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Synthesis, characterization, crystal structure and
comparative study of porous metal—organic
frameworks, ternary quantum dots and their

composite as sensors for the electrochemical
determination of bisphenol A}

Peter A. Ajibade

* and Solomon O. Oloyede

Sensitive and rapid electrochemical sensors for bisphenol A (BPA) determination were developed using

metal-organic frameworks (MOFs), ternary quantum dots (TQDs), and their composite (TQDs@MOFs).

The electrochemical sensors were characterized using FTIR, UV-Vis, SEM, TEM, PL, and single X-ray crys-

tallography. Electrochemical responses using cyclic voltammetry (CV) and differential pulse voltammetry

(DPV) reveal that the composite modified electrode has an enhanced response and performed better and

faster with the highest oxidation peak current of 2.70 x 10~ over a suitable potential separation window

of 0.939 V. Under optimized conditions and over an examined concentration range from 4 nM to 16 nM,

the composite modified electrode displays a linear relationship with an increase in concentration with a

limit of detection of 1.01 nM, a limit of quantitation of 3.08 nM, and a correlation coefficient (R?) of 0.995
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1. Introduction

Endocrine disruptors (EDs) are chemicals that interfere with
endocrine (or hormonal) systems,’ but they are also occasion-
ally referred to as hormonally active agents (HAAs), endocrine
disrupting chemicals (EDCs), or endocrine disrupting sub-
stances (EDSs).> Endocrine disrupting chemicals cause
changes in the normal functioning of the endocrine systems
which leads to other diseases in humans.’”® Endocrine disrup-
tors are present in a wide range of consumer and industrial
products and their exposure interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural
hormones in the body that are responsible for development,
behaviour, fertility, and normal cell metabolism.’ ™

Bisphenol A (BPA) [2,2-bis(4-hydroxyphenyl)propane] is one
of the most dangerous EDCs that is primarily employed in the
production of different plastics."*® Food is the main source
of exposure for humans since food cans are lined with PVC
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(S/N = 3). The composite modified electrode demonstrated good stability, reproducibility, and selectivity
in the presence of other interfering substances. The practicability of the composite modified electrode
was achieved using real water samples with a percentage recovery of 96.46-101.70% and a relative stan-

and epoxy to stop acidic foods from corroding the metal."*™

Once in the human biological system, BPA may imitate the
hormone oestrogen in the body, leading to endocrine dis-
orders, prostate cancers, and developmental delays in children,
among other diseases. In response to this side effect, it is
therefore important to develop new detection and determi-
nation methods with high selectivity and high efficiency to
facilitate regular monitoring of BPA levels in the
environment.”>>*

Numerous techniques have been developed to determine BPA
such as electrophoresis,” >’ enzyme linked immunosorbent
assay,”®* gas chromatography-mass spectrophotometry,** >
high-pressure liquid chromatography,®>° fluorescence spec-
trometry,*® liquid-chromatography-mass spectrometry,”” and gas
chromatography.*®*° These techniques require expensive equip-
ment and trained specialists. Therefore, the development of a
simple, fast, low-cost detection method 1is necessary.
Electrochemical techniques for highly sensitive, highly selective,
rapid, low-cost, and real-time detection of BPA with ease of auto-
mation are being developed.”" Yet, because of its relatively high
potential for the oxidation of phenolic compounds, which causes
an increase in background current and a loss in sensitivity, direct
detection of BPA using a standard bare gold electrochemical elec-
trode is still limited.”*** There have been several modifications of

This journal is © The Royal Society of Chemistry 2025
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the electrodes to detect BPA in order to improve the sensitivity
and selectivity of the detection process. These include gold nano-
particles,”* multiwalled carbon nanotubes,” thionine-tyrosi-
nase,*® graphene,” and graphene oxide-p-cyclodextrin multi-
walled carbon nanotubes.*®

In recent years, metal-organic frameworks (MOFs) have
demonstrated considerable potential as sensors for the detec-
tion of metal ions, organic dyes, and environmental pollu-
tants. As a result of MOFs’ unparalleled structural flexibility,*’
tunable topology,®® various functionality, large surface area,
adjustable spectrum and porosity,” a variety of nanomaterials
may be embedded into the pores of MOFs, which endows
them with the ability to be used in different applications such
as gas adsorption and separation,>® chemical sensors,>® cataly-
sis,>® magnetic and luminescent materials,”> biomedical
imaging,”® drug loading and delivery,>” absorption,®® etc. The
reaction of these porous compounds with a wide range of
environmental pollutants and the ability of the compounds to
detect them are also enhanced due to the synergistic inter-
actions between the embedded nanomaterials, the functional-
ity of the ligands, and the nature of the cluster. MOFs can
increase sensor sensitivity by pre-concentrating the analyte
(BPA) through hydrogen bonding and n-=n interactions. In the
synthesis of MOFs, it may be feasible to choose metal ions and
organic linkers to promote specific responses with the analyte.
The sensing performance of MOFs is also enhanced by acting
as scaffolds for binding ternary quantum dots, enzymes, and
nanoparticles.>

Ternary quantum dots (TQDs) are among the most well-
known luminous nanomaterials with enhanced biocompatibil-
ity, superior photostability, minimal cytotoxicity, enhanced
optical properties, and concentrated energy emission. Ternary
quantum dots are useful for chemical sensing,” biosensing,>
photocatalysts,> cell imaging,>® drug delivery,”® and nanome-
dicines.’” Ternary quantum dots exhibit strong fluorescence
emission, which makes them more sensitive to quenching or
amplification when interacting with the analyte. They have a
high surface-to-volume ratio and low cytotoxicity, which makes
it easier and more effective to monitor the analyte.’® The
benefits of the combination of MOFs and TQDs include better
signal transduction in which MOFs maintain quantum
efficiency by stabilising and dispersing TQDs, avoid aggrega-
tion, improve selectivity and sensitivity through which MOFs
pre-filter interference and improve BPA specificity by acting as
molecular sieves.**

In this paper, a gold bare electrode was modified
using metal-organic frameworks (MOFs/AuE), ternary
quantum dots (TQDs/AuE), and their conjugate (TQDs@MOFs/
AuE) respectively for the electrochemical determination of
BPA using cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV). An electrochemical comparative study
between the precursors and their composite was used to ascer-
tain the high performance, efficiency and sensing abilities dis-
played by the conjugate modified gold electrode with respect
to the metal-organic frameworks and ternary quantum dots,
respectively.

This journal is © The Royal Society of Chemistry 2025
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2. Experimental

2.1. Chemicals and reagents

All chemicals and reagents were purchased from Sigma
Aldrich and used without further purification. Copper(u) chlor-
ide dihydrate (CuCl,)-2H,O, 2-methyl imidazole, benzene
1,3,5-tricarboxylic acid, copper(u) chloride anhydrous (CuCl,),
indium chloride (InCly), gelatin, glutathione (GSH), sodium
sulfide (NaS$,), dimethylformamide (DMF), thioglycolic acid,
selenium standard solution in nitric acid ((SeO,) in HNO;),
distilled water, deionized water, ultra-pure water, ethanol, tri-
ethylamine (TEA), bisphenol A (BPA), potassium ferricyanide
[K;(Fe(CN)s)], and potassium chloride (KCI).

2.2. Physical measurements

Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 electron microscope
(Akishima, Tokyo, Japan). The surface morphology was deter-
mined by scanning electron microscopy (SEM) using a ZEISS
FESEM Ultra Plus (Oberkochen, Germany) at a rating voltage
of 15-20 kV at different magnifications as indicated on the
SEM images. Fourier transform infrared spectra were recorded
using a Bruker ALPHA II compact platinum ATR FTIR spectro-
meter, ultra-violet-visible (UV-Vis) spectra were recorded on a
PerkinElmer Lambda 25 UV-Vis spectrophotometer using di-
methylsulfoxide (DMSO) at room temperature and the photo-
luminescence (PL) study was performed with a PerkinElmer LS
45 fluorescence spectrometer excited at 500 nm using DMSO
at room temperature. All electrochemical studies, including
differential pulse voltammetry (DPV), cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS), were
carried out in an Autolab PGSTAT 302N electrochemical work-
station containing an electrochemical impedance module
(EIM). A standard three electrode system containing a gold or
platinum working electrode, a Ag/AgCl wire as a pseudo refer-
ence electrode, and platinum (Pt) as a counter electrode was
used for the electrochemical at ambient
temperature.

experiments

2.3. Synthesis of [Cu,(BTA),(2-MeIm)s] (MOF) compound 1

The synthesis method of Dewangan et al.*® was adopted for

the preparation of metal-organic frameworks with some modi-
fications. Copper(u) chloride dihydrate (CuCl,)-2H,0 (1 mmol,
0.170 g) was dissolved in 10 mL of distilled water and stirred at
room temperature for 15 min. 2-Methyl imidazole (2-MeIm)
(6 mmol, 0.5 g) and benzene 1,3,5-tricarboxylic acid (BTA)
(2 mmol, 0.420 g) were each dissolved in 10 mL of DMF and
stirred at room temperature for 45 min. The two solutions of
2-MeIm and BTA were mixed, and a colourless solution was
obtained, which was stirred at room temperature for another
20 min. This was followed by the addition of an aqueous solu-
tion of (1 mmol, 0.170 g) copper(u) chloride dihydrate
(CuCl,-2H,0). The resulting blue clear solution was then
stirred at room temperature for 30 min and then refluxed for
6 h at 80 °C under nitrogen gas (inert atmosphere). The
obtained clear blue solution was centrifuged at 5000 rpm
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(revolutions per minute), filtered to remove impurities and
kept at room temperature for slow evaporation. Blue crystals
suitable for single crystal X-ray analysis were harvested after 4
weeks. These blue crystals were washed with DMF and ethanol
at a ratio of 1:1 and kept at room temperature in a desiccator
for further characterization. Scheme 1 illustrates the graphical
synthesis pathway, and Scheme 2 illustrates the chemical or
laboratory synthesis pathway of compound 1. % Yield: 83%;
1.0 g, M. pt = 398 °C. FTIR (vma/em™ ), »(O-H) 3027 cm ™,
V(N-H) 3433 cm™', y(C-H) 2880 cm™", y(C=C) 1640 cm ',
1(C=0) 1685 cm™", (C-0) 1091 cm ', y(Cu-0) 522 cm ',
Y(Cu-N) 573 cm™ UV-Vis (DMSO, Ana) 222 nm, 438 nm,
499 nm, 549 nm, 628 nm. Analytical for C,,H,,Cu,N;,0;, cal-
culated 1033.98 g mol™, C: 48.74; H: 4.06; N: 16.24; O: 18.57;
Cu: 12.16. Found 1033.95 g mol™ C: 47.75; H: 4.06; N: 16.25;
0O:18.57; Cu: 12.28.

2.4. Molecular structure of compound 1

Single crystals suitable for X-ray crystallography of compound
1 were obtained by slow evaporation of the compound in DMF/
water. Data collection was performed using a Bruker APEX-II
CCD diffractometer with MoKa graphite-monochromated
single radiation (1 = 0.71073), and the crystals were maintained
at 1002.02 K during the collection. Using Olex2,°* the structure
was resolved with the SHELXT®® structure solution program
using intrinsic phasing and refined with the SHELXL®* refine-
ment package using least squares minimization.

2.5. Synthesis of TQD (CulnS,) compound 2

The method of Mufioz et al.®> was adopted with some modifi-
cations. CuCl, (2 mmol, 0.340 g) and InCl; (2 mmol, 0.442 g)
were both dissolved in 20 mL of deionized water. Gelatin
(8 mmol, 1.44 g), sodium citrate (4 mmol, 1.176 g), thioglycolic
acid (8 mmol, 0.736 g), and sodium sulfide hydrate (Na,S)
(4 mmol, 0.312 g) were all dissolved in 80 mL of deionized
water and the solution was added to the previous 20 mL solu-
tion of CuCl, and InCl;. Sodium borohydride (NaBH,)
(8 mmol, 0.3055 g) in 15 mL of distilled water was then added
to the mixture above for the reduction of toxicity and stabilis-

r"*g*ﬁ
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ation of ternary quantum dots. The whole mixture was then
refluxed at 180 °C for 4 h under nitrogen gas, and the final
product was centrifuged at 5000 rpm, filtered, and washed
three times with deionized water to obtain CulnS, ternary core
quantum dots. The product was kept in a desiccator for
further characterization. Yield 85%, 4.038 g, M. pt = 265 °C.
FTIR (Vma/em ™), 1(C=S) 479 em ™", »(C=0) 1789 cm ™", 1(C-0)
1100 ecm™', »(O-H) 3009 cm™, y(N-H) 3829 cm ™' y(C-H)
2950 cm™', y(Cu-In) 615 cm™ ', ¥(S-H) 2712 cm ', y(C-N)
998 cm ™', 1(C-C) 1345 cm™', UV-Vis (DMSO, Apnay) 265 nm,
524 nm, 588 nm.

2.6. Synthesis of composite [TQDs@MOFs] [CulnS,@Cu(2-
Melm)g(BTA),] compound 3

The synthesis method of Alsaiari et al. was employed to
prepare compound 3 with some modifications.®® CuCl,
(1 mmol, 0.170 g) and InCl; (1 mmol, 0.221 g) were dissolved
in 10 mL of deionized water. Gelatin (4 mmol, 0.72 g), sodium
citrate (2 mmol, 0.588 g), thioglycolic acid (4 mmol, 0.368 g),
and sodium sulfide hydrate (Na,S) (2 mmol, 0.156 g) were all
dissolved in 40 mL of deionized water. Sodium borohydride
(NaBH,) (4 mmol, 0.1527 g) in 5 mL of distilled water was then
added for the reduction of toxicity and stabilisation of ternary
quantum dots. The whole mixture was stirred for 15 min and
then refluxed for 1 h and 30 min at 85 °C. A known mass of
0.8 g of metal-organic frameworks was then added to the
above mixture and the reflux was continued for another 2 h
under nitrogen gas. After this, the resulting composite
[CulnS,@Cu(2-Melm)s(BTA),] was precipitated by adding 3 mL
of ethanol, centrifuged at 5000 rpm and filtered. The compo-
site was washed with DMF and ethanol at a ratio of 1: 1, dried
and kept in a desiccator. Scheme 3 depicts the graphical syn-
thesis pathway for compound 3. % Yield 94%, 2.97 g, M. pt
365 °C. FTIR (Vma/em '), ©(O-H) 3027 cm™, y(N-H)
3433 cm™', y(C-H) 2880 cm™*, 1(C=C) 1640 cm™, y(C=O0)
1685 cm ™, 1(C-0) 1091 ecm ™", 1(Cu-0) 522 cm™", »(C-S) 479,
y(Cu-In) 615 ecm™, y(S-H) 2712 ecm™', y(Cu-N) 998 cm™ .
UV-Vis (DMSO, Anay) 267 nm, 386 nm, 396 nm, 300 nm.

I
Ligands

Scheme 1 Graphical synthesis pathway of compound 1.
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Scheme 2 Chemical synthesis pathway of [Cu,(BTA),(2-Melm)g] MOFs 1.

2.7. General electrode modification technique

Scientists faced two main obstacles in their quest to improve
responsiveness in electrochemical studies: fouling and the
gold bare electrode’s (AuE) slowness or low response. A variety
of techniques have been used to modify AuE, ranging from the
fundamental drop-dry procedure to electrodeposition and
electro-polymerization. The drop-dry method is controlled by
the substrate’s adsorption onto the AuE surface, which may
lead to a chemical interaction between the substrate and the
bare AuE through the chalcogen element (selenium/sulfur). In
contrast, the electrodeposition and electro-polymerization pro-

This journal is © The Royal Society of Chemistry 2025

cesses align the substrates in a regular pattern through inter-
molecular interactions or direct covalent bonding onto the
AuE surface. Throughout this study, bare AuE was modified
using a straightforward drop-dry approach. The simple,
straightforward, and effective drop-dry method of modifying
electrode surfaces is generally used to immobilise nano-
materials onto the surface of the bare gold electrodes. Sulfuric
acid and hydrogen peroxide in a ratio of 2:1 were used to
clean the bare gold working electrode before use. Afterward, it
was rinsed with acetone and water and later polished with
0.5 pM alumina paste and cleaned again with ultra-pure water.
The cleaned bare electrode was then dried under nitrogen gas.

Dalton Trans., 2025, 54, 12358-12381 | 12361
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Scheme 3 Graphical synthesis pathway of compound 3.

5 mg of compound 1 was then dissolved in water with the aid
of ultrasonic agitation for 10 min, resulting in a homogeneous
suspension. With the aid of a micropipette, some droplets of
the suspension were placed at the surface of the cleaned gold
electrode. The droplet was allowed to evaporate slowly at room
temperature under controlled conditions and later dried under
a stream of nitrogen gas. As the solvent evaporated, it left
behind a thin layer of the immobilized compound on the gold
electrode surface. After drop drying, the modified gold elec-
trode was rinsed with ultrapure water to eliminate any
unbound compounds. Finally, the modified electrode was
dried under dry nitrogen gas to remove the residual solvent.
This procedure of bare electrode modification was applied to 2
and 3 for the electrochemical determination of BPA.

3. Results and discussion

3.1. Molecular structure of compound 1

The ORTEP representation with the atom numbering scheme
(without hydrogen and carbon), and the packing diagram of 1
are illustrated in Fig. 1 and 2 respectively. The packing
diagram of compound 1 reveals one molecule in the unit cell.
Fig. S1 and S2f illustrate the coordination of three molecules
of 2-methyl imidazole around each copper(n) ion, which
suggests the nearly perpendicular position of two subsequent
molecules to the copper(n) ion, and the symmetry by operation
of the unit cell, respectively. Fig. S3 and S4f show the projec-
tion diagram and polyhedral projection diagram of 1. Detailed
crystallography data and structure refinement parameters are
summarized in Table 1; some selected bond lengths and bond
angles are presented in Table 2. Compound 1 is a two-dimen-
sional binuclear unit of the copper(u) complex, which is
bridged by two molecules of benzene 1,3,5-tricarboxylic acid
(BTA) through the anisobidentate-carboxylato oxygens of the
bridging ligand, and three molecules of 2-methyl imidazole
through the imidazolyl nitrogen atoms coordinated to each
copper(u) ion.

12362 | Dalton Trans., 2025, 54, 12358-12381

at85°C AN
' SED

[TQDsCMOFs] [CuInSZCCu(2-
Melm)4BTA),]

The single crystal of compound 1 shows a pentagonal
coordination geometry around each copper(un) ion with the
chromophore CuN;O,. Compound 1 is a centrosymmetric
dimer with a pentagonal chair-like conformation at the centre
of symmetry as per the reported arrangement for the copper(u)
complex.®” The value of the geometry index or structural para-
meters for a five coordinate geometry is given using the Tau
equation 7 = (f — a)/60 (f = the first largest angle and « = the
second largest angle) which determined whether the five coor-
dinate geometry is square pyramidal (SP) or trigonal bipyrami-
dal (TBP).®® The value of Tau obtained for 1 is approximately
0.208 which is much closer to null (0) than to unity (1), which
confirms that the geometry around the copper(u) ion is dis-
torted square pyramidal with three molecules of 2-methyl
imidazole and a molecule of benzene 1,3,5-tricarboxylic acid at
the equatorial plane and the second molecule of BTA occupy-
ing the axial plane of the molecule. Fig. S51 (the polyhedral
ORTEP diagram of 1) ascertains the geometry deduced
through the index parameter Tau. The bond lengths of N1-
Cul, N2-Cul, N3-Cul, O1-Cul, and O3-Cul are 1.999(2) A,
2.002(2) A, 1.996(2) A, 2.009(19) A, and 2.312(2) A, respectively,
which revealed the longer bond length of O3-Cu1l compared to
the other four bond lengths, confirming the distortion of the
square pyramidal and anisobidentate character of the bridging
ligand. The bond lengths observed at the equatorial axes in
the range of 1.900 A to 2.009 A are comparable to the bond
lengths of Cu-N obtained in an ideal square pyramidal geome-
try which ranges from 1.900 A to 2.000 A.°° The values of adja-
cent angles at the basal plane of the geometry N3-Cu1-O1 and
N2-Cu1-N1 are 86.64° and 88.99°, respectively, and the values
of N3-Cul-N2 and N1-Cul-O1 are 90.52° and 88.76°. The
differences observed in the values of adjacent angles at the
basal plane compared to the angles at the basal plane of an
ideal square pyramidal geometry further confirmed the distor-
tion of the square pyramidal geometry.”°

The copper(i) metal-organic frameworks were fictitiously
packed at positions “a” and “c” to visualise the inclusion of
solvent or small molecules inside the crystal lattice. Small

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 ORTEP diagram of [Cu,(BTA),(2-Melm)g] 1.

Fig. 2 Packing diagram of [Cu(BTA),(2-Melm)g] 1.

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 12358-12381 | 12363
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Table 1 Crystal data and structure refinement of [Cu,(BTC),(2-Melm)el

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

pi°

vl
Volume/A®
V4

Pcales & cm”
w/mm™*
F(000)
Crystal size/mm?®

Radiation

26 range for data collection/®
Index ranges

3

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*
Final R indexes [I > 26(1)]
Final R indexes [all data]

C4oHyoCu, N30
1033.95
100.02
Triclinic
P1
9.2231(6)
11.2106(8)

12.2121(8)

113.068(2)

100.545(2)

91.968(2)

1134.23(13)

1

1.514

1.013

532.0

0.47 X 0.375 %X 0.34

MoKa (1 = 0.71073)

3.71 to 53.584
—11<h<11,-14 <k <14,
-15<1<15

48 304

4847 [Rinc = 0.0993, Ryigma = 0.0548]
4847/0/310

1.068

R; = 0.0458, WR, = 0.1255

R, = 0.0547, WR, = 0.1309

Largest diff. peak/hole/e A~ 0.84/-0.75

Table 2 Selected bond lengths and bond angles of [Cux(BTC),(2-
Melm)gl

Selected bond angles (°) Selected bond lengths (A)

0(1)-Cu(1)-0(3) 81.94(8) Cu(1)-0(1) 2.0094(19)
N(3)-Cu(1)-0(1) 86.64(9) Cu(1)-0(3) 2.312(2)
N(3)-Cu(1)-0(3) 90.53(9) Cu(1)-N(1) 1.999(2)
N(3)-Cu(1)-N(2) 90.52(9) Cu(1)-N(2) 2.002(2)
N(3)-Cu(1)-N(1) 178.81(10) Cu(1)-N(3) 1.996(2)
N(2)-Cu(1)-0(1) 161.73(9)

N(2)-Cu(1)-0(3) 116.16(9)

N(1)-Cu(1)-0(1) 94.15(9)

N(1)-Cu(1)-0(3) 88.76(9)

N(1)-Cu(1)-N(2) 88.99(9)

molecules or solvents could be clearly trapped in the crystal
pore (Fig. 3). The void space through the contact surface
(Fig. 3A) of the crystal was explored at a radius of 0.3 A and an
approximate grid spacing of 0.4 A. Its volume, 299.54 A®, rep-
resents 26.4% of the unit cell volume. In addition, the void
space through a solvent-accessible surface (Fig. 3B), which was
probed at 0.3 A with a grid spacing of 0.4 A, had a volume of
153.61 A®, equivalent to 13.5% of the unit cell volume.

3.2. Spectroscopy studies of compounds 1-3

3.2.1. FTIR results of compounds 1-3. The FTIR spectra of
1 and the ligands used in the synthesis of compound 1 are pre-
sented in Fig. S6(A).T The spectra were compared and assigned
after careful comparison which confirms the coordination of
the ligands to the copper(u) ion. In the FTIR spectrum of the
complex, the bands in the range of 3400-3300 cm™ in the free
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benzene 1,3,5-tricarboxylic acid (BTA) ligand could be attribu-
ted to the carboxylic group which shifted to 3027 cm™", which
confirmed its coordination to the copper(u) ion. The band at
3433 cm™' is assigned to the y(N-H) stretching frequency in
the MOFs, which confirms the coordination of methyl imid-
azole to the copper(n) ion through the imidazolyl nitrogen.
The asymmetric and symmetric carboxylate stretching frequen-
cies were found at 1312 and 1123 cm™" for 1. The magnitude
of the separation Av (Vagym — Vsym) for the carboxylate group in
1 is 189 cm™" which confirms the monodentate coordination
of the carboxylate oxygen atoms in 1.”' The y(C=O0) in 1 is
observed at 1685 cm™" which could be assigned to the carbo-
nyl group present in BTA coordinated to the copper(u) ion. The
sharp band at 1640 cm™" could be attributed to (C=C)
present in the ring of coordinated BTA. The band observed at
lower wavelengths of 522 em™' and 573 cm™' could be
assigned to (Cu-0) and v(Cu-N), respectively.”*

The FTIR spectra of the TQDs and their precursors are pre-
sented in Fig. S6(B).t The band at 550 cm™" in the sodium
sulfide free compound was blue shifted in the spectrum of the
TQDs to 1000 cm™' which indicates interaction between the
precursors.”® The sharp peak observed at about 1500 cm™" in
the spectrum of GSH (glutathione) disappeared completely in
the spectrum of the TQDs, which indicates interactions
between Na,S and GSH. The bands observed in the spectrum
of the TQDs at 1789 cm™, 3009 cm™, 3829 cm™', and
2712 em™" could be assigned to 1(C=0), 1(O-H), v(N-H), and
v(S-H), respectively, which are also present in the spectrum of
GSH to confirm the presence of the compound in TQDs. The
interactions of the copper(u) ion with the sulphur, indium and
nitrogen atoms of Na,S and GSH could be observed at ¢(C-S):
479 ecm™', y(Cu-In): 615 cm™', and y(Cu-N): 998 cm™, con-
firming the formation of the TQDs.”*”>

The FTIR spectra of the composite (Fig. S7}) revealed
similar stretching vibrations observed in the spectra of the
MOFs and TQDs which confirmed the formation of the com-
posite. The »(C-S), ¥(Cu-O), ¥(Cu-In), and y(Cu-N) bands in
the spectrum of the composite at 479 em™, 552 cm™,
615 cm™', and 998 cm™" were observed in the spectra of the
MOFs and TQDSs. The broad band observed at around
3500-2700 cm ™" could be assigned to the (O-H) and y(N-H)
stretching frequency in the spectra of the MOFs and TQDs,
respectively.

3.2.2. Electronic studies of compounds 1-3. The electronic
spectra of compounds 1-3 are presented in Fig. S8(A), (B), and
(C)f respectively. Compound 1 has four major absorption
bands. The band observed at 222 nm could be assigned to the
n — n* charge transfer transitions of the aromatic ring in
benzene 1,3,5-tricarboxylic acid coordinated to the Cu(u) ion.”®
The three other absorption bands observed at 439 nm,
500 nm, and 549 nm could be attributed to the d — d tran-
sition of the Cu(u) ion, ligand to metal charge transfer (LMCT)
between benzene 1,3,5-tricarboxylic acid and the Cu(u) ion,
O(pn) — Cu(dn*), and the metal to ligand charge transfer
between the Cu(u) ion and 2-methyl imidazole, Cu(dnr) —
N(pn*).77’78

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Void space of [Cu,(BTC),(2-Melm)e] 1 through the contact surface (A), and solvent accessible surface (B).

The electronic spectrum of compound 2 revealed two major
absorption bands. The band at 265 nm could be attributed to
the n — n* charge transfer transition within glutathione and
the absorption band seen at 516 nm could be assigned to
ligand to metal charge transfer (LMCT) between glutathione
and the Cu(n) ion, N(px) — Cu(dn*).”®

Compound 3, which is the composite of 1 and 2, shows the
various absorption bands present in 1 and 2 with slight shifts.
The two major bands observed in 3 are 405 nm, which is a
blue shift of the absorption band observed in 1 (439 nm), and
263 nm, which is also a blue shift of the absorption band
observed in 2. This shift of absorption bands in 3 from those
observed in 1 and 2 simply suggests the interaction of 2 which
is encapsulated in 1.%°

3.3. Morphological studies of compounds 1-3

The morphology, topology, size distribution and inner struc-
ture of these compounds were studied using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The SEM micrograph of the metal-organic framework
1 shows a heterogeneously dispersed rough surface mor-
phology with a granular structure with sizes ranging between 1
and 50 nm (Fig. 4A1), and the TEM micrograph shows well-
defined flakes of cubic shape which gives more insight that
the compound is highly crystalline, with the particle size in
the range of 10-50 nm, with an average particle size of
21.3 nm obtained from the histogram of SEM in the inset
(Fig. 4A2).%" Through the SEM micrograph of 2 (Fig. 4B1), it
could be observed that the particles of 2 are homogeneous,
and have a spherical particle structure with a smooth surface.
These particles have a grain-like morphology and are agglom-
erated with sizes ranging from 1 to 50 nm with an average par-
ticle size of 1.27 nm in the histogram of SEM in the inset. The
TEM micrograph (Fig. 4B2) reveals a spherical scaled shape of
particles. These particles have uniform structures and shapes,
which reveals the properties of 2 that could aid in enhancing
the electrochemical response of the composite when encapsu-
lated in 1.

This journal is © The Royal Society of Chemistry 2025

The SEM micrograph of composite 3 (Fig. 4C1) shows a
rough surface with underlying aggregation of the particles of 2
encapsulated in the void spaces of 1. The surface of 3 is dis-
tributed with countless monodisperse particles with sizes
ranging from 1 to 50 nm, which could provide more reactive
sites with a favourable response in the electrochemical
process. More detailed information on 3 is further provided by
TEM “C2” (Fig. 4C2), and it is clear that the composite consists
of cubic particles with particle sizes similar to that of 1 with
an average particle size of 23 nm from the histogram graph of
SEM in the inset. It could also be seen from the TEM micro-
graph of 3 that the particles are randomly distributed, which
could be the particles of 2 encapsulated in the pores of 1.5}

The electrical conductivity of these compounds was studied
by calculating their band gap energy. These optical band gaps
were obtained using the plot (ahv)(1/y) vs. hv, where a is the
absorption coefficient, 2 is the Planck constant, v is the
photon frequency, and (1/y) is the electron transition factor,
which is 1 in this study for the direct band gap.***> The
various band gap energy values obtained are 5.36 eV, 3.96 eV,
and 3.82 eV for compounds 1-3 respectively, which indicate a
red shift in the wavelength of these compounds, respectively,®®
and a confinement of these compounds with respect to other
semiconductors such as CdS, CdSe, CdTe, PbSe, InP, and
InAs.*” The lowest band gap energy value obtained for the
composite (3.82 eV) indicates that this compound has high
electrical conductivity compared to the individual MOFs and
TQDs®® (Fig. S8DY).

3.4. Fluorescence study of compounds 1-3

The fluorescence properties of these compounds were studied
in order to investigate their responses in the presence of BPA.
5 mg of each compound was dissolved in 8 mL of dimethyl-
sulfoxide (DMSO) and subjected to various concentrations of
the preferred analyte. These compounds were excited at
325 nm with the emission wavelength ranging between
320 nm and 550 nm, a slit width of 10 nm, and the voltage
considered for this study being 800 V. Various BPA concen-
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Fig. 4 SEM micrographs of compounds 1-3 respectively presented as Al, B1, and C1, and the TEM micrographs of compounds 1-3 respectively
presented as A2, B2, and C2. The inset is the average particle sizes of compounds 1-3 presented as C1, C2, and C3, respectively.

trations were prepared ranging between 2 nM and 14 nM and
were examined. A single fluorescence emission peak was
observed for the three compounds at different wavelengths,
and the fluorescence emission intensity peak of each com-
pound increased as the concentration of the preferred analyte
increased, suggesting an enhanced response of the fluo-
rescence ability of each compound in the presence of the pre-

12366 | Dalton Trans., 2025, 54, 12358-12381

ferred analyte (BPA) (Fig. 5A-C). Compound 1 exhibited a
violet fluorescence emission band at 380 nm (4. = 325 nm),
which could be attributed to (Or — pn*), the transition of
charge between the ligand and the copper(u) ion with a relative
fluorescence intensity at 140 W m™> (watt per square metre)
for 14 nM BPA (Fig. 5A).*° Compound 2 also revealed a violet
fluorescence emission band at 348 nm (Aax = 325 nm), which

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Florescence responses of the electrodes modified with com-
pounds 1-3 presented as (A), (B), and (C), respectively.

could be assigned to the intraligand (= — =*) transition of glu-
tathione with a relative fluorescence intensity peak found at
around 71 W m~> for 14 nM BPA (Fig. 5B).°° Compound 3
shows a blue fluorescence emission band at 498 nm (Ayax =

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

325 nm), with a relative fluorescence intensity at around 500
W m~? for 14 nM BPA (Fig. 5C). This transition of the fluo-
rescence emission colour from violet to blue, increase in the
fluorescence emission band to 498 nm, and enhancement in
the fluorescence intensity (500 W m™?) suggest a positive inter-
action between the MOFs and TQDs encapsulated into their
pores and a faster recombination of the photogenerated elec-
tron-hole pair of the composite. The synergistic effect of the
fluorescence responses of each of the MOFs and TQDs facili-
tated and enhanced the fluorescence of the composite in the
presence of BPA compared to the fluorescence intensity of
each of the MOFs and TQDs.

3.5. Cyclic voltammetry responses of 5 mM potassium
ferricyanide [K;(Fe(CN)g)] in 0.1 M potassium chloride (KCl) at
the surface of bare and gold electrodes modified with com-
pounds 1-3 at pH 7

Potassium ferricyanide [K;Fe(CN)¢] is a red redox probe salt
composed of the [Fe(CN)q]*~ coordination compound, which is
water soluble and exhibits fluorescence. [K;Fe(CN)g] is used as
a tool in electrochemical experiments and it consists of an
octahedral [Fe(CN)e]’~ centre cross-linked with the K ion
bound to the CN™ ligand and was chosen for its surface-sensi-
tive electrochemical response, especially for the gold elec-
trode.”® Fig. 6 illustrates the cyclic voltammetry (CV) responses
of [K;3(Fe(CN)g)] at pH 7 at the surface of the various electrodes
(bare electrode and electrodes modified with compounds 1-3)
obtained at different scan speeds (100 mV s '-325 mV s~ ).
The CV responses of [K3(Fe(CN)4)] were obtained over a poten-
tial window sweep of —0.2 V to 1.0 V, and redox reactions
(responses) were performed at the surface of the bare and
modified electrodes. The oxidation peak current (I,,), the
reduction peak current (I,,), and the potential peak separation
AE, (AE, = Ep, — Ep, Where E,, is the oxidation peak potential
and Ep. is the reduction peak potential) are presented in
Table 3.

Observing the changes in the CV responses of [K3(Fe(CN)s)]
at the electrodes modified with compounds 1-3 (Fig. 6B-D,
respectively) compared to that of the bare electrode (Fig. 6A), a
successful modification of the bare gold electrode with com-
pounds 1-3 was ascertained. For all the modified electrodes, an
increase in the scan rate of the reaction leads to an increase in
the redox peak current response (I, and I,.), and a plot of the
applied potential (V) at the surface of these modified electrodes
versus the square root of the scan rate (v"/?), which gives a linear
regression, as shown in the inset; the slopes obtained for the
linear regressions for all the modified electrodes, which are less
than 1, indicate that these electrochemical processes at the
surface of these modified electrodes are diffusion controlled.

From Table 3, it could be observed that the electrode modi-
fied with compound 3 has the highest oxidation peak current
(5.273 x 107" pA) and a low separation peak potential AE,
(198 mV) compared to the electrodes modified with com-
pounds 1 and 2. In accordance with Nicholson’s theory, a
decrease or a low magnitude of the separation peak potential
AE, (less than 300 mV) instigates an increase in the hetero-
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Fig. 6 Cyclic voltammetry curves of [KzsFe(CN)g] at different scan rates

(100 mV s7%) for the bare electrode (A), and the electrodes modified with
compounds 1 (B), 2 (C), and 3 (D).

geneous rate constant (k°) which signifies fast movement of
electrons or transfer of large numbers of electrons between the
surface of the electrode modified with compound 3 and [Kj(Fe

12368 | Dalton Trans., 2025, 54, 12358-12381

View Article Online

Dalton Transactions

(CN),)].%* The distorted square pyramidal geometry of 1 which
is the host compound after encapsulating 2 could alter its
orbital energy and lead to an increase in the redox potential
and fast movement of electrons. The nitrogen donor atom of
the ligand (2-MelIm) that leads to the formation of a sigma
donor (c-donor), and sometimes a pi-acceptor (m-acceptor),
stabilizes the oxidation of the analyte, causing an excellent
interaction between the composite and the analyte and
leading to a low magnitude of the separation peak potential
experienced. To further confirm the large surface area of the
composite modified electrode in contrast to the electrodes
modified with compounds 1 and 2, the Randles-Sevcik
equation was used” (eqn (1) and (2)).

Ipa = 2.69 x 10°ADin*/22C (1)

it
A = P 3.1 1 (2)
(2.69 x 103n:D:Cvz)

Here, I, is the oxidation peak current, A is the surface area of
the modified electrode, D is the diffusion coefficient of
[Fe(CN)6]*~ (7.6 x 107° cm® s "), C is the bulk concentration of
[K;3(Fe(CN)s)], n is the number of electrons, and v is the scan
rate.

After substituting the appropriate values for the calculation
of the surface area (4) for the electrodes modified with com-
pounds 1-3, using the Randles-Sevcik equation, it was found
that ‘4’ values were 254.24 mm?, 311.84 mm?, and 345 mm?,
respectively. The high surface area of the composite modified
electrodes resulted in a higher oxidation peak current poten-
tial and excellent electron transfer rate compared to the other
modified electrodes.

3.6. Electrochemical impedance spectroscopy (EIS)

In a standard electrochemical cell, besides the resistance of
the electrolyte, redox species (matter-electrode) connections
include the concentration of electroactive species, charge-
transfer, and mass-transfer from the bulk solution to the
surface of the electrode. Electrical circuits, which comprise
resistors, capacitors, or constant phase components coupled
in series or parallel, were designed to create an equivalent
circuit that defines each of these parameters.”* Therefore, EIS
could be used to explore mass-transfer, charge-transfer, and
diffusion processes because of its ability to study intrinsic
material properties or specific processes that could influence
the conductance, resistance, and capacitance of an electro-
chemical system, which are observed through the electrode
responses. This analysis of impedance data for the reduction
of ferricyanide in the potassium chloride (KCl) supporting
electrolyte illustrates the error structure for impedance
measurement, the use of measurement, the process methods,
and the sensitivity of impedance to the evolution of electrode
characteristics.”> The standard redox probe used in our
research is 5 mM potassium ferricyanide in 0.1 M potassium
chloride with the application of a frequency ranging from 0.1
Hz to 100 KHz. Nyquist plots were used to obtain impedance
across the modified electrodes (Fig. 7A-D). The data obtained

This journal is © The Royal Society of Chemistry 2025
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Table 3 Summary of the cyclic voltammetry results of [KzFe(CN)g] obtained at the surface of the electrodes modified with compounds 1-3 at
100 mv s
Oxidation response Reduction response
Potential separation
Modified electrodes Ina (nA) Epa (V) Ine (pA) Epe (V) AE (V) = Epy — Epe
MOFs/AuE 4.53x107° 0.594 —2.84x107° 0.661 0.066
TQDs/AuE 4.42 x107* 0.725 —2.669 x 107* 0.469 0.256
TQDS@MOFs/AuE 5.273 x 107* 0.691 —4.282x107* 0.493 0.198
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Fig. 7 Nyquist plots obtained for 5 mM [KsFe(CN)¢] in 0.1 M KCl prepared in PBS solution pH 7, using the bare electrode (A), and electrodes
modified with compounds 1 (B), 2 (C), and 3 (D), and the equivalent Randles—Sevcik circuit used in the EIS experiments (E).
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were validated through the low error (n) values, which is the
difference between the experimental data and the fitted data.
For the interpretation of the impedance spectra obtained, an
equivalent Randles-Sevcik circuit is used, which is made up of
electrolyte resistance (Ry), charge transfer resistance (R.), the
constant phase element (CPE) or double layer capacitance
(Cay), and the impedance of the Faradaic reaction (Z,) which is
also known as the Warburg impedance or the diffusional resis-
tance element (Fig. 7E). When a Faradaic reaction takes place,
the reaction occurs in parallel with the charging of the double
layer and the rate of the Faradaic reaction is controlled by
diffusion of the reactant to the electrode surface, which is
illustrated by a straight line with an angle of 45° in the low fre-
quency region.”® When a non-Faradaic reaction occurs, the
reaction is not parallel with the charging of capacitance and
the rate of the Faradaic reaction is controlled by the adsorption
of the electrolyte particles to the surface of the electrode,
which is observed by a semi-circle or an arc signifying the
limitation of charge transfer or impedance.”” The values of
charge transfer resistance (R.) obtained at the surface of the
electrodes modified with compounds 1-3 in 5 mM [K;Fe(CN)g]
are 5.12 kQ, 14.1 kQ, and 22.2 mQ, respectively. These results
show that the electrode modified with compound 3 has the
highest rate of electron transfer due to the lowest R.. value
(Table 4).

The exponent values correlated with the degree of ideality
in the capacitive behaviour of the system which are less than
unity (n < 1) for all the modified electrodes, indicating the
non-homogeneous nature of the gold electrode. These values
range from 0.650 to 0.980.°% The phase shift angles of all the
electrodes, bare and modified with compounds 1-3, in the
Bode plots (Fig. 8) are 51.57°, 53.81°, 53.29°, and 66.44°,
respectively. These values are less than 90 °C, which showed
that the modification of the electrodes is non-capacitive.

4. Electrochemical determination of
BPA using cyclic voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamic measure-
ment in electrochemistry that is used to study the electro-
chemical properties of an analyte in solution, or a molecule
that is adsorbed onto the electrode or interacts with the
surface of the electrode. The electrochemical behaviour of BPA
at the surface of the electrodes modified with compounds 1-3
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Fig. 8 Bode plots obtained at the surface of the bare electrode and
electrodes modified with compounds 1 MOFs, 2 (TQDs), and 3
(TQDs@MOFs).

is illustrated in Fig. 9. A concentration of 5 uM BPA at pH 7
was prepared for this study at different scan rates (100 mV s™*
to 300 mV s7'). Different responses were recorded at the
surface of the electrodes modified with compounds 1-3, and
are illustrated in Fig. 9(A), (B), and (C), respectively. The poten-
tial window used for this study differs for modified electrodes.
For the electrode modified with compound 1 the potential
window was recorded between —0.5 V and 1.1 V, for the elec-
trode modified with compound 2 the response was observed in
the potential window range of —0.3 V to 0.4 V, and for the elec-
trode modified with compound 3, the response was observed
in the potential window range of —0.2 V to 1.2 V. A redox reac-
tion (redox peak current) was experienced at the surface of
electrodes modified with compounds 2 and 3 (Fig. 9B and C),
which indicate that at these electrodes, the reaction was com-
pletely reversible, while at the electrode modified with com-
pound 1, only an oxidation reaction was observed, which
implies an irreversible reaction (I,a/Ipc # 1). The linear relation
between the oxidation peak current (I,,) and the square root of
the scan rate (v?) is presented in the inset. For electrodes
modified with compounds 2 and 3, an increase in the scan
rate leads to an increase in the oxidation peak current, indicat-
ing that the electrochemical response of BPA at the surface of

Table 4 Electrochemical impedance spectroscopy data obtained for 5 mM [KsFe(CN)¢l in 0.1 M KCl obtained at the bare electrode, and electrodes

modified with compounds 1-3

Au electrode R (@) R (kQ) Zy (1Mho) CPE (mS) (1Mho) n
Bare electrode 106 52.7 125 16.6 0.855
Electrode modified with compound 1 108 5.12 2.20 105 0.864
Electrode modified with compound 2 101 14.1 298 8.85 0.84
Electrode modified with compound 3 163 22.8 42.7 8.85 0.98

“n” the exponential related to the depression angles.
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Fig. 9 Electrochemical determination of BPA at the surface of the electrodes modified with compounds 1 (A), 2 (B), and 3 (C) using cyclic

voltammetry.

these electrodes is diffusion controlled with slopes ranging
between 0.2 and 1.0, while at the electrode modified with com-
pound 1, there is a decrease in the oxidation peak current as
the scan rate increases, which implies that the surface of the

This journal is © The Royal Society of Chemistry 2025

electrode is getting fouled by agents that form an increasingly
impermeable layer on the electrode surface, inhibiting the
direct contact of BPA with the surface of the electrode for con-
tinuous electron transfer.'® Table 5 presents the responses
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Table 5 Summary of the electrochemical responses (lpa, Ipe, Epa, Epe, @and AE,) at a scan rate of 300 mV s~ obtained at the surface of the electrodes

modified with compounds 1-3

Electrode modified with 1 (MOF)

Electrode modified with 2 (TQDs)

Electrode modified with 3 (TQDs@MOFs)

Ia 1.20 x 107° 4.174 x 107° 2.70 x 1074
Ine — -2.89x107° -2.16 x107*
Epa (V) 0.590 0.201 0.951

Epe (V) — —0.072 0.012

AE,, = (Epa — Ep) (V) 0.590 0.273 0.939

observed (Ipa, Ipc, Epa, Epe, and AE}) at the surface of all the
modified electrodes at a scan rate of 300 mV s~'. From the
table, it could be confirmed that the highest oxidation peak
current (2.70 x 10~* pA) at the surface of the modified electro-
des is observed at the electrode modified with compound 3.
This excellent performance could be attributed to the volume
of the pore of the synthesized MOFs, which is 299.54 A®
through the contact surface and 1.5361 A’ through the solvent
accessible surface, which are voluminous to encapsulate the
TQDs with an average particle size of 1.27 nm. The tunability
feature of these MOFs encapsulated with TQDs enables
specific chemical interactions, enhanced transduction, and
optical or electrochemical interactions. The pore size and tun-
ability of these MOFs encapsulated with TQDs therefore
ensure a high surface area, high selectivity, a fast response,
and high stability, making TQDs@MOFs an excellent compo-
site for BPA detection. Therefore, this electrode modified with
3 will facilitate the movement and large transfer of electrons
between the preferred analyte and the composite at the surface
of the modified electrode due to its large surface area (4),
which indicates higher adsorption capacity and interaction,
electrochemical conductivity, and electrochemical properties
(intra and intermolecular attraction) through the synergistic
interaction between the MOFs and TQDs'*" (Fig. S91). A sche-
matic representation of the oxidation of BPA at the surface of
the modified electrode is presented in Fig. S10.1 This reaction
mechanism generates a reliable signal, which is the basis of
detection through the voltammetric parameter, and the modi-
fied electrode could also be cleaned or refreshed with an
appropriate solvent under favourable conditions to maintain
its efficiency. However, long term application without cleaning
the surface of the electrode could cause the fouling of the elec-
trode surface, caused irreversible surface modification, deterio-
ration or decay or loss in the sensitivity of material
recognition.

4.1. Optimization of analytical parameters

Determining the ideal experimental conditions for maximum
sensitivity requires optimising the BPA accumulation charac-
teristics on the modified electrode surface. The various analyti-
cal parameters considered for the BPA optimization were pH,
time of reaction upon contact of BPA with modified electrode,
the scan rate, and the concentration of the composite at the
surface of the modified electrode.

4.1.1. pH. The pH of the solution employed is a crucial
parameter to consider in the optimum determination of BPA,

12372 | Dalton Trans., 2025, 54, 12358-12381

since the oxidation potential and peak current in detecting
BPA are affected by shifts in the redox peak potential towards
more positive and negative orientations with lower and higher
pH values, respectively.'®> PBS buffer solutions with a pH
range between 2 and 12 with a gradient range of 0.5 were pre-
pared for this study in which the solution of preference will be
dissolved for its determination. The results shown in Fig. 10(A)
reveals that when the pH of the PBS buffer solution reached 7,
the oxidation peak current value reached the maximum.
Therefore, pH 7 (neutral pH) which shows better performance
was chosen as the optimal pH value for this study. Besides, the
oxidation peak potential of BPA shifted towards negative
values with an increase in pH. The linear regression equation
for the pH dependence of E,, is given in eqn (3):

Epy = —0.0627 pH +

0.9574 (R* = 0.9926) (3)

The absolute value of the slope “—0.06194 V” per unit pH is
approximately near 0.059 V per unit pH, suggesting that the
number of electrons transferred is equivalent to the number of
protons in the electrooxidation of BPA at the electrode modi-
fied with compound 3.'%

4.1.2. Time of reaction upon contact. The influence of
contact time for BPA detection on the surface of the electrode
modified with compound 3 was investigated and the results
are shown in Fig. 10(C). The modified electrode could attain
maximum detection in an effective state with the right amount
of contact time. An excessive amount of contact time may
cause the BPA particles to reoccur at the surface of the modi-
fied electrode and waste time, whereas an inadequate amount
of contact time may allow the composite on the electrode
surface to insufficiently detect BPA particles in the solution,
leading to low detection. As the contact time increases
between 0 and 10 min, the oxidation peak current (I,,) also
increases and attains a plateau at 5 min. A further increase in
contact time resulted in the decrease of the oxidation peak
current, which later became relatively stable. This could be
due to the saturation of the modified electrode surface, which
impedes more BPA particles from being detected. Therefore,
5 min was selected as the optimum contact time for the
efficient detection of BPA.

4.1.3. Scan rate. The influence of the scan rate on the
electro-oxidation determination of BPA is seen in Fig. 10(C). It
can be observed that the oxidation peak current linearly
increases with an increase in the scan rate (100 mV s '-
300 mV s™'), and a good relationship between the oxidation
peak current and the scan rate is observed. The linear relation-

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Effect of PBS, pH, contact time and optimal concentration of [CulnS,@Cu(2-Melm)s(BTA),l/AUE for the electrochemical sensing of BPA.

ship could be expressed as: I, = 0.294 (mV s™') + 4.2970 (R* =
0.994), which indicates that the determination of BPA at the
surface of the electrode modified with 3 is diffusion con-
trolled, (slope 0.294 is closer to 0.5)."%*

4.1.4. Composite concentration at the surface of the modi-
fied electrode. The concentration of the composite dropped at

This journal is © The Royal Society of Chemistry 2025

the surface of the modified electrode also affects its perform-
ance. A high concentration could lead to a poorly dispersed
cluster of composites on the electrode, and a low concen-
tration could result in deficient detection due to fewer compo-
site particles on the electrode surface. Therefore, different con-
centrations of composite ranging from 0.2 mg L' to 2.0 mg
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L~" were prepared, and 4 pL of these concentrations was added
dropwise at the surface of the modified electrode to carry out
this experiment. It could be observed from Fig. 10(B) that as
the concentration of the composite increases, the oxidation
peak current also increases and reaches a maximum when the
concentration of the composite on the modified electrode is
1.0 mg L7, after which an increase in the concentration
resulted in a decrease of the oxidation peak current. It could
then be concluded that 1.0 mg L™" is the most adequate com-
posite concentration for effective and efficient BPA detection.

4.2. Determination of BPA at the surface of the electrodes
modified with compounds 1-3 using differential pulse
voltammetry (DPV)

Differential pulse voltammetry (DPV) or differential pulse
polarography (DPP) is one of the electrochemical techniques
that measures the difference between the current just before
the ends of the pulse and just before the application of the
pulse. It involves at least two electrodes: a working electrode
which measures the current and a counter electrode through
which the voltage pulses are transmitted. With regard to the
different CV responses observed at the surface of the electro-
des modified with compounds 1-3, DPV was also employed to
further study the electrochemical responses of these modified
electrodes. Fig. 11 illustrates the various oxidation current
responses of BPA determination obtained at the surface of
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these modified electrodes; it could be observed that the
highest oxidation peak current response was obtained at the
electrode modified with 3 (1.44 x 107> pA at 1.104 V), while the
oxidation peak current at the surface of the electrode with
compounds 1 and 2 are 1.64 x 107° pA at —0.022 V and 8.44 X
1077 pA at 0.167 V respectively. The oxidation peak current
value obtained at the electrode modified with 3 is eight times
and seventeen times higher than the values obtained at the
electrodes modified with compounds 1 and 2, respectively.
The synergy of the various electrochemical properties of the
MOFs and TQDs that are found in the matrix of the composite
could be responsible for the observation of this high oxidation

peak current.'®

4.3. Effect of concentration in the electrochemical
determination of BPA using differential pulse voltammetry

Investigation on the effect of concentration in the electro-
chemical determination of BPA was carried out using DPV. The
oxidation peak current response of various concentrations of
BPA ranging from 4 nM to 16 nM is illustrated in Fig. 12, and
the inset is the linear regression, showing the relationship
between the BPA concentration and oxidation peak current.
From Fig. 12, it can be observed that as the concentration of
BPA increases, the oxidation peak current also increases line-
arly, which suggest an excellent relationship between the con-
centration of BPA and the oxidation peak current recorded at
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Fig. 11 Electrochemical determination of BPA on the electrodes modified with compounds 1 (MOFs), 2 (TQDs), and 3 (TQDs@MOFs) using differen-

tial pulse voltammetry (DPV).
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Fig. 12 Effect of the concentration increase in the electrochemical determination of BPA using DPV. The inset is the linear regression of the oxi-

dation peak current against concentration.

the surface of the electrode modified with 3. This outstanding
oxidation peak current response could be attributed to the
first-rate electrochemical conductivity, excellent sensitivity,
exceptional catalytic properties, and large surface area of the
electrode modified with 3. The linear regression equation for
the oxidation peak current I, is given as follows: I, = 3.925 x
1077 +9.00 x 107® (R* = 0.995). Eqn (4) and (5) were used to cal-
culate the limit of detection (LOD) and the limit of quanti-
tation (LOQ).

LOD = 3.3 x (SD/M) (4)

(5)

where SD is the standard deviation of the oxidation peak
current and M is the slope of the calibration. The values
obtained were as follows: LOD = 1.01 nM, and LOQ = 3.08 nM
(S/N = 3). The European Union Commission (EUC) in 2004 set
a specific migration limit (SML) for BPA in plastic materials to

LOQ = 10 x (SD/M)

be 2.63 x 107® mol L™, and therefore, this electrochemical
method of BPA determination using the composite of MOFs
and TQDs met the requirements of the EUC.'® The composite
electrode modified with compound 3 for BPA detection ability
was also examined with other previous studies (Table 6). This
newly developed approach to BPA detection showed a lower
detection limit and a larger linear detection range, confirming
acceptable BPA detection capability.

4.4. Stability, reproducibility, and selectivity studies of the
composite modified gold electrode

4.4.1. Stability. The stability of the composite modified
gold electrode was investigated with 5 mM [K;Fe(CN)¢] in 0.1
M KCI at pH 7 using cyclic voltammetry. Twenty consecutive
cyclic runs were performed at 150 mV s™' over a potential
window range of —0.2 V to 1.2 V. For all the twenty consecutive
runs, a redox response was obtained with minimal or no differ-
ence in the oxidation peak current response between the first

Table 6 Comparison of the developed BPA determination method with other methods in the literature

Modified electrode Linear range Method used Detection limit Ref.
CNF/CPE 0.1 pM-60 pM DPV 50 nM 107
Li, Ti50;,/MWCNTs/GCE 0.1 uM-10 pM DPV 78 nM 108
MIP-MWNPE 0.08 uM-100 uM DPV 22 nM 109
PGA/MWCNTNH,/GC 0.1 pM-10 pM DPV 20 nM 110
Si0,/rGO-AuNPs/GCE 0.03 uM-10 pM; 10 pM-120 pM DPV 5nM 111
GR-IL/GCE 0.02 pM-2 pM LSV 8 nM 112
Ferrocenyl methyl methacrylate 4.7 to 8 nmol L™* C.V. 3.2 nmol L™* 113
Rh,0;-rGO/GCE 0.6 pM-40 pM Cyclic voltammetry 0.12 uM 114
{CuInS,@Cu(2-Melm)s(BTA),} 4 nM-16 nM DPV 1.01 nM This work

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Stability and reproducibility of the composite electrode modified with compound 3.

run and the last run (Fig. 13(A)). The change that is experi-
enced in the intensity of the oxidation peak current within the
twenty consecutive runs was estimated to be less than 5%
(inset bar chart), signifying that the composite modified elec-
trode is more than 95% stable. These results indicate that the
composite modified electrode is reasonably stable for many
more cyclic runs.

4.4.2. Reproducibility. Differential pulse voltammetry was
employed to study the reproducibility of the composite modi-

12376 | Dalton Trans., 2025, 54, 12358-12381

fied electrode. Four (4) different electrodes were modified with
the same composite under the same conditions and the oxi-
dation peak current of 5 pM BPA in 0.1 M PBS at pH 7 at
150 mV s~ " over a potential window range of 0.2 V to 1 V was
evaluated, and the maximum oxidation peak current response
was at 0.55 V. Fig. 13B illustrates the oxidation peak current
responses of the four different composite modified electrodes
showing minimal or no difference in the intensity of their oxi-
dation peak current responses (Fig. 13B inset bar chart). The

This journal is © The Royal Society of Chemistry 2025
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calculated standard deviation of the oxidation peak current is
1.9517 x 1077, and the calculated mean is 1.706 x 10~°. The
relative standard deviation for the responses recorded for the
four different composite modified electrodes was then calcu-
lated to be 1.14%, suggesting that they are reproducible.

4.4.3. Selectivity. To investigate the selectivity of the com-
posite modified electrode, a competitive recognition study was
conducted using various interfering substances in addition to
BPA determination. These interfering substances are r-ascorbic
acid, thiourea, and citric acid. A concentration of 5 pM BPA in 0.1
M BPS at pH 7 was prepared and 10 pM (two fold BPA concen-
tration) of the interfering substances in 0.1 M BPS were also pre-
pared to carry out this experiment. Cyclic voltammetry was used
over the potential window range of —0.4 V to 1.1 V at a scan rate
of 150 mV s™* as illustrated in Fig. 14. In the inset is the bar chart
of the oxidation peak current responses at the surface of the com-
posite modified electrode against the preferred analyte and the
interfering substances. It could be deduced from the result
obtained that the composite modified electrode has the highest
oxidation peak current response for BPA (1.111 x 10> pA), while
its response to other interfering substances is practically negli-
gible compared to the response for BPA, whereas no differences
could be observed between the responses of interfering sub-
stances. This oxidation peak current response could be due to the
electronic structure and high electrical conductivity of BPA which
has an excellent electrostatic interaction with the composite at
the surface of the gold electrode.'"®

4.5. Water sample assessment

For the practical application of the composite modified gold
electrochemical sensor, three types of water samples were con-
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sidered for the determination of BPA concentration. Tap water,
treated water and untreated water samples collected from
Darvill wastewater treatment plant in Pietermaritzburg, South
Africa, were used for the study. These water samples were fil-
tered using a 0.55 pm filter membrane before analysis, and a
standard addition method (SAM) was used to spike the sample
with BPA and DPV was employed for its determination. The
concentrations of BPA in these water samples after spiking
7 mL each with 1 mL of 5 mM BPA stock solution were found
to be 12.28, 23.82, and 56.47 puM, respectively. 3 mL of each
spiked solution was later added to 5 mL of PBS at pH 7, and
2 mL of a known concentration of BPA varying from 4 pM to
8 pM were finally added to the above solution and the analysis
was performed (Table 7). The results obtained from our study
show that the percentage recovery varies from 96.46% to
101.70% and the relative standard deviation (RSD) following 5
parallel readings was observed in the range of 3.22% to 5.01%,
which are very modest compared to those of the existing com-
pounds used for BPA detection in real water samples.'*>"”
The practical application in real water samples was ascertained
by the response obtained at the surface of the composite modi-
fied electrode. The values of relative standard deviation, which
are less than 6% (practically negligible), demonstrate that the
recovery responses are satisfactory and acceptable. The drop
dry method of fabrication of this electrochemical sensor offers
high scalability because of its ability to expand and adapt its
use across multiple sites (three different water samples) or
larger monitoring systems without compromising perform-
ance. Mass production techniques like screen printing could
be used for large-scale fabrication to allow multiple data col-
lection from multiple sources. Under controlled conditions,
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Fig. 14 Selectivity of the composite electrode modified with compound 3.
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Table 7 BPA determination in different water samples (n = 5)
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Water samples BPA concentration (uM) Added concentration (uM) Found (pM) % Recovery RSD (%)
Tap water 12.28 4 16.034 98.49 3.17

6 18.014 98.55 4.00

8 20.239 99.80 4.88
Treated water 23.82 4 26.835 96.46 4.00

6 28.967 97.14 3.91

8 31.234 98.16 4.81
Untreated water 56.47 4 58.734 97.13 3.22

6 61.982 99.22 4.77

8 65.565 101.70 5.06
this electrochemical sensor produced consistent results across curation, formal analysis, writing - original draft and

different tests and locations for the chosen water samples,
which proved their reproducibility. The cheap fabrication,
deployment cost, easy maintenance and long lifespan and
stability are evidence of cost-effectiveness.

5. Conclusion

Electrochemical sensors of metal-organic frameworks, ternary
quantum dots and their composite were successfully fabri-
cated using copper(u) metal-organic frameworks (MOFs),
ternary quantum dots (TQDs), and their composite
(TQDs@MOFs). The copper(n) complex crystallized as a centro-
symmetric dimer with a pentagonal chair like conformation at
the centre of symmetry in which the copper(u) ion has a dis-
torted square pyramidal geometry. The sensor was character-
ized using FTIR which confirmed the presence of various func-
tional groups in the compounds, UV-Vis which confirmed the
expected electronic transitions, and SEM and TEM which
revealed the morphology, inner structure and particle sizes of
the compounds. A comparative study of the electrochemical
oxidation peak current responses of the fabricated sensors
reveals that the composite modified sensor shows the highest
oxidation peak current response, and better and faster electron
transfer between the preferred analyte (BPA) and the compo-
site at the surface of the modified electrode. Under optimal
conditions, the stability, reproducibility, and selectivity of the
composite modified electrode were ascertained, and good elec-
troactivity, a wide linear detection range, a low limit of detec-
tion and quantitation and a high recovery rate of BPA were also
established. This excellent performance could be attributed to
the electrochemical conductive properties, synergistic effect,
high surface area, and intermolecular interactions between the
metal-organic frameworks and ternary quantum dots that
made up the composite.
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