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Inorganic arsenic compounds are frequently found to occur naturally or as a result of mining in soils, sediments,
and groundwater. Organic arsenic exists mainly in fish, shellfish, and other aquatic life and as a result of this, it
may be contaminated in edible consumables such as rice and poorly purified drinking water. Exposure to this

Adsorption . .

S P toxic gas can cause severe lung and skin cancer as well as other related cancer cases. Therefore, the need to
€NsSors . . . . . . . . .

DET develop more efficient sensing/monitoring devices to signal or detect the presence of excessive accumulation of

this gas in our atmosphere is highly demanding. This study has effectively employed quantum mechanical
approach, utilizing density functional theory (DFT) to investigate the nanosensing efficacy of metal-decorated
coronene quantum dot (QD); (Ca*°QD, Al9e¢QD, K9¢°QD, and Mgd“QD) surface towards the efficient trapping
of AsH3 gas molecule in an attempt to effectively detect the presence of the gas molecule which would help in
reducing the health risk imposed by the AsHs. The result obtained from the electronic studies reveals that the
engineered molecules interacted more favorably at the gas and water phase than other solvents, owing to their
varying calculated adsorption energies (Eags). It was observed that the decoration of potassium and aluminum
into the QD surface enhanced the adsorption process of AsHz gas onto K%°QD and A1%°°QD surfaces with a
comparably moderate level of stability exhibited by the said systems, which is evidently shown by the excellent
energy gap (Eg) of 6.9599 eV and 7.3313 eV respectively for the aforementioned surfaces.

1. Introduction

Sensors are used in diverse industries and firms for military, health
care, food processing as well as agriculture for several applications in a
recent industrial landscape. The device that enhances the detection and
transformation of a substance’s quantifiable chemical, biological and
physical qualities into human-readable signals are referred to as sensors.
Ever since the discovery of nanosensors that operate on a nanoscale
(1079 m), the use of traditional sensors has been limited due to the hy-
persensitivity of this nanoscale device. Carbon quantum dots (CQD) are
a fast-metamorphosing new class of zero-dimensional carbon-based
nanosystem (<10 nm) that has recently grown popular due to its
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outstanding sensing properties and has become of great importance after
graphene, carbon materials, and carbon nanotubes. CQD have been
reportedly observed to have the combined advantage of high conduc-
tivity, low purchasing cost, easy surface modification, high stability, low
toxicity, and tunable photoluminescence (PL). As such the morphology
of CQD is highly dependent on the method adopted for synthesis, which
could influence the sensing property of the investigated CQD of interest.
Nanomaterials employed to detect toxic gas include; metal oxide semi-
conductor gas sensors, nanotechnology-based medication delivery, and
functionalized graphene quantum dots. Due to the uniqueness of these
nanodevices owing to the closed electronic shells of its nanoclusters,
functionalized quantum dot graphene has been reported to exhibit
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outstanding physicochemical properties such as large surface area, high
level of purity and stability, excellent electrical, optical, thermal, and
catalytic properties as well as strong mechanical strength. The lumi-
nescence of carbon dotes was theoretically and experimentally investi-
gated using the density functional theory approach by Yu et al. [1], as
such it was observed that theoretical calculation and machine learning
(ML) has become necessary to promote the development of the carbon
dot photoluminescence (PL) field. For this to happen, there must be an
improvement in the computing power and development of new theo-
retical methods which would play a more significant role and act as a
guide to experiment [1]. 2D boron nitride materials as a sensor for
H,SiCl, were investigated by Mohsen Doust Mohammed et al. using the
DFT approach. The result obtained from their study revealed that a
decreasing trend of 5.742, 5.739, and 5.729 eV for boron nitride
aluminum doped nanosheet (BNAld"pNs) was observed from the energy
gap upon adsorption of dichlorosilane (DCS). These results obtained
were observed to correlate strongly with the quantum theory of atoms in
molecule (QTAIM) and adsorption studies for the aforementioned sys-
tems as gallium doped nanosheet (BNGa“°PNs) exhibited comparably
higher adsorption properties and sensitivity towards the detection of
DCS gas than other studied doped surfaces [2]. Similarly, the interaction
of water molecules to coronene and dodecabenzocoronene has been
investigated and thus the result revealed that GDMA analysis of Ca16Hsg
acene as large as DBC gave a value of the carbon quadrupole moment
nearly twice as large in magnitude as previously reported by the white
house and Buckingham. However, the electrostatic and induction con-
tributions due to the interaction of the water molecule with the carbon
quadrupole moments are quite little at the minimum energy structure
and thus is asserted that the water-graphite interaction energy (Ein)
would be reduced in magnitude by only 0.1 kcal/mol. Thus, it was re-
ported that their observation is in tandem with the findings of Bludsky
et al. who used the DFT/CC approach to predict the interaction energy
between water and a single graphite sheet where they obtained —2.8
kcal/mol Ejn¢ for a structure with water molecules situated slightly
above the ring with both hydrogen atoms positioned down [3]. Also, the
sensitivity of silver-graphene quantum dots for vital and harmful ana-
lytes was theoretically studied via the DFT approach by Tabish et al. [4].
After a detailed investigation, they further observed that the interaction
energy of Os@Ag-coronene (—61.06 kcal/mol) is the most stable
molecule while NHs@coronene is observed to exhibit the least stability
of —4.00 kcal.mol ™}, As such, the order of interaction energy and per-
centage (%) reduction in HOMO-LUMO gaps were arranged in order of
increasing stability as O2Age > NH3@Age > CoHsOH@Ags > HaS@Ags.
Thus, silver-coronene composites are highly selective for the sensing of
oxygen as seen to interact more favorably with silver clusters due to
strong Ag....O electrostatic interactions [4]. Green synthesis of fluores-
cent CQD from eleusine coracana as well as its application as a fluo-
rescence turn-off sensor probe for selective detection of Cu®' was
investigated using the DFT approach. The authors observed that Cu®*
preferentially got adsorbed on aromatic C-double bond C (n-bond) of
CQDs whereas other divalent metal form ¢ — bond (s) with the CQDs,
which is in tandem with the calculated HOMO-LUMO band gap and
frontier molecular orbital analysis of the studied molecule [5]. Pro-
foundly, AsHs, a hazardous gas that is extremely reactive and poisonous,
is a significant threat to both human health and the environment. A
strategy for detoxifying AsHg from the environment that has evolved is
its adsorption on functionalized quantum dots. Due to their distinctive
electrical and structural characteristics, metal-functionalized coronene
Co4H1p2-X QDs, such as Mg, Al, and K, have been explored for their po-
tential as AsHs adsorbents.

Descriptively, coronene (Cp4Hjp2) is a polycyclic potent aromatic
hydrocarbon carbon, and it is a well-known nanomaterial that is
frequently employed at all scales. Due to its prominent and virtuosic
components, including its exceptional stability in solar systems and
mechanical, thermal, and conductive properties, this inestimable
nanomaterial is widely used in a variety of sectors. Given the previously
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mentioned exceptional qualities of hexagonal crystalline coronene made
from graphene, it has been shown that coronene can serve as bio-probes
and has a significant role in biological studies such as DNA cleavage,
charge-transporting, electroluminescent, sensing, and other varied ap-
plications [6]. Interestingly, the selected metals were chosen due to their
unique chemical properties of forming oxides when exposed to air.
These oxide layers can act as protective barriers against further oxida-
tion, which helps to prevent corrosion of the underlying sensor surface.
Secondly, these metals are abundant and low-cost., making them
attractive choices for large-scale production. Interestingly, research has
revealed that the selected metals are biocompatible, which implies they
are suitable for use in medical and biological applications where the
sensor surface may come into contact with living tissue [7,8]. Most re-
searchers have recently been intrigued by the exceptional features of
coronene to computationally examine the effectiveness of this nano-
structure in trapping dangerous gases. Arsine (AsHs) is a minute mole-
cule that can easily percolate the human cellular respiratory tract
thereby causing injury and death due to its alarming toxicity. Since
arsenic is found to occur naturally in the environment through the
biological activities of fungi and bacteria, most people are prone to
easily contract this toxic gas by drinking water, breathing as well as food
consumption [9]. Concurrently, in recent investigations, the adsorption
mechanism and sensing of AsHg, NH3, and PH3 on metal-functionalized
materials have been investigated using density functional theory (DFT).
For instance, Luo et al. [10] investigated the adsorption of AsHg, NH3,
and PH3 on graphene doped with rare-earth metals (REM=La, Ce, Nd,
Pm, Sm, Eu, and Gd) using DFT calculations. They discovered that AsHs,
NH;s, and PH3 molecules attach to the functionalized graphene’s REM
sites via their lone pair of electrons and that the adsorption energy in-
creases as the concentration of REM does as well. Accordingly, their
study revealed that the graphene in its purest form shows only weak
physisorption to the gas molecules AsHs, NHs, and PH3. However, their
study projects that a significant amount of electron redistribution and
orbital hybridization were also seen, as well as increased chemisorption
toward NH3 and PH3 and decreased adsorption toward AsHgs. Similar to
this, Mohammad Reza and co-workers [11] utilized DFT simulations to
investigate the AsHs adsorption on pristine, P-doped, and Ga-doped
graphenes. As the examined AsH3 was unable to appreciably change the
electrical characteristics of P-doped graphenes, they discovered that the
adsorption energy of AsHs was higher on Ga-doped graphenes than on
pristine and P-doped graphene. Perhaps, recent theoretical in-
vestigations on metal-functionalized nanomaterials have shown the
potential of metal-functionalized nanostructures; quantum dots in gas
sensing [12,13].

Hitherto, in this study, the interaction between the various metal-
functionalized Coronene QD and ASHj will be investigated utilizing
structural analysis, electronic properties, energy assay, et.Cetra. Thus,
utilizing the density functional theory approach, the interaction be-
tween quantum dot Co4Hjpo- X encapsulated nanostructure, where X =
Al, K, and Mg metals were investigated herein at the wB97X-D/6-
311++G (2d, 2p) level. This is why our interest is primarily centered on
evaluating the sensing effectiveness of Co4H;o metal-encapsulated
nanoclusters on adsorbing arsenic gas. As such, this study evidently
sought to explore the effects of the adsorption process on the electronic
properties of metal-encapsulated Ca4Hj2 -X (X= Mg, Al, and K) nano-
clusters to design a proper and effective chemical sensor.

2. Computational details

The density functional theory (DFT) method was used to predict the
properties and chemical reactivity of the compound [14]. DFT is a
quantum mechanical method used in sciences to predict the phys-
ical/chemical properties of atoms and molecules using functionals. The
prediction of electronic properties of atoms/molecules is a product of
the sum of the structure’s external potential Ve, and the interelectronic
effective potential Veg.[1]. The ®B97XD [15] functional was utilized
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Fig. 1. Optimized geometric graphics of the studied compounds; adsorption configuration of AsH; on coronene QD surfaces calculated at ®B97XD/6-311 ++ G

(2d,2p) level of theory.

together with 6-311 ++ G (2d 2p) [16] basis sets to optimize the com-
pound. Gaussian 16 software [4] optimized and minimized the struc-
ture’s energy. Natural bond orbital (NBO) analysis was calculated using
NBO 3.1 module [16-19] embedded in the software. Non-linear optics
(NLO) [20] was computed during the optimization process. Multiwfn
3.7[21]was used to calculate the DOS and QTAIM and GaussSum soft-
ware [22] were also used to visualize the density of state (DOS) [23].
The frontier molecular orbitals (HOMO and LUMO) iso-surface visuali-
zation was carried out using Chemcraft [24]. Fig. 1 shows the optimized
geometry of the adsorption configuration of AsHs on coronene QD sur-
face calculated at ®B97XD/6-311 ++ G (2d,2p) level of theory.

3. Results and discussion
3.1. Geometry optimization

Substantially, the primary and most important phase in the compu-
tational investigation was to determine the optimal configuration of the
metal-coated compound’s interaction with arsine. It’s worth noting that
the ideal geometric parameters govern the orientation of each atom in
the structure. In other words, bond lengths and bond angles were esti-
mated with ®B97XD at the 6-311++ G(2d,2p) basis set as specified in,
taking into account reactivity, phase of matter, polarity, and biological
activity. A short bond length inside a compound results in a close bond

between the elements that constitute the bond, making the molecule less
reactive to other reactive species. As a result of the equivalence of the
nitrogen and aluminum adsorption sites, the geometrical structure of the
AsH3@QD-X systems (X = Mg, K, Al, and Ca) exhibited a highly stable
orientation. It is worth noting that the surfaces were strengthened dur-
ing the optimization phase by sustaining a net charge of 0 (Q =0 |e|) and
duplet spin multiplicity (M = 2ST + 1 = 2) for K-decorated complexes
and singlet multiplicity (M = 2ST + 1 = 1) for Mg, Ca, and Al-doped
complexes. As compared to other systems, the system is composed of
seven-membered rings with an adequate ratio of adsorption sites for the
adsorption of any substance on its surface. The lengths of the Mg-C, K-C,
Al-C, and Ca-C bonds vary with position, as reported in Table S1 of the
supplementary information, and the adsorption geometries are illus-
trated in Fig. 1. In Table S1, it is seen that the bond lengths of Al-C all
measured in are relatively short for the AsH3@QD-X systems when
compared to that of the QD-coated metals interaction with arsine; this
suggests that AsH3@QD-Al is less reactive than AsH3@QD-Mg and
AsH3@QD-Ca, and this is consistent with the calculated quantum de-
scriptors, particularly the energy gap, chemical softness (S) and elec-
trophilicity (o) [24]. Additionally, it is clear from the results that the
bond length shortens as the bond angle shortens, which is consistent
with the structural analysis. Likewise, the reactivity of QD increases with
elements down the group and drops with elements across the period.
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Table 1
Quantum chemical descriptors calculated at ©B97XD/6-311 ++ G (2d,2p) level of theory.
Quantum Descriptors QD AsH; MgdQD  K%QD Al%QD  ca®*QD AsHs@Mgd®QD A sH3@K?°QD  AsH;@AI*QD  AsH;@Ca’*“QD
Erumo (€V) -0.1151  —0.6278  —0.0073  —0.2462  —0.2841  —0.2958 —0.2400 —0.2760 —0.3219 —0.3328
Enomo (€V) -7.4274  -7.5967 -6.5313  -7.1941 -7.6176  -5.18323  —6.5533 ~7.2361 ~7.6532 ~5.2058
IP(eV) 7.4274 7.5967 6.3313 7.1941 7.6176 5.18323 6.5533 7.2361 7.6532 5.2058
EA(eV) 0.1151 0.6278 0.0073 0.2462 0.2841 0.2958 0.2400 0.2760 0.3219 0.3328
Energy gap (eV) 7.3123 6.8789 6.3313 6.9478 7.3335 4.88743 6.3133 6.9599 7.3313 4.8730
x (eV) 3.7713 4.0673 3.3657 3.7202 3.95085  2.73952 3.3967 3.7202 3.9508 2.7395
1 (eV) 3.6562 3.4395 3.1656 3.4739 3.66676  2.44372 3.1566 3.4739 3.6668 2.4437
w(eV) 1.9450 2.4048 2.1158 1.9919 2.12847  9.16997 1.8280 1.9919 2.1284 9.1699
SeV) 0.2652 0.29074  0.3159 0.2878 0.27270  0.40920 0.3168 0.2879 0.2727 0.4092
u(ev) —-3.7713  -4.0673  -3.3660  —3.7202  —3.9508  2.73952 —3.396 —3.7202 —3.9508 —2.7395
AE, -1.8281 -1.7197 -1.9095 -1.7369 -1.8333  —8.8563 ~1.5789 ~1.6413 2.1689 1.5737
AE, 2.0621 3.0899 41612 2.2468 ~4.257 9.48363 2.0772 2.3145 9.8363 6.8023
3.2. Electronic properties I
S = o )
3.2.1. Frontier molecular orbital (FMO) n
This study is tailored towards elucidating the relationship between U2
adsorption energies of the investigated systems and their corresponding © = (6
HOMO-LUMO band gaps prior and post adsorption onto arsenic mole-
cule. The highest occupied and lowest unoccupied molecular orbital (u +n)2
- s e - . AE, =—F7—— 7)
energy gap (HLEG) is observed to significantly influence the chemical 2n
reactivity of the studied compounds. Thus, energy gap (Eg) provides
detail coherent on the extent of resistance to the change in the electron AE, = (w—n2 (8)
2n

transfer of the investigated compounds [25]. Interactions (overlap) be-
tween an empty LUMO and a filled HOMO on one or more molecules can
be optimally utilized to explicate resonance as well as reaction mecha-
nism [26]. The frontier molecular orbital (FMO) hypothesis with respect
to the resonance and reaction mechanism of a complex, sought to
expatiate more on the morphology and reactivity of the studied com-
pounds. In addition, FMO analysis seek to provide thorough explanation
with respect to the stereo- and regioselectivities as well as other useful
phenomena which is of great importance in studying the electronic
behavior of the adsorbed systems. Thus, based on Koopmans theorem,
the ionization energy, chemical softness, electron affinity, chemical
potential and other parameters were calculated according to the
following approximations [27]

I = —Enomo (@]
I = _ELUMO (2)
I+A
A=—Hh=—7F" 3
I1—A
_I=A 4

n 5 (C)]

AsHy Mg“QD AI<QD

K%*QD

— ] @9

—> | ENERGY GAP

6.8789 eV 73123 eV 6.9478 eV 7.3335eV

From Table 1 the energy gap reveals a slight distortion in the kinetic
stability and interaction of the engineered surfaces, prior to and after
adsorption. Quantum dot coronene (QD) was observed to exhibit energy
gap of 7.3123 eV which was seen to decrease slightly with 0.981, 0.364,
and 2.42487 eV upon encapsulation of Mg, K and Ca respectively. result
show that when aluminum was encapsulated the efficacy of interaction
and stability of the complex was enhanced with an increase of E; =
0.0212 eV respectively. As such the highest kinetic stability was recor-
ded when arsenide gas was adsorbed on Al%°QD which correspond to
the high nucleofugality and electrofugality for the said molecule. Thus,
this suggest that AsHs@ Al°QD system will easily adsorb the poisonous
arsenide gas from AsH3 molecule as a good nucleofuge and would
separate itself from the substrate releasing an electron to nullify or
inhibit the further release of AsHj gas to the environment as seen by
electrofugality of 9.8363 eV and nucleofugality of 2.1689 eV for the
aforementioned compound respectively. According to Marynard et al.
and Parr et al. [28,29] a good electrophilic compound would possess a
low (large negative) chemical potential (p) value. As evidently seen,
AsH;@ Mg®°QD, AsH;@ K9¢°QD, AsH;@ A19°°QD and AsH;@Ca%¢°QD
follows the above decreasing trend with a corresponding (i) of —3.3960,
—3.7202, —3.9508 and —2.7395 eV respectively with a reduced chem-
ical hardness of 3.1566, 3.4739, 3.6668 and 2.4437 eV for the afore-
mentioned systems respectively. This implies that the studied molecules

Ca'“QD AsH:@Mg“QD A sH:@K'“QD

AsH;@AI1*“*QD AsH;@Ca’QD

R

4.8874 eV 63133 eV 6.9599 eV 73313 eV 4.8730 eV

Fig. 2. HOMO, LUMO and energy gap differences of the optimized studied structures.
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Table 2
NBO study of the quantum dot (QD) doped structures and interactions calculated
at ®B97XD/6-311 ++ G (2d 2p) level of theory.

STRUCTURE DONOR ACCEPTOR  E(2)Kcal/ EW)-E  F(j)
mol (03]
QD oH1-C3 1%C21-C27 307.40 0.04 0.110
oH2-C4 1*C22-C28 182.06 0.06 0.104
6C3-C4 6*C10-C14 88.47 1.09 0.278
MgdeQD 6Cyy-Hg;  1%Cpo- Cpq 151.08 0.28 0.194
6Cig-Cop  T*Cyo- Cpq 118.99 0.44 0.213
6Ci1g-Cap  *Cyy-Cig 49.68 1.35 0.233
K%QD 7Cps - Co3  7¥Cy3z - Cio 75.32 0.53 0.257
7C13-Cro  6%Cap - Coq 34.85 0.02 0.039
6Cig-Coz  T*Cyz- Cpo 30.45 0.98 0.250
Al%QD 6Co1 - Coy  6*Cay - Has 86.85 0.77 0.327
6C17-Ca1  6*Cyy - Has 36.70 0.74 0.209
6C17-Cig  6%Cyy - Has 28.69 0.73 0.184
cadeQD 1Cro-Cyo  m*Co- Cy3 490.44 0.04 0.126
T*Coy - 1%Cyq - Cao 337.66 0.01 0.110
Ca9
TCa4-Hag  7*Cyg- Ciq 173.28 0.07 0.100
AsH;@MgQD  6Cjp-Ciq4  6*Cyo - Coq 68.11 1.16 0.251
6C14—Cao  6%Cap - Cag 63.80 1.12 0.239
7C17—Cig  6*Cio— Co3 133.49 0.50 0.258
AsH;@K9°QD 6C18 - 6*As37 — 54.91 0.96 0.292
c22 H38
6C0—C30 GAs37 —H38  18.67 1.02 0.175
1C8 - Cl1  G*As37 — 116.00 42.79 8.943
H39
AsH3@AI*°QD  1%Cyq — 6*C3 -Gy 31.17 0.74 0.551
Ca9
TC24 — T*C7 - Gy 77.30 0.54 0.458
Ca9
T*Caq — 1*Cys— C32  130.94 5.59 1.769
c29
AsH;@QD%°Ca  1*C3-C4  0*As38-— 276.31 62.17 11.111
H39
1+Cyo — 6*As38 — 104.39 1.11 0.306
Cao H39
6Cro—Cpo  ©*As38 — 85.61 1.40 0.311
H39

are in close agreement with Marynard et al. and Parr et al. theories as the
studied systems obviously exhibit a good electrophilic property [30,31].
The lowest energy gap (Eg) is seen for AsH;@QD%“Ca complexes
depicting that AsH3;@QD%“Ca molecule is the least stable of all inves-
tigated compounds. Figure 2, illustrates the HOMO, LUMO isosurfaces of
the studied systems. It is worth noting from the isosurface HOMO, LUMO
mapping that the energetics of the system determines the distribution of
the metal atoms (Mg, Al, K, or Ca) at the molecular center or edge in the
AsHgs pollutant adsorption mechanism on metal-functionalized coronene
Ca4H12-X (X = Mg, Al, K) quantum dots. The AsH3 pollutant’s adsorption
energy on the metal-functionalized coronene quantum dots can be
affected by the location of the metal atoms. The AsH3 pollutant molecule
interacts with the surface of the quantum dot, releasing or absorbing
energy in the process. Greater contact between the pollutant and the
quantum dot is indicated by higher adsorption energy, which can
improve the effectiveness of pollutant removal.

Generally speaking, the electronic characteristics of the metal atoms
have an impact on the adsorption of molecules on metal-functionalized
surfaces. The position of the metal atoms in the molecular structure can
change their electronic characteristics, which can change the adsorption
energy. Mg, K, and Ca are localized in the molecular center of metal-
functionalized coronene quantum dots because they have a lower ioni-
zation potential and are more electropositive than Al. Due to their
location in the molecular center and increased attractiveness to the AsHg
pollutant, the metal atoms can interact with the pollutant molecule more
successfully.

On the other hand, Al is distributed at the molecular edge because it
has a higher ionization potential and is less electropositive than Mg, K,
and Ca. This makes it less attractive to the AsHs pollutant, and its
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distribution at the molecular edge can help to shield the pollutant from
the metal atom, reducing the interaction between the pollutant and the
quantum dot. Overall, the distribution of the metal atoms in the mo-
lecular structure of the coronene quantum dots is determined by a bal-
ance of electronic and geometric factors that influence the adsorption
energy and ultimately the pollutant removal efficiency.

3.2.2. Natural bond orbital analysis

The second-order Fock matrix was used in the NBO study to evaluate
the interactions between the donors and recipients. The interactions
lead to the localized NBO of the hypothetical Lewis structure losing its
occupancy and becoming unoccupied in a non-Lewis orbital.[32]. For
each donor I and acceptor (j), the stabilization energy E® associated
with the delocalization i—j is computed as;

E® =gi (Fi-f) (10)

where F(i, j) is the off-diagonal NBO Fock matrix member, ¢i and &j are
diagonal elements, and qi is the ith donor orbital occupancy. The natural
bond orbital analysis offers an efficient method for investigating intra-
and intermolecular bonding and interaction among bonds, as well as a
solid foundation for studying charge transfer or conjugative interaction
in molecular systems. The second-order micro-disturbance theory was
used to generate the interaction stabilization energy, which is what we
report on along with a number of electron donors and acceptor orbitals.
When the inclination for electron donors to donate to electron acceptors
becomes stronger, the interaction between electron donors and accep-
tors intensifies, and the system has more conjugation overall leading to
larger E® value. The delocalization of electron density between occu-
pied Lewis-type (bond or lone pair) NBO orbitals and previously empty
(antibonding or Rydberg) non-Lewis NBO orbitals leads to a stabilizing
donor-acceptor interaction. The molecule has undergone NBO analysis
to better understand the intramolecular, rehybridization, and delocal-
ization of electron density which was carried out at the DFT/©B97X-D/
6311++G (2d, 2p) level of the theory as presented in Table 2.

The o, 6%, n, and n* bond orbitals overlap between the carbons, hy-
drogens and metal groups forms an intramolecular interaction that re-
sults in intramolecular charge transfer (ICT) and stabilizes the system.
These interactions cause the C—C antibonding orbital’s electron density
(ED) to increase, which weakens the associated bonds. The strong
intramolecular hyper conjugation interaction between the and electrons
of the C—C, C—H, M—C, and M—H bonds to the anti C—C, C—H, M—C,
and M—H bonds stabilizes specific sections of the structures, as shown in
Table 2. Comparing the stabilization energies of the four (metal-deco-
rated) structures Mg?®°QD, K9¢°QD, A1%°QD, and Ca%*°QD), we observe
that the highest stabilization energies of the intramolecular hyper-
conjugative interaction is between the o, 6%, n, and ¥ C—C and C—H
donor and acceptor orbitals. However, of the four doped structures,
Ca‘€°QD displayed the most interaction energy, related to the resonance
in the molecule between nCig - Coo donor orbital and n*Cg - C13 acceptor
orbital with a stabilization energy of 490.44 kcal/mol while K%QD
displayed the displayed minimal stabilization energy of 75.32 kcal/mol
from the interaction between nCsy - Co3 and n*Cy3 - C19 donor-acceptor
orbitals. The increase in the stabilization energies of the doped struc-
tures in the order; Ca%*°QD > Mg?*°QD > A1%¢°QD > K°QD comparing
the stabilization energies of the interactions between the four (4) doped
structures and arsine (AsH;@ Mg?*°QD, AsH;@K%*°QD, AsH;@AI19*°QD,
and Ang@CadeCQD), the highest interaction energy is observed be-
tween the nCy7 — C1g, 6¥C19 — Ca3 and n*Coyq — Cog, n*Cag — C32 donor-
acceptor orbitals of AsH;@Mg%°QD and AsH;@Al°QD with a stabi-
lization energy of 133.49 and 130.94 kcal/mol while the minimal
interaction energy is observed between the 6Cyg — C22 and 6*Aszy — Hsg
donor-acceptor orbitals of AsH;@K%°QD. The H—C interactions
observed in AsH;@A1%°QD donor and acceptor orbitals corresponds to
the interaction between the hydrogens of arsine with the carbon of the
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Table 3

QTAIM analysis of the QD-doped interactions.

Compound Bond Bond p@) Vzp G(r) K(r) V() H(r) ELF A Ao A3 € M osAs

Structure Energy BCP

(kcal/mol)

AsH;@CaQD  Ca37- —43.874 0.200 0122 0.252 —0.539 —0.197 0.539 0.276  0.699 0.644 —0.120 —1.186 0.579
c18
H39- —92.505 0.418 0138 0.295 —0.512 —0.244 0.512 0.109  0.155 0.321 —0.196 —7.121  —0.041
c23

AsH;@K9°QD K41- —26.696 0.123  05%° 0.122 —0.172 —0.105 0.172 0.232 —0.115 —0.931 0.663 7.083 0.081
c12
K41- —43.204 0.197 0112 0.237 —0.443 —0.192 0.443 0.298  0.624 0.616 —0.117 —1.189  0.507
c18
K41- —63.059 0.286 81 0982  0.302 —0.400 —0.302 0.929  0.228 —0.554 —0.489  0.132 —0.261
c19
K41- —63.728 0.289 ~%82¢ 0,100 0.307 —0.407 —0.307 0.928 —0.558 0.221 —0.488  0.145 —0.07
C22
K41- —68.635 0.311 ~%°® 0118 0.347 —0.465 —0.347 0.924 —0.610 0.215 —0.524  0.165 —0.086
c23
H38- —139.352  0.628 %186 0.408 —0.563 —0.351 0.563 0.221 —0.159 —0.319  0.205 4.008 —0.775
C19

AsH;@Mg°QD  Mg4l- —161.214 0.726 %187 0.355 —0.115 —0.240 0.115 0.213 —0.256 —0.388 0.217 5.610 -1.179
c18
As37- —63.281 0.287 984 0963 0.305 —0.401 —0.305 0.933 —0.559 0.223 —0.499  0.121 —0.06
C19.

AsH3;@A14*°QD H40- —129.090 0.582 0175 0.382 —0.563 —0.326 0.563 0.195 —0.374 —0.136 0.193 2.630 —1.937
c19
Al41- —60.159 0.273 7% 0872  0.279 —0.366 —0.279 0.935 —0.523 0.229 —0.473  0.104 —0.05
C32

quantum dot. However, of all the NBO interactions in the four struc-
tures, Ang@KdeCQD structure alone was stabilized by a metal (6*Asgy —
Hs3g) donor orbitals while the other three structures were stabilized
mostly by o, 6*, 7, and ¥ C—C and C—H donor and acceptor orbitals.
The increase in the stabilization energies of the four structures
(AsH;@Mg?*°QD, AsH3@K%°QD AsH;@AI*°QD, and AsH;@Ca*°QD)
was observed in the order; AsHz@AI%°QD > AsH;@Mg®QD >
AsH;@Ca*QD > AsH;@K9°QD. Potassium (K) displayed the least
stabilization both in its doped structure and in interaction with arsine.

3.3. QTAIM analysis

Quantum theory of atoms in molecule (QTAIM) is an essential to-
pological parameter as it provides crucial and vital information on the
atomic and molecular interactions of bonds with respect to hydrogen
bonding, owing to the fact that it is the easiest form of inter and intra-
molecular interactions within a system. QTAIM have been of great use to
effectively categorize and summarize several assertions in the quantum
theory of atoms in molecule (QTAIM). The topological parameters like
the Hamiltonian kinetic energy K(r), electron density (Vgeps) and kinetic
of electron density (Ggep) have been carefully calculated in accordance
to professor Richard F.W. Bader et al. theory [33]. According to Richard,
the bond path identified within a compound are carefully positioned as
pointers of a special pair-wise physical relationship within participating
atoms. The concept of atoms in molecule (AIM) by Bader et al. helps to
elucidate the nature of interaction within a molecular structure with
respect to the bond critical points (Bcps) of a compound. As such the
result from Table 3 expatiate that the binding (BE) between AldecQD,
K9QD, Ca%*°QD and AsHj gas is —129.090, —139.352 and —92.505
kcal/mol for H4p-C19, H3g-C19 and H3g-Co3 Beps while the visualization
is presented in Fig. 3. Whereas, the binding energy for other intra-
molecular interactions within the investigated complexes were observed
to vary from —43.874, —26.696, —43.204, to —63.059, —63.728,
—68.635, —161.214 and —60.159 kcal/mol respectively. With respect to
the obtained BE, it is evident that the surface interacted more favorably
with the adsorbed gas owing to the high binding energy exhibited by the
adsorbed molecules. So, to say, H49-C19 bond critical points with BE of
—129.090 and Hs3g-Cj9 Bcp with BE of —139.352 kcal/mol for
AsH;@A1%°QD and AsH;@K%°QD molecules affirmed the excellent

stability of the adsorbate and adsorbent upon adsorption which in
agreement with the reactivity studies as well as adsorption studies for
the aforementioned systems. Similarly, covalent interactions were
observed between K41—C19, K41—C22, K41—C23, ASg7—C19 and Al41-C32
(BCPs) as shown from the negative Laplacian of electron density
(Vzchp) while non-covalent interactions were observed for other inter
and intramolecular interactions [34]. These elucidates that the adsorbed
gas had a stronger interaction with the engineered surfaces which re-
flected at the parallel expansion (A1/ A3) values, as they calculated A1/ A
for all studied molecules were observed to be less than 1. Notwith-
standing, weak interactions were also recorded as shown from the pos-
itive Laplacian of electron density for few systems. According to several
literature claims, we can evaluate the level of stability of a compound by
first calculating the binding energy, since the stability of a molecule is
directly proportional to the increment in binding energy. Studying the
Ellipticity (¢) which is mathematically expressed as € = A1/ Ap—1 where
A1 and Ay designate the negativity of the Hessian of a system electron
density at a given bond critical point. The order of ellipticity (€) is thus
arranged in accordance to decreasing preference as A1 < Ay < 0 < Ag.
Hence, it is asserted that the sensor surfaces exhibited a stronger
hydrogen bond especially at Hso-C19, H3g-C19 and Hsz;-Cps Beps for
AsH3;@AI%°QD, AsH;@K*°QD and AsH;@Ca*°QD systems as shown in
Table 3 [35].

3.4. Reduced density gradient

Reduced density gradient or non-covalent interactions (NCIs) are
studied in order to better comprehend the diverse aspects of in-
teractions, such as electrostatic interaction, « effect, van der waal forces,
and hydrophobic effect [36]. RDG clusters, Reduced Density Gradient
spikes, and A2 all contribute to the RDG investigation by providing
significant insight into the type of bond and the level of interaction [37].
The van der Waals interactions show values close to zero of A2 and
density (p ~ 0. A2 ~ 0), while the areas of strong repulsive interactions
are known with a large positive of A2 and high values of density (p > 0.
A2 > 0) and hydrogen interactions show large negative values of A2 with
high values of density (p > 0. A2 < 0) [38]. The color-filled isosurface
graphs were generated from the grid points using Visual Molecular
Dynamics (VMD) software. There is absolutely no doubt that perhaps the
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AsH:@K**QD

Fig. 3. QTAIM diagram of the interactions showing the bond critical points (Bcps) .

release of molecular energy, predominantly in the range of 1 to 5
kcal/mol (1000 to 5000 calories per 6.02 x 102 molecules), occurs
during the formation of NCI [39]. Figure 4 illustrates how the study is
understood using a color palette with isosurfaces. The weak van der
Waals dispersion interaction on the green isosurface explains the charge
fluctuations that result in a unidirectional and non-specific attraction.
The blue isosurface, on the other hand, exhibits a strong electrostatic
force of interactions, which denotes the potential for hydrogen bond
interaction and aids in the complexes’ capacity to adhere to surfaces.
Van der Waals force of interaction is illustrated by green isosurface. How
to numerically solve for the decreased density gradient is shown in Eq.
amn.

RDG =

3 11)

The fact that the four complexes under investigation were virtually
all subject to an apparent rather strong force of attraction as a result of
the interactions between and within molecules is therefore intriguing to
note. The deep blue color of AsHs;@AI®°QD, AsH;@Ca®QD,
AsH3@Mg*°QD, and AsH3@K%°QD suggests the existence of a very
strong force of attraction resulting from hydrogen bond interaction,
which facilitates the adsorption between the adsorption sites and the

adsorbents. The emergence of peaks in the extraordinarily very negative
zone of the eigen values provides further evidence that the aforemen-
tioned complexes exhibit a significant electrostatic force of attraction.
Due to a lack of chemical bonds, these identical complexes were shown
to exhibit physisorption. Significantly, connections at the real positive
zones of the investigated complexes (AsH;@A19°°QD, AsH;@Cad*“QD,
AsH;@Mg*°QD, and AsH;@K%°QD) that shimmer red, hence
enhancing the instability of the interactions, demonstrate the existence
of extremely mild steric repulsion. It is crucial to show that there is only
very minor repulsion inside the doped surfaces, in contrast to the
insignificant force of attraction and van der Waals interactions between
these complexes. This is caused by the way that atoms are arranged
spatially, which raises the energy in the surfaces. On the doped surfaces,
which looked at less repulsive interactions, the nonbonding interactions
had an impact on the conformation and reactivity of the ions. The
structural groups of the surfaces’ surfaces have overlapping electrons,
which are kept in place by the way that like charges attract and opposite
charges repel. AsH;@AI%°QD, AsH3@Ca%*°QD, AsH;@Mg*°QD, and
AsH3@KY¢°QD was also evaluated for their comparatively high van der
Waals form of contact, which suggests a little loss of equilibrium and an
increase in the energy of adsorption between the molecules. The green
color of the 3D RDG maps, however, indicates that practically all com-
plexes have low van der Waals interactions.
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Fig. 4. Non covalent interaction plots for the studied systems.

3.5. Density of state (DOS) analysis

The density of states (DOS) of a molecule is seen as the number of
states per energy interval at each energy level that are available to be
filled or occupied by electrons. As such DOS theory lucidly describes
electrons as roaming freely around and about the entire compound.
However, DOS provides insight into the nature of discrete density dis-
tributions like spectra density possessed by the investigated surfaces. In
addition, to effectually categorize the electronic structure of the studied
systems, it is highly momentous and compelling to investigate the
different density distribution within the adsorbed molecules as such
Multiwfn and Origin softwares were exhaustively utilized for the DOS
plot below. This is why our interest is tailored at examining the frag-
mental contribution of the adsorbate and adsorbent and how they tend
to influence the stability of the investigated complexes at each energetic
level as well as energy interval [40,41]. It is evident from Fig. 5 that
aluminum and calcium fragment gave the highest contribution at the
highest occupied molecular orbital (HOMO) from —1.0 to —0.30 eV for

AsH;@A19°°QD and AsH;@Ca%®°QD complexes, meanwhile magnesium
and potassium fragment was observed to contribute passively from
—0.75ev to —0.63 eV, —0.52 to —0.34 eV at the HOMO region for
AsH;@Mg?®°QD and AsH;@ K9°QD molecules. Similar trend was also
observed to occur at the LUMO region as Al and Ca fragment dominated
from —0.32 to —0.10 eV energy interval for AsHz@ Al9*°QD and
Ang@CadecQD compounds, while the contribution of Mg and K remain
minute at the LUMO region from —0.32 to —0.10 eV energy interval.
Carbon and hydrogen fragment were further observed to give the
maximum contribution at the HOMO region from —1.00 to —0.37 eV
and —0.70 to —0.60 eV, —0.40 to —0.30 eV energy intervals for the pure
surface (QD) and AsHj prior to decoration of cations and adsorption.
The DOS plot at Fig. 5 reveals that, at the LUMO region, both Hydrogen
and Arsenide contributed maximally from —0.30 to —0.25, —0.25 to
—0.19 eV for AsHs gas. At the pure surface the DOS plot divulged that
carbon fragment also participated conspicuously from —0.33 to —0.19
eV energy interval. Hence, the slight discrepancies observed by the
fragments at the LUMO region for all studied compounds contributed to
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Table 4

Adsorption energy (Eygs) in kcal/mol of the four systems in vacuum, benzene,
ethanol and water after the adsorption of AsHj3 gas calculated at ®B97XD/6-311
++ G (2d 2p) level of theory.

Structures E.gs in Eags in E,qs in E,qs in H,O
Vacuum Benzene Ethanol

AsH;@Mg*°QD  —44.5206 —43.3559 —41.8838 —41.7601

AsH;@K9°QD —44.8061 —43.6540 —41.9628 —41.8229

ASH3@AldecQD —44.7151 —43.5529 —42.1185 —41.9873

AsH;@Ca**QD —44.4879 —43.3019 —41.7325 —41.5317

the stability of AsHz@ Al9*°QD and AsHz@K4°°QD.

3.6. Electrochemical studies

The maximum amount of energy required to be delivered to the
adsorbed atom in order to simplify the desorption process from a surface
is referred to as the adsorption energy [E.gs]. Adsorption process is
basically a surface based exothermic phenomenon that permits the
disenthralling of large amount of energy when a gas is adsorbed onto a
solid surface [42], with a corresponding decline in the residual forces
acting on the surface of the adsorbent. The adsorption of AsHsz on QDdeCX
where X = Mg, K, Ca and Al has been theoretically studied in different
electronic medium like benzene, ethanol, water as well as in gas phase to
meticulously grasp the adsorption mechanism, adsorption behavior and
nature of interaction of the engineered surface with arsenide gas in each
electronic medium respectively [43,44]. The reported adsorption energy
for the investigated surfaces were calculated using density functional
theory (DFT) at wB97X-D3 hybridized dispersion correlation exchange
functional employed to clearly capture every interaction between the
adsorbate and the surface with little percentage error. 6-311++G(2d,
2p) basis set was employed to further appraise the computational ac-
curacy. From Table 5, the calculated adsorption energies were observed
to vary from gas to solvent phase. The E,gs for Ang@QDdecMg and
AsH;@QD%Ca at gas phase was observed to be —44.5206 and
—44.4879 kcal/mol however, the highest E,qs was recorded for
AsH3@QDYK and AsHz@QDYAl molecules at gas phase. As such a
slight decreasing trend of —1.1647 and —1.186 kcal/mol was observed
for the Eags of AsH;@QD%Mg and AsH;@QDCa at benzene phase.
The same trend was seen for AsH;@QD%K and AsH;@QD%Al com-
pounds for the same phase. The lowest E,qs was observed when all
systems interacted at water phase. More importantly, the highest
adsorption energy was recorded for AsH;@QD%K and AsH;@QD!Al
complexes which is observed to correlate strongly with the result ob-
tained earlier from previous electronic studies of the modelled com-
pounds. Thus, it is suspected that the nature of adsorption between the
adsorbate and adsorbent is tilted towards chemisorption with respect to
the high adsorption energies obtained as clearly tabulated in Table 5.
However, the adsorption energies divulged that the engineered mole-
cules interacted more favorably at gas phase than solvent, owing to their
various calculated E,gs reported in Table 4. So, to say, the decoration of
potassium and Aluminum onto quantum dot coronene (QD) enhanced
the adsorption process of AsHs gas onto QDK and QD%¢Al surfaces
with comparably high level of stability exhibited by the said systems
which is evidently shown by the excellent energy gap (Eg) of 6.9599 eV
and 7.3313 eV for the aforementioned compounds. Thus, projecting
QDK and QD?°Al surfaces as a promising potential sensor surface for
AsHj3 gas.

3.7. Thermodynamics

The science concerned with the relations between heat and me-
chanical energy or work, as well as the conversion of one energy form to
another is referred to as thermodynamics study. Thermodynamic study
primarily centers on the relationship between large scale macroscopic
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Table 5
Thermodynamic properties for studied adsorptions calculated at ®B97XD/6-311
++ G (2d 2p) level of theory.

Parameters MgdeQD AsHj3 Product (AsH;@Mg?°°QD)

Eo —~1121.867226  —2237.625033

Ezpe 0.282560 0.019700

Heorr —~1121.567109  —2237.601472

Georr —~1121.632355  —223e7.602416

Eo +Ezpe ~1163.896047  —2237.605333

Eo+Eot —2243.734452  —4475.250066

Eo+Heorr —2243.434335  —2237.602659 —4481.036994

Eo+Georr —2243.499581  —2237.628804 —4481.128385

AH(298K) —2237.767391 keal/mol

ArG° (298k) —2237.749143 kcal/mol
K%QD AsHj Product (AsH;@K9¢°QD)

Eo —~1521.725832  —2237.625033

Ezpe 0.275811 0.019700

Heorr —1521.431669  —2237.601472

Georr ~1521.497606  —2237.602416

Eo +Ezpe —~1521.450021  —2237.605333

Eo+Eror —3043.451664  —4475.250066

Eo+Heorr —3043.157501  —2237.602659 —5280.76016

Eo+Georr —3043.223438  —2237.628804 —5280.852242

AH(298k) - 2237.676295 kcal/mol

ArG° (298k) —2237.751479 keal/mol
Al4QD AsHj Product (AsH;@A19°°QD)

Eo —~1164.176678  —2237.625033

Ezpe 0.280631 0.019700

Heorr ~1163.878913  —2237.601472

Georr —~1163.939635  —2237.602416

E, +Ezpe —~1163.896047  —2237.605333

Eo+Eor -2328.353356  —4475.250066

Eo+Heorr —2328.055591  —2237.602659 —4565.65825

Eo+Georr —2328.116313  —2237.628804 —4565.745117

AH(298K) —2237.768161 kcal/mol.

ArG® (298k) —2237.753125 kcal/mol.
ca‘ecQD AsHj3 Product (AsH;@Ca*°QD)

Eo —921.803062 —2237.625033

Ezpe 0.282326 0.019700

Heorr —921.505846 —2237.601472

Georr —921.560457 —2237.602416

Eo +Ezpe —921.520736 —2237.605333

Eo+Eot —1843.606124  —4475.250066

Eo+Heorr —~1843.308908  —2237.602659 —4080.911567

Eo+Georr -1843.363519  —2237.628804 —4080.992323

AH(298K) —3592.887484 kcal/mol

ArG° (298k) —3592.876541 kcal/mol

properties like temperature, pressure as well as specific heat of a given
system which can be ascertained by first considering the reaction
mechanism of the isolated systems. The behavior of an isolated system is
fathomed and accounted for by first studying the enthalpy (H), reaction
entropy(S), heat capacity (Cv), free energy and volume (V) of the studied
compounds with respect to first and second law of thermodynamics. In-
depth knowledge of thermodynamic properties of an isolated molecule
provides detail insight on the feasibility, direction r reaction pathway as
well as time taken for the adsorption of AsH3 gas on to metal decorated
QD (Mg¢QD Al9*¢QD, K9¢°QD and Ca%®QD).

AH’(298K) = Z productA;Hprod. (298k)—— Z reactantAHCreact. (298K)
(12)

AH(298K) = Z €+ Hcorproduct — — Z €0 +Heorr( + )reactant
13)

Where E( represent the electronic energy for both reactant and
product species, Heopr designate the totality of electronic energy (EE) +
thermal correction for both reactant and product species. The standard
enthalpy of formation for product is symbolically represented as A¢H,
which is of great importance as it can be used to determine the nature of
the adsorption process i.e. if the adsorption is endo or exothermic pro-
cess. Thermodynamic parameters like electronic energy, entropy (S),
thermal enthalpy correction as well as zero-point energy for the
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Table 6
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Calculated HOMO energies (Exomo), LUMO energies (Eumo), Fermi level energy (Er), HOMO-LUMO energy gap (Eg), change in energy gap after AsH3 adsorption (%A
E,), work function (®) and recovery time (t) of the complexes after AsH; adsorption. Energies are in eV calculated at ®B97XD/6-311 ++ G (2d,2p) level of theory.

Structures Enomo Erumo Er Eg Eads [ T
MgdecQD —0.2309 —0.230 0.2309 0 - -0.230 -
KdECQD —0.2455 —0.237 0.2414 0.00835 - —0.241 -
Al%QD —0.2498 —0.232 0.2411 0.01768 - —0.241 -
ca’%*°QD —0.2339 —0.233 0.2339 0.00001 - —0.233 -
AsH3@Mgde°QD —0.2309 —0.230 0.2309 0.00005 —44.520 —0.230 3.619x 107!
AsH;@K%°QD —0.2453 —0.237 0.2413 0.00818 —44.806 —0.241 2.241 x 107!
AsH;@A19°°QD —0.2499 —0.232 0.2410 0.01779 —44.715 —0.241 2.611x10°!
AsH3@Cade°QD —0.2309 —0.231 0.2309 0.00005 —44.487 —0.230 3.823x 107!

adsorption process has been evaluated and reported in Table 5 for all
sensor surfaces. It is observed that the standard enthalpy of formation
AdHO at constant temperature (298k) suggests that the adsorption pro-
cess for all molecules is exothermic with an evolution of large amount of
heat. As such the A{® for AsH;@Mg®°QD and AsH;@K9°QD is
observed to be —2237.767391 and —2237.676295 kcal/mol. Meanwhile
the A¢HC for AsH;@A19°°QD and AsH;@Ca%*°QD is —2237.768161 and
—3592.887484 kcal/mol. The A for Ang@MgdecQD compound
experienced a marginal decline upon decoration of K with a difference of
0.091096 kcal/mol. However, this infers that the adsorption of AsHg gas
molecule by MgdecQD surface is comparably more spontaneous than
KdecQD sensor surface [45]. Nevertheless, the result explicates that the
adsorption of AsH3 gas on A19¢°QD surface is feasible and spontaneous
than K9°QD engineered surface owing to the theory which asserts that a
spontaneous reaction is one in which the change in enthalpy of forma-
tion of the overall reaction process is negative. Thus, the decoration of Al
and Ca on QD (A1*°QD and Ca%®°QD a) lowers the activation barrier and
appraised the spontaneous adsorption of AsHj3 gas. Result reveal that
AsH3@AI9°QD engineered sensor surface exhibited the most appre-
ciable level of stability as seen from the adsorption and electronic
studies of the complexes.

AG°(298K) =) _ product A,G’prod.(298k)——  _ reactantA,G'react. (298k)
a4

A.G°(298K) = Z(Eo + Gcopr)product — — Z(e‘g + G, )reactant (15)

The Gibbs free energy of a reaction in tandem with the standard
enthalpy of formation helps to predict feasibility and spontaneity of a
reaction. Thus, a spontaneous reaction is categorized by a negative AG?
i.e. (-A:G% or AG < 0) while a spontaneous process can be fathomed by a
positive A,G°. Based on the above established thermodynamic principle,
the A,G® at 298k for all studied molecules is in agreement with the
standard enthalpy of formation (AfHO ) at constant temperature (298 K),
as both thermodynamic parameters evidently suggests that it is more
feasible and spontaneous to adsorbed AsHs gas molecule using the
modelled Al9*°QD surface with respect to its excellent stability and
effectual adsorption elucidated by the high E,q45 exhibited by the said
compound.

3.8. Sensing mechanism

In order to account for the sensitivity of the metal decorated quan-
tum dot (Mg?e°QD, K9¢QD, Al19°QD and Ca%*°QD) towards AsHj gas
their energy gap (Eg), and electrical conductivity (c), were evaluated.

0 = AT/ el Fe/D a6)

1 R
ogas opure
S = 8 P

1 a7

opure
Equation (16) gives the formula for determining the electrical con-
ductivity (o), of the sensor, where A is the Richardson constant, T is the
working temperature (298 K) and k is the Boltzmann constant (2.0 x
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1073 kcal/mol.K). While Eq. (16) [45] gives the sensing response of the
sensor where Gga5 and 6pyee are the conductivity of the doped quantum
dot after and before adsorption. According to Eq. (16), the electrical
conductivity of the adsorbent (decorated quantum dot) increases as the
energy gap value decreases. From the results tabulated in Table 6, it can
be seen that the adsorption of AsHs gas on the doped quantum dot af-
fects their respective energy gap value. It was discovered that after the
adsorption of AsHj the energy gap of Mg9eQD, A19¢°QD and Ca%*°QD
shifted from 6.3313 to 6.3133, 7.3335 to 7.3313 and 4.88743 to 4.8730
eV for all studied molecules respectively. However, the energy gap of
A19€QD was observed to decreased slightly after the adsorption of AsHs
gas from 7.3335 eV to 7.3313 eV. This substantial change in Eg after the
adsorption process influenced the electrical conductivity of the encap-
sulated quantum dot and this shows that the investigated structures hold
a prospect to work as an electrochemical sensor to detect AsHs On the
basis of Egs. (3) and (4), the sensing response of the encapsulated
quantum dot for AsHj gas are calculated to be 4.19x 10>, —1.43x 107%,
9.22 x 107, and 3.36 x 107, for Mg¢QD, K9°QD, Al4°QD and
Ca’°QD respectively. Hence from the obtained result, it can be asserted
that, Al%°QD and Ca%®°QD engineered sensor surfaces possess a
comparably better sensing efficiency for detecting AsHsz gas molecule.
The sensing response for the doped quantum dot follow the order
A1%¢QD > Mgd®¢QD > Ca’eQD > K9¢°QD. The strength of the inter-
action between the adsorbent and the adsorbate helps to evaluate the
reusability of the gas sensor. The recovery time (1) as shown in Eq. (18)
is used to determine the time taken for the sensor to regain 90% of its
original value after the removal of the detected gas. Shorter recovery
time indicates a better performance of the sensor material.

T = A~ 1(-Eads/kT) (18)
Where A, T, and k are the attempt frequency (10*%s™1), test temperature,
and Boltzmann’s constant respectively. In this study, the test tempera-
ture is defined as 298 K. As such, the calculated recovery time, 7, of
Mg?°QD, K4¢°QD, A1%‘QD and Ca%°QD from AsHj are 3.619 x 10~>'s,
2.241 x 107°%s, 2.611 x 10!, and 3.823 x 107>!s respectively [46].
These values indicate that our doped quantum dots have a short re-
covery and they all show a good prospect for detecting AsHgs,

3.9. Solvation assay

Solvation which is the process of applying a solvent to a chemical
entity implicitly or explicitly has the ability to distorts the electron cloud
of the said system due to electrostatic polarization interactions that af-
fects the shape, energy and chemical activity of the system. Solvation
energy gives the energy change associated with the transfer of a mole-
cule between gas and solvent, it gives insight into how a chemical entity
behaves in different environments. The stability of the doped quantum
dot in the solvents is confirmed with the negative values for the solva-
tion energies (Egory.) which was calculated using equation (19);

ESUIV = ET,sul~ - Egas (19)

Where the Et so) represents the total energy of the system in the solvent
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Table 7

Solvation energy of the referenced systems calculated at ®B97XD/6-311 ++ G (2d 2p) level of theory.
Structures AsHg MgeQD K9QD AlYQD Ca*“QD AsH;@Mg?*°QD AsH;@K°QD AsH;@A1°QD AsH;@Ca*“QD
EpENzENE —1.258 —5.332 —12.096 —-1.974 —8.151 —5.426 —12.202 —2.070 —8.224
EgrHANOL —2.733 —-11.313 —26.587 —4.908 —-17.816 —11.410 —26.477 —5.045 —17.794
EwATER —2.866 —11.851 —27.963 —5.218 —19.042 —11.956 —27.846 —5.356 —18.952

phase, and Eg,s represents the total energy of the system in the gaseous
phase [47]. The Solvation energy were calculated using the polarizable
continuum model in benzene, ethanol and water for all doped quantum
dots and the results are given in Table 7. From the results obtained the
solvation energy of all the doped quantum dots increased on adsorption
of AsHj except for AsH;@K%°QD and AsH;@Ca%“QD in ethanol and
water. Despite the fact that the values obtained were all negative, a
comparison of the predicted solvation energy values suggests that the
systems are more stable in water than in other solvents [47].

4. Conclusions

The study utilized the hybrid dispersion correlation exchange
(B97X-D3/6-311++G (2d, 2p)) level of theoretical of computation to
carefully investigate the structural and electronic sensitivity of the
engineered nanosensors towards adsorbing arsenide gas and the effect of
encapsulating few selected cations (K, Al, Mg and Ca) on the quantum
dot coronene (CQD) surfaces. Electronic properties of the adsorbed
compounds such as adsorption energy, recovery time, topological
analysis based on QTAIM, thermodynamic of adsorption, work function,
natural bond orbitals as well as reactivity and conductivity studies were
carried out to comprehend with certainty the effectiveness of the metal
decorated quantum dot (QD) surafces (Mg?®°QD, K4¢°QD, Ca%¢°QD, and
A19¢°QD) as nanosensors for AsHs gas. The obtained result divulged that
the adsorbate molecule preferred to be trapped via the aromatic ring of
A19¢°QD and K9°°QD surface. The electronic descriptor studies further
affirmed the substantial stability of Al4®QD and K9¢°QD compounds
which is observed to be in tandem with the adsorption studies of the said
complexes. The decoration of cations especially K and Al enhanced the
stability of the sensor surfaces, as QD surface is found to be more stable
at energy gap (Eg) of 6.9599 and 7.3313 eV after interaction with AsH3
gas, which corresponds to the energy gap Eg obtained for AsHz@Al-
decHD and AsH3;@K9€°QD surfaces. Prior to interaction, the Eg of
AsH3;@AI%°QD and AsH;@QDKY®¢ systems were found to vary from
7.3335 eV, 6.94789 eV to 7.3313 and 6.9599 eV respectively. Thus,
suggesting that the electrical conductivity of the quantum dot coronene
nanosensor is appraised and will easily be converted to electrical signal.
Also, the solvation studies explicated that all sensor surface interacted
more effectively at water phase owing to their excellent solvation en-
ergies obtained. To further enhance the nature of adsorption between
the adsorbate and adsorbent species, QTAIM topological analysis were
conducted. Hence the obtained result reveal that the dominating stabi-
lization interaction within the adsorbate and adsorbent is basically
Vander Waals interaction without any steric hindrance observed within
this region. The chemisorption adsorption nature of the systems was
found to be strongly non-covalent with elevated binding energy
exhibited at each bond critical points (BCPs) of intermolecular interac-
tion. Thus AsH;@AI9°QD and AsH;@K9°QD modelled surfaces is
proposed as a more efficient sensor material for detecting and adsorp-
tion of highly toxic AsHs gas molecule with little or no threat to the
environment, health wise.
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