0037  —0.0024  0.00131
268  Oj39-Hgy 0.0055  0.020 0.0044  —0.0036  0.00076
279  Hie3-Ngs 0.0068  0.023 0.0048  —0.0037  0.00103
293 Hies-Nas 0.0077  0.023 0.0050  —0.0043  0.00073
320  Cy-He 0.0022  0.007 0.0013  —0.0009  0.00044
322 Cis-Heo 0.0021  0.007 0.0013  —0.0009  0.00043
326 Siss—Heo 0.0033  0.009 0.0018  —0.0011  0.00061
340  Hieo-Heo 0.0035  0.012 0.0023  —0.0014  0.00082
352 Hisg-Hsg 0.0033  0.012 0.0022  —0.0014  0.00080
359 Hiso-Nse 0.0093  0.028 0.0063  —0.0055  0.00081
362  Hijso-Nsq 0.0092  0.028 0.0062  —0.0054  0.00084
DMDT@C,4N

203 Cuo-Cinn 0.0063  0.019 0.0040  —0.0031  0.00092
216 Hiea-Cios 0.0081  0.027 0.0056  —0.0043  0.00130
233 Hieo-Nag 0.2861 —1.049  0.0389 —0.3401  —0.30118
248 Clyzo-Ciro 0.0028  0.009 0.0017  —0.0012  0.00048
249 Hjso-Nigo 0.0154  0.042 0.0102  —0.0099  0.00035
254  Hisg-Cios 0.0072  0.022 0.0045  —0.0037  0.00106
268  Clyso-Hoy 0.0023  0.008 0.0014  —0.0009  0.00046
270  Hies-Hizg 0.0057  0.021 0.0039  —0.0026  0.00133
208 Oj40-His 0.0097  0.030 0.0071  —0.0067  0.00039
323 Hieo-Nag 0.0099  0.031 0.0068  —0.0059  0.00087
330  Clysy-Hise 0.0000  0.000 0.0000  —0.0000  0.00000
341 Hy67-Hao 0.0031  0.011 0.0019  —0.0012  0.00073
RN@CsN

199  Clize~Cqo 0.0054  0.017 0.0034  —0.0025  0.00092
206  Clygs-Nsg 0.0055  0.017 0.0036  —0.0029  0.00075
207 Clyss-Nsg 0.0028  0.010 0.0021  —0.0015  0.00054
234 C43-Cq2 0.0067  0.019 0.0039  —0.0031  0.00082
259  Oi40-Hso 0.3432 -1.041 0.2974 -0.8551 —0.55777
267  Ci4g-Nag 0.2783  —0.725 0.0655 —0.3124  —0.24697
283  Hise-Nag 0.0244  0.187 0.0377  —0.0285  0.00919
303  Ojs39-Hizy 0.3024 —0.828 0.0853 -0.3778  —0.29246
305  Syge-Hizo 0.0011  0.003 0.0006  —0.0004  0.00024
309  Clyss-Ciro 0.0164  0.123 0.0236  —0.0164  0.00724
339 Hisp-Nigg 0.3283  —0.931 0.1145 -0.4619  —0.34744
343 Hiso-Nige 0.3238  —0.902 0.1115 —0.4487  —0.33720
FT@C4N

178  Hie1-Nsa 0.0098  0.032 0.0069  —0.0059  0.00103
188  Hjss—Nss 0.0026  0.009 0.0018  —0.0012  0.00059
190  Hy6-Nss 0.0091  0.026 0.0060  —0.0054  0.00066
206  Ci4g-Ns3 0.0064  0.020 0.0042  —0.0034  0.00081
244 C47-Ca3 0.0074  0.021 0.0045  —0.0035  0.00095
274 Sy3g-Heg 0.0089  0.026 0.0055 —0.0043  0.00116
291 S138-Cro 0.0042  0.012 0.0023  —0.0017  0.00066
301 Hi64~Cso 0.0061  0.020 0.0039  —0.0028  0.00110
307  Hies-Crs 0.0198  0.156 0.0303  —0.0217  0.00864
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Eg of C4N upon complexation with pesticide molecules indicate the
lowering of semiconducting properties. The trend of semiconducting
nature of complexes is as follow: DDT@C4N > FT@C4N > RN@C4N >
FNT@C4N > DMDT@C4N. The lowering of Egap of C4N is due to the
shifting of LUMO (virtual) orbitals toward Fermi energy level upon
complexation. The shifting of virtual orbitals towards Fermi energy level
can be observed from the density of state (DOS) spectra. The DOS spectra
of bare and DDT@Cy4N are given in Fig. 7 whereas, DOS spectra for
FNT@C4N, DMDT@C4N, RN@C4N and FT@C4N complexes are given in
the supplementary information (Fig. SO and Fig. S10). The DOS spectra
illustrate that the more pronounced shifts of orbitals are seen in the
DMDT@C4N complex, where the virtual orbital shifts from —1.20 eV
(bare C4N) to —1.31 eV in DMDT@C4N complex. Similarly, the virtual
orbitals of FNT@C4N, DMDT@C4N, RN@C4N and FT@C4N complexes
are shifted to —1.34, —1.24, —1.34 and —1.24 eV. Due to the shifting of
virtual orbitals towards the Fermi level, the energy gaps of complexes
reduce which results the increase in conductivity of the systems.
Thereby, the transfer of charge takes place between interacting species.
To measure the amount of charge transfer upon complexation, the
CHELPG charge transfer [64,65] analysis is performed. The amount of
CHELPG charge transfer in DDT@C4N, FNT@C4N, DMDT@C4N,
RN@Cy4N and FT@C4N complexes is —0.22, —0.20, —0.15, —0.13 and
—0.15 e—, respectively.

3.6. Electron density differences (EDD)

Electron density difference (EDD) analysis is performed to visualize
the charge separation between analytes and C4N upon complexation.
The EDD isosurface of DDT@C4N is given in Fig. 8, however, the iso-
surfaces of FNT@C4N, DMDT@C4N, RN@C4N and FT@C4N are dis-
played in the supplementary information (Fig. S11). In EDD, the
electronic density is differentiated by two colors such as red and blue
which indicate the decrease and increase of electron density, respec-
tively. Fig. 8 shows the large electronic density on the DDT molecule
which is very much consistent with the CHELPG charge transfer anal-
ysis. The electronic density shifts from Njp0 and Nj1g of C4N to the Higy
of DDT. Moreover, the chlorine atom of DDT also fetches the n-electrons
of the aromatic ring from the other side of C4N. However, the isosurface
of the FNT@C4N complex depicts the equal distribution of charge den-
sity on all the atoms of the complex because the analyte (FNT) is equally
interacting from all the sides of the surface. In addition, the more elec-
tron density (blue color) is located between the Hgy of C4N and O;39 of
FNT (Fig. 8) which attributes the significant donation of electrons that
takes place through this particular site of interaction. Similarly, the
electronic densities of DMDT@C4N, RN@C4N and FT@C4N complexes
are more localized between the atoms where interactions are maximum
(see Fig. S11).

3.7. Charge decomposition (CDA) analysis

Charge decomposition (CDA) analysis is performed to analyze the
relative strength of donor-accepter interactions in terms of charge
transfer [66,67]. CDA analysis is simulated to determine the donation
and back donation of charges between C4N (donor) and analytes
(accepter). The results of CDA for analytes@C4N complexes are sum-
marized in Table 4. From the results of donation in complexes, one can
infer that the significant charge is transferred from C4N to RN in the
RN@C4N complex. However, the back donation, the donation of charges
from analyte (FNT) to C4N, is more pronounced in the FNT@C4N com-
plex which might be due to the interaction between the electron rich
oxygen atoms of FNT and electron deficient hydrogen atoms of C4N. In
addition, the value of charge residual in the FNT@C4N complex is
significantly high (—0.623 e™). Furthermore, the negative value also
indicates that the back donation or charge transfer from analyte (FNT) to
surface (C4N) dominates in the complex (FNT@C4N). Expectedly, the
back donation of charges in the DDT@C4N complex is negligible which
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DDT@CN

Fig. 6. QTAIM analysis results of DDT@C4N complex.

Table 3
The electronic parameters including HOMO-LUMO energies, Energy gap, CHELPG charge transfer and UV-Vis results of bare C4N and analyte@C4N.
Properties CsN DDT@C4N FNT@C4N DMDT@C4N RN@C4N FT@C4N
HOMO —8.06 —8.06 —7.89 —7.54 —8.03 —7.98
LUMO -1.20 -1.31 —1.34 -1.24 -1.34 —1.24
Eg 6.85 6.75 6.55 6.30 6.69 6.74
CHELPG - —0.22 —0.20 —0.15 -0.13 —0.15
Note: The unit of HOMO, LUMO and Eg is eV while for CHELPG is e—.
1 — 14 - -
— 505 spectram — 505 spectrum
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Fig. 7. DOS spectra of bare C4N and DDT@C4N complex (at energy x-axis, green vertical lines show occupied orbitals and red show virtual orbitals).

is 0.001 e . Thus, the significant charge transferred is noticed in the
DDT@C4N complex. Moreover, the value of repulsion plays an impor-
tant role to explain the distribution of charge densities between the
donor (C4N) and accepter (analyte). The repulsion between the similar
charges in DDT@C4N, FNT@C,4N, DMDT@C4N, RN@C4N and FT@C4N
complexes are —0.023, 0.355 e”, —0.070, —0.033 e~ and —0.035 ",
respectively. The positive value of repulsion illustrates that the charge
density is accumulated within the interaction region whereas, the
negative value depicts that charge density is moving away from the
interaction region. For example, the HOMO orbitals of FNT@C4N

(Fig. 8) are located in the region where interaction dominates between
the oxygen of para-nitro group FNT and hydrogen of C4N. Thus, the
value of repulsion is positive in the FNT@C4N complex. On the other
hand, the electron rich orbitals are located away from the interaction
region thus, the HOMO orbitals of DDT@C4N, DMDT@C4N, RN@C4N
and FT@C4N complexes are located away from the interacting regions.

4. Conclusion

Potential of C4N surface as electrochemical sensor for pesticides is



M. Asif et al.

Fig. 8. EDD isosurface of DDT@C4N complex representing the charge density
distribution wit the iso-value of 0.004 au.

Table 4
CDA results including donation (d), back donation (b), residual (d-b) and
repulsion (r). The unit of the values in the table is electron (e™).

Complex Donation Back donation(b)  Residual (d-b)  Repulsion
@ (6]
DDT@C4N 0.034 0.001 0.034 —0.023
FNT@C4N 0.077 0.701 -0.623 0.355
DMDT@C4N  0.039 0.026 0.014 —0.070
RN@C4N 0.254 -0.15 0.407 —0.033
FT@C4N 0.019 0.008 0.011 —0.035

explored through DFT calculations. Based on the interaction strength
and adsorption structure, it is found that C4N is a selective sensor of toxic
molecules. Moreover, the interaction of pesticides causes significant
changes in the electronic and structural behavior of C4N because these
analytes can easily accommodate inside the porous cavity of C4N. Thus,
the interaction between C4N and FNT or RN is maximum. The interac-
tion energies of DDT@C4N (—24.37 kcal/mol) and FNT@C4N (—21.79
kcal/mol) are higher than DMDT@C4N (—21.43 kcal/mol), RN@C4N
(—19.90 kcal/mol) and FT@C4N (—15.29 kcal/mol). Moreover, the
HOMO-LUMO gaps are significantly decreased upon complexation with
pesticides, especially in the DMDT@C4N complex. Thus, variations in
electronic properties of C4N are quantified through HOMO-LUMO
charge transfer and CHELPG charge transfer analysis. According to
these electronic parameters, the trend of sensitivity of complexes is a
follow: DDT@C4N > FNT@C4N > DMDT@C4N > FT@C4N > RN@CyN.
This order of sensitivity is much consistent with the energetic analysis.
Finally, from the compendium of this study, we may envisage that C4N
can be a potential candidate for applications in the sensor devices to
detect poisonous molecules.
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