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Modeling of magnesium-decorated graphene
quantum dot nanostructure for trapping AsHs, PH3
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A magnesium-decorated graphene quantum dot (C4H;-Mg) surface has been examined theoretically
using density functional theory (DFT) computations at the wB97XD/6-311++G(2p,2d) level of theory to
determine its sensing capability toward XHsz gases, where X = As, N and P, in four different phases: gas,
benzene solvent, ethanol solvent and water. This research was carried out in different phases in order to
predict the best possible phase for the adsorption of the toxic gases. Analysis of the electronic properties
shows that in the different phases the energy gap follows the order NHz@C,4H;,-Mg < PHz@C54H;5-Mg
< AsHz@Cy4H12-Mg. The results obtained from the adsorption studies show that all the calculated
adsorption energies are negative, indicating that the nature of the adsorption is chemisorption. The
adsorption energies can be arranged in an increasing trend of NHz@Cy4H12-Mg < PHz@C,4H12-Mg <
AsHz@Cy4H12-Mg. The best adsorption performance was noted in the gas phase compared to the other

studied counterparts. The interaction between the adsorbed gases and the surfaces shows a non-
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Accepted 18th April 2023 covalent interaction nature, as confirmed by the quantum theory of atoms-in-molecules (QTAIM) and
non-covalent interactions (NCI) analysis. The overall results suggest that we can infer that the surface of

DOI 10.1039/d3ra01279d the magnesium-decorated graphene quantum dot C,4H;,-Mg is more efficient for sensing the gas AsHs
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1 Introduction

Recent advances in nanomaterial science have improved the
concept of gas sensors* and furthermore created an increase in
the potential for designing efficient, effective and selective gas
sensors for identifying and sensing volatile and hazardous
gases.”™ Several nanostructured materials have been consid-
ered by researchers due to their outstanding features, such as
high selectivity, good stability, low toxicity, high surface activity,
quick recovery, high sensitivity, fast response, low operating
temperature, and pronounced quantum confinement.*” Gra-
phene quantum dots, which are graphene nanoparticle mate-
rials having a size of less than 100 nm, have drawn the attention
of researchers owing to their excellent sensing properties.®®
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Graphene quantum dots possesses good structural, electronic,
spin optical and photoelectric features.' In addition to their
uses in sensors, they are also applicable in solar cells, photo-
detectors, drug delivery, bioimaging and photoluminescent
materials.”™* The promising properties of graphene quantum
dots in sensing have been reviewed and reported. As reported by
Meixiu Li et al.,** graphene quantum dots exhibit high photo-
stability against blinking and photo-leaching, as well as low
toxicity, and thus have greater biocompatibility. Graphene
quantum dot materials for sensing, bioimaging and energy
storage applications have been reviewed by Kumar et al.*®
Recently, the density functional theory (DFT) method has
been invoked for theoretical calculations to examine and
predict the properties of materials under investigation.'®"” This
method is an important method in the scientific community
today, and it can help to determine whether a nanomaterial
could be considered for sensing applications.’® DFT method-
ology can be also employed to gain insight into a gas sensor
material to understand the molecular electronic and structural
properties, mechanistic behavior, conductivity, and sensitivity
of the material to detect and identify hazardous gases such as
AsHj, NH;, PH;."?* Arsine (AsH;), ammonia (NH;) and phos-
phine (PH3) are toxic colorless hydride gases with a pungent
smell.*»** They are highly irritating gases that are also

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra01279d&domain=pdf&date_stamp=2023-05-03
http://orcid.org/0000-0002-8008-9572
http://orcid.org/0000-0002-0286-2865
http://orcid.org/0000-0002-1901-3675
https://doi.org/10.1039/d3ra01279d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01279d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013020

Open Access Article. Published on 03 May 2023. Downloaded on 11/9/2025 7:40:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

flammable.*® Exposure to these gases can cause skin irritation,
headache, vomiting, nausea, and pains.***® Inhalation of large
concentrations of these gases can cause liver, kidney or nerve
damage and can lead to death.””* Hence, it is of utmost
importance that these gases should be sensed or detected.*
Numerous efforts have been made through the density func-
tional theory (DFT) method towards the sensing and adsorption
of XH; (X = As, N, P) gases using a graphene or graphene-like
structure. NH;, PH;, and AsH; adsorption and sensing on
alkaline earth metal (AEM = Be, Mg, Ca and Sr)-doped graphene
was conducted by Singsen et al.*' Their results revealed that the
gases were weakly absorbed on intrinsic graphene. On the
doped structures, significant increases in the charge transfer,
adsorption energies and orbital hybridization of the systems
were observed. The Mg-doped graphene showed sensitivity
towards PH; and AsH; in the sensitivity response and recovery
time analysis, while the Sr-doped graphene revealed sensitivity
towards NH;. Luo et al.** also studied the sensing and adsorp-
tion of AsH;, NH3, and PH; on rare-earth-metal-doped graphene
through the DFT method. Their study showed that the graphene
exhibited physisorption towards the gases. No significant
changes were observed in the geometry, density of states or
charge population of the structure. However, upon modification
by a rare-earth metal, enhanced chemisorption of the gases was
observed Luo et al.** conducted a DFT investigation of NH;, PH;
and AsH; adsorption on Sc-, Tl-, V-, and Cr-doped single-wall
carbon nanotubes (SWCNT). Their adsorption ability followed
the order NH; > PH; > AsHj. Their study showed that the
transition metal (TM)-doped SWCNTs were more favorable for
gas sensing and adsorption than the pristine SWCNTs. Based
on various studies, it can be deduced that structural modifica-
tion such as doping, encapsulation or decoration of a material
can enhance its properties to make it a better gas sensing
material.

However, to the best of our knowledge there have been no
studies involving the theoretical investigation of the sensing of
hydride gases using graphene quantum dots in different phases
and solvation states. Additionally, the detection and removal of
toxic gases such as AsH3, PH3, and NHj3 is of critical importance
due to their harmful effects on the environment and human
health. Magnesium-decorated graphene quantum dot nano-
structures have shown promising potential for trapping these
gases, but a comprehensive understanding of their behavior
and efficacy is lacking. Therefore, the research problem is to
model the interaction of AsH;, PH;, and NH; with magnesium-
decorated graphene quantum dot nanostructures and investi-
gate the factors influencing their gas sensing performance. In
this paper, the density functional theory (DFT) method with the
WB97XD functional and 6-311++G(2p,2d) basis set has been
employed to study and analyze the selectivity, sensitivity,
conductivity and efficacy of a graphene quantum dot and its
decorated magnesium atom in sensing the toxic hydride gases
XHj;, where X = As, N and P. This study was carried out in four
different phases, namely, gas, benzene, ethanol and water, to
provide insights into the effect of solvation and to determine
the best possible phase for the adsorption of the gases. The
following analyses were carried out in this study: structural
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properties, frontier molecular orbital (FMO), density of states
(DOS), natural bond orbital (NBO), quantum theory of atoms-in-
molecules (QTAIM), non-covalent interactions (NCI), adsorp-
tion study, sensor mechanics, electrical conductivity, recovery
time and work function, dipole moment and charge transfer,
nonlinear optics (NLO) analysis and thermodynamics proper-
ties. The FMO parameters and the DOS were invoked to study
the molecular electronic properties of the magnesium-
decorated graphene quantum dots. QTAIM and NCI were
utilized to verify the non-covalent interactions existing within
the adsorbate and adsorbent. Comparative adsorption energy
and sensor mechanisms were employed in this study to deter-
mine the sensing ability of the studied surfaces and the
adsorbate.

2 Computational details

The density functional theory (DFT) method was employed to
handle all theoretical calculations performed on the studied
surface of the graphene quantum dot with its decorated
magnesium atom. The calculations were achieved with the
Gaussview 6.0.16 (ref. 34) and Gaussian 16 suite of programs®
using the hybrid long-range separated empirical-correlated
dispersion wB97XD functional and the 6-311++G(2p,2d) basis
set. The calculations were first carried out in vacuum, which is
the gas phase, before further calculations were made for
solvation with benzene, ethanol and water. Local minima on the
potential energy surface were achieved by considering the
frequency calculation at the same level of theory. Thus, the
absence of imaginary frequencies confirmed the absolute
correspondence of the optimized geometry to a local minimum
on the potential energy surface.*®*” The structural properties
were achieved via the software Chemcraft 16.*® The frontier
molecular orbital (FMO), which analyses the conductivity and
stability of the magnesium-decorated graphene quantum dots,
was carried out. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy values were obtained through Gaussian 16 and further
calculations of the quantum descriptors were calculated with
the aid of Koopmans' approximation.** The pictorial represen-
tations of the HOMO and LUMO iso-surfaces were obtained via
Chemcraft. The software Origin*® was used to plot the graphical
representation of the density of states (DOS). Using the same
functional and basis set, the natural bond orbital (NBO) calcu-
lations were carried out using the NBO 3.0 (ref. 41) embedded in
the Gaussian 16 software. The quantum theory of atoms in
molecules and non-covalent interaction analysis was achieved
via the multifunctional wave function analyzer program mul-
tiwfn 3.0.*> Pictorial representations of the QTAIM and NCI were
obtained using Visual Molecular Dynamics (VMD).** The
absorption energies of the gases adsorbed on the C,;H;,-Mg
quantum dot surface were calculated using eqn (1):

Eads = EC34H12-Mg/gas - (Egas + ECZ4H12-Mg) (1)

where E,4s = absorption energy of the gases on the magnesium-
decorated graphene quantum dot surface. Ec, 11, -mg/gas = Total
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energy of the structure after absorption of the XH; (X = As, N, P)
on the magnesium-decorated graphene quantum dots surface.
E,,s = energy of each of the isolated gases. Ec, 1, mg = energy of
the magnesium-decorated graphene quantum dots surface.

3 Results and discussions
3.1 Structural properties

Insight into the structural configuration of studied structures
can be obtained by proper structural and geometrical optimi-
zation.* In this work, all the structures of the adsorbed gases on
the magnesium-decorated graphene quantum dot in the four
different phases (gas, benzene, ethanol and water) were opti-
mized using the DFT/wB97XD/6-311++G(2p,2d) method. The
optimized structures of magnesium-decorated graphene
quantum dot as absorbent and the studied gases AsH;, NH3,
and PH; are presented in Fig. 1. The graphene quantum dot
comprises seven hexagons, which makes it a hexagonal struc-
ture.*® AsH;, NH; and PH; have a tetrahedral geometry and
trigonal pyramidal shapes.** The bond distance between the
gases and the quantum dot is an important parameter that
reveals details about the strength of the material and can also
determine the kind of bond formation.*” The bond lengths of
the quantum dot before and after the adsorption of the gases
have been evaluated and computed in Table 1. Before adsorp-
tion of the gases on the adsorbent, it is observed that the bond
length of magnesium to carbon (Mg-C) is in the range of 3.7-6.1
A. For the gas phase, the shortest bond length between the
magnesium atom and carbon atom is 3.745 A, occurring for
Mg;,—Cys. For the benzene phase, the bond length between the
quantum dot and the magnesium atom is observed to be 3.963
A for Mg;,-C,,, while it is found to be 3.981 A and 3.986 A for the
ethanol and water phases, respectively, for Mg;,—Cy5. After the
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interaction of the bare surface of the quantum dot and the
investigated gas, it is noted that there is an effect on the
geometrical bond length of the surface, especially between the
magnesium and carbon atom. It is observed that there is a slight
difference in the magnesium-carbon bond length in all phases.
Upon the adsorption of AsH; on the surface, the bond length of
magnesium to carbon 18, Mg;,-C,g, exhibited a shift in value
from 3.745 A to 3.757 A, 3.963 A to 3.954 A, 3.981 A to 3.977 A,
and from 3.986 A to 3.977 A in the gas, benzene, ethanol and
water phase, respectively. For NH; it is observed that the
shortest bond length of magnesium to carbon atom was
recorded to be 3.825 A, 3.966 A, 3.972 A, 4.016 A corresponding
to gas, benzene, ethanol, and water phase, respectively. Simi-
larly, for PH3, there is also a change in the values of the length of
the bond existing between the magnesium and carbon atom,
which is found to be 3.789 A for the gas phase, 3.963 A for
benzene, 4.000 A for ethanol and 3.999 A for water. The differ-
ences occurring upon adsorption of the investigated gases on
the surface of the magnesium-decorated graphene quantum dot
are the result of charge transfer occurring between the adsor-
bate (investigated gases) and the adsorbent (the quantum dot).
There is the formation of a bond in the structure between the
gases and the surface after the adsorption process. In the gas
phase, AsH;@C,4H;,-Mg is noted to have a bond length of 3.734
A for As;,—Cyo. The shortest bond length formed between the
nitrogen and carbon atom in the case of NH;@C,4H;,-Mg for
the gas phase is recorded to be 3.565 A. For PH;@C,,H;,-Mg in
the gas phase, the bond label of P,;-C;3 corresponds to a bond
length of 3.470 A. Examining the bond length between the
different gases and the surface in the gas phase, it can be
deduced that PH;@C,4H;,-Mg has the shortest bond length.
Observations from the benzene, ethanol and water phases show
AsH;@C,,H,-Mg to have the longest bond length and

AsH,@C,H,, Mg

NH;@C,H,, Mg

PH;@C,,H,, Mg

Fig.1 Pictorial representation of AsHz, NHz and PH3, and the gas-adsorbed surfaces of AsHz@C,4H;>-Mg, NH:@C,4H1,-Mg and PHz@Co4H5-

Mag.
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Table 1 Selected bond lengths of the investigated system with DFT/wB97XD/6-311++G(2p,2d) method

System
Cy4H1,-Mg AsH; @Cy4H1o-Mg NH;@C4H1,-Mg PH;@C,,H1,-Mg
Phases Bond label  Bond length (A) Bond label ~ Bond length (A)  Bond label ~ Bond length (A)  Bond label ~ Bond length (A)
Gas Mg;,-Cig 3.745 Ass,—Hao 1.517 Nag—Hso 1.012 Pyi-Hao 1.414
C15-Ci7 1.406 AS37-Cyo 3.734 Nsg-Cis 3.565 Pyy—Cis 3.470
Ci5-C1p 1.423 C10-Cao 1.405 C15-Co 1.405 C15-Co 1.405
C15-Cas 1.423 Mg, —Cig 3.757 Mg;,~Cyg 3.825 Mg;,~C,s 3.789
Benzene  Mgs,~Cay 3.963 Ass—Hao 1.516 Nag—Hso 1.013 Py-Hao 1.415
Cyy—Cas 1.406 AS37-Cao 4.066 Nig-Cis 3.594 Pyy—Cis 3.471
Cyy-Cis 1.422 Cr0-Cas 1.420 C15-Co 1.406 C15-Co 1.406
Cyy—Cas 1.422 Mg,;1~Cig 3.954 Mg;,~C1o 3.966 Mg;,~Cos 3.963
Ethanol ~ Mg;,~Cyg 3.981 Ass~Hao 1.516 Nag—Hao 1.014 Py-Hao 1.413
C15-C1y 1.406 As3,-Cro 3.737 N3g—Cag 3.651 P,;-Cys 3.460
C15-C1p 1.422 C10-Cao 1.405 Cy5-Cy5 1.406 C15-Co 1.406
Cy15-Cas 1.422 Mg,;1-Cig 3.977 Mg;,-Cys 3.972 Mg37,-Cas 4.000
Water Mg;,-Cig 3.986 Ass—Hao 1.516 Nag-Hyo 1.014 Py-Hao 1.413
Cy15-Ciy 1.406 AS37-Cas 3.945 Nag-Cys 3.593 Pyy—Cis 3.460
C15-C1p 1.423 Cy5-Cso 1.406 C15-Co 1.406 C15-Co 1.406
Cy15-Cas 1.423 Mg, —Cis 3.977 Mg5,-Cas 4.016 Mg5,-Cas 3.999

PH;@C,4H;,-Mg to have the shortest bond length. Therefore,
for all the phases, it can be said that the structure in terms of
bond length follows an increasing trend of PH;@C,,H;,-Mg <
NH,;@C,4Hi,-Mg < AsH;@C,4H;,-Mg. The bond lengths
between As, N and P and their hydrogen atoms, as well as the
shortest carbon-to-carbon bonds, are also recorded in Table 1.

3.2 Frontier molecular orbital (FMO)

For the purpose of analyzing the electron transfer, kinetic
stability, conductivity and sensing ability of the magnesium-
decorated graphene quantum dot, the frontier molecular
orbital (FMO) has been computed.*** The FMO serves as an
approach for illustrating and understanding the electronic
properties of a system.** The FMO is constituted by two
important orbitals: the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).**** The highest occupied molecular (HOMO) and
lowest unoccupied molecular orbital (LUMO) help to depict the
chemical activity of molecules and are also closely related to the
donation and acceptance of an electron within a molecule.?*>*
By default, the HOMO has higher tendency to donate an elec-
tron, while the LUMO has a higher tendency to accept an elec-
tron.>> The HOMO and LUMO give rise to a very important
parameter, which is called the energy gap.*® The energy gap
reveals details regarding the electron transfer, stability and
electrical conductivity displayed by a structure.’” The energy gap
is obtained by calculating the difference between the HOMO
and the LUMO, and can be expressed mathematically as eqn (2):

E; = ELumo — Enomo (2)

where E, = energy gap, Ey ymo = energy of the LUMO and Eyomo
= energy of the HOMO.

© 2023 The Author(s). Published by the Royal Society of Chemistry

In this study, the energies of the HOMO and LUMO were
established using the DFT functional WB97XD with the 6-
311++G (2d,2p) basis set, and their values are reported in Table
2. Here, the FMO analysis was computed on the bare surface of
the magnesium-decorated graphene quantum dot and also on
the gas-adsorbed magnesium-decorated graphene quantum dot
for the four different phases, which are gas, benzene, ethanol
and water. Before the adsorption of the studied gases on the
surface, the bare surface of the magnesium-decorated graphene
quantum dot was observed to have an energy gap of 6.340 eV
with a HOMO value of —6.531 eV and LUMO of —0.190 eV for
the gas phase. The energy gap for the benzene phase is 5.850 eV,
and similarly, for the ethanol and the water phase, the energy
gap of the bare surface of the quantum dot is 5.292 eV and
5.297 eV, respectively. Looking closely at Table 2, it can be
observed that the surface of the magnesium-decorated gra-
phene quantum dot has high energy gap values, indicating
better stability of the surface. As presented in Table 2, it is
observed that upon adsorption of the three gases in the
different phases, there is a slight decrement in the values of the
energy gap, except in the ethanol phase. According to some
literature review, a decrease in energy gap indicates a good
effect in conductivity of the surface, which is essential for the
selective and effective sensing of the studied gases.*® In the gas
phase, it is noted that the highest energy gap value was obtained
upon adsorption of phosphorus hydride (PH;) on the
magnesium-decorated graphene quantum dot, while the lowest
energy gap was obtained for ammonia (NHj;). In the gas phase,
the HOMO-LUMO gap (energy gap) increases in the order
6.302 eV < 6.313 eV < 6.317 eV for NH;@C,H;,-Mg <
AsH;@C,,H,-Mg < PH;@C,,H,,-Mg, respectively. For the
benzene phase, upon adsorption of the studied gases, the
lowest energy gap was found for NH;@C,,H;,-Mg with a value
of 5.818 eV. In the benzene phase, both AsH;@C,,H;,-Mg and

RSC Adv, 2023, 13, 13624-13641 | 13627


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01279d

Open Access Article. Published on 03 May 2023. Downloaded on 11/9/2025 7:40:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 Quantum chemical parameters for the studied gases adsorbed on the C,4H;,-Mg quantum dot calculated using the DFT/wB97XD/6-

311++G(2p,2d) method

Phase System HOMO (eV) LUMO (eV)  Energygap IP EA X " n I w
Gas CyqH1-Mg —6.531 —0.190 6.340 6.531 0.190 3.361 —3.361 3.170 0.158 1.781
AsH;@C,4H1,-Mg —6.553 —0.240 6.313 6.553 0.240 3.397 -3.397 3.157 0.158 1.827
NH;@C,4H >-Mg —6.617 —0.315 6.302 6.617 0.315 3.466 —3.466 3.151 0.159 1.906
PH,;@C,,H,,-Mg —6.551 —0.235 6.317 6.551 0235 3.393 —3.393  3.158  0.158  1.822
Benzene CyqH1-Mg —6.025 —0.174 5.850 6.025 0.174 3.099 —3.099 2.925 0.171 1.642
AsH;@C, H - Mg —6.033 ~0.198 5.834 6.033  0.198 3.116  —3.116 2.917 0.171  1.664
NH;@C,4H >-Mg —6.064 —0.247 5.818 6.064 0.247 3.155 —-3.155 2.909 0.172 1.711
PH;@Cy4H ,-Mg —6.034 —0.200 5.834 6.034 0.200 3.117 -3.117 2.917 0.171 1.666
Ethanol CyqH1-Mg —5.524 —0.232 5.292 5.524 0.232 2.878 —2.878 2.646 0.189 1.565
AsH;@C,4H1,-Mg —5.544 —0.230 5.314 5.544 0.230 2.887 —2.887 2.657 0.188 1.568
NH;@C,4H >-Mg —5.546 —0.250 5.297 5.546 0.250 2.898 —2.898 2.648 0.189 1.586
PH,@C,,H,,-Mg —5.546 —0.250 5.297 5.546  0.250 2.898  —2.898  2.648  0.189  1.586
Water CyqH1-Mg —5.546 —0.250 5.297 5.546 0.250 2.898 —2.898 2.648 0.189 1.586
AsH;@C,4H1,-Mg —5.510 —0.237 5.273 5.510 0.237 2.873 —2.873 2.637 0.190 1.566
NH;@C,4H >-Mg —5.513 —0.252 5.262 5.513 0.252 2.883 —2.883 2.631 0.190 1.579
PH;@C,4H ,-Mg —5.512 —0.259 5.254 5.512 0.259 2.885 —2.885 2.627 0.190 1.585

PH;@C,4H;,-Mg have the same energy gap of 5.834 eV. In the
ethanol phase, the highest energy gap was observed in
AsH;@C,4H;,-Mg, with NH;@C,4H;,-Mg and PH;@C,,H;,-Mg
having the same energy gap value of 5.297 eV. In the water
phase, the studied gases adsorbed on C,;H;,-Mg show
a decreasing trend of 5.273 eV > 5.262 eV > 5.254 eV for
AsH;@C,4H1p-Mg, NH3@CyHip-Mg and  PH;@C,4Hi-Mg,
respectively. It is only in the water phase that the sensing of NH;
on C,,H;,-Mg does not have the lowest energy gap value. The
lowest energy gap values for the studied gases are observed in
the water phase, while the highest are attributed to the gas
phase. The different phases in which the adsorption process of
AsH;, NH; and PH; on C,,H;,-Mg were analyzed show an
increasing trend in terms of the energy gap of water < ethanol <
benzene < gas with values within the range of 5.2-6.4 eV. Hence,
it can be deduced that since AsH;@C,,H;,-Mg has the highest
energy gap in all investigated phases, it has the most stable
structure, since a higher energy gap corresponds to better
stability of a structure. Depictions of the HOMO and LUMO
plots are presented in Fig. 2. The HOMO and LUMO plots are
similar in the different phases; hence, only the representation
of the gas phase is presented in this paper. Furthermore, the
HOMO and LUMO energy values can be used to obtain the
quantum descriptors. These quantum descriptors include the
ionization potential (IP), electron affinity (EA), electronegativity
(x), chemical potential (u), chemical hardness (7n), chemical
softness (¢) and electrophilicity (w). According to Koopmans'
hypothesis, these quantum descriptors can be obtained from

eqn (3)-(9).

IP = —Enomo (3)
EA = —Erumo (4)
x = 112(IP + EA) 5)
4w = —1/2(IP + EA) 6)

13628 | RSC Adv, 2023, 13, 13624-13641

n = 12(IP — EA) 7)
1

7= ™ (8)
2

w= i )

These quantum descriptors were studied to further authen-
ticate the results explained by the energy gap. The ionization
potential (IP) is the negative of the Eyomo while the electron
affinity (EA) is the negative of the Ejymo.” The ionization
potential (IP) and the chemical hardness (n) help to further
determine the stability of the surfaces.®® High energy values of
the ionization potential (IP) and the chemical hardness (7)
correspond to better stability of the surfaces being studied.*>*
In all scenarios of the adsorption process of AsH; NH; and PH;,
on C,,H;,-Mg, high ionization potential (IP) and chemical
hardness (7) values are observed, which further indicate the
good stability properties of the surfaces.

3.3 Density of states

To gain further insight into the electronic properties and to
visualize the change in the energy gap resulting from the XH; (X
= As, N, P) gas adsorption on the magnesium-decorated gra-
phene surface, the corresponding density of states (DOS) plots
are presented in Fig. 3. As shown in Fig. 3, the adsorption of
XH; (X = As, N, P) in the gas phase results in new energy states
appearing close to the Fermi energy level for the XH;@C,4H1,-
Mg (X = As, N, P) complexes. This led to the decrease in E, from
6.331 eV (CpHy,-Mg) to 6.313, 6.302, and 6.317 eV for the
AsH;@C,4H;,-Mg, NH;@CyHi,-Mg, and PH;@C,,H;,-Mg
complexes, respectively (see Table 2). The reduction in E, indi-
cates that the C,,H;,-Mg surface can detect the three gases.**
However, comparing the total density of states (TDOS) plots in
Fig. 3, the alteration of the TDOS plots is more pronounced in
the NH;@C,,H1,-Mg plot when compared with that of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized HOMO and LUMO isosurface plots of AsHz@C,4H12-Mg, NHz@C,4H1>-Mg and PHz@C,4H1>-Mg.

magnesium-decorated graphene quantum dot surface, indi-
cating that the C,,H;,-Mg surface has sensitivity for NH; gas.

3.4 Natural bond orbital (NBO) analysis

Natural bond orbital (NBO) analysis of the gas-adsorbed surface
was undertaken in this study to chemically understand the
distribution of the charges between the donor and acceptor
orbitals.®” In addition to investigating the charge distribution
between orbitals, natural bond orbital analysis is a tool that
explains the bond type and nature of bonding interactions, as
well as intermolecular and intramolecular interaction.®***” The
DFT method used earlier for evaluating the optimized structure

© 2023 The Author(s). Published by the Royal Society of Chemistry

was also employed in the NBO analysis. The nature of the
interaction between the donor and the acceptor orbitals deno-
ted by the stabilization energy is often referred to as the second-
order perturbation energy, and it can be represented as eqn (10):

) AR - (Fij)’

where ¢; represents the donor occupancy, F(ij) is the off-
diagonal NBO Fock Matrix elements, and E; and E; are the
diagonal elements. Through literature reviews, it can be
understood that when the values of the stabilization energy are
large, it indicates the existence of a strong interaction between

(10)
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Fig. 3 Density of states plots for XHz (X = As, N, P) on the magnesium-decorated graphene quantum dot surface.

the donor and acceptor orbital.®® It also indicates a higher
degree of conjugation of the whole system under study.®® In this
paper, the estimated stabilization energy for the gas-adsorbed
surfaces for the different phases have been computed and are
tabulated in Table 3 alongside their respective donors (i),
acceptors (j) and their diagonal elements with the off-diagonal
NBO Fock Matrix elements. Close examination of Table 3
shows that the major transitions attributed to the system under
study are BD (1) — BD* (1) which is the ¢ — o* bond, BD (1) —
BD*(2)[c — 7*], BD (2) — BD* (1) [r — ¢*], BD (2) — BD*(2)
[t — w*]and BD* (2) — BD* (1) [t* — o*]. Other transitions
observed in NBO analysis but not tabulated include the Rydberg
(RY) and the center core pair (CR). The computed stabilization
energies presented in Table 3 are in the range of 79-
100 keal mol . From the displayed stabilization energies, in
the gas phase, it can be observed that the gas-adsorbed surfaces
follow the trend AsH;@C,;H;,-Mg > NH;@C,,Hi,-Mg >
PH;@C,4H;,-Mg in terms of stabilization energy. Their values
are 98.83 kcal mol™*, 96.60 kcal mol™* and 93.36 kcal mol?,
respectively. In the benzene phase, the 7 — o* transition is
prominent. AsH;@C,,H;,-Mg is observed to have higher values
of second-order perturbation energy compared to the other gas-
adsorbed surfaces. The other two phases, ethanol and water,
also support the results obtained in the other phases. The

13630 | RSC Adv, 2023, 13, 13624-13641

values of the stabilization energy are similar to each other
because of the similarly in the structure of the surfaces being
studied. From the NBO analysis, it can also be noted that the o
— o* transition contributed more to the stabilization of the
gas-adsorbed surfaces.

3.5 Topological analysis - quantum theory of atoms-in-
molecules (QTAIM)

Using the optimized XH;@C,4H1,-Mg (X = As, N, P) structures, we
carried out Bader's QTAIM analysis to investigate the bond type
and inter- or intra-molecular nature of the interactions that exist
between the interacting atoms of the XH; gases and the
magnesium-decorated graphene quantum dot surface.” Based on
QTAIM theory, the chemical bond existing between two interact-
ing atoms is characterized by a topological (3, —1) point through-
space known as the bond critical points (BCPs).” Topological
parameters at the BCPs, such as the density of electrons p(r),
Laplacian electron density Vp(r), Lagrangian kinetic energy G(r),
potential electron energy density V(r), total electron energy density
H(r), Eigenvalues (A4, 45, 43), and the ellipticity ¢ are vital param-
eters in determining the nature of interactions.”” The values of
these parameters as calculated at the WB97XD/6-311++ (2d,2p)
level of theory are presented in Table 4, and the corresponding
QTAIM graph is shown in Fig. 4. The small values of electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Donors (i), acceptors (j), second-order perturbation energy and their diagonal elements with the off-diagonal NBO Fock matrix
elements for the investigated surfaces calculated using the DFT/wB97XD/6-311++G(2p,2d) method

Phase System Donor (i) Acceptor (/) E(2) keal mol™* E(j) — E(i) a.u. F(iy) a.u.
Gas AsH;@C,,Hy,- Mg 6 (C3-Cy) 7* (C10-Cu4) 99.78 3.52 0.515
(c17 C1) o* (C12-Cyg) 98.85 1.72 0.366
NH;@C,4H;,-Mg o (C3-C5) o* (Co=Cy3) 97.72 0.68 0.230
6 (C11-Cyy) 0% (Cpy=Hyg) 97.94 0.91 0.267
PH;@C,,H;,-Mg ¥ (C3,-Cs4) 0* (Cp2-Casg) 84.98 1.41 0.895
¥ (Co=Cy3) 0* (Cp4-Cao) 95.48 0.51 0.208
Benzene AsH;@Cs4H15-Mg 6 (C17-C21) 6* (C30-C3z4) 85.46 0.03 0.046
7t (C19= Cao) o* (C4-Cy) 98.83 10.73 1.740
NH;@C,4H;,-Mg 6 (C1o- Ca0) o* (C,-Cg) 83.05 0.39 0.160
7 (C1o- Cao) 6* (C17-Cz1) 96.60 2.56 0.497
PH;@C,,H;,-Mg 7 (Cg-Cy1) 7* (C19-Cao) 82.92 2.50 0.382
7 (Cg=Cy1) 6* (Cp9-Cs3) 93.36 411 0.586
Ethanol AsH;@C4H1,-Mg G (C3-Cy) 6* (C30-Csz4) 94.15 0.16 0.110
0 (Cy1-Cs5) o* (C30-Cs4) 95.72 0.12 0.097
NH;@C,,H;,-Mg 0 (C19-Cas 7* (C19-Cao) 92.62 1.69 0.392
0 (C1-Cs5) 7* (C19-Cao) 92.81 14.99 1.623
PH;@C,H,;,-Mg 7 (Cg~Cy1) 7* (C19-Cao) 83.40 0.30 0.149
0 (C;—Cya) G* (C19-Cao) 92.85 0.95 0.265
Water AsH;@C,4H1,-Mg o (Ha-Cy) 6* (C0~Cp4) 93.11 0.19 0.120
6 (C,~C12) 6* (Cp0-Ca4) 94.61 0.36 0.166
NH;@C,,H,,-Mg ¥ (C10-C14) o* (Cg=Cyy) 79.96 0.36 0.448
6 (C27-Cas) o* (Hy-Cy) 93.98 0.40 0.174
PH;@C,H,,-Mg o (He-Cyo) 0* (C19-Cs3) 89.36 0.75 0.232
0 (C;—Cya) G* (C1-Cig) 93.75 0.93 0.265
Table 4 Study of weak interactions on the basis of bond critical point (BCP) and topological analysis parameters
System Bond p(r) v3(r) G(r) H(r) V() -GV A Ao A3
AsH;@C,,H;,-Mg C1a-Mgyy 0.00061 0.00323 0.00055 0.00025 —0.00029 1.89655 —0.00023 —0.00003 0.00350
Cy3-AS35 0.00528 0.01586 0.00295 0.00100 —0.00195 1.51282 —0.00090 —0.00002 0.01678
NH;@C,4H,-Mg Cq13-Mg3, 0.00062 0.00326 0.00055 0.00026 —0.00029 1.89655 —0.00031 —0.00012 0.00370
Ci9-Hyq 0.00406 0.01382 0.00263 0.00081 —0.00018 1.46111 —0.00214 —0.00092 0.01689
C13-N3g 0.00388 0.01362 0.00257 0.00083 —0.00173 1.48554 —0.00202 —0.00021 0.01585
Cyo-Hyo 0.00372 0.01253 0.00239 0.00073 —0.00166 1.43975 —0.00203 —0.00080 0.01537
PH;@C,,H1,-Mg Cy-Mg3, 0.00059 0.00318 0.00053 0.00025 —0.00028 1.89285 —0.00018 —0.00007 0.00343
Cy13-Mg3- 0.00058 0.00317 0.00053 0.00025 —0.00028 1.89285 —0.00015 —0.00005 0.00338
Cy13-Pyy 0.00564 0.01953 0.00371 0.00117 —0.00254 1.46063 —0.00143 —0.00072 0.02169

density with p(r) < 0.1 a.u. signify non-covalent interaction
between the XH; (X = As, N, P) gases and magnesium-decorated
graphene quantum dot surface.” Also, positive values for the
Laplacian electron density (V?p(r) > 0) and the total electron
energy density (H(r) > 0) imply non-covalent interactions.” As
shown in Table 4, the p(r) values range between 0.00058 to 0.00564
a.u., whereas the V?p(r) and H(r) values range between 0.00025 to
0.01953 a.u. The p(7) values are less than 0.1 a.u. and both the
V?p(r) and H(r) values are positive for all interactions, which
indicates the dominance of non-covalent forces between the
interacting systems.” Furthermore, calculating the values of the
ratio —G(r)/V(r) gives further insight into the nature of the inter-
actions.”” As shown in Table 4, the —G(r)/V(r) values of >1 for all
studied interactions confirm the non-covalent nature of the
interactions. From the discussion above, it is evident that the
formation of the XH;@C,,H;,-Mg (X = As, N, P) complexes occurs
essentially through non-covalent interactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.6 Noncovalent interactions (NCI)

The QTAIM analysis shows that non-covalent forces play the
major role in the interactions between the XH; (X = As, N, P)
gases and the magnesium-decorated graphene quantum dot
surface. Therefore, it is important to further study the weak
interactions using non-covalent interaction (NCI) analysis.”
The NCI analysis is based on studying the plots of the reduced
density gradient (RDG) against the product of the second
Eigenvalue of the Hessian matrix (4,) with the electron density
p(sign(A,)p).”® Visualization of the weak interactions is carried
out through 2D-RDG scatter maps and 3D iso-surface plots,
which are presented in Fig. 5. The 2D-RDG scatter maps are
interpreted using the peaks observed in the low-RDG and low-
electron-density regions. The regions in which sign(A,)p <
0 indicates strong bonding, and sign(4,)p > 0 indicates strong

repulsive forces, whereas the point where sign(i,)p =

RSC Adv, 2023, 13, 13624-13641 | 13631
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Fig. 4 Pictorial representation of the quantum theory of atoms-in-molecules (QTAIM) analysis.

0 indicates van der Waals (vdW) forces.*® Similarly, NCI plots are
interpreted using the blue-green-red color scale. Thus, the blue,
green and red regions correspond to strong attraction, van der
Waals (vdW), and steric repulsion forces, respectively.** From
the 3D iso-surface plots in Fig. 5, green patches between the XH;
(X = As, N, P) gases and the surface show that van der Waals
(vdW) forces are the driving force for the adsorption of these
gases onto the magnesium-decorated graphene quantum dot
surface. Meanwhile, the red patches within the graphene
surface result from repulsive steric effect from the rings forming
the quantum dot structure. This was confirmed by the green
and red spikes observable in the 2D-RDG scatter maps for all the
studied XH;@C,,H1,-Mg (X = As, N, P) complexes.

3.7 Adsorption study

In order to ensure a stable adsorption configuration, the
structures were optimized separately before adsorption and
optimized again upon adsorption. The cluster, initial structural
equilibration has been carried out by employing the def2svp
basis set. All calculations were carried out using the DFT/
wB97XD/6-311++G (2d,2p) method. To gain more insight into
the effect of solvation on the adsorptive behavior of C,,H;,-Mg,
calculations were carried out in four distinct phases: benzene,
ethanol, water and gas. The adsorption behavior of the Mg-
decorated graphene quantum dot (C,,H;,-Mg) surface in the
adsorption of AsHjz;, NH; and PH; was carried out using the
calculation of adsorption energies of the respective complexes
formed. Eqn (1) was employed in obtaining the different
adsorption energies, and the results obtained are summarized
in Table 5. Previous theoretical studies on the adsorption of
gases agree that greater adsorption energy is favorable in
comparative studies among different systems. That is, the
greater the adsorption energy, the more likely that an adsorbent
material best adsorbs the adsorbate under study.*” From the
data presented in Table 5, it is apparent that all the calculated
adsorption energies are of a negative magnitude. Thus, this
adsorption phenomenon is best described as chemisorption.*
The adsorption energies can be arranged in an increasing trend

13632 | RSC Adv, 2023, 13, 13624-13641

of NH;@C,.H1,-Mg < PH;@C,4H1,-Mg < AsH;@C,4Hi-Mg.
This pattern was observed to apply for all phases under
consideration. Among the considered phases, the best adsorp-
tion performance was noted in the gas phase due to its highest
values of adsorption energy as compared to its studied coun-
terparts in benzene, ethanol and water. The adsorption of AsH;
on the magnesium-decorated graphene quantum dot (Cp4H;,-
Mg) corresponding to AsH;@C,,H;,-Mg complex reflects the
highest E,q value of —1.87819, indicating that AsH; is better
adsorbed on the C,,H;,-Mg surface than NH; or PH;. In addi-
tion, NH; and PH; were adsorbed similarly on the Mg-decorated
graphene quantum dot (C,4H;,-Mg), which is accounted for by
their similar adsorption energies. The adsorption energy values
obtained here were in agreement with previously reported
literature.***> However, PH;@C,,H;,-Mg exhibits a relatively
higher energy, indicating that the adsorption of PH; is more
favored than that of NH;. Hence, the studied Mg-decorated
graphene quantum dot (C,,H;,-Mg) surface exhibits stronger
adsorption potency for the AsH; gas molecule than its studied
counterparts. The idea of deformation energy is used to provide
a thorough explanation of a substrate's capacity to accommo-
date an adsorbate. According to a literature review, when
a molecule adheres to a surface, it may result in energy-
intensive surface deformation. The adsorption energy, which
is the energy released or absorbed when a molecule is adsorbed
onto a surface, can be impacted by this deformation energy. The
total stability of the adsorbed state can be impacted by the
magnitude of the deformation energy. For instance, the
adsorption energy will be reduced and the adsorption may be
less stable if the deformation energy is high. The adsorption
may be more stable if the deformation energy is low, and vice
versa.®® Although energy can impact the effectiveness of mate-
rials used in a variety of applications, including catalysis, gas
separation, and energy storage, it is essential for forecasting
and optimizing adsorption processes. From the results pre-
sented in Table 5, it can be seen that the studied systems have
higher deformation energy in the gas phase compared to in the
other solvents, and these higher values can be explained based
on solvent effects.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Pictorial representation of the non-covalent interaction analysis.

3.8 Sensor mechanisms

The properties capable of describing the sensing performance
of a material are generally regarded as sensor mechanisms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These mechanisms provide necessary insights from the inter-

actions existing between the adsorbate and adsorbent materials
through measuring the electrical conductivity, recovery time,
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Table 5 Adsorption energies of the three studied systems in four
distinct solvents: benzene, ethanol, water and gas, as calculated using
the DFT/wB97XD/6-311++G (2d, 2p) method

System Benzene Ethanol Water Gas
AsH;@C,,Hy,-Mg  —1.87601  —1.87192  —1.8737  —1.87819
NH;@CypsH1,-Mg —0.00641  —0.0056 —0.0056  —0.0067
PH;@C,4H;,-Mg —0.00755  —0.00746  —0.0075  —0.0076
Deformation energy

AsH;@CpHyp- Mg —2.312 —2.317 —2.315 —2.321
NH;@C,,H;,-Mg —2.123 —2.154 —2.165 —2.323
PH;@C,4H;,-Mg —2.212 —2.214 —2.132 —2.232

charge transfer, dipole moment and work function. These
mechanisms have been theoretically explored in this section to
strengthen the theoretical investigation of the adsorption of the
three different gases on the Mg-decorated graphene quantum
dot (Cp4H15-Mg).

3.8.1. Electrical conductivity. The ability of a molecule to
conduct electricity can be attributed and traced to the flow of
electrons between the HOMO and LUMO energies.* It is para-
mount to note that the energy gap is an essential parameter
with the potential of predicting the electrical conductivity of
a material. Therefore, it is safe to say that the reusability and
stability of a material depend on the HOMO-LUMO energy gap.
Previous theoretical studies have shown that electrical
conductivity can be related to the energy gap in such a way that
an increase in the energy gap induces a decrease in the
conductivity of a material.*” The inverse relationship in the
conductivity can be demonstrated in eqn (11) as:

o = ATY3(EL2KD) (11)
where the electrical conductivity, Boltzmann constant,
temperature and constant are denoted by o, K, T and A,
respectively. From the results obtained in Section 3.2 for the
quantum descriptors, it is evident that NH;@C,,H;,-Mg with
the smallest energy gap possesses the lowest electrical
conductivity. Furthermore, the relatively higher energy gap in
PH;@C,,H;,-Mg indicates the conducting nature of the mate-
rial corresponding to the C,,H;,-Mg surface upon the adsorp-
tion of PH;. Among the three gases, the highest conductivity
was observed for the adsorption of AsHj, and this is due to its
high energy gap.

3.8.2. Recovery time and work function. One of the key
parameters in investigating materials suitable for gas sensing is
their reusability and stability.*® The strength of an adsorption
can be predicted by the interaction strength obtained from the
adsorption energy, which is the chief parameter among other
mechanisms.*” The recovery time can be predicted from the
adsorption energy using eqn (12).

T= exp( - Eads/vo)
KT

T, vo, K and E,q are the temperature, attempted frequency,
Boltzmann constant and adsorption energy, respectively. In the

(12)
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calculation, the Boltzmann constant can be approximated as
~2.0 x 107° keal mol ', and the attempted frequency was ob-
tained as 1.380649 x 10~>* m*> kg s > K.

To obtain the recovery time experimentally, the electric field
and thermal effects are generally considered and utilized.
Furthermore, the recovery time can be theoretically calculated
from the transition state theory. In eqn (12), it can be noted that
higher adsorption energy will increase the recovery time of
a material, and thus, this concept is employed as follows. The
adsorption follows an increasing trend of NH;@C,4H;,-Mg <
PH;@C,4H,-Mg < AsH;@C,4H;,-Mg. From this trend, the
order of increasing recovery time can likewise be illustrated. For
example, the adsorption of AsH; on the surface reflects the
greatest E,q value of —1.87819. This implies that the
AsH;@C,4H1,-Mg system has the relatively longest recovery
time.

The work function (¢), which is the minimum energy
required to move the electron from the internal part of a solid to
the surface, is an essential parameter in monitoring the elec-
tronic and optical characteristics of a material.*® It is evident in
Table 6 that the complexes resulting upon adsorption exhibited
relatively more similar work function values of 3.3417, 3.4218
and 3.3284 eV for AsH;@C,;Hi,-Mg, NH;@C,4H;,-Mg and
PH;@C,4H;,-Mg, respectively. It has been observed that the
material indicated excellent adsorption potency in use for the
adsorption of the gases.

3.8.3. Dipole moment and transfer. As one of the essential
mechanisms of sensing, the dipole moment (up) is used to gain
insight into the charge separation of materials.”® Necessary
information on the dipole moment is important in tracking the
interaction strength of studied systems. It is often seen that the
quantity of charge transferred has a direct way of affecting the
dipole moment.®* The variability in the studied surface before
and after the adsorption of AsHj;, NH; and PH; molecules is
summarized in Table 6. Also, the effect of solvation on the
adsorption of gases has been investigated from the perspective
of the dipole moment. The dipole moment was calculated in
benzene, ethanol, water and gas in order to investigate the
adsorption behavior in the aforementioned solvents. Upon
adsorption, higher dipole moments are observed in ethanol and
water, with the dipole moments of 1.019102, 2.498643 and
1.075318 D in ethanol and 1.145908, 2.656500 and 1.175505 D
in water for AsH;@C,;Hi,-Mg, NH;@C,,Hi,-Mg and
PH;@C,4H;,-Mg, respectively. In addition, relatively higher
dipole moments are obtained in gas as compared to benzene.
The greater dipole moments observed in these solvents are an
indication of greater charge separation, which further implies
strong interaction. The interactions in the four distinct solvents
increase in the order benzene < gases < ethanol < water. A
thorough literature search indicates that higher dipole moment
is an indication of strong interactions.”® Herein, NH;@Cy4H1,-
Mg exhibits the highest dipole moment, followed by
PH;@C,4H;,-Mg. This indicates that NH;@C,4H;,-Mg exhibits
the strongest interaction in benzene and ethanol. However,
a slight change in the behavior of adsorption was observed in
gas, where the strongest interaction was noted for PH;@C,4H -
Mg as a result of its highest up of 0.954942 D.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Dipole moment (up) in four distinct phases, and charge transfer (Q) and work function (¢) in gas calculated using the DFT/wB97XD/6-

311++G(2d,2p) method®

Dipole moment

Charge transfer

System Benzene Ethanol Gas Water Q¢ Qads Q ]

CpqH,,-Mg 0.4283 0.9537 1.0203 0.5935 — — — 3.3605
AsH;@C,4Hq,-Mg 0.2106 1.0191 0.4231 1.1459 —0.0785 —1.1180 1.03945 3.3417
NH;@C,4H12-Mg 1.6430 2.4986 0.9091 2.6565 —0.1874 0.0162 —0.236 3.4218
PH;@C,,H,-Mg 0.6902 1.0753 0.9549 1.1755 0.0760 0.3343 —0.2584 3.3284

“ Q¢ and Q,qs are the respective charges on carbon and adsorbates.

Milliken charge analysis has been employed in tracing the
charge transfer of the respective atoms present in the decorated
C,sHy, surface. The electronic charge transfer occurring
between the two interacting compounds, such as the adsorbate
and adsorbent, was investigated via the natural charge on the
C,4H1,-Mg surface before and upon interaction, and the results
are summarized in Table 6. Changes in charge transfer (Q) of
1.03945, —0.236 and —0.2584 are attributed to AsH;@C,,H;,-
Mg, NH;@C,4H;,-Mg and PH;@C,,H;,-Mg, respectively. From
this, the strongest charge transfer was encountered in the
adsorption of AsH; on the C,,H;,-Mg surface. This is evident in
the AsH;@C,,H;,-Mg system with the highest Q, value.
Furthermore, relatively strong charge transfer is noted in the
PH;@C,4H;,-Mg system, indicating strong charge transfer
upon the adsorption of PH; on the Mg-decorated graphene
quantum dot (Cp4H;,-Mg).

3.9 Nonlinear optics (NLO) analysis

Nonlinear optics (NLO) studies the deflection of high-intensity
lasers via interaction with a material.* A material is polarized
when charged particles are dislodged within the material and
a dipole moment is set up; on the other hand, static polariz-
abilities are utilized to investigate intramolecular and inter-
molecular interactions in a molecule.” It accurately predicts

1 12
Adtoral = {5 {(axx — ayy)’ + (oxx — azz)’ + (ayy — azz)’ + 6(a’xy + o’xz + azyz)} } ,

excited states in density functionals and represents the initial
response of the electron density to electric fields. The primary
goal of this objective is to conduct theoretical research on the
complexes' optical properties. Strongly hyper-polarizable
molecules, which have a wide range of technological applica-
tions, can be used to create NLO materials. Nonlinear optical
materials have grown in prominence recently because of their
prospective applications in fields such as laser technology,
optical communication, optical data storage, and optical signal
processing.®® There are numerous optoelectronic and photonic
applications for them as well. Organic chromophores may be
a good substitute for inorganic materials because of their potent
and rapid nonlinearities. This occurs as a result of their
propensity to contribute to electron delocalization. Asymmetric

© 2023 The Author(s). Published by the Royal Society of Chemistry

polarization caused by electron donor and acceptor groups on
each side of the molecule at the proper places in molecular
systems is used to create effective organic materials for non-
linear optical effects.”” The Gaussian 16 program was used to
perform the calculations. The polarizabilities were calculated
during the geometry optimization, and the NLO descriptors
were generated using the coordinate values taken from the log
file. Calculations of the frequency-dependent electronic hyper-
polarizability and static polarizability, denoted by the symbols
Bxyz and ay,, were made using the coupled-perturbed Hartree-
Fock method. Calculation of the polarizabilities of molecules
can be done using the basis set. The Multiwfn tool was used to
calculate the NLO descriptors from the output of the Gaussian
log file. The dipole moments (u), polarizability anisotropies («),
isotropically averaged polarizabilities (Aaiora), and isotopic
first-order hyperpolarizabilities (B¢oca1), Which were calculated
using eqn (13)-(19) below, were among the parameters
obtained.

p=/px + @2y + iz, (13)

(a) = %(axx + ayy + azz), (14)

(15)

IBIOta] = \/ IBZ'X + IBZy + 6227 (16)

where,

BX = 6)(‘\1)( + ﬂ.’(yy + 6XZ: (17)

5)’ = ﬁyyy + ﬁx.\‘y + ﬁy:z (18)

ﬁ: = ﬁz:: + 6)(:2 + ﬁyyz (19)

The results predicted the dipole moment (u), polarizability
anisotropy («), average polarizability, isotopically averaged

RSC Adv, 2023, 13, 13624-13641 | 13635
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Table 7 NLO descriptors of magnesium-decorated graphene quantum dot structure and interactions with the adsorbed gases calculated at

DFT/wB97XD/6-311++G(2p,2d) method

Dipole moment

Polarizability anisotropies

First-order

Averaged polarizabilities hyperpolarizabilities

Structure (w) (@ttotal) a-u. (a) a.u. (Brotar) @-u.
Cy4Hy-Mg 1.0202 47.85854359 —139.91287 67.98918423
NH;@C,4H;,-Mg 0.9092 69.52853744 —150.27543 20.14768183
PH,;@C,,Hy,-Mg 0.9549 46.91934464 —155.86527 75.39993366
ASH;@C,,H, o 0.4231 44.1052877 —161.8569 237.4505579

Mg

polarizability (Aay) and first-order hyperpolarizabilities
(Btotal) of the complexes. As presented in Table 7, the non-linear
optic properties of C,4H;,-Mg, NH;@C,,H1,-Mg, PH;@C,4H15-
Mg and AsH;@C,,4H;,-Mg showed an increase in the dipole in
the order C, Hi,-Mg: 1.0202u > PH;@Cy4H ,-Mg: 0.9547u >
NH;@C,,H;,-Mg: 0.9092u > ASH;@C,,H;,-Mg: 0.4231u. The
polarizability anisotropy increased in the order NH;@C,4H1,-
Mg: 69.528 > C,,H;,-Mg: 47.858 > PH;@C,,H;,-Mg: 46.919 >
AsH;@C,4H;,-Mg: 44.105 a.u., and the averaged polarizability
increased in the order C,,H;,-Mg: —139.912 > NH;@C,,H1,-Mg:
—150.275 > PH;@C,,H,-Mg: —155.865 > AsH;@C,,H,>-Mg:
—161.856 a.u., while the first-order hyperpolarizability
increased in the order AsH;@C,,H;,-Mg: 237.450 >
PH;@C,,H,,-Mg: 75.399 > Cy,H,,-Mg: 67.989 > NH;@C,4H,,-
Mg: 20.147 a.u. The high first-order hyperpolarizability of
AsH;@C,,H1,-Mg makes it a suitable material for optoelec-
tronic applications.

3.10 Thermodynamics properties

To fully understand the dynamics of heat and energy transfer
present in the magnesium-decorated graphene quantum dot, as
well as the spontaneity of the reaction involving graphene in
sensing toxic gases like AsHj;, NH3, and PH; in the surround-
ings, the thermodynamics properties were studied in the gas
phase and in the solvents benzene, ethanol and water to enable
us to ascertain the effects of the above-mentioned solvents on
the thermodynamics of the sensor material.”® The enthalpy (H)
which is the sum total of a system's internal energy (Q) in

addition to its constant pressure and total change in volume®
AH = Q + pAV was calculated for all the optimized studied
complexes in both gas phase and solution using the equations
below:

AH* (298 K) = Y AcH*product (298 K)

— > AfH* reactants (298 K) (20)
AcH* (298 K) = > (e9 + Hcorr) product
— > (e0 + Heopy) reactants  (21)

where ¢, is the electronic energy and H,,,, is sum of the elec-
tronic energy and thermal correction to H. To estimate the
enthalpy of a system, the difference between the products and
corresponding reactants should be obtained in order to ascer-
tain whether the reaction is exothermic (AH > 0) or endothermic
(AH < 0)." All the thermodynamic parameters are shown in
Table 8. Also, detailed analysis of the thermodynamic calcula-
tions in different solvents has been presented in the ESI (Tables
(1-3)7). As can be observed from the tabulated results, in the gas
phase, which is the point of comparison, the reactions between
the Mg-decorated graphene quantum dot were endothermic
when interacting with NH; gas and exothermic when interact-
ing with PH; and AsH;. In the solvation-optimized structures in
benzene, ethanol and water, all the interactions were noted to
be exothermic; this is justified by the all-negative values of
enthalpy of the systems that took part in the reaction. Similarly,
the Gibbs free energy (AG) of a system undergoing a chemical
reaction is described as the sum of the enthalpy and the product

Table 8 Thermodynamic parameters of the optimized structures, including the enthalpy and Gibbs free energy in the gas phase, calculated

using the DFT/wB97XD/6-311++G(2p,2d) method

Parameter Cy4H1-Mg AsH; AsH;@C,4H1,-Mg NH; NH;@C,4H;,-Mg PH; PH;@Cy4H1>-Mg
&o —1121.867 —2237.627 —3359.566 —56.564 —1178.438 —343.150 —1465.025
E7pE 0.283 0.021 0.306 0.035 0.318 0.024 0.308

Eio¢ 0.299 0.024 0.327 0.037 0.337 0.027 0.329
Heorr 0.300 0.025 0.328 0.038 0.338 0.028 0.330
Georr 0.235 0.000 0.254 0.016 0.268 0.003 0.255

&0+ &zpp —1121.585 —2237.606 —3359.259 —56.530 —1178.120 —343.126 —1465.717
&0 + Eror —1121.568 —2237.603 —3359.239 —56.527 —1178.101 —343.123 —1465.696
eo + Heorr —1121.567 —2237.602 —3359.238 —56.526 —1178.100 —343.122 —1465.695
&0+ Georr —1121.632 —2237.627 —3359.312 —56.547 —1178.170 —343.147 —1465.770
AeH* (298 K) —0.038 0.007 —1.081
AfG* (298 K) —0.053 —0.009 —0.991
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obtained from the summation of the system's temperature (K)
and the entropy change (AS).'** Thermodynamically, the Gibbs
free energy of a system must be negative for a spontaneous
reaction to occur, that is AG < 0, while positive values of AG
indicate non-spontaneity, that is, AG > 0. The Gibbs free energy
was calculated in this study using the equation below:**

ArG* (298 K) = > (e9 + Georr) product

— > (g0 + Geopy) reactants (22)
where ¢, is the electronic energy and G, is the sum of elec-
tronic energy and the thermal correction to G. The results ob-
tained in these comparative thermodynamic studies show that
in the gaseous phase, all interactions of the Mg-decorated gra-
phene quantum dot (C,4H;,-Mg) with the studied gases,
namely, AsH;, NH; and PH;, were spontaneous in the order
NH;@C,4H;,-Mg > AsH;@C,,H;,-Mg > PH;@C,,H;,-Mg. In the
benzene phase, AsH;@C,,H,-Mg and PH;@C,,H;,-Mg were
spontaneous, while NH;@C,4,H;,-Mg was non-spontaneous. In
ethanol, AsH;@C,,H;,-Mg and NH;@C,,H;,-Mg were sponta-
neous in reaction, while PH;@C,;H;,-Mg showed non-
spontaneity. Finally, in water, the reaction between
AsH;@C,4H,,-Mg and PH,@C,;H;,-Mg was spontaneous,
whereas NH;@C,,H;,-Mg was non-spontaneous. The results in
all the studied phases suggest that the free energy of reaction in
the studied systems for the formation of the product is most
favorable for AsH;@C,4H1,-Mg compared to other systems, and
so the reaction of the Mg-decorated graphene quantum dot to
sense AsH; gas will occur in a much easier and suitable state.
These results are in agreement with the adsorption energy
analysis as well as the HOMO-LUMO energy gap analysis as
obtained in these studies.

4 Conclusions

Theoretical calculations were performed using the DFT/
WB97XD/6-311++G(2p,2d) approach to investigate the selec-
tivity, sensitivity, conductivity, and adsorption process of the
graphene quantum dot and its decorated magnesium atom in
sensing the hazardous hydride gases XH;, where X = As, N, and
P. This work was carried out in four different phases to
comparatively study the effect of solvation and to deduce the
best possible phase for the adsorption of the gases. From the
structural properties, PH;@C,4.H1,-Mg was observed to have
the shortest bond length and AsH;@C,,H;,-Mg to have the
longest bond length in all phases. The bond lengths increased
in the order PH;@C,Hi,-Mg < NH;@Cp Hijp-Mg <
AsH;@C,4H;,-Mg. Comparing the four phases, the shortest
bond length was found in the gas phase, while the longest was
observed in the water phase. Upon adsorption of the gases on
the magnesium-decorated graphene quantum dot, there was
a slight reduction in the energy gaps, which enhances the
conductivity and suggests the stability of the investigated
surfaces. AsH;@C,,H;,-Mg had the highest energy gap in all
phases. The gas phase was observed to be the phase with the
highest energy gap, followed by the benzene phase, the ethanol
phase and finally the water phase. From the NBO analysis, the o

© 2023 The Author(s). Published by the Royal Society of Chemistry
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— o* transition contributed more to the stabilization of the
gas-adsorbed surfaces. The interaction between the gas-
adsorbed surfaces is a non-covalent interaction, as was
confirmed through the QTAIM and NCI analyses. The nature of
the adsorption is chemisorption, as indicated by the negative
values of the adsorption energy. AsH;@C,4H;,-Mg exhibited the
highest adsorption energy, thus indicating that ASH;@C,4H,-
Mg is best sensed on the magnesium-decorated graphene
quantum dot. Based on our findings, the quantum dot under
investigation has good sensing properties towards gases, and it
has a higher sensing potency for the AsH; gas molecule than its
examined counterparts. In comparison to the other phases, the
gas phase is preferable.
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