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We have designed and synthesized a multifunctional dendritic molecular probe that selectively detects
Cu?* ions via potentiometric and fluorometric techniques with low detection limits (3.5 puM in potentio-
metry, 15 nM in fluorometry). The selective and reversible binding of the molecule with the Cu?* ion was
used to make a solid-state microsensor (diameter of 25 um) by incorporating the molecular probe into
the carbon-based membrane as an ionophore for Cu(i). The Cu(i) microelectrode has a broad linear
range of 10 yM to 1 mM with a near Nernstian slope of 30 mV/log [ac,®*] and detection limit of 3.5 M.
The Cu(i) microsensor has a fast response time (1.5 s), and it has a broad working pH range from 3.5 to
6.0. The incorporation of the hydrophobic dendritic moiety makes the ionophore less prone to leaching
in an aqueous matrix for potentiometric measurement. The cinnamaldehyde component of the molecule
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helps detection of Cu?* ions fluorometrically, as indicated by a change in fluorescence upon selective
and reversible binding of the molecular probe to the Cu?* ions. The strategic design of the molecular
probe allows us to detect Cu?* ions in drinking water by using this novel dendritic fluoroionophore and
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1. Introduction

Copper is a highly abundant element on Earth and has wide-
spread use in various industries, such as electroplating, agri-
culture, wood preservation, and manufacturing, due to its cor-
rosion resistance and good thermal and electrical
conductivity."”> Copper plays an essential role in many biologi-
cal processes, serving as a cofactor for many enzymes and
being involved in metabolism regulation and protein
activation.>” The total copper content in our body ranks third
among the transition metal elements.® The concentration of
Cu*" in blood serum and the synaptic cleft is 10-25 pM and
30 uM, respectively.” Nonetheless, excessive copper intake may
cause Alzheimer’s, Parkinson’s, Wilson’s, and Menkes
disease.>® According to the US Environmental Protection
Agency, the allowed concentration limit of Cu®*" in drinking

Department of Chemistry, Oregon State University, Corvallis, OR 97331, USA.
E-mail: Dipankar.Koley@oregonstate.edu

1 Electronic supplementary information (ESI) available: 'H, and "*C NMR spectra
of cinnamaldehyde modified Dendron, potentiometric response of Cu** micro-
sensor, cyclic voltammogram with Cu*" micro-ISE, response time of Cu(u) ion-
selective electrode, comparison table for sensing performance with the commer-
cial copper(u) ionophore I, reversibility of the CMD fluoroionophore using fluo-
rescence and potentiometric techniques, Cu®" calibration plot for the inductively
coupled plasma - optical emission spectrometry (ICP-OES). See DOI: 10.1039/
d1an01417j
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solid-state Cu®* — ion-selective microelectrode.

water is 1.3 mg L™ (20 pM)."® Therefore, the detection of trace
quantities of copper in various environmental and biological
samples is in high demand.

Numerous analytical techniques are available to detect
trace quantities of Cu®’, including atomic absorption spec-
trometry, inductively coupled plasma mass spectrometry,
flame photometry, gravimetric detection, chromatography,
fluorometry, and electrochemistry."*° Current limitations of
these analytical techniques, however, are that they require
sample pretreatment; involve complicated, bulky, expensive
instruments and sophisticated procedures; are time-consum-
ing for the routine analysis of multiple environmental
samples; and necessitate highly trained personnel. Also, onsite
monitoring of analytes is difficult with these techniques.>"*>

With a potentiometric ion-selective electrode (ISE), in con-
trast, analysis is simple, low cost, and portable due to its small
size, which allows the ISE to be used onsite.>®> The most crucial
component of an ISE is the ionophore embedded in its polymeric
membrane, usually made up of polyvinyl chloride [PVC].>*2® The
ionophore has the unique capability of binding reversibly and
selectively with the analyte ions.>”>° In addition to the potentio-
metric measurements by the ionophore-based ISE, fluorometric
detection of Cu(n) by using a fluorescence probe has been proven
to be a versatile, selective, and sensitive method.**"*

Ying Fu et al. designed a 1,8-naphthalimide-based mole-
cule, which has 320 nM of the detection limit for Cu*" detec-
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tion.*” Minhuan Lan et al. also introduced the Cu** sensing
performance of carbon nanoparticles with 440 nM of detection
limit, and it was optimized depending on the amounts of func-
tional groups on the surface of the nanoparticles.*® More
investigators have developed the fluorescence probes by
synthesizing or modifying the sensing molecules.**°
However, the molecular capability of the fluorophores in the
detection of single analytes using different methods often
remains unexplored. We envisioned that we could quantify Cu
(1) ion concentration by using a single multifunctional mole-
cule for both potentiometry and fluorometry, instead of two
separate molecules for each method. Furthermore, by incor-
porating a strong hydrophobic fluorophore, cinnamaldehyde
derivative, into the dendron molecule, we could potentially
develop a fluoroionophore for Cu(u).

To the best of our knowledge, existing Cu(u) ionophores
have not been used as dual probes for potentiometry and
fluorimetry. Moreover, problems have been described associ-
ated with selectivity against different metal ions, limiting their
application in different areas. For example, a calixazacrown
ether-based Cu(u) ionophore does not work below pH 7.0, and
selectivity against common interfering ions such as alkali,
alkaline earth, and most of the transition metal ions was not
demonstrated; hence, it cannot be used in a situation where
the pH value varies during detection.’” A lariat crown ether-
based Cu(u) ionophore showed a super Nernstian slope of
42 mV per decade with a slow response time of 50 s, and no
selectivity values were reported for alkali and alkaline earth
metal ions.*® A Schiff base-based Cu(i) ionophore had poor
selectivity against alkali metal (=3 or higher), alkaline earth
metal (—2 or higher), transition metal ions (-1 or higher). In
addition, the sensor had a slow response time (15 s). This poor
selectivity will limit the use of this ionophore when it contains
a high concentration of transition metal ions.*® A thiaglutaric
diamide-based Cu(u) ionophore had very poor selectivity
toward H', and selectivity for most common interfering ions,
such as Fe**, Co®>" was not shown. These ions are known to
bind to a sulfur center of an organic molecule, which will limit
the use of this ionophore in water samples containing iron.*°
A tetrabutyl thiuram disulfide-based Cu(u) ISE has an excellent
detection limit (10 nM) but is not suitable for more than a day
because of decomposition of the ionophore and low selectivity
against Zn>" (—1.8), thus limiting the use of this ionophore in
a solution containing a variable concentration of Zn**.*!

Herein we report the development of a new Cu(u) ionophore
molecule that is selective against major transition metal ions
in addition to alkali and alkaline earth metal ions. Our mole-
cular design incorporates reversible binding with Cu(u) by
using a dendritic moiety along with an attached cinnamalde-
hyde component, allowing us to make a multifunctional den-
dritic molecular probe for the selective and sensitive detection
of Cu(u). The dendritic molecular probe can act as an iono-
phore for potentiometric methods, and incorporation of a cin-
namaldehyde moiety in the ionophore allows it to become a
fluorescent molecular probe to detect Cu®* ions. The selective
and reversible binding of the molecule to Cu®>" was used to

710 | Analyst, 2021, 146, 7109-7117

View Article Online

Analyst

make a solid-state micro-ISE by incorporating the multifunc-
tional ionophore into the carbon-based membrane to detect
Cu(n) with high selectivity and fast response time.

2. Experimental
2.1. Materials

All starting materials for the synthesis of cinnamaldehyde
modified dendron (CMD) were obtained from Sigma-Aldrich.
Vulcan carbon was a kind gift from Cabot Corporation. PVC
was purchased from Aldrich. Tetramethyl silane was purchased
from CIL. Potassium tetrakis(4-chlorophenyl) borate (KTCPB),
sodium tetrakis [3,4-bistrifluoromethyl] phenyl borate
(NaTFPB), and dioctyl sebacate (DOS) were purchased from
TCL 1-Nitro-2-(n-octyloxy) benzene (NPOE) was purchased
from Alfa Aesar. An anion excluder, sodium tetraphenylborate
(NaTPB), was obtained from Merck, and metal chlorides (M""
= Na', K%, Mg**, Ca*', Cu*", Fe**, Co*", Zn**, and Pb*") from
TCI was used without any further purification. Deionized
water (18 MQ) was used to make aqueous solutions.

2.2. Instrumentation

Amperometric measurements were performed by using a CHI
potentiostat (model # 760 E, CHI, Austin, TX, USA). A three-
electrode system is comprising a working electrode, an Ag/
AgCl reference electrode, and a Pt wire as the counter electrode
were used. Potentiometric experiments were performed with a
high-impedance unit (Lawson Labs, EMF 6) along with Ag/
AgCl (1 M KCl) reference electrodes.

2.3. TIonophore development strategy

An ionophore should reversibly bind to the analyte with high
selectivity and should be insoluble in aqueous solutions to use
the ISE in water samples. Since the hydrazide derivatives are
known to bind with Cu®" ions, we incorporated a benzo hydra-
zide modified dendritic structure, along with a cinnamalde-
hyde modification, to develop a multifunctional molecular
probe for Cu®>* ions that will work in both potentiometry and
fluorimetry. The dendric molecular component in the mole-
cule makes it hydrophobic, and the attached cinnamaldehyde
moiety allows it to be a fluorescent molecular probe.

2.4. Synthesis of CMD

3,4,5-Tris(benzyloxy) benzohydrazide (2 g, 0.0044 mol) and
N,N-dimethyl cinnamaldehyde (1.0305 g, 0.0057 mol) were dis-
solved in a CHCl; (15 mL) and MeOH (45 mL) mixture. The
reagent mixtures were stirred at 65 °C for 36 h under N, atmo-
sphere. After 36 h, the reaction mixture was concentrated in
vacuo and the compound purified by flash chromatography
over silica gel as the stationary phase. The elution was per-
formed with 15% MeOH in CHCI; to give the pure product as
a yellow solid (experimental yield 55%). "H NMR (700 MHz,
DMSO-dg) 6: 2.97 (s, CH3, 6H), 5.03 (s, CH,, 2H), 5.21 (s, CH,,
4H), 6.85 (dd, J = 8.2 Hz, CH, 1H), 6.92 (d, J = 15.8 Hz, CH,
1H), 6.72-7.50 (m, ArH & PhH, 21H), 8.20 (d, J = 9.2 Hgz,

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1an01417j

Published on 30 september 2021. Downloaded on 6.2.2026 16:13:22.

Analyst

CH=N, 1H), 11.47 (s, CONH, 1H) (Fig. S1{); *C NMR
(175 MHz, DMSO-dg) &: 70.91, 74.73, 107.26, 112.46, 120.95,
124.09, 128.16, 128.37, 128.44, 128.56, 128.67, 128.94, 129.28,
137.28, 137.88, 140.33, 151.13, 151.18, 152.52, 162.45
(Fig. S27); m. p. 179 °C.

2.5. UV-Vis spectroscopic analysis

UV-Vis spectra of the ionophore (2 x 10~ M) were obtained in
a methanol solution. The UV-Vis absorption spectrum showed
a characteristic peak of cinnamaldehyde centered at 387 nm.
Job’s plot was obtained to quantify the metal-to-ligand
binding stoichiometry. Furthermore, the binding constant was
acquired in a separate experiment by varying the stoichiometry
between the metal and the ligand, and the Benesi-Hildebrand
plot was obtained to calculate the binding constant from the
slope of the plot.

2.6. Fluorescence characterization and quantifications of Cu
()

The ionophore (2 x 107> M) showed strong fluorescence emis-
sion centered at 520 nm when excited at 387 nm. The iono-
phore was dissolved in methanol to make the concentration of
2 x 107> M. Then the microliter volume of the different
aqueous metal ions was added to the dissolved ionophore. We
tested the fluorescence response in the presence of different
metal ions in a 1:1 mol equivalent ratio to find the selectivity
of the molecular probe toward Cu®>*. We also obtained a cali-
bration plot with varying concentrations of Cu®" ions by using
fluorescence intensity, which demonstrates the ability of the
ionophore to act as a molecular fluorescence probe.

2.7. FT-IR characterization

The FT-IR spectrum of the 10 mM of CMD and CMD with Cu**
ions (1:1 mol ratio) were obtained using a FT-IR spectrometer
(PerkinElmer, Model: Spectrum II). The analyte solution was
drop casted on a potassium bromide crystal optic disc (pur-
chased from Alfa Aesar).

2.8. Fabrication of Cu>* microsensor

A borosilicate glass capillary (o.d. 1.5 mm, i.d. 0.86 mm) was
first pulled with a pipette puller (Sutter Instruments, Novato,
CA, USA), and then polished to obtain an inner tip diameter of
25 pm (RG < 2) to make a Cu®* ion-selective microprobe. After
the careful optimization of the membrane components, we
have found the best ratio of the membrane components. The
ion-selective cocktail was prepared by mixing 10% ionophore,
2.8% tetraphenylborate, 3% PVC, 30% DOS, 54.2% Vulcan
carbon powder, and 500 pL tetrahydrofuran (THF). The compo-
sition was mixed thoroughly with a glass rod on a watch glass
until all THF evaporated. An extra 40.00% of DOS was further
added to the membrane components to maintain consistency
in a sensor paste. We then backfilled the pulled capillary with
the sensor paste and pushed it to the pulled end with a Cu
wire. To make electrical contact between the sensor paste and
the inserted Cu wire, we added 5.00% Vulcan carbon in a DOS
mixture to the pipette from the back-opening side. The Cu

This journal is © The Royal Society of Chemistry 2021
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wire connection was secured by applying 10 min epoxy to the
junction of the capillary end and the Cu wire. The sensor tip
was polished with lens cleaning paper and cured overnight in
1 mM CuCl, solution before the calibration of the Cu(u)
microsensor.

2.9. Measurement selectivity coefficients

The selectivity coefficients against different metal ions were
determined by the mixed solution (fixed interference) method.
Background concentrations of 107> M solution for alkaline
earth and transition metal cations and 10~" M for alkali metal
cations were used.

2.10. Water sample preparation

The tap water samples were collected from chemistry depart-
ment building at Oregon State University. The sample was
appropriately diluted and pretreated by acidification and
0.2 um filtration since copper exists predominantly as free
ionic forms or soluble ion pairs®® and the measurement was
carried out three times by using potentiometry, fluorimetry,
and, inductively coupled plasma - optical emission spec-
trometry (ICP-OES) after the calibration of each method.

3. Results and discussion
3.1. Molecular design and fluorometric characterization

Our current design for the molecular probe with the cinnamal-
dehyde component (Fig. 1), a fluorogenic center, along with a
benzo hydrazide moiety to bind with Cu**, potentially allows
us to detect Cu(u) fluorometrically. To explore this possibility,
we obtained the UV-Vis spectrum of the molecule. It showed
the absorption band with the absorption maximum centered
at 387 nm, which is characteristic of the cinnamaldehyde com-
ponent of the molecule (Fig. 2A). We obtained the ligand-to-
metal binding stoichiometry from the Job’s plot. The data indi-
cate that the ligand-to-metal binding ratio is 1:1 (Fig. 2B). The
slight deviation of the ratio obtained from the Job’s plot from
0.5 is possibly due to the changes in the ionic strength of the
solution as the concentration of CuCl, was increased. We also
obtained the Benesi-Hildebrand plot to determine the binding
constant by considering 1:1 metal-to-ligand binding. The cal-
culated binding constant was 3.51 x 10° M~" (Fig. 2C). To
demonstrate the ability of the CMD molecule (2 x 107> M) to
detect Cu®" via fluorescence spectroscopy, we characterized the
molecule itself by using methanol as a solvent. The CMD was
simply used as a fluoroionophore in organic solvents. The fluo-
rescence response of CMD was not studied through classical
ion-selective optodes as it was beyond the scope of this study.
Methanol was used as a solvent because the dendritic mole-
cular probe is soluble in methanol but not soluble in water.
Due to the different solubility behavior of the molecule, the
comparison between methanol and water was avoided. The
molecule showed fluorescence emission centered at 520 nm
when excited at 387 nm wavelength light (Fig. 3A). For the
molecule to act as a molecular probe, it should be highly selec-
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Fig. 1 Synthesis of cinnamaldehyde modified dendron (Cu?* fluoroionophore).
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Fig. 2 UV-Vis characterization of metal-ligand binding: (A) UV-Vis spectra of the molecule (2 x 10™> M) with an absorption maximum centered at
387 nm. (B) Job's plot indicates that the ligand-to-metal binding ratio is 1: 1 (number of experiments = 3). (C) The Benesi—Hildebrand plot provides a
binding constant of the complexation (3.51 x 10° M~?) (number of experiments = 3).

tive and sensitive toward different metal ions. We tested the
selectivity of CMD against different metal ions, including H",
Na*, K", Mg**, Ca**, Cu®", and Zn”" (Fig. 3B). Significant selec-
tive fluorescence quenching was observed when Cu®" ions
were added to the fluorophore. After the addition of various
known concentrations of Cu®" ions, we obtained a calibration
curve, suggesting that we can use this molecule as a fluo-
rescent molecular probe to detect and quantify Cu®'. The
detection limit was calculated to be 15 nM (S/N = 3) (Fig. 3C),
which is better than the other fluorescence quenching based

7M2 | Analyst, 2021, 146, 7109-7117

Cu”" ion selective sensors reported by Espada-Bellido et al.
(5.6 pM), Weng et al. (1.5 pM), Rahimi et al. (3 pM), and Kim
et al. (0.38 uM).*>™*

To gain additional insights into the binding mode in the
CMD-Cu®" complex, we obtained the FT-IR spectrum of the
free CMD (1 mM) and CMD-Cu** (1:1) complex in methanol
(Fig. 4A and B). The characteristic »(C=O0) stretching
vibrational mode appeared at 1736 cm™', and the »(C=N)
stretching vibrational mode appeared at 1592 cm™" in CMD,

which shows a downward shift of 10 and 42 cm™, respectively,

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1an01417j

Published on 30 september 2021. Downloaded on 6.2.2026 16:13:22.

View Article Online

Paper

0.0
-0.5

1.0
slope = 0.56
R2>0.99

-1.5
-2.0
-2.5
-3.0

Log [(Fy-F)/Fg] ©

9 8 7 6 5 4 3

Analyst
10.0
A voos | B 100
< 1eq.H" 1404 I
S350 s ly
9 e —~ 120
- 1equ. K 5
ge.o 1 6aw e S 100
T 1eqv. Ca* 2 8
=40 ——1eqv. Cu?* 3
2 ——1equ.zn?* s
) €
= 4
EZ.O
20
0.0 0
400 450 500 550 600 650 700 750

CMD H' Na*

Wavelength (nm)

K*

Mg Ca? Zn® cu

Log ([Cu?]/M)

Fig. 3 Fluorescence characterization of the cinnamaldehyde modified dendron (CMD)-metal complex: (A) fluorescence spectra of the molecule
and in the presence of different metal ions, excitation wavelength 387 nm. (B) Interference test against metal ions (humber of experiments = 3). (C)
Fluorescence calibration curve for Cu®* ion quantification (number of experiments = 3).

A . X

100
<
T 95 I 1
8 | >y .--Cu?t
< 96 I Nt
5 i HN_-O
& I
£ 944 ! /\@
2 |
& 92 4 : © ?
= |—cmp I °

901 cmp+ 1 mol eqv. cu?* : :

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm-1)

Fig. 4 Possible mechanism of Cu?* binding: (A) FT-IR spectra of the cinnamaldehyde modified dendron ionophore before and after the addition of
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in the complex form, indicating that the carbonyl oxygen and
the imine nitrogen of the CMD are involved in binding.*®*’
Therefore, CMD acts as a bidentate ligand while complexing
with the Cu®" ion.

3.2. Potentiometric characterization of the new Cu(u)
ionophore

We envisioned that this molecule could potentially be used as
an ionophore for constructing a solid-state ISE for the detec-
tion of Cu(u) via potentiometry. We devised a solid-state micro-
ISE with the CMD as the ionophore, PVC as the binding
polymer, a plasticizer, a hydrophobic anion, and Vulcan
carbon, which gives a near Nernstian response of 30 mV/log
[acy>"] (Fig. 5A and B). The characteristic response of the Cu()
ISE to the addition of Cu®" ion is shown in Fig. $3.1 The intro-
duction of the Vulcan carbon makes the membrane conduc-
tive, potentially allowing it to be used as an amperometric
probe, as shown in cyclic voltammetry (Fig. S47). The electroac-
tive surface area of the electrode was calculated using the vol-
tammogram of RuHex (hexaammineruthenium(m) chloride).
The calculated electroactive surface area suggests that elec-
trode has an electroactive diameter of 23 pm even though the
geometric diameter of the electrode is 25 pm. Unlike metal
electrode, the electroactive surface area of the micro-ISE is less
than the geometric surface area, which is probably due to the

This journal is © The Royal Society of Chemistry 2021

presence of electro-inactive sites containing polyvinyl chloride
(PVC) within the ion-selective membrane. Because of the small
size of the micro-ISE, it can be used to measure Cu(u) in a
small volume of the sample matrix. We carefully varied the
components and their amounts in the ion-selective membrane
to optimize the membrane composition (Table 1). The sensors
showed Nernstian slope of 29.3 + 2.9 mV/log [ac,>"] and detec-
tion limits of 3.5 + 1.0 uM (Table 1). The incorporation of a
plasticizer plays a vital role in a PVC-based ISE, since it can
provide ionic mobility within the membrane. We compared
the performance of two different plasticizers, NPOE and DOS
in the present membrane. As shown in Table 1, a better slope
of the sensor is obtained by incorporating DOS. The perform-
ance of the plasticizer usually depends on the dielectric con-
stants and DOS has a relatively lower value of it. A hydrophobic
counter anion is often included into the membrane to facili-
tate cation extraction within the membrane, reduce ohmic re-
sistance, and improve response behavior. We compared
different lipophilic anions such as KTCPB, NaTFPB, and
NaTPB for the construction of the micro-ISE and found that
the slope was worst for NaTFPB. In contrast, NaTPB showed
the best response because of its better ion extraction ability
and the optimum lipophilic anion to ionophore mole ratio
which was 0.5. TPB is a stronger ion exchanger due to the
absence of electronegative halides (has negative inductive

Analyst, 2021,146, 7109-7117 | 7113
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Fig. 5 Potentiometric characterization of the Cu®* ISE: (A) schematic of the carbon-packed Cuf(i) microsensor. (B) Potentiometric calibration of
Cu?* with the carbon-packed sensor. DOS: dioctyl sebacate. The sensors showed Nernstian slope of 29.3 + 2.9 mV/log lacu?*] and detection limits

of 3.5 + 1.0 uM (number of experiments = 6).

Table 1 Composition and characterization of carbon-packed sensors, including slope, linear range, and detection limit (number of experiments =

6)

1(%) LA (%) Plasticizer (%) PVC (%) VC (%) Molarratio (LA:1) Linear range (M)  Slope (mV/log [ac,*']) DL (uM)
6.9 KTCPB (2.0)  NPOE (30) 3 58.1 0.3 10751077 11.8 +4.2 13.8+1.8
6.9  KICPB(3.3)  NPOE (30) 3 56.8 0.6 107%-107° 12.5+1.3 11.1+0.8
6.9  KICPB(1.4)  DOS (30) 3 56.8 0.2 107%-107° 14.8+2.5 10.0 +3.3
6.9  KICPB(3.3)  DOS (30) 3 56.8 0.6 107%-107° 17.2+3.0 7.8+2.2
10 KTCPB (3.5)  DOS (30) 3 53.5 0.4 107%-107° 16.0 + 1.0 9.6+ 0.9
10 KTCPB (4.5)  DOS (30) 3 52.5 0.6 107%-107° 19.4+0.5 16.2 + 2.5
10 NaTFPB (6.0)  DOS (30) 3 51.0 0.4 107%-107° 15.0 + 3.6 334.1 +105.8
7 NaTPB (2.0) DOS (30) 3 58.0 0.5 107%-107° 7.1+2.8 54.2 +34.7
10 NaTPB (1.4)  DOS (30) 3 55.6 0.3 107%-107° 23.6+7.2 3.0+£1.0
10 NaTPB (2.8)  DOS (30) 3 54.2 0.5 107%-107° 29.3 +2.9 3.5+1.0

I: ionophore; LA: lipophilic anion; PVC: polyvinyl chloride; VC: Vulcan carbon; DL: detection limit; KTCPB: potassium tetrakis(4-chlorophenyl)
borate; NaTFPB: sodium tetrakis [3,4-bistrifluoromethyl phenyl] borate; NaTPB: sodium tetraphenylborate; NPOE: 1-nitro-2-(n-octyloxy) benzene;

DOS: dioctyl sebacate.

effect) which makes the electron localization on the boron
atom leads to stronger ion-pair formation with the analyte.*®
After careful investigation of the membrane components, we
optimized the composition of ISE membrane as 10% iono-
phore, 2.8% tetraphenylborate, 3% PVC, 30% DOS, and 54.2%
Vulcan carbon, which gives a Nernstian response of 29.3 (+2.9)
mV/log [ac,”'] (linear range 10 pM to 1 mM) with a detection
limit of 3.5 (+1.0) uM.

Later, the effect of pH on the sensor was measured in the
presence of 10~ M CuCl,. The pH of the solution was adjusted
by using either 0.1 M HCI or 0.1 M NaOH. Fig. 6A shows the
effect of pH on the response in potential by the Cu(u) micro-
sensor. The potential remains constant within the pH range
from 3.5 to 6.0 for the microsensor. The response in potential
outside this range is due to interference by H' at the low end
of the pH scale and Cu(OH), formation at the higher end of
the pH scale. Therefore, the working pH range for the present
electrode is from 3.5 to 6.0. The activity was obtained by only
considering the presence of Cu®" and Cl” in the system.
Formation of complexes like Cu(OH)" and CuCl" was not taken
into account because working pH range for the ISE is from 3.5
to 6.0 and within this pH range, the aqueous solution of CuCl,
exists primarily as Cu** and CI~.***° Furthermore, we used the
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complexation behavior of the molecule as an ionophore in an
ion-selective membrane-based electrode. The selectivity test was
performed with different metal ions such as H', Na*, K*, Mg*",
Ca*", Fe**, Co**, Zn*", and Pb*". The ion-selective membrane elec-
trode shows high selectivity toward Cu®* ions and the selectivity
coefficients were calculated as log K, ”* A < —2.13, —-3.80, —3.15,
—-3.42, -3.09, —2.55, —3.10, —3.00, and —2.21, respectively. The
selectivity values for most of the metal ions were found to be
<-3, which is an improvement of almost one order of magnitude
over the commercially available Cu(u) ionophore-1°" (Fig. 6B). The
sensor was also compared with the sensor containing commer-
cially available Cu(u) ionophore I in terms of detection limit,
slope, response time, and pH range (Table S1t). Fig. S5 rep-
resents a response time of 1.5 s obtained from the Cu(u) ISE. The
reversibility of the sensors was carefully investigated using poten-
tiometric and fluorometric techniques. The reversibility of the Cu
(n) sensor was demonstrated using both techniques in Fig. S6+
and its description. The ionophore shows reversible behavior in
both potentiometric and fluorometric modes.

3.3. Detection of Cu”" in tap water

We used the newly developed Cu(u) micro-ISE to measure the
amount of copper present in tap water collected from the main

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (A) Effect of pH on the carbon-packed sensor using the CMD ionophore. (B) The selectivity coefficients table of the carbon-packed sensor
using the CMD ionophore is compared against the commercial ionophore (copper(i) ionophore 1°%). The selectivity coefficients for both the iono-

phores were obtained using the fixed interference method.

Table 2 Water samples collected, and the amount of Cu?* was found
in samples by using a Cu?* ion-selective electrode (ISE), fluorimetry, and
inductively coupled plasma — optical emission spectrometry (ICP-OES)
(number of experiments = 3)

Water sample ISE Fluorimetry  ICP-OES
Tap water in Gilbert Hall 38.0 £ 38.9 £ 38.0 £
Addition at Oregon State 1.7 yM 0.9 pM 0.9 pM

University

campus of Oregon State University (OSU). The CMD ionophore
was also used as a fluorometric Cu(u) sensor to measure the
amount of Cu®>" in the same tap water sample. Further, we
have compared the results of the quantitative analysis with
those of inductively coupled plasma - optical emission spec-
trometry (ICP-OES) as a standard technique (Table 2). The cali-
bration plot obtained with ICP-OES is shown in Fig. S7.f The
amount of Cu(u) present in OSU campus (Gilbert Addition) tap
water was found to be 38.0 + 1.7 uM using ISE, 38.9 + 0.9 pM
using fluorimetry, and 38.0 + 0.9 pM from ICP-OES. This indi-
cates that we can reliably measure the amount of copper
present in water samples by using this CMD fluoroionophore.
The agreement of Cu®* concentrations obtained from three
different methods also suggests that contribution from com-
plexes is minimal by acidification of tap water samples.

4. Conclusions

We have successfully designed and synthesized a novel mole-
cular probe to detect Cu(u) by using both potentiometric and
fluorometric methods. With the fluorometric technique, we
can detect up to 15 nM Cu”", and it shows selectivity toward

This journal is © The Royal Society of Chemistry 2021

Cu** ions when tested against common metal ions such as H",
Na', K', Ca*>", Mg>', and Zn**. The molecular probe was used
as an ionophore to develop a carbon-based solid-state micro-
ISE to detect Cu(n) in the drinking water sample. The selecti-
vity of the ionophore represents an improvement of at least
one order of magnitude over the commercial ionophore and
has a fast response time (1.5 s). With its improved selectivity
and response time, this microsensor can be used to detect Cu
() ions in micro-volumes, which also makes it compatible
with scanning electrochemical microscopy (SECM). Current
studies are underway in the laboratory to use the ionophore as
a Cu(u) micro-ISE probe for SECM studies besides exploring
the possibility of using this molecule as an optode by record-
ing fluorescence response from the PVC based ion-selective
membrane.
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