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Toxic metals present in drinking water pose a serious threat to the environment and human beings when
present in abundance. In this work, we investigated the sensing ability of quantum dots (pristine CQDs,
boron/nitrogen/sulphur (B/N/S)-doped CQDs, and BNQDs) of various sizes and morphologies
(rectangular, circular, and triangular) towards toxic metals such as arsenic (As), cobalt (Co), nickel (Ni),
copper (Cu), and lead (Pb) using quantum chemical density functional theory calculations in both gas
and water phases. We probed the structural, electronic, and optical properties of the QDs. All the
modelled QDs are energetically stable. Frontier molecular orbital analysis predicted that BNQDs are
more chemically stable than all other CQDs. UV-vis absorption and Raman spectra analyses helped to
understand the optical properties of all the QDs. Further, adsorption studies revealed that triangular
pristine CQDs and sulphur-doped CQDs show higher adsorption affinity towards the toxic metals. The
maghnitude of adsorption energies follows the trend Ni > Pb > As > Cu > Co in most of the QDs. Several
pristine and doped CQDs exhibited chemisorption towards the toxic metals, and hence, they can be
used as adsorbents. However, a majority of BNQDs showed physisorption towards the metals, and
therefore, they can be used as efficient optical sensors compared to CQDs. Further, the sensing ability of
the QDs was explored through optical phenomena such as changes in UV-vis absorption spectra and
fluorescence after metal adsorption. When compared to pristine CQDs and B/N/S-doped CQDs, metal
complexation caused significant changes in the UV-vis absorbance peak intensities in BNQDs along with
peak shifts. Moreover, metal interaction with the QDs increased their fluorescence lifetime with the
highest values observed in Co-adsorbed triangular HigCyse (152.30 ns), Pb-adsorbed rectangular Hi5C30S
(21.29 ns), and As-adsorbed circular B,7N27H1g (2.99 ps) among pristine CQDs, B/N/S-doped CQDs, and
BNQDs, respectively. Overall, we believe that our first-of-its-kind computational prediction of the optical
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rsc.li/rsc-advances experimentalists in designing novel and rapid optical probes to detect toxic metals in drinking water.

Currently, water pollution is one of the serious issues faced by
all living forms, including humans and aquatic animals. The

1. Introduction

The very existence of life on Earth depends on water, critically.
The composition of cells and the transport of nutrients into the
cells as well as the metabolism of the body depend on water.
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availability of limited freshwater resources worldwide has
resulted in severe water scarcity, affecting 4 billion people for at
least one month annually. Approximately 2.2 billion people lack
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access to clean drinking water globally." According to reports
from the World Health Organization (WHO), due to contami-
nation of drinking water, diseases such as diarrhoea kill 485 000
people annually.”> The demand for clean drinking water has
increased. However, due to population explosion, urbanization,
advancement in technology, and growth of industries, fresh-
water sources that provide drinking water are under threat.
Many toxic elements are released into water without proper
drainage/chemical treatment. Major sources that are respon-
sible for the contamination of drinking water are fertilizers,
tanning, soldering, electroplating, pesticides, batteries, and
pipe manufacturing industries and they accumulate toxic
metals in excess concentration.® Due to this issue, our
ecosystem and human health are under serious threat. The
accumulation of metals such as copper (Cu), lead (Pb), arsenic
(As), cobalt (Co), and nickel (Ni) in drinking water has raised
a great concern worldwide as the excess concentration of these
metals in water can lead to adverse health effects. Arsenic (As)
contamination of water arises from smelting, pesticides,
fungicides, and glass production industries.*® The most
common oxidation states of As ions in water are +3 and +5.
Long-term exposure to As through water beyond the permissible
limit leads to bronchitis, dermatitis, hypopigmentation,
hyperkeratosis, and encephalopathy.** The maximum permis-
sible limit of As ions in drinking water set by the WHO is
0.01 mg L™".>® Lead (Pb) is one of the heavy metals arising from
automobile emissions, mining sources, lead-based batteries,
leaded fuels, and pesticides. The oxidation state of lead ions in
water varies from +2 to +4 but the most common oxidation state
of lead is +2.° Prolonged exposure of humans to lead in excess
concentrations through water causes damage and malfunc-
tioning of the liver, kidney and reproductive system.® The
maximum contaminant level of Pb ions in drinking water set by
the WHO is 0.1 mg L™".>° Copper (Cu) is one of the essential
elements for humans and is necessary in trace amounts in our
diet to ensure good health. Excessive accumulation of copper in
water arises from ore refineries, pesticides, fertilizers, and
smelting.” The Cu ion in water has an oxidation state of +1 and
+2.7 Continued exposure to Cu through water leads to gastro-
intestinal irritation, hemolysis, anaemia, and multiorgan
dysfunction syndrome.>® The maximum permissible limit of Cu
ions in drinking water set by the WHO is 0.1 mg L™".>¢ Nickel
(Ni) is one of the transition metals arising from steel, alloy
production, automobile batteries, and surgical instrument
industries.** The most common oxidation state of Ni ions in
water is +2.” Prolonged exposure to Ni through water leads to
pulmonary fibrosis, dermatitis, gastrointestinal distress,
myocarditis, and encephalopathy*® The maximum permissible
limit of Ni ions in drinking water set by the WHO is 0.2 mg L™ .%
Cobalt (Co) contamination of water arises from hard metal
production, diamond, paint, and electronic waste recycling
industries.’ The most common oxidation states of Co ions in
water are +2 and +3.” Long-term exposure to Co through water
beyond the permissible limit causes damage to the cardiovas-
cular and pulmonary systems.” The maximum permissible limit
of Co ions in drinking water set by the United States Environ-
mental Protection Agency is 100 pg L™ .
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Recently, there has been a steady increase in interest in
employing quantum dots (QDs) for the detection and removal of
toxic metals in drinking water. In this quantum materials era,
carbon quantum dots (CQDs) that are zero-dimensional fluo-
rescent nanomaterials with a size range of less than 20 nm have
attracted considerable attention in recent years because of their
immense potential and use in a wide range of applications such
as biosensing,” bioimaging,”® photodynamic therapy,” and
electrocatalysis.”> CQDs were chosen for the detection of metals
because of their distinct properties such as harmless chemical
composition (environment friendly), modifiable fluorescence,
simple functionalization, tunable optical properties, good fluo-
rescence properties, large surface area, and good physicochem-
ical and photochemical stability."*** Heteroatom doping of
CQDs with non-metallic elements such as boron (B), nitrogen
(N), and sulphur (S) is one of the efficient approaches to alter the
chemical composition and to improve the electronic and optical
properties of CQDs.***** Similar to CQDs, BNQDs are metal-free
quantum dots, which are made up of non-toxic elements such as
B, and N. They are chosen as optical probes for the detection of
metals because they are environment-friendly, possess a large
surface area, and have polar B-N bonds.*>*” Moreover, they have
been continuously explored for various applications such as
optoelectronics,*® biomedicine,* photocatalysis,> and organic
pollutant adsorption due to their unique properties such as good
electrical insulation, optical properties, chemical stability,
thermal stability, high mechanical strength, and low toxicity.>!
The detection of metals using various types of QDs has been
investigated in detail by earlier reports using the optical sensing
method.*?* Recently, there have been many reports on the
detection of toxic metals such as Pb and Ni in water using carbon
nanomaterials.'®** Moreover, BNQDs have been used for the
detection of toxic metals in water. Yao et al, reported the
detection of Ni*" ions in water using BNQDs via a quenching
mechanism.* Liu et al investigated the detection of Pb*" and
Cu*" ions in water using BNQDs via a quenching mechanism.*’

In this work, we investigated the potential of various QDs
such as pristine CQD, B/N/S-doped CQDs, and BNQDs of
different sizes and morphologies (rectangular, circular, and
triangular) to detect toxic elements As, Co, Ni, Cu, and Pb using
quantum chemical density functional theory (DFT) calcula-
tions. We carried out the structural assessment of the QDs via
formation energy analysis. The electronic properties were
understood through the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO), and
energy gap analyses. Moreover, optical properties were explored
by UV-vis and Raman spectra analyses. The adsorption behav-
iour of the QDs towards As, Cu, Co, Ni, and Pb in both gas and
water phases was investigated. To substantiate the optical
sensing ability of the designed QDs, the changes in UV-vis
absorption spectra and fluorescence properties were investi-
gated before and after the interaction of toxic elements with
them in the water phase. To the best of our knowledge, this is
the first report on computational assessment of the detection of
toxic elements using QDs of various sizes and morphologies
based on the optical transduction mechanism using UV-vis
absorption spectra in the water phase. We believe that our
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Scheme 1 Flowchart of computational investigations carried out in
this work.

computational results obtained through the DFT studies
(Scheme 1) will help the experimentalists design engineered
QDs as quantum optical sensors for selective detection of toxic
elements in drinking water.

2. Computational details

All calculations were carried out using the quantum chemical
DFT package Gaussianl6 with the Becke-3 parameter-Lee-
Yang-Parr (B3LYP) exchange-correlation functional and 6-
311G** (d,p)/Los Alamos National Laboratory 2 double-{
(LANL2DZ) basis sets.*® Pristine, B/N/S CQDs and BNQDs were
modelled and optimized to their ground state. All the systems
were passivated with hydrogen (H) atoms to account for
stability. Table 1 provides the list of 44 different structures
along with the number of H, carbon (C), B, N, and S atoms. The
optimized structures of all QDs are given in Fig. 1.

The formation energy of a QD was calculated using the
following formula:

Etorm = [EQD - (nx x Ey + ny X Ey +n, X Ez)]/N (1)

where E¢,, is the formation energy of the QD, Eqp, is the total
energy of the QD, ‘n,’ represents either the number of carbon
atoms or the number of B atoms, ‘n,’ represents either the
number of N atoms or S atoms or the number of metals, ‘n,’
denotes the number of H atoms and ‘N’ is the total number of
atoms contained in the quantum dot. In addition, we analyzed
the HOMO, LUMO, and electrostatic potential (ESP) plots for all
the systems.

Further, interactions between the QDs and toxic metals (As,
Co, Ni, Cu, and Pb) were examined. The adsorption energy of
metals with QDs was calculated using the following formula:
- EQD - Emetal (2)

Eadsorption energy — L“complex

where Ecomplex iS the total energy of a complex made up of QDs
and metal, and Eqp and Enea are the total energies of QDs and
metal, respectively.
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Time-dependent DFT (TD-DFT) calculations were performed
for all QDs to obtain UV-vis absorption. Moreover, Raman
spectra were recorded for all QDs. Similar calculations were
performed during metal interaction studies with selected QDs
in both gas and water phases to obtain the UV-vis absorption
spectra. The fluorescence lifetime calculation was carried out
using the following formula:*

2
L )
n-+2 g f

()

where 7 is the lifetime, 7 is the refractive index, and A, is the
wavelength between the excited state b and ground state a. g,
and g, are the degeneracies associated with the excited state and
ground state and fis the oscillator strength. Here we take, g, =
1, g. = g, and n = 1.33 (refractive index of water). Quantita-
tively, the percentage of change in the intensity of UV-vis

absorption spectra after metal adsorption was calculated
using the following formula:

r=(1.5%10%

(IOI;I) x 100% (4)

Change = ’
0

where I, and I are the intensities of the absorption peaks of QDs
in the absence and presence of metals.

3. Results and discussion

3.1 Structural properties

3.1.1 Pristine CQDs. In the optimized pristine CQDs, the
bond lengths between C-H bonds (1.08 A), C-C bonds at edges
(1.39 A), and inner surface (1.43 A) are constant. The obtained
bond lengths of the inner C-C bonds and C-H bonds are close
to the previously reported values.” The bond angle between
carbon atoms is around 120°, and the value remains constant in
all systems. Additionally, the planarity of the structures
increases with the increase in the size of CQDs. In rectangular
CQDs, the number of m-conjugated rings varied from 4 to 9.
Accordingly, their length varied from 7.38 A to 12.29 A. In
circular CQDs, the numbers of m-conjugated rings considered
in this study are 7 and 19. The structures of circular CQDs are
more planar than those of the rectangular CQDs. Upon
increasing the size of the circular CQD, the number of atoms
becomes doubled with the diameter ranging from 7.36 A to
12.30 A. Triangular CQDs with 3, 10, and 15 m-conjugated rings
are considered and their size varies from 4.90 A to 12.30 A.

3.1.2 B/N/S-doped CQDs. In B-doped CQDs, the optimized
structures show changes in the C-C-C bond angle of about 1°
with respect to the pristine rectangular CQDs. The C-B-C bond
angle changes with the increase in the size of B-doped CQDs.
The optimized C-B bond length is 1.50 A, which is in a compa-
rable range with B-doped graphenes.** B doping leads to
a decrease in planarity when compared to pristine CQDs. The
optimized bond lengths of the C-C bonds at the inner surface of
B-doped CQDs remain the same (1.42 A), and vary at the edges.
The length of the B-doped rectangular CQDs is in the range of
7.39 to 12.32 A. The diameter of B-doped circular CQDs varies

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of the modelled QDs
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CQDs B/N/S doped CQDs BNQDs
Systems Total no. of atoms Systems Total no. of atoms Systems Total no. of atoms
Rectangular Rectangular Rectangular
H.,Cyy 28 H;,C16B 28 B.1:Niy 28
Hy:Cio 30 H,,C;sB 30 B.1Nio 30
H,15Cos 36 H,5C,,B 36 B3Ny 36
H,13Cos 38 H,5C,,B 38 B13Nys 38
H;5Cs0 44 H,5C,sB 44 B15Nyo 44
H;5C31 46 H;5C30B 46 B15N3q 46
Circular H;1C16N 28 Circular
H,,Coy 36 H,,C15N 30 B,,N,, 36
H;5Csy 72 H,;3C,,N 36 BigNsy 72
Triangular Hy3CouN 38 Triangular
HoCis 22 H,;5C,sN 44 BoNi; 22
H,5Cs3 48 H,5C30N 16 B15Ns3 48
H15Cus 64 H11C16S 28 B1sNus 64

H,1C148 30

H,;5Cs08 36

H,3C,,8 38

H;5C)eS 44

H,5C308 16

from 7.43 to 12.33 A. The size of B-doped triangular CQDs is in
the range of 4.98 to 12.38 A.

In N-doped CQDs, the relaxed structures show that the
C-C-C and C-N-C bond angles are about 120°, with the
increase in size. The optimized C-N bond length is 1.40 A, and it
is similar to N-doped graphenes.*” The optimized bond length
of C-C bonds at the inner surface of the N-doped CQD remains
the same (1.42 A) and varies at the edges. In N-doped rectan-
gular CQDs, planarity varies with the size in a lesser magnitude.
Their length varies from 7.32 A to 12.27 A. In N-doped circular
CQDs, the diameter is in the range of 7.32 A to 12.33 A. In N-
doped triangular CQDs, the optimized bond lengths of C-C
bonds at the edges and inner surface of CQDs are 1.38 A and
1.41 A, respectively. The size of triangular N-doped CQDs is in
the range of 4.86 A to 12.27 A.

In S-doped CQDs, due to the larger radius of the S atom, it
protrudes out of the plane. In sulphur-doped circular and
triangular CQDs, the relaxed structure shows variation in
C-C-C (117.64° to 124.82°) and C-S—C (101.67° to 120.33°) bond
angles with the increase in size. The optimized bond length of
the C-S bond varies from 1.64 to 1.78 A with the change in the
size of S-doped CQDs. The C-S bond length agrees with the
previous observations made by Zhao and Ma on sulphur-doped
graphenes.*’ The length of S-doped rectangular CQDs is in the
range of 7.59 to 12.52 A. The diameter of S-doped circular CQDs
is in the range of 7.37 to 12.46 A. In triangular S-doped CQDs,
the optimized bond lengths of carbon C-C at the edges and
inner surface of CQDs are 1.39 and 1.41 A respectively. Their
size is in the range of 5.19 to 12.49 A.

3.1.3 BNQDs. In BNQDs, the optimized B-N-B and N-B-N
bond angles are 120° and show negligible changes when
compared to the pristine CQDs. The optimized boron-nitrogen
(B-N), boron-hydrogen (B-H), and nitrogen-hydrogen (N-H)

© 2024 The Author(s). Published by the Royal Society of Chemistry

bond lengths are 1.45, 1.19, and 1.01 A, respectively. The attained
bond lengths are in line with the previously reported values.*
Negligible changes in the bond lengths of B-N, B-H, and N-H are
observed with the increase in the size of BNQDs. Since the B-N
bond length is higher than that of the C-C bond length, the size of
BNQDs is larger than that of their CQD counterparts. In BNQDs
with the rectangular morphology, the number of hexagonal
lattices varied from 4 to 9. The length of rectangular BNQD is in
the range from 7.48 A to 12.53 A. In circular BNQDs, the number
of hexagonal lattices considered in this study is 7 and 19. The size
of the circular BNQDs varies from 7.50 A to 12.52 A. BNQDs with
the triangular morphology consisting of 3, 10, and 15 hexagonal
lattices are considered and their size varies from 4.97 A to 12.55 A.

3.1.4 Formation energy analysis

3.1.4.1 Pristine CQDs. The formation energy of pristine CQDs
is negative, and it implies that they are energetically stable. A
similar kind of observation has been reported by Yamijala et al.,
for graphene QDs.* The formation energy of rectangular, circular,
and triangular CQDs varies from —6.10 eV to —5.50 €V, —6.80 eV
to —6.06 eV, and —6.46 eV to —5.35 eV, respectively. In compar-
ison, it can be understood that circular CQDs are more stable,
energetically. Though rectangular H;;C,; CQDs and circular
H;,C,, CQDs have almost the same number of atoms, there is
a significant difference in their formation energy (—5.79 and
—6.06 eV). At this juncture, one can understand that the
morphology of the CQDs determines the stability too. Interest-
ingly, there are many experimental reports on circular CQDs that
have been investigated by atomic force microscopy and trans-
mission electron microscopy characterization techniques.*®

3.1.4.2 B/N/S-doped CQDs. The formation energy of B-doped
rectangular, circular, and triangular CQDs varies in the range of
—6.01 eV to —5.36 €V, —6.74 eV to —5.08 eV, and —6.41 to
—5.17 eV, respectively. Circular H;,C,3B CQDs show

RSC Adv, 2024, 14, 28182-28200 | 28185
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to —5.41 eV). The range of formation energy of N-doped circular

and triangular CQD varies from —6.76 eV to —5.81 eV and
—6.44 eV to —5.25 eV, respectively. Circular H;,C,3N CQDs show

a maximum change in their formation energy (—0.25 eV)
compared to their pristine forms, whereas triangular H;3CysN

N27BZ7H18

NIZBIZHIZ
Fig.1 Optimized structures: rectangular (a) CQDs, (b) B-doped CQDs, (c) N-doped CQDs, and (d) S-doped CQDs; circular (e) CQDs, (f) B-doped

CQDs, (g) N-doped CQDs, and (h) S-doped CQDs; triangular (i) CQDs, (j) B-doped CQDs, (k) N-doped CQDs, and (l) S-doped CQDs; (m)
rectangular BNQDs, (n) circular BNQDs, and (o) triangular BNQDs (white, grey, pink, blue, and yellow balls represent hydrogen, carbon, boron,

nitrogen, and sulphur atoms, respectively).
a maximum change in their formation energy (—0.98 eV)

compared to their pristine systems, whereas triangular H;3C46B
CQDs show a minimum change in their formation energy
(—0.05 eV). The formation energy range of N-doped rectangular
CQDs is similar to that of B-doped rectangular CQDs (—6.01 eV
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CQDs show a minimum change in their formation energy
(—0.02 eV). The formation energy of rectangular, circular, and
triangular S-doped CQDs varies in the range of —5.86 to
—5.15 eV, —5.42 to —4.74 eV, and —5.14 to —4.90 eV, respec-
tively. Circular H;3C53S shows a maximum change in its
formation energy (—1.39 eV) compared to the pristine circular
CQD (H;5Cs,4) and triangular HoC;,S shows a minimum change
in its formation energy (—0.46 eV) compared to its pristine
counterpart. The formation energy range of all B/N/S-doped
CQDs is negative, hence they are stable.

3.1.4.3 BNQDs. Similar to CQDs, the formation energy
values of all BNQDs with different morphologies are negative
and they are energetically stable. This is in line with the
previous report.*” The range of formation energy of rectangular,
circular, and triangular BNQDs is —5.36 eV to —4.84 eV,
—5.96 eV to —5.27 eV, and —5.79 to —4.58 eV, respectively.
Experimentally, Sert et al., have reported on the synthesis of
BNQDs with circular morphology.*®

3.2 Electronic properties

3.2.1 ESP analysis. ESP plot is an important tool to identify
the electron-deficient and electron-excess regions in a molecule.
Fig. S1t consists of the ESP plots of all QDs. In pristine CQDs,
high- and low-electron density regions are indicated by red and
blue colours, respectively. The high and uniform electron density
in the carbon region is due to the presence of delocalized 7 elec-
trons. The low electron density is observed near the hydrogen-
bonded region. Similar results have been reported by Jiang et al.,
for carbon structures such as graphenes.* B doping has led to
a change in the hybridization of carbon atoms (sp> — sp?) which
significantly has modulated the electronic distribution on the
surface of the doped CQDs. As a result, there is a non-uniform
electron density. The doping has reduced the surrounding elec-
trostatic charge over B, resulting in an electron-rich red region over
the doped area. Hadki et al., have reported a similar observation
for boron-doped reduced graphene oxide.”® N and S dopants have
reduced the electron density around the carbon atoms near them.
The changes are indicated by the presence of less reddish and
more bluish regions on the inner surface of N/S-doped CQDs. The
charge transfer between carbon and nitrogen/sulphur has led to
this electron density variation in the ESP plot. Both N and S in the
CQDs act as an electron-deficient region. Our observations are in
line with earlier reports.®>** In BNQDs, there is a presence of
neutral region around B and N in the inner surface and less
electron density at the hydrogen in the ESP plot. Hence, the
reactive zones of the BNQDs are located on the B-H bonds.** A
similar ESP plot was obtained by Talaei et al., for h-BNQDs with
circular morphology.>

3.2.2 Frontier molecular orbitals analysis

3.2.2.1 Pristine CQDs. The analysis of frontier molecular
orbitals (FMOs) such as HOMO and LUMO followed by the
calculated energy gap helps determine the chemical stability of
a system. The system having the highest energy gap is more
chemically stable. The pictorial illustration of the HOMO-
LUMO analysis plots of all QD systems is given in Fig. S2.1 Due
to the presence of unpaired electrons in some of the QDs, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spin is in a doublet state which causes the FMO to split into
alpha and beta molecular orbitals.>*** In rectangular CQDs, the
spin of rectangular CQD is in a doublet state which causes the
frontier orbitals to split into alpha and beta molecular orbitals
having two different energy gaps. This kind of observation was
earlier reported for an organic molecule.’® The energy gap
decreases with the increase in the size of rectangular CQDs due
to the quantum confinement effect. This observation agrees
with the previous report on graphene QDs.”” The energy gap of
alpha molecular orbitals varies from 2.29 (H;5Cj;) to 3.24 eV
(H11C47). The increasing order of stability of rectangular CQDs
for alpha molecular orbitals based on the energy gap is as
follows:

H;5C3; < HisCy < Hi3Cos < Hi3Chs < Hy1Cio < Hy1Cyy

The energy gap of beta molecular orbitals varies from 2.21 to
3.33 eV. The same trend was observed for beta molecular
orbitals too.

The energy gap of circular CQDs decreases with the increase
in diameter. A similar observation has been reported by Kateris
et al., for polycyclic aromatic hydrocarbons.>® Smaller sized
circular CQDs (H;,C,4) have the highest energy gap of 4.00 eV
and larger sized circular CQDs (H;5Cs,) have the lowest energy
gap of 2.81 eV. This observation is in line with the previously
reported values for similar systems investigated by Masfioui
et al., using the B3LYP functional and a 6-31 g (d) basis set.*® In
triangular CQDs, the spin of HyC;; and H;5C3; is in a doublet
state. Hence, the frontier orbitals to split into alpha and beta
molecular orbitals have two different energy gaps. Similar to
rectangular and circular CQDs, the energy gap decreases with
the increase in size in triangular CQDs. The energy gap of
triangular CQDs varies from 0.30 (H;5Cy6) to 4.04 (HoCjy3) €V.
The increasing order of stability of triangular CQDs based on
the energy gap is as follows:

H3Cs6 < HysCs33 < HoCy3e

Overall, based on the energy gap, it can be concluded that
circular CQDs are more chemically stable than triangular and
rectangular CQDs. Interestingly, most of the CQDs which are
experimentally synthesized have the circular morphology.*

3.2.2.2 B/N/S-doped CQDs. The doping of B/N/S on the
surface of CQDs leads to the creation of additional energy levels
between 7 (bonding) and 7t* (antibonding) molecular orbitals
of the C atom. Hence, the variations in the HOMO and LUMO
values are observed. Conversely, the energy gap gets changed
too. A similar kind of observation has been made by Feng et al.,
for B-doped graphene dots.*

3.2.2.2.1 B-doped CQDs. All rectangular, circular, and
triangular B-doped CQDs have a lesser energy gap than that of
their pristine counterparts. The energy gap of rectangular B-
doped CQDs is in the range of 1.25 eV to 1.93 eV. The
increasing order of stability based on the energy gap is as
follows:

RSC Adv, 2024, 14, 28182-28200 | 28187
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H;3C24B < H;5C3B < H;5C30B < Hj3CB <H;Ci6B <H;C3B

In circular B-doped CQDs, the doping leads to a decrease in the
energy gap. A similar observation was made by Sun et al., for B-
substituted coronene. They have reported that the resulting
LUMO level mainly originates from the C and H atoms instead
of the B atoms leading to a change in the energy gap.®* The
energy gap of alpha and beta molecular orbitals varies from
2.63 eV to 3.87 eV and 1.15 to 1.70 eV, respectively. The energy
gap of B-doped triangular CQDs varies from 0.45 to 1.97 eV.
Here, the increasing order of stability is as follows:

H;5C5:B < Hi3CysB < HyCy,B

3.2.2.2.2 N-doped CQDs. The energy gap has decreased in all
N-doped rectangular, circular, and triangular CQDs compared
to the bare CQDs. The energy gap of N-doped rectangular CQDs
varies from 1.36 to 1.99 eV. The increasing order of chemical
stability based on the energy gap for N-doped rectangular CQDs
is as follows:

H;5CosN < H;5C30N < H3Co4N < H3C5N < HjjCyN <
H;CisN

In N-doped circular CQDs, the spin of H;,C,3N and H;5C53N is
in a doublet state, and hence, the frontier orbitals split into
alpha and beta molecular orbitals. The energy gap of alpha and
beta molecular orbitals varies from 1.16 eV to 1.67 eV and
2.68 eV to 3.88 eV. The energy gap of N-doped triangular CQDs
varies from 0.39 to 2.20 eV. Only H;3CysN is in a doublet state,
and the energy gap for split alpha and beta molecular orbitals
are 1.24 and 0.98 eV, respectively.

3.2.2.2.3 S-doped CQD. All S-doped rectangular CQDs are in
a doublet state. The energy gap of alpha and beta molecular
orbitals varies from 0.34 eV to 2.89 eV and 1.21 eV to 1.70 eV,
respectively. Based on the energy gap, the increasing order of
stability for alpha molecular orbitals is as follows:

H;1CisS < HisC30S < HisCosS < H 3C55S < Hi3C4S < Hy 1 CyS

Similarly, the increasing order of stability for beta molecular
orbitals is as follows:

H;5C2sS < H5C30S < Hi3C4S < H3C5,S < HjCi6S < HjCigS

In S-doped circular CQDs, S doping has led to a decrement in
the energy gap. The energy gap of S-doped circular CQDs varies
from 1.18 (H;5C,3S) to 2.67 (H;5Cs3S) €V and those values are
less than those of the pristine counterparts. In S-doped trian-
gular CQDs, the spin of HoC;,S and H;5C3,S is in a doublet
state, so frontier orbitals split into alpha and beta molecular
orbitals. The energy gap of alpha and beta molecular orbitals
varies from 2.25 eV to 2.96 eV and 0.93 eV to 1.37 eV. The energy
gap of S-doped triangular CQDs varies from 0.25 €V to 2.96 eV.
Collectively, we can observe that B/N/S-doped circular CQDs are
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more chemically stable than the B/N/S-doped rectangular and
triangular CQDs.

3.2.2.6 BNQDs. In rectangular BNQDs, there is a decrease in
the energy gap with the increase in the size of the systems.
However, the reduction is very minimal when compared to the
CQDs. A similar observation has been highlighted by Guerra
et al., for hexagonal BN nanoflakes.®> The energy gap of rect-
angular BNQDs lies between 6.06 and 6.16 eV. Based on the
obtained energy gap, it is understood that the stability of BNQD
is very high compared to pristine and B/N/S-doped CQDs. The
increasing order of stability for rectangular BNQDs based on the
energy gap is as follows:

B14aNisH;s < BisNigHis < BjiNppH 3 < BioNysHyz < BgNoHyy <
BoNjoH

A similar trend is exhibited by circular BNQDs with the
increase in size. It is in line with the observations of Shaye-
ganfar et al, on functionalized BNQDs having circular
shapes.® The energy gap of circular BNQDs varies from 6.27 eV
to 6.64 eV. B1,N;,H;, and B,;N,;H;g have the highest and
lowest energy gaps, respectively. In triangular BNQDs too,
a decrease in the energy gap due to the increase in the number
of atoms and size of BNQD is observed. The energy gap of
triangular BNQDs varies from 5.77 eV to 7.11 eV. The
increasing order of stability for triangular BNQDs based on
energy gap is as follows:

B, NysHig < BisNigH;s < B;NgHo

Viana et al., have observed similar results for BN nanoflakes
having different morphologies.®* Overall, BNQDs are more
stable than their corresponding CQDs of any morphology.

3.3 Optical properties

3.3.1 UV-visible absorption spectra analysis. In our inves-
tigations, we have obtained the UV-vis absorption spectra of all
QDs in water. In common, due to the reduction in the energy
gap with the increase in the QD sizes, we observed a red shift in
the characteristic peaks of all QDs. This is due to the quantum
confinement effect. A similar observation has been reported by
Zhang et al., for graphene QDs of different sizes.®® The UV-vis
absorption spectra of QDs are shown in Fig. 2.

3.3.1.1 Pristine CQDs. Two characteristic peaks have been
observed in CQDs (rectangular, circular and triangular). They
occur due to 7 (bonding orbital)-to-* (antibonding orbital)
and n (non-bonding orbital)-to-* transition, as reported by
Zhang et al., for graphene QDs.*® The 7t-to-7* transition occurs
in the wavelength range of 228-312 nm, 211-284 nm, and 232-
408 nm for rectangular, circular and triangular CQDs, respec-
tively. This transition is due to the presence of aromatic sp> (C=
C) domains.®” Similarly, n-to-t* transition is observed in the
wavelength range of 358-391 nm, 312-447 nm, and 343-408 nm
for rectangular, circular and triangular CQDs, respectively.

3.3.1.2 B/N/S-doped CQDs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3.1.2.1 B-doped CQDs. In B-doped rectangular CQDs, we
notice three characteristic peaks. One of the peaks is due to -
to-m* transition and the other two peaks are due to n-to-m*
transition. This observation matches with the report of Fan
et al., on B-doped graphene quantum dots.®® The m-to-* tran-
sition in the wavelength range of 222-308 nm is due to the
presence of aromatic sp> (C=C) domains. The n-to-m* transi-
tion in the wavelength range of 290-500 nm is due to the C-B
bonds.* In B-doped circular CQDs, there is only one
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Fig. 2 UV-vis absorption spectra of (a) rectangular CQDs, (b) circular
CQDs, (c) triangular CQDs, (d) rectangular B-doped CQDs (e) circular
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CQDs, (h) circular N-doped CQDs, (i) triangular N-doped CQDs, (j)
rectangular S-doped CQDs, (k) circular S-doped CQDs, (1) triangular S-
doped CQDs, (m) rectangular BNQDs, (n) circular BNQDs, and (o)
triangular BNQDs.
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characteristic peak in the wavelength range of 299-455 nm. The
wavelength shift is more in B-doped circular CQDs than in
pristine circular CQDs. Saha and Bhattacharyya have made
a similar observation in B-doped coronene.” Two characteristic
peaks except for H;3CysB are detected in the wavelength range
of 191-403 nm. As noted in other QDs, the 7-to-m* transition in
the wavelength range of 191-284 nm is due to the presence of
aromatic sp> (C=C) domains. Moreover, the n-to-mt* transition
has occurred in the wavelength range of 357-404 nm due to the
C-B bonds.

3.3.1.2.2 N-doped CQDs. The N doping in rectangular CQDs
gives rise to 2 important characteristic peaks. They are due to 7-
to-t* and n-to-mv* transitions. A similar kind of remark has been
made by Hasibuan et al, in their research work on N-doped
carbon dots.” Here too, the 7t-to-7t* transition occurs in the
wavelength range of 214-296 nm due to the presence of
aromatic sp”> (C=C) domains. The n-to-m* transition is
observed in the wavelength region below 500 nm, and this is
due to the transition between the non-bonding orbital of C=N
and the antibonding orbital (7*) of carbon. In N-doped circular
CQDs, only one characteristic peak in the wavelength range of
302 to 442 nm, corresponding to the n-to-m* transition, is
observed. This is because of the n-to-m* transition between the
non-bonding orbital of C=N and the antibonding orbital (7c*)
of carbon. In triangular N-doped CQDs, two characteristic peaks
except for H,3C4sN have been noticed. Similar to previous cases,
the m-to-t* transition happens in the wavelength range of 204-
273 nm, because of the presence of aromatic sp”> (C=C)
domains. Parallelly, the n-to-m* transition occurs in the wave-
length region (382 to 423 nm) below 500 nm due to the non-
bonding orbital of C=N and the antibonding orbital (w*) of
the C atom.

3.3.1.2.3 S-doped CQDs. The UV-vis absorption spectrum of
S-doped rectangular CQDs in water gives rise to characteristic
peaks, which are due to m-to-mw* and n-to-w* transitions. A
similar kind of observation was reported by Wu et al., for S-
doped CQDs.”” The occurrence of m-to-m* transition was
observed in the wavelength range of 304-320 nm, which is due
to the presence of aromatic sp> (C=C) domains. The occurrence
of n-to-* transition was observed in the wavelength region
below 500 nm. With the increase in the size of rectangular S-
doped CQDs, the red shift was observed in the UV absorption
spectrum as the absorption peaks shifted towards a higher
wavelength.* S-doped circular CQDs give rise to characteristic
peaks due to m-to-* and n-to-m* transitions, as highlighted by
Wu et al, in S-doped CQDs.”” The m-to-* transition was
observed for H,,C,3S at a wavelength below 300 nm and it is due
to the presence of aromatic sp> (C=C) domains. Here, n-to-wc*
transition is observed for all circular S-doped CQDs in the
wavelength region below 500 nm. With the increase in the size
of circular S-doped CQDs, the red shift is observed in the UV
absorption spectrum. In triangular S-doped CQDs, two charac-
teristic peaks were obtained in the wavelength range of 268-
400 nm. The w-to-t* transition was observed for HyC,,S at
a wavelength below 300 nm due to the presence of aromatic sp>
(C=C) domains. The n-to-m* transition was observed for all
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triangular S-doped CQDs in the wavelength region below
400 nm. Similar to S-doped circular CQDs, the red shift is
observed in S-doped triangular CQDs with the increase in size.

3.3.1.3 BNQDs. In the UV-vis absorption spectra of all rect-
angular, circular, and triangular BNQDs, a single absorption
peak is observed in the wavelength ranges of 178-196 nm, 176
to 202 nm, and 174 to 210 nm, respectively. A similar kind of
observation was made by Sert et al., for BNQDs.*®

3.3.2 Raman spectra analysis

3.3.2.1 Pristine CQDs. Raman spectroscopy is a non-
destructive tool used to investigate the degree of structural
disorder in the carbon matrix occurring due to doping, vacancy,
and point defects, both quantitatively and qualitatively.”
Raman spectrum is classified into two zones: one of them
corresponds to the spectral range of 900-1900 cm ™" (first-order
spectrum) and the other zone to 2500-3300 cm ™" (second-order
spectrum).” The typical features of Raman spectra of carbona-
ceous materials are the D (disorder) band, which arises due to
the presence of defects in carbon, the G (graphitic order) band
arising from the stretching of the C-C bond, the 2D (D peak
overtone) band arising due to in-plane vibrations, D + G band
arising due to the combination of overtone, D’ which is
a phonon mode arising due to defects, and 2G which is
a second-order mode appearing at higher frequencies.®®

In the Raman spectra of pristine CQDs with various
morphologies such as rectangular, circular, and triangular, the
spectral range from 0 to 3500 cm ™" is considered (Fig. S31). As
the size of CQD increases, the intensity of the bands lying in the
spectral range from 1300 to 1600 cm " and beyond 3100 cm™*
also increases. The Raman spectra of pristine CQDs show
second-order modes (2G) around 3178-3185 cm ™. This arises
due to the C-H vibrations of CQD. The intensity of the 2G band
increases and becomes well defined with the increase in the size
of the CQDs. Dervishi et al., have reported a similar observation
in graphene QDs.” The D and G characteristic bands appear in
the wavelength range of 1344 to 1371 cm ' and 1571 to
1651 cm ', respectively. The presence of D and G bands in
circular CQDs (C,4H1,, and Cs,H;g), agrees with the previous
observation made by Shtepliuk et al, for graphene QDs
(C24H12)-76

3.3.2.2 B-doped CQDs. In the B-doped CQDs too, with the
increase in the size, the intensity of bands lying in the wave-
length region of 1000 to 1600 cm ' and beyond 3100 cm™*
increases. There is an appearance of second-order modes (2G)
in the wavelength range of 3000 to 3200 cm ™', as highlighted by
Venkatesan et al., for B-doped graphenes.”” The intensity of 2G
bands becomes well defined with the increase in the size of B-
doped CQDs.

In B-doped rectangular CQDs, the D and G bands appear in
the spectral range of 1365-1386 cm™ ' and 1575-1603 cm™ ',
respectively. These are in line with previously reported
observations.”®® In H;,C;6B, H13C,4B, and H;5C,gB systems,
the intensity of the peak appearing at 1638 cm ™" increases. In
all B-doped rectangular CQDs, intense peaks were obtained
between 1300 and 1600 cm . This is in line with the report of
Zhang et al., on B-doped graphene QDs.*' The appearance of
new bands was observed in all B-doped rectangular CQDs in the
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spectral range of 2947 to 2989 cm™ ' and at 1806 cm ™ '. However,
the intensity of the bands is low. A similar observation was re-
ported by Kim et al, for B-doped graphenes for the band
appearing at 2950 cm™ . This band arises due to a defect and it
is attributed to the defect-induced double resonance (D + D’).
They originate due to B doping in the CQD.** The disappearance
of peaks in the spectral range from 1785 to 1799 cm ™', 3360 to
3367 cm %, and 1806 to 1813 cm™ ' was observed in H;;C;4B,
H,3C,,B, and H;3C,4B, respectively.

In B-doped circular CQDs, the D band appears at 1372 cm™
and the G band appears in the wavelength range of 1533-
1582 cm™ ', respectively. The appearance of new peaks in the
spectral range of 2986 to 2989 cm™ ' was observed in the Raman
spectrum of H;,C,3B, and H;3Cs3;B. The disappearance of peaks
in the spectral range of 1813 to 1820 cm ' was observed in
H,3Cs53B compared to the Raman spectrum of H;3Cs4 and also at
1806 cm ™! for H,,C,;B when compared to the Raman spectrum
of H;,Csa4.

In B-doped triangular CQDs, the D and G bands appear in
the spectral range of 1302-1386 cm ' and 1547-1596 cm ™',
respectively. These are in line with the earlier observations.””
The appearance of new peaks in the spectral range from 2954 to
2996 cm™ ' was observed in the Raman spectrum of HoC;,B, and
H;5C3,B. These peaks correspond to D + D’ bands, and a similar
observation was made by Chesnokov et al., in B-doped graphe-
nes.* The disappearance of peaks in the spectral range of 1771
to 1778 cm™* was observed in H;3C,5sB compared to the pristine
CQD, Hi5Cye.

3.3.2.3 N-doped CQDs. In N-doped CQDs, there is an
appearance of second-order modes (2G) in the wavelength range
of 3000 to 3200 cm™'. A similar observation was reported by
Atchudan et al., for nitrogen-doped CQDs.*

In the N-doped rectangular CQDs, the D and G bands appear
in the wavelength range of 1372-1393 cm™' and 1610-
1652 cm™ " respectively. These are in line with the earlier
observations made by Liu et al, for N-doped CQDs.** The
presence of the D’ band at 1624 cm™" in N-doped rectangular
CQDs was reported by Zafar et al., for N-doped graphenes too.**
In all N-doped rectangular CQDs, the band's intensity appear-
ing between 1650 and 1675 cm ™' increases. In N-doped rect-
angular CQDs, there is an appearance of new bands in the
spectral range of 1806 to 1827 cm ™" and 3300 to 3500 cm ™. The
bands at 2996 cm ™" in H;3C,,N and H;5C;,N have disappeared.

In the Raman spectra of N-doped circular CQDs having
various sizes, the D and G bands appear in the spectral range of
1351-1379 cm™ ' and 1617-1638 cm ™, respectively. A similar
observation is made by Ayiania et al., for N-doped coronene.®
The appearance of new peaks at 1813 cm ' and also in the
spectral range of 3339 to 3353 cm™ ' was observed in the Raman
spectrum of H;,Cy;N. Similarly, a new peak at 3339 cm™ ' was
observed for H;3Cs3N. The peak at 2996 cm ™" in H;,Cy;3N van-
ished when compared to the pristine H;,Cy,.

In the Raman spectra of N-doped triangular CQDs, the D and
G bands appear in the spectral range of 1309-1365 cm ™" and
1561-1582 cm™ !, respectively. New peaks appeared in the
spectral range of 1750 to 1813 cm ™" and at 3346 and 3367 cm ™.
The peaks at wavelengths 3003 and 3010 ecm™! in HoC1,N

1
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disappeared when compared to the Raman spectrum of HoCy3;.
Similarly, the appearance of new peaks at wavelengths 1778,
1785, 3346, and 3353 cm~ ' was observed in the Raman spec-
trum of H;5C3,N compared to the Raman spectrum of H;5Css.
The appearance of new peaks in the spectral range of 1785 to
1869 cm ™! and at wavelength 3346 cm ™' was observed in the
Raman spectrum of H;3C4;sN when compared to pristine
H;5Cy6-

3.3.2.4 S-doped CQDs. The Raman spectra of the S-doped
rectangular CQDs were observed in the spectral range from
0t0 3500 cm ™ *. The characteristic bands, D and G, appear in the
wavelength range of 1344-1358 cm ' and 1533-1624 cm ™',
respectively. This agrees with the earlier observations made by
Kadian et al., for S-doped graphene QDs.*" As the size of CQDs
increases, the intensity of the bands lying in the spectral range
of 300-1800 cm " and beyond 3100 cm ™" also becomes more
intense, and the second-order modes (2G) appear in the spectral
range of 3178-3192 cm™'. The disappearance of peaks in the
wavelength range from 1771 to 1813 cm ™" was observed in the
Raman spectrum of H;;C;6S, Hy5C,8S, and H;5C30S and also in
the wavelength range of 3360 to 3353 cm ™' was observed in the
Raman spectrum of H;3C,,S, H;3C,,S, and H,;5C,sS. The
appearance of peaks in the wavelength range 3367 to 3430 cm ™
was observed in the Raman spectrum of H;;C;6S, H13C,,S and
also at wavelength 2996 em ™ for Hy;Cq6S, Hi3C4S.

3.3.2.5 BNQDs. In the Raman spectra of BNQDs with various
morphologies such as rectangular, circular, and triangular, the
spectral range was considered from 200 to 2000 cm . In all
BNQDs, when the size is increased, the intensity of the bands
lying in the spectral range of 1000-1600 cm ™" also increases. In
all BNQDs of various sizes and morphologies, a characteristic
peak with low intensity appears in the wavelength range of 1344
to 1379 cm cm ™ '. This peak corresponds to the E,, vibration
mode due to the stretching of the B-N bond in h-BN, this agrees
with the previous observation reported by Ahmad et al., for h-
BNQDs.*”

3.4 Interaction studies of toxic metals with QDs

Larger sized QDs (rectangular H;5Csq, circular H;4Cs,, trian-
gular H;5Cy6, rectangular H;5C30B/N/S, rectangular B;5N;6H;s,
circular B,,N,,H;g, and triangular B,;N,sH,g) are taken for the
toxic metal interaction studies due to their enhanced structural
stability. The investigations were carried out in both gas and
water phases. After metal adsorption, we can observe changes in
the bond lengths, bond angles and planarity in a few of the
CQDs and B/N/S-doped CQDs. However, negligible changes are
noted in B-N, B-H, and N-H bond lengths, and N-B-N and
B-N-B bond angles after metal complexation in BNQDs. Hence,
their planarity is preserved even after the metal adsorption.
Fig. 3 represents the QD + metal complexes having higher
interactions with each other and the rest of them are given in
Fig. S4.7 The calculated formation energy of metal-adsorbed
QDs was found to be negative, implying the formation of
structurally stable complexes (Table S17).

3.4.1 Arsenic. In As-adsorbed pristine CQDs, there is no
significant change in the C-C-C bond angles and hence the
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planarity too. Among them, the triangular CQD (H;3Cy6 + As)
has the highest adsorption energy (—3.29 eV), suggesting the
chemisorption of As on the substrate. Here, the hybridization
between the 4p orbitals of As and 2p orbitals of C in the CQD is
responsible for the interaction between the former and the
latter.*® Among rectangular CQDs, H;5C;3; + As has the lowest
adsorption energy (—0.02 eV), which means it is physisorbed.
The lowest adsorption energy (—0.55 eV) of As with circular
CQDs (H;5Cs4 + As) can be attributed to its high stability.

The As adsorption energies in B/N/S doped CQDs are in the
range of —1.27 eV to —3.16 eV, which confirms the chemisorp-
tion of As on these systems. The obtained adsorption energy
values with H;5C;30B, and H;5C30N agree with the previous
reports.**® H;5C;3,S has the highest adsorption energy towards
As (—3.16 eV) among all other QDs. Due to the strong interac-
tion, the C-S-C bond angle has changed about 20.72°. The
planarity of H;5C3,S + As gets distorted by 38.12°. The interac-
tion distance between As and S (2.20 A) closely agrees with the
bond length As-S bond of Arsenopyrite.®* In all BNQDs, the As
adsorption energies are nearly the same (—1.03 to —1.06 eV)
suggesting chemisorption. The planarity of B;sN;¢H;5 + As gets
reduced on As interaction and the highest change occurs by
about 6.90°.

3.4.2 Cobalt. After the interaction of Co with pristine
CQDs, there is no appreciable change in the C-C-C bond angle
and planarity. The interaction of Co leads to an increase in the
diameter of the circular and triangular CQDs only. The
adsorption energy ranges from —1.32 to 0.39 eV and occurs at
an interaction distance (2.02 to 2.83 A) for the adsorption of Co
onto CQDs. The rectangular CQD (H;3C,s5 + Co), circular CQD
(H15Cs4 + Co), and triangular CQD (H;5Cy46 + Co) have negative
adsorption energies, which suggests that the adsorption of Co
with CQDs is possible. For systems such as rectangular CQDs
(H15C3; + Co), the adsorption energy value is positive, which
implies that the adsorption of Co on these systems does not
occur spontaneously. The triangular CQD with Co (H;5Cy6 + Co0)
has the highest adsorption energy (—1.31 eV), which suggests
that Co is chemisorbed on CQDs. The interaction between Co
and CQDs is due to the hybridization between the 3d orbitals of
Co and the 7t (p) orbitals of C of CQDs, and a similar observation
was made by Rudenko et al, for Co interaction with
graphenes.*?

The interaction of Co with B/N/S-doped rectangular CQDs
causes no appreciable change in the C-C-C bond angle and
C—(B/N)-C bond angle, except C-S-C. The C-S-C bond angle has
changed by 14.46°. The planarity gets disturbed on this inter-
action, and the planarity of H;5C30S + Co (35.32°) gets affected
more. The Co-metal shows good bond formation with S of
H,5C30S at an interaction distance of 2.04 A, which matches the
bond length of the cobalt-sulphide system.®®* Similarly, the
diameter of H;5C30S + Co has varied (0.35 A) much from its
pristine system. H;5C3,B + Co has the highest adsorption energy
(—1.86 eV) among all other B/N/S-doped CQDs. Interestingly,
rectangular H;5C3,N + Co has an adsorption energy (—1.04 eV)
larger than that of H;5C3; + Co (0.39 eV). A similar observation
was made by Jin et al., for the adsorption of Co on graphenes.**
The adsorption energy (—0.27 to —0.31 eV) and interaction
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Fig. 3 Optimized structures of QD + metals: (a) As, (b) Co, (c) Ni, (d) Cu, and (e) Pb complexes having higher adsorption energies.

distance (2.34 to 2.83 A) of BNQDs on Co interaction suggest
that Co is physisorbed on these BNQDs with different
morphologies and the adsorption energy range is modest. The
planarity gets reduced on Co interaction and the highest change
occurs for N;¢B5H;;5 + Co.

3.4.3 Nickel. After the adsorption of Ni in pristine CQDs,
there is no appreciable change in the C-C-C bond angles and
planarity. The calculated adsorption energies (—1.63 to —2.56
eV) and interaction distance values (1.96 to 3.96 A) of Ni on
CQDs suggest that mostly Ni is chemisorbed over it and rect-
angular H;5C,o + Ni has the highest adsorption energy (—2.56
eV). In systems with circular morphology, H;5Cs, + Ni has the
lowest adsorption energy (—1.63 eV), which means it is chem-
isorbed too. The lowest adsorption energy on circular CQDs can
be attributed to their high stability, as it has a large energy gap.
The chemisorption is attributed to the strong hybridization
between the d orbitals of Ni and the 7 (p,) orbitals of CQD.
These observations are in line with the findings of Gong et al.*

After the interaction of Ni with B/N/S-doped rectangular
CQDs, there is no appreciable change in the C-C-C bond angles
and C-(B/N)-C bond angle, except C-S-C. The C-S-C bond angle
has changed by 19.84°. The planarity gets disturbed on this

28192 | RSC Adv, 2024, 14, 28182-28200

interaction, and the planarity of rectangular H;5C3,S + Ni
(35.62°) gets affected more. The adsorption energy of Ni on
these systems (—1.38 to —4.22 eV) suggests that it gets chem-
isorbed. Ni metal shows good bond formation with S of H;5C3,S
during interaction, an interaction distance of 2.00 A matches
the bond length of the NiS system.”® H;5C3,S + Ni has the
highest adsorption energy (—4.21 eV) among all other QDs. The
interaction between Ni and B/N doped CQD is due to the
hybridization between 3 d orbitals of Ni and 2p orbitals of B/N
atoms of CQD, a similar observation was made by Zhou et al.,
for B/N-doped graphenes.””

The adsorption energy values (—1.44 to —1.47 eV) are nearly
the same for all BNQDs with Ni and the interaction distance
(2.42 to 2.45 A) between BNQDs and Ni suggests the chemi-
sorption between the two entities. A negligible change in the
diameter is observed in Ni interaction with BNQDs because of
very little distortion and stability of BNQDs. The interaction of
Ni with circular BNQDs (N,,B,,H;g) is the highest (—1.47 eV).

3.4.4 Copper. In Cu-adsorbed pristine CQDs, there is no
appreciable change occurring to the C-C-C bond angles and
planarity, except triangular CQDs (H;3C,6 + Cu). The adsorption
energies (—1.01 to —1.06 eV) and interaction distance values
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(3.50 to 3.79 A) of Cu on CQDs suggest that mostly Cu is
chemisorbed over it. Triangular H;3C4s + Cu has the highest
adsorption energy (—1.56 eV) compared to all CQDs. The high
interaction of copper with CQDs is due to the strong hybrid-
ization between the 3d orbitals of Cu and the p orbitals of CQDs.
A similar observation was made by Nakada et al, for
graphenes.”®

The adsorption energies of Cu on B/N/S-doped rectangular
CQDs are from —0.84 to —3.72 eV. The adsorption energy (—0.84
eV) and interaction distance of 3.92 A were observed when Cu
interacts with H;5C3,N, which suggests that Cu is physisorbed.
Cu interaction with H;5C3,S and H;5C30B shows chemisorption
with adsorption energies of —3.72 eV and —1.44 eV, respectively
with the former having the highest adsorption energy. Due to
the strong interaction, the C-S-C bond angle has changed by
19.10°. The planarity gets disturbed more with an out-of-plane
projection of about 42.50° in H;5C3,S + Cu. Similarly, the
diameter of H;5C3,S + Cu varied (0.61 A) much from its pristine
system. For systems H;5C3,S + Cu and H;5C3(N + Cu, the
diameter gets reduced on Cu interaction. The chemical bonding
between Cu and B/N-doped CQD is due to the interaction
between the 2p orbitals of C and B/N and the d orbitals of the Cu
atom. A similar observation was made by An and Turner on the
interaction study of Cu with B/N-doped single-walled carbon
nanotubes.*

The adsorption energies (—0.23 to —0.25 eV) and interaction
distance (3.22 to 3.35 A) of BNQDs + Cu complexes suggest that
Cu is physisorbed on these BNQDs. It suggests weak interaction
between Cu and BNQDs and our observations are in line with
Liu et al.** The N-B-N and B-N-B bond angles have changed by
0.83° and 0.38°, respectively in B;5N;6H;5 + Cu. The planarity
gets reduced on Cu interaction and the highest change occurs
for B;5N;6H;5 + Cu by about 1.26°.

3.4.5 Lead. The adsorption energies (—0.18 to —2.08 eV)
and interaction distance values (2.42 to 4.07 A) of Pb on CQDs
suggest that mostly Pb is chemisorbed over it. Rectangular
H;3C,3 + Pb has the highest adsorption energy (—2.08 eV). Our
observations are in line with the findings of Shtepliuk et al.”®
The higher interaction of Pb with pristine CQDs is due to the
presence of 2 unpaired electrons in the 6p orbital of Pb.***
Strong hybridization between the HOMO and LUMO of both Pb
and CQD leads to a decrease in the energy gap. A similar kind of
observation was reported by Shtepliuk et al., for the interaction
of Pb with graphene QDs.”

The adsorption energies of Pb on B/N/S-doped CQDs (—0.79
to —3.32 eV) suggest that it gets chemisorbed. An adsorption
energy of —0.79 eV and an interaction distance of 3.88 A were
observed when Pb interacted with H;5C3oN. A similar observa-
tion was made by Srivastava et al., for Pb with B and N-doped
graphenes, which has occurred due to the nucleophilic behav-
iour of the N-doped CQD.' H;5C3,S + Pb has the highest
adsorption energy (—3.32 eV) among all other QDs. The C-S-C
bond angle changed by 18.69°. The planarity gets disturbed on
this interaction, and the planarity of H;5C3,S + Pb (35.62°) gets
affected more. The Pb metal shows good bond formation with S
of H;5C30S during the interaction. The interaction distance of
2.85 A matches the bond length of the Galena (PbS) system. '
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The adsorption energies (—0.15 to —0.47 eV) and interaction
distance (3.26 to 4.71 A) of Pb-adsorbed BNQDs suggest that Pb
is physisorbed on the latter. The interaction of Pb with circular
BNQDs (B,;N,;H;g) is the lowest. This may be due to the high
stability of circular BNQDs.

In summary, pristine rectangular H,5C3; and circular H,4Cs,4
CQDs showed the highest adsorption towards Ni. Meanwhile,
triangular H,3C46 CQDs showed the highest adsorption towards
As. Both B/N-doped CQDs showed more affinity toward Pb.
Furthermore, S-doped CQDs showed the highest interaction
with Cu. Interestingly, BNQDs of all morphologies showed the
highest interaction with As. More importantly, pristine trian-
gular and S-doped CQDs showed a larger affinity towards all
toxic metals. We propose the following facts based on the
nature of interaction and the magnitude of the obtained
adsorption energies of metals with the considered QDs. Most of
the metals interact with the pristine and B/N/S-doped CQDs
with higher adsorption energies ensuring chemisorption. Such
QDs can also be used as adsorbents or filters in the process of
obtaining clean drinking water.'>'*** Furthermore, the BNQDs
have shown physisorption towards all toxic metals enabling
them to be reused. Hence, BNQDs can be more efficient optical
sensors than CQDs.

3.5 Interaction studies of toxic metals with QDs in water
phase

PCM was employed to include the effect of solvent, i.e. water.
The PCM uses continuous solvent distribution to describe the
interaction between the solute and the solvent. In this section,
the changes in the adsorption energy, formation energy and
dipole moment after metal complexation with QDs in the water
phase were analyzed. The calculated formation energies of QD +
metal complexes are negative, confirming their complexation
stability in the water phase (Table S11). We can observe a large
change in the dipole moments in all QDs after the interaction
with toxic metals (Table S2t). An increase in the dipole moment
of the complex was observed due to a change in the charge
distribution due to the effect of water.'”

3.5.1 Arsenic. A large change in dipole moment occurs for
rectangular H;5C,o + As of about 3.64 debye. The lowest change
in dipole moment is noted for circular H,3Cy¢ + As. In the water
phase, the highest adsorption energy was observed for trian-
gular HygCye + As (—3.10 eV). A similar trend was observed in the
adsorption energy of triangular H;5Cy6 + As in the gas phase. In
B/N/S-doped CQDs, the highest adsorption energy was observed
for H;5C30S + As (—3.14 eV) similar to the gas phase. There was
a large change in dipole moment of about 8.88 debye in H;5C3,S
+ As. Similar to pristine and B/N/S-doped CQDs, the interaction
of As with BNQDs leads to an increase in the dipole moment. A
large change in dipole moment occurs for rectangular
B15N;6H;5 + As by about 2.58 debye. The lowest change in dipole
moment under the influence of water occurs for triangular
B,;1NysHyg + As (0.11 debye). The highest adsorption energy is
observed for BysN;gH; 5 + As (—0.91 eV). Less change in dipole
moment was observed for B,,N,-H;g + As, and this could be due
to the uniform distribution of charges over the structure and
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symmetric shape of circular BNQDs (N,,B,,H;3), as reported by
Miah et al., for BN nanostructures.'®®

3.5.2 Cobalt. A large change in dipole moment of about
12.04 debye occurs for triangular H;3C46 + Co. The lowest
change in dipole moment is observed in circular H;3C,5 + Co. In
the water phase, the highest adsorption energy was observed for
triangular H,5C,6 + Co (—2.65 €V). A similar trend was observed
in the adsorption energy of triangular H,3C46 + Co in the gas
phase. Rectangular H;5C;; + Co has a positive adsorption
energy, which implies that Co interaction with H;5Cs3; is
unfavourable in the water phase. In B/N/S-doped CQDs, a large
change in dipole moment of about 8.22 debye occurs for
H;5C30N + Co. The lowest change in dipole moment is evi-
denced in H;5C3,B + Co. In the water phase, the highest
adsorption energy was observed for rectangular H;5C3,B + Co
(—2.44 eV), and a similar trend was observed for adsorption
energy for H;5C30B + Co in the gas phase. A large change in
dipole moment of about 1.78 debye occurs for rectangular
B;5N;6H; 5 + Co. The lowest change in dipole moment is recor-
ded for circular B,;N,5H;5 + Co. Less change in dipole moment
was observed for B,,N,;H;3 + Co. This could be due to the
uniform distribution of charges over the structure and the
symmetric shape of circular BNQDs (B,,N,,H;g). The highest
adsorption energy is observed in N,5B,,H;5 + Co (—0.27 eV), and
the same trend is observed in gas phase too.

3.5.3 Nickel. A large change in dipole moment of about
19.07 debye occurs for triangular H,3C4s + Ni. The lowest
change in dipole moment is noted for circular H;4Cs,4 + Ni. This
could be due to the symmetric shape and charge distribution in
circular CQDs, which agrees with the similar observation made
by Miah et al., for graphene nanosheets.'* In the water phase,
the highest adsorption energy was observed for triangular
H;5Cy6 + Ni (—3.29 eV), whereas in the gas phase, the highest
adsorption energy was observed for rectangular H;5C,o + Ni. Ni
interaction with B/N/S-doped CQDs under the influence of
water leads to an increase in the dipole moment. A large change
in dipole moment of about 14.64 debye occurs for H;5C30S + Ni.
This confirms a stronger interaction between Ni and H;5Cs,S.
The lowest change in dipole moment is observed in H;5C3oN +
Ni. Similar to pristine and B/N/S-doped CQDs, the interaction of
Ni with BNQDs leads to an increase in the dipole moment. A
large change in dipole moment of about 2.50 debye occurs for
rectangular B;sN;¢H;5 + Ni. The lowest change in dipole
moment is noted in circular B,,N,,H;g + Ni. The highest
adsorption energy is obtained in B,;N,;H;s + Ni (—1.52 eV)
similar to the gas phase results.

3.5.4 Copper. A large change in dipole moment of about
6.35 debye occurs for triangular H;3C,¢ + Cu. The lowest change
in dipole moment under the influence of water occurs for
circular H;4Cs, + Cu, which could be due to the symmetric
shape and charge distribution in circular CQDs. In the water
phase, the highest solvation energy was observed for triangular
H;5C46 + Cu (—1.79 eV), and a similar trend was observed in the
adsorption energy of triangular H,3C4 + Cu in the gas phase
also. A large change in dipole moment occurs for H;5C3,S + Cu
by about 3.74 debye. The lowest change in dipole moment
under the influence of water occurs for H;5C;oN + Cu. In the
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water phase, the highest solvation energy was observed for
rectangular H;5C3,S + Cu (—3.90 eV). A large change in dipole
moment of about 1.96 debye occurs for rectangular B;sN;¢H; 5 +
Cu. The lowest change in dipole moment under the influence of
water occurs for circular B,;N,;H;g + Cu. Here too, the highest
adsorption energy is obtained in B,,N,,H;5 + Cu (—0.25 €V)
similar to the gas phase results.

3.5.5 Lead. Alarge change in dipole moment of about 10.17
debye occurs for rectangular H;5C3; + Pb. The increase in the
dipole moment leads to an increase in the interaction of CQDs
with Pb, and a similar observation was made by Abdelsalam
et al., for the interaction study of Pb with graphene QDs.**” The
lowest change in dipole moment under the influence of water
occurs for circular H;5Cs, + Pb. In the water phase, the highest
solvation energy was observed for triangular H;4Cy + Pb (—2.10
eV), whereas the highest adsorption energy in the gas phase was
observed for the same. A large change in dipole moment occurs
for H;5C30N + Pb by about 5.92 debye. The lowest change in
dipole moment under the influence of water occurs for H;5C3,S
+ Pb. In the water phase, the highest solvation energy was
observed for rectangular H;5C3,0S + Pb (—3.04 eV), and a similar
trend was observed for adsorption energy for B/N/S-doped CQDs
with Pb. A large change in dipole moment of about 2.10 debye
occurs for rectangular B;sN;¢H;5 + Pb. The lowest change in
dipole moment under the influence of water occurs for circular
B,;N,;H;g + Pb. The highest solvation energy is observed for
B,1NysHig + Pb (—0.25 €V), which agrees with the trend
observed for the adsorption energy of BNQDs with Pb in the gas
phase.

3.6 Detection of toxic metals using UV-vis absorption spectra
in the water phase

The UV-vis absorption spectra of QDs with metals (As, Co, Ni,
Cu, Ni, and Pb) in the water phase were recorded (Fig. 4). After
the interaction of metals with QDs, there is either a decrease or
an increase in the absorbance peaks when compared to the
absorption spectra of bare QDs (Table 2). This percentage of
change is quantified based on the intensity variation of the
absorption peaks before and after interaction with metals.
3.6.1 Pristine CQDs. The decrement in the absorption peak
intensity was observed for rectangular CQDs (H;5Cz;) with
metals (Pb, Ni, and Co). Similarly, fluorescence quenching has
been reported on the adsorption of Co and Pb in the CQDs and
carbon dots by Kong et al., and Sun et al., respectively.'**'* A
similar observation was made by Noun et al. and Liu et al
during the detection of Pb** ions using carbon dots.*** The
percentage of decrement of absorbance for metals with rect-
angular H;5C;; CQDs ranges from 13.19 to 61.31%. The highest
percentage of decrement of absorbance was observed for Pb
with H;5Cs; (61.31%). Moreover, it was observed that the peak
intensity increased by about 3.56% after Cu adsorption with
H,5C3;. In addition, the interaction of rectangular H;5C;; with
metals mostly results in peak shift. The maximum absorption
peak has shifted from 259 to 433 nm, resulting in a red shift in
Cu, Co, Ni and Pb. Strikingly, the rectangular H;5C3; CQD
shows a blue shift with As. The redshift can be due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis absorption spectra of QDs: (a) rectangular CQDs (H;5Cs3), (b) circular CQDs (H18Cs4), (c) triangular CQDs (H1gCye), (d) rectangular
boron-doped CQDs (Hy5C30B), (e) rectangular nitrogen-doped CQDs (H15C3oN), (f) rectangular sulphur-doped CQDs (H;5C30S), (g) rectangular
BNQDs (B1sNygHss). (h) circular BNQDs (B27N»7H1g), and (i) triangular BNQDs (B,1N»sH1g) with metals (As, Co, Cu, Ni, and Pb).

decrease in the energy gap of rectangular CQDs after interaction
with metals.” The percentage of reduction for metals with
circular H;5C5, CQDs ranges from 6.88 to 44.61%. A maximum
intensity reduction (44.61%) was observed after Co interaction.
Moreover, the interaction with metals (Pb, Co, and Cu) has led
to a redshift from 443 to 463 nm. The adsorption of As led to
a blue shift, with a peak shift from 443 to 423 nm.

Upon interaction of metals with triangular H;3C4s CQDs, the
absorption peak intensity reduction was observed. A maximum
decrease in the absorbance was observed for triangular H;3Cy6 +

© 2024 The Author(s). Published by the Royal Society of Chemistry

Co. The percentage of absorption reduction for metals with
triangular CQDs ranges from 46.96 to 98.17%. The highest
percentage of intensity diminution was observed for Co with
Hi4Cs6 (98.17%). The interaction of triangular CQDs with
metals results in a redshift with the absorption peaks shifting
from 400 to 573 nm. Our findings on the absorption reduction
of Cu, Co, and Pb using circular and triangular CQDs are in line
with the previously reported observations on quenching and
decrease in the intensity of emission/fluorescence spectra upon
the addition of metals to CQDs in water.'**'**
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Table 2 Percentage of peak intensity modulation after metal
complexation with QDs

Calculated percentage of absorbance

reduction/increment (%)
Morphology/QD As Co Ni Cu Pb
Rectangular H;5C3; 13.19 55.42 57.48 3.56% 61.31
Circular H;4Cs, 42.81  44.61  30.88 6.88 18.60
Triangular HygCye 83.20 98.17 47.89 92.22 46.96
Rectangular H;5C;,B 69.57  72.29  12.20  63.98 34.95
Rectangular H;5C30N 68.16 77.11 50.11 71.33 38.04
Rectangular H;5C30S 14.66  12.58  38.02  21.24 63.64
Rectangular B;5N;¢H;5 87.72 85.34 86.45 72.85 78.10
Circular B,,N,,H;q 99.96  90.90 87.54  77.30 89.31
Triangular B,;N,sHyg 99.16  11.32  12.89  44.94°  40.41

“ % increment in the absorbance peak intensity.

3.6.2 B/N/S-doped CQDs. The percentage of absorption
decline for metals with rectangular B-doped CQDs ranges from
12.20 to 72.29%. The highest percentage of intensity reduction
was observed for Co with H;5C30B (72.29%). This reduction
occurs due to charge and energy transfer between metal and
rectangular boron-doped CQDs (H;5C30B)."*® Our findings of
absorbance reduction in Pb and Cu-adsorbed rectangular B-
doped CQD matches with the observations made by Wang
et al., for the detection of Pb** and Cu** ions using B-doped
carbon dots from fluorescence emission spectra.*® The inter-
action of rectangular B-doped CQDs with metals results in
a redshift with the peaks shifting from 303 to 426 nm.

The percentage of absorbance reduction for metals with
rectangular N-doped CQDs ranges from 38.04 to 77.11%. The
highest percentage of quenching is observed for Co with
H;5C30N (77.11%). The quenching of metals (Cu, Pb, and Co)
such as using N-doped CQDs in line with previously reported
observations based on photoluminescence emission and fluo-
rescence spectra.”’ " This decrement has occurred due to
charge and energy transfer between metal and rectangular N-
doped CQDs. Fluorescence quenching was observed by Wu
et al. during the detection of Cu®" ions using N-doped CQDs.*>
The interaction of rectangular N-doped CQDs with metals
resulted in a redshift of peaks from 299 to 530 nm.

Table 3 Comparison of the lifetime of QDs with metals

View Article Online
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The percentage of absorbance abatement for metals with
rectangular S-doped CQDs ranges from 12.58 to 63.64%. The
highest percentage of quenching is achieved for Pb with H;5C30S
(63.64%). A significant amount of reduction agrees well with the
interaction energy of rectangular S-doped CQDs with Pb, as it
shows a higher interaction energy. The decrement occurs due to
charge and energy transfer between metal and rectangular S-
doped CQDs, due to the higher binding affinity of S towards
metals.” The absorbance peak reduction in Pb-adsorbed S-doped
CQDs matches with the observations of Bian et al. on the detec-
tion of Pb** ions using S-doped graphene QDs in fluorescence
spectra.””* The interaction of metals with rectangular S-doped
CQD resulted in a redshift of the peaks from 305 to 510 nm.

3.6.3 BNQDs. The percentage of absorption reduction for
metals with rectangular BNQDs ranges from 72.85 to 87.72%.
The highest percentage of reduction was observed for As with
B15N;6H15 (87.72%). Our observations of peak intensity reduc-
tion in Ni, Cu, and Pb using rectangular, circular, and triangular
BNQDs are in line with the observations made by Yao et al., and
Liu et al., for the detection of Ni**, Cu**, and Pb** using BNQDs
based on fluorescence and photoluminescence spectra.***” The
interaction of rectangular BNQDs with metals leads to a redshift
with the absorption peaks shifting from 193 to 506 nm. A
similar trend as above is observed during the interaction of
metals with circular BNQDs (B,;N,;H;g). The percentage of
reduction for metals with circular BNQDs ranges from 77.30 to
99.96%. The highest percentage is observed for As with
B,;Ny,Hig (99.96%). The interaction of circular BNQDs with
metals leads to a red shift with the absorption peaks shifting
from 201 to 497 nm. The percentage of peak intensity decre-
ment after metal complexation with triangular BNQDs
(B21N,5H;g) ranges from 11.32 to 99.16% except for Cu. The
interaction of Cu has resulted in a peak intensity increment of
about 44.94%. The highest percentage of intensity reduction
was observed for As with B,;N,sH;g (99.16%). Interestingly, the
interaction of triangular BNQD with metals leads to a red shift
in the UV-vis absorption spectrum with the absorption peaks
shifting from 209 to 515 nm. The redshift in the UV-vis
absorption spectra in all BNQD + metal complexes may be
due to the decrease in the energy gap of the BNQDs upon
interaction with the metals. Overall, the above-mentioned

Lifetime (ns)

Calculated lifetime

Experimentally observed lifetime

Morphology/QD As Co Ni Cu Pb As Co Ni Cu Pb References
Rectangular H;5C3; 0.79 5.54 2.16 0.60 4.77 — — — 5.40 3.35to 3.58 109 and 127
Circular H,5Cs,4 1.76 2.79  2.79 1.14 1.65 — — — 5.40 3.35t03.58 109 and 127
Triangular H;gCye 4.63 152.30 1.63 20.14 1.29 — — — 5.40 3.35to 3.58 109 and 127
Rectangular H;5C;30B 3.85 4.86 1.50 2.31 1.94 — — — 1.92 to 5.11 1.92 to 4.80 116
Rectangular Hy5C3oN 2.14 6.77  2.82 4.76 08 — - — 5.54 — 128
Rectangular H;5C30S 1.39 6.73 4.16 1.76 21.29 — — — — — —
Rectangular B;5N;¢H;s 4.55 17.53 9.94 2.86 6.67 — @ — Very small  — — 36

Circular B,,N,;H;g 2992.39 19.99 8.84 3.03 15.35 — — Very small — — 36
Triangular B,,N,5H; g 1198.77 14.69 9.73 323 1087 — — Verysmall — — 36
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observations of UV-vis absorption peak intensity modulation,
and peak shifts demonstrate that these QDs can be used as
optical probes for the detection of the toxic metals in drinking
water.

3.7 Lifetime of QDs in water phase

Lifetime is one of the important characteristics of QDs. This
depends on many internal factors such as the structure of flu-
orophore (QDs), and also external factors such as temperature,
polarity, and the presence of quenchers (metals). When the
timescale is in several nanoseconds, it is called fluorescence.'**
Here, we calculated the lifetime of all QDs before and after
metal adsorption in the water phase. The obtained lifetime
range suggests fluorescence in all QDs. Moreover, we can
observe that the lifetime values change concerning the size and
morphology of the QDs.

3.7.1 Pristine CQDs. Rectangular CQDs (H;5Cs;) have the
lowest lifetime of 0.43 ns. The lifetime of circular CQDs (Cs,H;s)
and triangular CQDs (C46H;g) is 1.04 ns and 0.56 ns, respec-
tively. These values are in line with the reports of Roding et al.,
on graphene QDs. A variation in lifetime was observed
depending on the size of the CQD.***

3.7.2 B/N/S-doped CQDs. The highest lifetime is obtained
for H,5C30S (2.38 ns). Hy5C30N (0.29 ns) and H;5C30B (0.36 ns)
have less lifetime. The order of lifetime and fluorescence
observed in B/N/S-doped CQDs is in line with the previously
reported observations."*** Interestingly, the lifetime value is
higher in H;5C30S than in its pristine counterpart H;5Cs,. The
opposite is observed in H;5C3,N and H;5C3,B.

3.7.3 BNQDs. Triangular B,;N,sH;s has the highest life-
time (2.02 ns). The lowest lifetime of about 0.40 ns is obtained
for rectangular BNQDs (B;5N;¢H;5). The lifetime of circular
BNQD (B,,N,,H;3) is 0.69 ns. The order of lifetime and fluo-
rescence observed in BNQDs is in line with the previously re-
ported observations.*®

3.8 Lifetime of QDs with toxic metals in water phase

3.8.1 CQDs. The lifetime range (0.79 to 4.77 ns) of rectan-
gular H,5C3; CQD with metals (Pb, Co, Cu, Ni, and As) suggests
fluorescence in those systems. Similarly, fluorescence has been
observed in circular CQDs (H;3Cs,) and triangular CQDs
(H18Cy6) after complexation with metals. A similar observation
was reported by Sun et al., and Wang et al., during the detection
of Pb®>" and Cu®" ions using carbon dots respectively.'*>
Among pristine CQDs, the highest lifetime was observed for
triangular H,3Cy6 + Co (152.30 ns). The lowest lifetime was
observed for rectangular H;5C3; + As (0.79 ns).

3.8.2 B/N/S-doped CQDs. B/N/S-doped rectangular CQDs
exhibit fluorescence after metal adsorption (0.81 ns to 21.29 ns).
The highest lifetime has been observed for rectangular H;5C30S
+ Pb (21.29 ns). The lowest lifetime is observed for rectangular
H;5C30N + Pb (0.81 ns). The magnitude and order of lifetime for
Pb and Cu with rectangular H;5C30,B and Cu with rectangular
H;5C30N are in close agreement with the observations made by
Wang et al., and Zhao et al., towards the detection of Pb>" and
Cu”* ions using B-doped and N-doped CQDs, respectively.'*12

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.8.3 BNQDs. BNQDs with metals showed fluorescence
(2.86 ns to 2.99 ps). The highest lifetime was observed for
circular B,;N,;H;g + As (2.99 ps). The lowest lifetime was
observed for rectangular B;sN;sH;5 + Cu (2.86 ns). The lifetime
of a complex of BNQDs with Ni is very short as it is in the order
of nanoseconds. This is in agreement with the previous obser-
vations reported by Yao et al., during the detection of Ni** ions
using BNQDs.*® A comparison table between the calculated and
experimentally reported lifetimes of QDs with the toxic metals is
given in Table 3. The analysis and knowledge on fluorescence
lifetime reported here for QDs with metals will help the exper-
imentalists improve the accuracy of metal detection in water.

4. Conclusion

We have investigated the toxic metal (As, Co, Ni, Cu, and Pb)
detection capability of QDs (CQDs, B/N/S-doped CQDs, and
BNQDs) of various sizes and morphologies (rectangular,
circular, and triangular) as potential optical receptors using
quantum chemical DFT calculations. Structurally, the circular
QDs are very stable. Energy gap analysis has revealed that
BNQDs are more stable than CQDs. All toxic metals in the gas
phase and water phase get adsorbed in the energy range of
—0.02 to —4.21 eV and —0.008 to —4.81 eV, respectively. Among
all QDs, pristine triangular CQDs and S-doped CQDs exhibit
higher adsorption affinity towards the toxic metals. Most of the
QDs show higher interaction with Ni followed by Pb, As, Cu and
Co. Moreover, most of the metals are chemisorbed in CQDs and
B/N/S-doped CQDs, suggesting such systems to be used as
adsorbents. Interestingly, the majority of BNQDs have exhibited
physisorption towards the toxic metals. The UV-vis absorption
spectra of all QDs indicate the redshift of the absorbance peaks
with the increase in the size of the QDs. Raman spectra have
confirmed the structural integrity of the modelled QDs. The
detection of metals using QDs in the water phase has been
understood through absorption peak intensity modulation as
observed in the UV-vis absorption spectra. It is noted that
BNQDs show the highest percentage of intensity reduction in
the UV-vis absorption spectra compared to other QDs after
metal adsorption. Reasonably, considerable fluorescence life-
time is obtained for Co with triangular H;5C,6 (152.30 ns) in
CQDs, Pb with rectangular H;5C30S (21.29 ns) in B/N/S-doped
CQDs, and As with circular B,;N,,H;g (2.99 ps) in BNQDs. The
nature of interaction of toxic metals as well as the highest
degree of absorption peak intensity changes in BNQDs suggests
that they can be more efficient than CQDs in the optical sensing
of toxic metals. In summary, our extensive DFT studies have
demonstrated QDs as optical sensor receptors and the findings
will help the experimentalists in designing such environment-
friendly probes for the detection of toxic metals in drinking
water.
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