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18-membered diazomacrocycles with imidazole or 4-methylimidazole residue as a part of macrocycle were used
as chromoionophores in bismuth(III) and lead(II) dual selective optodes for the first time. Cellulose triacetate
membranes doped with macrocyclic chromoionophores are bismuth(III) and lead(II) selective with color change
from orange/red to different shades of blue and violet, respectively. Results obtained for model and real samples
of bismuth(IIl) and lead(II) showed that easily accessible and regenerable sensor materials can be used for
spectrophotometric and colorimetric detection and determination of bismuth(IIl) and lead(Il). The obtained LOD
values for bismuth(Ill) are 1.63 x 10~/ M and 3.03 x 10~/ M with spectrophotometric and colorimetric

detection, respectively, when using optode with imidazole residue. For sensing material with 4-methylimidazole
in macroring the lowest detection limits were obtained for lead(Il): 2.14 x 10~ M and 3.99 x 107 M with
spectrophotometric and digital color analysis detection mode, respectively.

1. Introduction

Bismuth(III) is a heavy metal with a relatively low toxicity and has
been used by man in various areas of his activity since ancient times,
although being confused with other metals, e.g. lead or tin [1,2].
Currently it is used in medicine, electronics or nuclear industry [3-11].
Bismuth(III) is used as a leading non-toxic substitute for lead(Il) in brass
hydraulic devices, fishing weights, free machining steel and solder, and
as a metallurgical additive in casting. Bismuth applications also cover
ceramic glazes, pearl pigments, lubricants and crystal products. The lack
of toxicity associated with some bismuth salts has led to a growing
number of reports exploring their potential applications in synthetic
chemistry [12-15]. Interesting and important seems to be the potential
of a photocatalytic process based on bismuth(III) catalyst for the
ammonia production [16]. It can be an environmentally friendly alter-
native for energy consuming Haber-Bosch process. Bismuth(III) com-
plexes also show antibacterial activity. However, it has been shown that
under certain conditions it can be toxic to the human body [17].

The above is causing a growing interest in finding reliable, but also
convenient for the analyst, methods of determining bismuth(III) which
can be alternatives to the currently used methods. Most current methods

for the determination of bismuth(II) are instrumental techniques
[18-23] including atomic absorption spectroscopy (AAS), X-ray fluo-
rescence spectroscopy (XRF) and others. These methods require signif-
icant economic outlays, taking into account the costs of both equipment
and the properly qualified personnel. Optical sensors, that can also be
used in field analysis, can be an alternative or complementary to many
analytical methods that are used in research laboratories [24-36].

The expanding interest in the coordination chemistry of lead(II) and
bismuth(III) is connected, among the others, with the potential appli-
cations of the radioisotopes of these metal cations as radiopharmaceu-
ticals. Bismuth-212 and bismuth-213 have relatively short half-lives (61
and 46 min respectively). Therefore the usage of longer-lived radionu-
clides such as 2!?Pb (half-life 10.6 h) can be proposed as an in situ
generator of 22Bi. Thanks to this, the half-life of radioactive bismuth-
212 can be extended to about 11 h [37,38]. Therefore the eventual
chelators should have high affinity towards both lead(II) and bismuth
(III). Acyclic azo derivative was found to form hypervalent bismuth(III)
compound in which a nitrogen of azo group and oxygen atoms were
engaged in coordination [15]. Authors reported that the binding con-
stant must be very low in the case of this acyclic derivative of azo-
benzene thus was not given. Macrocyclic compounds, providing the
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selectivity of the molecular recognition, are well known host molecules
for the metal cations. Suitably designed compounds, in terms of the type
and number of donor sites, can also be used for quantitative determi-
nation of metal ions through colorimetric detection. Among macrocyclic
ligands forming complexes with bismuth(III) and lead(II) a series of li-
gands was investigated, such as cyclens and others [39-41] acting as N,
O donor ligands. An excellent selectivity towards bismuth(IIl) was also
found for tetra-substituted benzimidazole zinc(II) phthalocyanine [42].
Several ideas of the application of optical sensors (Table 1 and Table 2)
for bismuth(III) [43-47] and/or lead(Il) [48-59] determination were
also proposed. Various approaches can be used to achieve selective
materials. The most popular and longest-used optode design uses an
ionophore/chromophore system, as for example in the case of lead(Il)
optical sensors with an acyclic [48,49] or a macrocyclic ionophore such
as crown ether [50,51] or calix[4]arene [55]. Reducing the number of
components in the detection layers is achieved by using a selective
chromogenic complexing reagents of the metallochromic indicator type.
Such solutions can be found for both lead(II) [56-58] and bismuth(III)
[46,47] optodes. Some attempts include the use of chromogenic mac-
rocycles as a more selective complexing reagents [59], but these are few
examples. Another option in metal cation optical sensor design is to
change the material used to immobilize the components of the sensing
layer. It is relatively common to use PVC [43,48-51,53,55], CTA
[44-46,52,54,56,59] or others such as agarose [57] or, for example,
chitosan-silica matrix [58]. Porous glass in combination with macrocy-
clic chromoionophore was proposed as aluminum sensitive optical
sensor [60].

In this article we describe azo macrocyclic compounds acting as O,N
effective colorimetric receptors for borderline Lewis acids: lead(1I) and
bismuth(III). The possible application of macrocycles for determination
of bismuth(III) and lead(II) in water samples is also proposed.

2. Materials and methods
2.1. Chemicals

Diazomacrocycles 1 and 2 (Fig. 1) were prepared according to the
previously reported by us method [61,62]. The identity of chromoio-
nophores was confirmed by the comparison of NMR and FT-IR spectra
and TLC data with data for genuine samples of these compounds
deposited in our lab.

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. The
complexation of metal cations was studied using appropriate nitrates:
NaNO3 (>99.8 %), KNO3 (>99.8 %), Mg(NOs3)2 x 6 Hy0 (>99.0 %), Ca
(NO3)2 x 4 HyO (>99.0 %), Ni(NO3)y x 6 Hy0 (>98.0 %), Zn(NO3),
x 6 HyO (>98.0 %), AI(NO3)3 x 9 Hy0 (>98.0 %), Cr(NO3)3 x 9 H,O
(>99.0 %), Fe(NO3)s x 9Hy0 (>98.0 %) from POCh, Cu(NO3),
x 3 Hy0 (>99.5 %) from Merck, Pb(NO3), (>99.0 %) from Alfa Aesar

Table 1
Spectrophotometric linear response with equations, LOD and LOQ for optode 1
and 2 for bismuth(III) or lead(Il).

Optode  Ion Equation R? Dynamic LOD LOQ

range [M] [M] M]

1 Bi y =32,530.50 0.9995 7.13x1077- 1.63 5.38
(I  xx + 0.0030 1.50 x 10° X X

1077 1077

Pb y =22,902.52 0.9990 891x1077- 231 7.62
(i xx — 0.0017 1.70 x 10°° x x

1077 1077

2 Bi y =27,465.62  0.9992 7.13x107- 171 5.64
() xx + 0.0053 1.76 x 10° x x

1077 1077

Pb y=21,95411 09987 891x107- 214 7.06
(I xx + 0.0138 2.02 x 107° x x

1077 1077
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Table 2
Colorimetric linear response with equations, LOD and LOQ values for optode 1
and 2 for bismuth(III) or lead(II).

Optode  Ion Equation R? Dynamic LOD LOQ

range [M] [M] [M]

1 Bi y = 8,402,510  0.9957 7.13x1077-  3.03 1.00
(1) xx + 2.9592 1.50 x 107° x x

1077 107

Pb y=5777,870  0.9972 891x1077-  4.41 1.46
I xx + 2.3911 1.70 x 107° X x

1077 10°°

2 Bi y =7,304,100 0.9982 7.13x1077- 3.22 1.06
(I)  xx + 0.0053 1.76 x 10°° X x

1077 10°°

Pb y = 5,895,590  0.9975 8.91x1077-  3.99 1.32
I xx - 1.0959 2.02 x 107° x X

1077 10°°

[

TR
N N N
\ /
N 1.R=H
R 2. R=CH;

Fig. 1. Chromoionophores 1 and 2 [61,62].

and Bi(NOg3)3 x 5 Ho0O (>98.0 %) from Sigma Aldrich. Dimethyl sulf-
oxide (DMSO), dichloromethane, acetone, 2-propanol, nitric acid, so-
dium hydroxide and disodium ethylenediaminetetraacetate dihydrate
(EDTA) were purchased from POCh. All aqueous solutions were pre-
pared using ultra-pure water obtained by the reverse osmosis (RO) from
Hydrolab Poland station (conductivity <1 pS/cm™1). For recovery
studies Standard Reference Solution of bismuth(III) 1000 ppm and lead
(II) 1000 ppm from Merck was used.

For the preparation of the receptor layers of optical sensors cellulose
triacetate (CTA), triethylene glycol > 99.0 % (TEG) and potassium
tetrakis(4-chlorophenyl)borate > 98.0 % (KTCIPB) from Sigma Aldrich
were used.

2.2. Instrumentation

All UV-Vis absorption spectra were registered in 1 cm quartz cu-
vettes (Starna® Brand) using a Unicam UV-300 spectrometer. pH was
monitored using pH-meter CPC-511 with glass electrode EPS-1 (ELME-
TRON), standardized with buffer solutions. Portable LED light box
(23 x 23 x 23 cm) was used to guarantee the reproducibility of the
photos (PULUZ, Photography Light Box, Shenzhen Puluz Technology
Limited). Pictures were taken by a Smartphone Vivo Y11s.

2.3. Complexation studies

Considering the possible application of macrocycles for the deter-
mination of metal ions in aqueous media, we have chosen a mixture of
polar and protic solvent - water - with polar DMSO mixing freely with
water as solvent. The 1:1 (v/v) ratio of these solvents ensures the
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solubility of macrocyclic compounds, which are insoluble in water. The
use of a mixture of organic solvent and water also ensures the solubility
of bismuth salts. That’s why metal cation complexation studies were
carried out using UV-Vis titration in DMSO:water (v/v, 1:1) mixture. A
series of solutions of pH values ranging from 1 to 10 was fixed by
addition of small amounts of sodium hydroxide solution (0.1 M) or nitric
acid (0.1 M). The stock solutions of chromoionophores (~10~* M) and
metal nitrates (~10~* M) were prepared by weighting the respective
quantities of them and dissolving in the solvent system in volumetric
flasks. The values of binding constant (logK) were calculated with the
use of OPIUM [63] program on the basis of titration experiment data.
The stoichiometry of complexes was confirmed by Job’s method [64].

2.4. Membrane preparation

CTA optodes were prepared according to previously described pro-
cedures [59,65]. Membranes contained 250.0 mg of CTA, 1.0 mg of
chromoionophore 1 or 2, 168.6 mg (150.0 pL) of TEG and 1.5 mg of
KTCIPB. All components of optodes were dissolved in dichloromethane
(6 mL) with continuous stirring using a magnetic stirrer for 2 h and were
sonicated for ca. 15 min — until a clear solution is formed. In the next
step, solutions were poured on, prepared in advance (washed with nitric
acid, deionized water, acetone and 2-propanol) Petri dish (9 cm diam-
eter), covered loosely with a lid and left for solvent evaporation. After
24 h obtained optode films were peeled off from the Petri dish and cut
into 0.9 x 4.5 cm strips. Blank membranes were prepared in an analo-
gous way using all components besides chromoionophores and a lipo-
philic salt.

2.5. Absorbance measurements

Before measurements, membranes were washed three times with
deionized water to remove water-soluble additives from the surface.
Then membranes were placed in a quartz cuvette containing water
(2.4 mL) in the sample path of the spectrophotometer. Measurements
were carried out against blank membranes in the reference path of the
spectrophotometer. Then the content of the measurement cell was
titrated with a solution of bismuth(III) or lead(II) nitrate.

Limits of detection (LOD) for bismuth(III) and lead(II) were calcu-
lated using relationship: LOD = 30/k, where ¢ is the standard deviation
of the blank and k is the slope of the linear function A = f(molar con-
centration of analyte). Limits of quantitation (LOQ) were approximated
by multiplying the LOD by 3.3. The spectral response towards bismuth
(I11) and lead(II) was expressed as AA = Ag;/pp — Ao, Where Ay stands for
absorbance of optode with compound 1 or 2 and Ag;,py, absorbance value
of optode in the presence of bismuth(III) or lead(II) salt. The influence of
interfering ions on spectrophotometric response towards bismuth(III) or
lead(II) was expressed as the absolute value of relative response RR% = |
[(A - Agi/pb)/Asi/pbl| x 100 %, where Ag;/pp stands for absorbance of
optode with diazocrowns in the presence of bismuth(III) or lead(II) ni-
trate and A is absorbance value of optode measured just after addition of
interfering metal nitrate in the 10-fold molar excess in relation to bis-
muth(III) or lead(Il) nitrate [59,65,66].

2.6. Digital color analysis

Pictures were analyzed using free software ImageJ [67-69]. The
change of optode color given as AEggp [59,65,70-72] was calculated
using the equation: AEggs = [(Ro- R)? + (Go- G)? + (BO-B)2]1/ 2 where
Ro, Go and By values correspond to color of optode in the absence of
bismuth(III) or lead(Il) salt, and R, G and B values correspond to color of
optode in the presence of bismuth(III) or lead(Il) ions.

Sensors and Actuators: B. Chemical 399 (2024) 134798

3. Results and discussion
3.1. Investigation of the complexing properties in solution

In order to determine the ion complexing ability and the effect of the
presence of metal ions on the spectroscopic characteristics of com-
pounds 1 and 2, a series of spectrophotometric titrations were carried
out in a DMSO:water (v/v, 1:1) mixture. Changes in the absorption
spectra of solutions of compounds 1 and 2 during titration with a so-
lution of bismuth(III) and lead(II) nitrate in a mixture of DMSO:water
(1:1, v/v) are shown in Fig. 2. The absorption maxima for 1 and 2 are
located at 502 nm and 516 nm, respectively. In both cases, the presence
of bismuth(III) or lead(II) salts results in a appearance of new, redshifted
of 80 or 46 nm for 1 and 96 or 58 nm for 2, band respectively for the
complex with bismuth(III) or lead(I). The presence of a well-defined
isosbestic point indicates the existence of one equilibrium under the
conditions of spectrophotometric titration.

'H NMR spectra of 2 (Fig. 3 and full range spectra Fig. S1-S3)
registered in DMSO-d, indicate that the formation of the complex with
bismuth(III), as expected, involves the coordination of metal ion by
oxygen atoms of the oligoether chain which is manifested by downfield
shift of signals labeled as a,a’ and b,b". When spectrum is registered for
1:1 molar ratio of complex components, a double set of oligoether
proton signals is observed pointing out that under measurement con-
ditions complex of higher stoichiometry can be formed. The position of
most signals of aromatic protons is unchanged, however an additional
signal of low intensity at ~8 ppm is present. Single set of signals (with
residual double set) is observed when the 10-fold excess of bismuth(III)
nitrate was used in experiment. The signal of methyl group protons shifts
+ 0.26 ppm in complex, which points to the engagement of the nitrogen
of the imidazole ring in complex formation (see Fig. S1-S3).

This can correlate with the results obtained from the analysis of the
molar ratio curves obtained during the spectrophotometric titration
(Fig. S4) and Job’s plots (Fig. S5) on the basis of which a triple-decker
complex (double sandwich complex 3:2 crown:bismuth(III)) can be
proposed. The formation of the complex is accompanied by a change in
the equivalence of the protons of the oligoether chain, which indicates
the symmetry of the forming system. The spectrum recorded in the
presence of a 10-fold excess of salt indicates that the formation of the
complex may be accompanied by deprotonation of the imidazole ring.
However, it cannot be ruled out that the signal of the N-H proton
observed in the spectrum of compound 2 at 11.99 ppm (in the presence
of an equimolar salt, a weakly visible signal in this region of the spec-
trum) is not visible in the spectrum of the complex due to the significant
share of water in the analyzed sample derived from the hydrated salt.

The stability constants of the complexes were calculated using the
OPIUM [63] software and titration data. For the assumed 3:2 crown:
metal cation complexation model, stability constant values (logK) for
bismuth(III) complexes of 1 and 2 are 17.51 + 0.08 and 16.67 + 0.06,
respectively.

Molar ratio curves with lead(Il) nitrate and Job’s plot (Fig. S6 and
Fig. S7) also allow to assume the formation of a triple-decker complex.
This similar complexation model that was found for pyrrole bearing
macrocyles [66]. The stability constants values (logK) of the complexes
of compounds 1 and 2 with lead(II) are 17.10 + 0.04 and 17.46 + 0.03,
respectively. Comparison of the stability constant values of the above
complexes (Fig. 4) shows that both macrocycles form complexes with
bismuth(III) and lead(Il) of comparable stability. However for macro-
cycle 1 the binding constant for bismuth(III) is slightly higher than for 2.
On the other hand 2 binds lead(II) stronger than macrocycle 1.

Complexation of bismuth(III) by chromogenic macrocyclic azo
compounds is to our knowledge reported for the first time.

3.2. UV-Vis spectral characterization of optodes

The spectral properties of the prepared sensing materials (optodes)
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Fig. 2. Changes in the absorption spectra of chromoionophores during spectrophotometric titration with a solution of bismuth(III) nitrate: a) 1 (¢c; = 4.10 x 10°5M)
(cpiam = 0 — 6.29 x 107> M), b) 2 (cy = 4.11 x10° M) (cgiam = 0 — 7.91 x 10~ M); and with solution of lead(I) nitrate ¢) 1 (c; = 4.10 x107> M) (cppan= 0 —
7.35 x 107> M) and d) 2 (c; = 4.11 x107> M) (cppan = O — 7.83 x 10> M) in DMSO:water (1:1, v/v).
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Fig. 3. H NMR spectrum of 2 (c; = 3.64 %x1073 M) and its spectra recorded in the equimolar amount and ten-fold excess of bismuth(III) nitrate in DMSO-de.

based on the macrocycles 1 or 2 and cellulose triacetate as polymer
matrix have been studied. For preliminary studies the membranes were
obtained without the addition of the lipophilic salt. In Fig. 5 changes in
the absorption spectra of optodes in the presence of bismuth(IIl) and
lead(Il) nitrates in water are shown. The maximum of absorption for

optode with macrocycle 1 is located at 472 nm and for 2 at 502 nm. It
shifts towards 587 (for 1, A +115 nm) and 604 nm (for 2, A +102 nm),
when titrated with aqueous solution of bismuth(III) nitrate. Upon
titration with aqueous solution of lead(II) nitrate the absorption bands
are located at 550 (for 1, A +78 nm) and 572 nm (for 2, A +70 nm). The
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nature of spectral changes for macrocycles entrapped in a polymeric
matrix is similar to those which are observed for the corresponding
systems in solution (Fig. 2), however it is worth to noting that the
spectral bathochromic shifts observed upon metal cation complexation
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are higher for system entrapped in cellulose triacetate polymeric matrix
than in DMSO:water solvent mixture. It can be connected with the
competing interactions with the chemical environment, namely the
polarity and hydrogen bonding affinity of the components. It can be
assumed that the spectral changes observed for the optodes are the result
of the formation by bismuth(IIl)/lead(II) complexes with chromoiono-
phores 1 or 2 immobilized in the membranes.

3.2.1. The effect of lipophilic salt

The effect of the lipophilic salt - KTCIPB - and its amount (0.5 —
3.0 mg) on parameters like: the value of the generated signal AA, time of
response and the percentage of leaching of chromoinonophores from
membranes (after ten times usage) was investigated. As a model system,
optodes with macrocycle 1 were taken. Fig. S8a shows that the highest
increase of optical signal, defined as AA, is obtained for membranes
containing 2.0 mg of the KTCIPB. The lipophilic salt content also affects
the response time of optodes (Fig. S8b). In general, the response time is
lower for bismuth(IIl) than for lead(II). The response time increases
depending on the amount of lipophilic salt from 3 to 6 min for bismuth
(II1) and from 10 to 16 min for lead(I). The presence of lipophilic salt
has also an effect on the stability of membranes regarding as leaching
out of chromoionophore from the membrane. If the content of lipophilic
salt is 1.5 or 2.0 mg the leaching percentage of chromoionophore from
membranes is less than 2 % (Fig. S8c) after 10 regeneration cycles.
Having in mind the previously proposed model of the lead(II) binding by
pyrrole macrocycles entrapped CTA membranes [59] we assume the
possible functioning mechanism of optodes for bismuth(IIl) (Eq.1) and

2.02 x 107> M) and b) 2 (cgijqmy = 0 — 2.14 x 107> M); lead(ID): ¢) 1 (cppap = 0 — 2.33 x 107> M) and d) 2 (cppany = 0 — 2.33 x 107> M).
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lead(ID) (Eq.2):

2Bi}) + 3LH(ey + 3R,

org)

2(BiaLs) oy + 3Ry + 3H(yy m

(org org

2 -
2Pb%) + 3LH o + 2R|

org)

2(PbyL3H) () + 2R + 2H ) 2

(org org

It suggests chromoionophore (L)/lipophilic salt (R) ratio 1.0 and 1.5
with bismuth(III) and lead(Il), respectively. Taking all above into ac-
count, 1.5 mg of lipophilic salt was selected for further testing of opto-
des. Membranes of such composition were investigated as described in
the next sections.

3.2.2. Effect of pH

The influence of pH on the response of the optodes was tested by
immersing the membranes in previously prepared solutions of lead(II) or
bismuth(III) nitrates (1.05 x 10> M) of fixed pH, which were obtained
by diluting with small amounts of solution of nitric acid (1.0 M) or so-
dium hydroxide (0.1 M). The constant response of the optodes in the pH
5 - 9 range and pH 6 — 9, respectively for bismuth(IlI) and lead(Il)
(Fig. 6)was found, thus pH 6 was chosen for further research. However,
it is worth mentioning that it is possible to detect and determine bismuth
(I11) in the presence of lead(II) in an acidic environment (below pH 1) in
which no spectral response for lead(Il) is observed.

3.2.3. Response time of optodes

The response time tgs of the optodes was determined as the change of
the generated signal (AA) over time (Fig. S9). The response time tgs for
the optodes with compounds 1 and 2 at the bismuth(IIl) nitrate con-
centration of 1.05 x 107> M is 5 min. Longer response time 15 min was
determined for optodes 1 and 2 after contact with solution of lead(II)
nitrate. Response time of 5 min was taken for further testing of bismuth
(II1) ions and 15 min for lead(ID).

3.2.4. Reversibility

The possibility of regeneration of optodes after use - to make them
reusable - was checked using EDTA and HNOs3 (0.1 M) as regeneration
solutions after contact with bismuth(III) or lead(II) salts (1.05 x 107°
M) at pH 6, respectively. Regeneration time for optodes with compounds
1 and 2 was 2 min, when using EDTA and 1 min when for regeneration

(@
0.5

I si(n)
I Po()

0.4 -
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HNO3; was used. After regeneration, optodes were washed three times
with deionized water. In Fig. S10 regeneration of optodes is shown. After
ten cycles of immersion in bismuth(III) nitrate a drift of optical signal
was less than 1.5 % and 1.2 %, for optodes with macrocycles 1 and 2,
respectively, and less than 1.9 % and 1.4 % after ten cycles with lead(II)
salt for membranes with compound 1 and 2, respectively. It means that
optodes can be used without a loss of their properties at least ten times.

3.2.5. Repeatability and lifetime

The reproducibility of optodes was evaluated by comparing the AA
values of the bismuth(III) and lead(I) loaded membrane samples ob-
tained in the different series for concentration 1.05 x 107> M (Fig. S11).
The relative standard deviations for the measured AA (n = 10) values,
were 1.0 % and 1.4 % for optodes with crown 1, 1.2 % and 1.5 % for
optodes with crown 2, after contact with bismuth(IIl) and lead(II) ni-
trates respectively.

The lifetime of all membranes was determined by immersing mem-
branes in water solution and measuring the value of AA over time, i.e.
after: 1, 2, 3, 7, 14, 21 and 28 days. No significant loss of signal was
found. Membranes were found to be insensitive to sunlight after 28 days.
Just prepared optodes and not used for measurements can be stored
safely for a period of at least 3 months in a dry and dark place (room
conditions) without losing their properties (Fig. S12).

3.2.6. Effect of interfering ions

The response of prepared optodes was investigated in the presence of
several interfering metal ions: Na(I), K(I), Ca(II), Mg(1I), Ni(II), Cu(ID),
Zn(II), Pb(II), AI(III), Cr(III), Fe(III), Bi(III). The influence of other ions
on the generation of optical signal was expressed as RR% value and was
realized as addition of 10-fold molar excess of interfering salt to a so-
lution of bismuth(III) or lead(II) nitrates (1.05 x 10~> M) in which the
sensing material was immersed (Fig. 7). The effect of solution compo-
sition was measured as a generated signal given as AA. For bismuth(III)
only in the presence of lead(II) RR% value exceeds 5 % for both optodes
(RR% =10.8 - 13.3 %). For lead(II) the most interfering ion was iron(III)
(RR% = 53.2 — 72.6 %) and bismuth(III) (RR% = 96.8 — 208.3 %), but
the first one can be masked by sodium fluoride.

(b)
0.5

I Bi(n)
[ Pb()
0.4 -]

0.3+

0.2+

0.1+

0.0-
05 1 2 3 4 5 6 7 8 9 10

Fig. 6. Influence of pH on the response of the optodes with chromoionophores: a) 1 and b) 2; towards bismuth(IIl) nitrate (1.05 x 10™> M) and lead(Il) nitrate

(1.05 x 10°° M) presence.
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Fig. 7. Interferences from several metal cations (used in 10-fold molar excess), expressed as RR%, to spectral response (AA) of optodes with chromoionophores 1 and

2 towards: a) bismuth(III) and b) lead(II) nitrates.

3.3. Linear response range of membranes

The relationship: the value of the generated signal AA vs. the con-
centration of bismuth(IIl) or lead(II) for the membrane with compound
1 is presented in Fig. S13a and Fig. S13c. Fig. S13b and Fig. S13d show
the change of the generated signal with the change of the concentration
of bismuth(III) or lead(II) nitrates for membranes with macrocycle 2. In
Table 1 spectrophotometric linear response with equations, LOD and
LOQ of optode 1 and 2 for bismuth(IIl) or lead(II) are collected.

3.4. Digital image colorimetry

Simultaneously with the studies of the spectral linear response of the
optodes, the colorimetric analysis of the digital image was carried out. In
Fig. 8 photos (taken using Smartphone) showing the color changes of the
optodes after contact with aqueous bismuth(III) and lead(II) solutions
(pH 6) are presented. In both cases, for both optodes, changes in the
color of the membranes are well visible to the naked eye.

The dynamic range of the optodes, tested above spectrophotomet-
rically, was determined as the dependence of the color change (AEggp)
vs. concentration of bismuth(III) and lead(Il) nitrates. The obtained

2.2x10°5 [M]
1.9%10° [M]
1.5%10° [M]
1.2x10°5 [M]
8.7%106 [M]
5.3%106 [M]
1.8x10 [M]

H20

relationships are shown in Fig. S14 and summarized in Table 2. It is
worth noting that with the comparable range of linear response and
similar LOD values, the optode with compound 1 characterizes with
more significant color change than the optode with compound 2, which
translates into greater sensitivity of the membrane for bismuth(III)
(Table 2). The opposite situation takes place in the presence of lead(II)
ions, because in this case the optode with compound 2 generates a
higher color change value, which indicates a higher selectivity.

3.5. Dual detection

Additional tests were carried out to check the possibility of the
simultaneous detection and determination of bismuth(III) and lead(II).
For this purpose, spectrophotometric titration was carried out with a
solution containing both bismuth(III) and lead(II) in a molar ratio of 1:1
(total concentration 1.13 x 10> M). Changes in the absorption spectra
of solutions of macrocycles 1 and 2 upon the titration with the mixture
Bi(III)/Pb(II) in the DMSO:water (1:1) mixture are shown in Fig. 9.

The spectral trace is in correlation with the changes of spectra ob-
tained for sensing materials with chromoionophores 1 and 2 (Fig. 10).
The obtained values of stability constants of complexes with bismuth

1.4%10 [M]
4.2x10°6 [M]
7.0%106 [M]
9.7%106 [M]
1.2x10° [M]
1.5%10° [M]
1.8x10° [M]

(Pb(Il)

Fig. 8. Color change of the optodes with the compound: a) 1 and b) 2; after contact with bismuth(III) and lead(II) nitrates of different concentrations in water.
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Fig. 9. Changes in the absorption spectra during spectrophotometric titration of 1 and 2 with bismuth(III) and lead(II) mixture: a) 1 (¢c; = 4.10 x107° M) (Cpicun,/Pb(mn
=0-1.71 x 10 > M) and b) 2 (cz = 4.11 x10> M) (cgiam,pban = 0 — 1.97 x 10> M) in DMSO:water (1:1) mixture.
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Fig. 10. Change of absorption spectra for optodes: a) 1 and b) 2, in the presence of bismuth(III) and lead(II) (cgiqm,pban = 0 —1.09 X 107° M).

(III) and lead(Il) are comparable, which means that both ions can
effectively compete for binding sites of chromoionophores. During the
titration, a new bathochromically shifted band is formed, the maximum
of which is located at the wavelength corresponding to the maximum of

lead(II) complex. However, the absorption band covers a broader
spectral range - above 690 nm - which can correspond to the formation
of a complex with bismuth(IIl) in the presence of lead(II). Therefore it
can be assumed that the proposed system can be potentially regarded for

Table 3
Spectrophotometric linear response with equations, LOD and LOQ for optode 1 and 2 for dual detection of bismuth(IIl) and lead(II).
Optode Ton Equation R? Dynamic range [M] LOD [M] LOQ [M]
1 Bi(III) y = 10,574.87 xx — 5.8280 0.9993 7.13 x 1077 - 1.50 x 107° 5.00 x 1077 1.65 x 107
Pb(II) y = 15,248.56 xx + 8.1053 0.9982 8.91 x 1077 -1.70 x 107° 3.47 x 1077 1.15 x 107
2 Bi(III) y = 9604.91 xx — 1.1736 0.9991 7.13 x 1077 - 1.76 x 107° 4.88 x 1077 1.61 x 107
Pb(ID) y = 15,998.31 xx - 5.1136 0.9981 8.91 x 1077 -2.02 x 107° 2.93 x 1077 9.67 x 1077
Table 4
Comparison of obtained optodes selective to bismuth(III) with already existing ones.
Sensing material Support Method Dynamic range [M] LOD [M] LOQ [M] Response time [min] Reference
(2E,4E)— 5-(2,4-dinitrophenylamino)penta-2,4- PVC Absorbance 9.6 x 1077-2.9x10™* 45x107 15x10° 0.3 [43]
dienal
Methyltrioctylammonium chloride CTA Absorbance 3.4 x10°-48x10"° 1.0x10° 33x10° 7 [44]
4-(4-nitrophenyl)— 1-naphthol CTA Absorbance 19%x10°-17x107° 67x1077 22x107° 0.5 [45]
Pyrocatechol violet CTA Absorbance 5.0 x 107°-48x10° 85x107 28x10° 10 [46]
Methyl thymol blue Cellulose  Colorimetric 2.4 x 107°-2.4x10™* 14x10° 46x10° 10 [47]
1 CTA Absorbance 71x107-15%x10"° 1.6x107 53x1077 5 This work
Colorimetric 3.0x1077 1.0x10°°
2 CTA Absorbance 71x107-18%x10° 1.7x1077 56x1077 5 This work
Colorimetric 32x1077 11x10°°
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dual detection bismuth(IlI) and lead(Il) using the concentration
dependence at two different analytical wavelengths values. One wave-
length corresponds to the isosbestic point of the complex formed with
bismuth(III). At this wavelength there is an increase in absorbance only
in the presence of lead(II), namely at 532 and 554 nm, while the second
one is 692 and 710 nm characteristic for bismuth(III) complex in the
range where two bands do not overlap, for optode with compound 1 and
2, respectively.

In Fig. S15 the range of linear response and comparison with the
change of absorbance during spectrophotometric titration with indi-
vidual ion salts at the wavelengths described above for a mixture of
bismuth(III) and lead(II) is shown. These ranges overlap, which allows
to determine the ranges of linear response for the concentrations of both
analytes at the same time. Unfortunately, using colorimetric analysis, it
was not possible to quantify bismuth(III) and lead(II) side by side. The
dual sensing ranges of the linear response coincide with the ranges for
single analytes, however, due to the smaller slopes of the characteristics,
higher values of the detection limit are obtained (Table 3).

3.6. Comparison of optodes with other sensing materials

In Table 4 and Table 5 the properties of bismuth(III) and lead(II)
selective optodes described in literature [43-59] are listed for compar-
ison with the characteristics of membranes obtained in our studies. From
this comparison it is quite well seen that optodes obtained by us are, in
general, more or less comparable with those proposed by other authors.

3.7. Determination of bismuth(II) and lead(II) in model and real samples

Applications of the proposed optodes were tested using different
samples: of known bismuth(III) and lead(II) concentrations — commer-
cial bismuth(III) and lead(Il) standard solution, and next spiked tap
water from different regions of Northern Poland (3 series of 5 samples
each). All measurements were done at pH 6. Both attempts were tested:
spectrophotometric (AA) and colorimetric (AErgg) detection of bismuth
(ITI) and lead(Il), and AA for dual sensing of bismuth(III) with lead(II).

Comparison of recovery results obtained for optodes with chro-
moionophore 1 upon immersion of the sensor layer in Standard Refer-
ence Solution of bismuth(III) of different concentrations is collected in
Table S1 and for optode with compound 2 in Table 6. The recoveries are
at least about 98.92 — 101.56% for spectrophotometric detection (AA)
for bismuth(II) in concentration range from 4.78 x 107 M to
9.57 x 107® M. Colorimetric determination is possible at the same
concentration range with recovery 98.85 — 102.01 %. To evaluate the
influence of the sample matrix three different samples of tap water were
spiked with known concentration of bismuth(III). In this case recoveries
are within 98.61 - 100.75 % for spectrophotometric detection (AA) and
98.80 — 101.02 % for colorimetric attempt (AERgp).

In Table S2 recovery results for obtained optodes with compound 1
after immersion in lead(Il) solutions are presented and in Table 7 for
optodes with chromionophore 2. The recoveries in Standard Reference
Solution of lead(II) are at least about 98.96 — 101.90% for AA and 98.18
- 100.85 % for AEgrgp. For samples of tap water spiked with lead(II)
recoveries are 98.37 — 101.64 % for spectrophotometric detection and
99.05 - 101.74% for colorimetric detection.

Dual detection of bismuth(III) and lead(II) was possible only by using
the spectrophotometric method. Comparison of recovery results are
compiled in Table S3 an Table 8, respectively for optode 1 and 2.

4. Conclusion

Easily available on non-complicated synthetic protocols, 18-
membered chromogenic macrocycles bearing imidazole (1) or 4-methyl-
imidazole (2) residues were investigated as bismuth(III) and lead(Il)
receptors in solution and after immobilization them in polymeric matrix
(CTA). Investigated macrocycles are to our best knowledge the first

Table 5

Comparison of obtained optodes selective to lead(II) with already existing ones.

Reference

Response time [min]

LOQ [M]

Dynamic range [M] LOD [M]

Method

Support

Sensing material
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order of minutes

N/D

1.1x 1071

N/D

3.2x 10712

N/D

5.0 x 1072 -5.0 x 10°
1.0 x 1077 -5.0 x 1072

1.0x10%-5.0x 10°°
1.0x10°-1.0x 10°*
1.0 x 10°-5.0 x 107!

Absorbance
6.9x10°-1.1x102

PVC
PVC
PVC
PVC

ETH 5435 + ETH 5418
ETH 5493 + ETH 2439

Absorbance

3.3x10°8

1.0 x 1078

Absorbance

PAN + Dibenzodiaza-18-crown-6

15

2.6 x 1075

8.0 x 107

Absorbance

3,355 -Tetrabromophenolphthalein ethyl ester potassium salt + Dibenzo-18-crown-6

2-amino-cyclopentene-1-dithiocarboxylic acid

Diphenylcarbazone

10

3.8x10°°

6.9 x 1077

Absorbance

CTA

10
30

2.1x10°°
2.4 %1077

6.5 x 10°°
8.6 x 1078

1.0x107-1.0x 102
6.2 x107°%-50x10"°
24%x10°-27x10°
1.2x10%-24x10°°
9.7 x1077-53 x 10°°
81x10%-22x10"°

Absorbance
7.8x1077-21x107*

Absorbance

PVC
CTA
PVC
CTA

4-hydroxy salophen

8.3 x10°8

2.5x 1078

Absorbance

Lead ionophore IV + ETH 5294

Dithizone

2.4 x10°° 11-15

7.3 x 1077

Absorbance

1.3x10°8

4.0 x 107°

Absorbance

Agarose

Dithizone

1.7 x 10°°

5.3 x 1077

Absorbance

Chitosan-Silica

CTA

Dithizone

4.0 x 1078

1.2x10°8
8.6 x 1077

Absorbance

18-membered diazocrown with pyrrole residue

2.8 x10°°

Colorimetric
Absorbance

This work

15

7.6 x 1077

2.3x1077

89x107-17 x10°°

CTA

1.5 x 107
6.9 x 1077

4.4 %1077

Colorimetric
Absorbance

15 This work

2.1 x 1077
4.0 x 1077

89x107-20x10"°

CTA

1.3x10°°

Colorimetric
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Table 6
Determination of bismuth(III) by optodes with chromoionophore 2 in real samples and for commercial standard reference solution.
Added Bi (II) [M] Found Bi (III)
AA Recovery RSD AEggs Recovery RSD
Bi (II) [M] % % Bi (II) [M] % %
Standard Reference Solution of bismuth(IIT) 4,78 x 1077 4.85 x 1077 101.56 4.40 4.88 x 1077 102.01 6.61
9.57 x 1077 9.47 x 1077 98.92 3.80 9.58 x 1077 100.07 2.86
478 x 107° 4.77 x 107 99.78 1.58 478 x 107° 99.95 2.15
9.57 x 107° 9.58 x 107 100.06 0.76 9.46 x 107° 98.85 1.72
Tap water 1 0 < LOD - - < LOD - -
4.78 x 1077 473 x 1077 99.02 7.62 4,78 x 1077 100.10 8.59
9.57 x 1077 9.59 x 1077 100.19 4.39 9.67 x 1077 101.02 3.30
478 x 10°© 4.79 x 107 100.29 1.76 4.80 x 10°© 100.33 2.32
9.57 x 107® 9.60 x 107 100.31 0.88 9.48 x 10°© 99.04 1.66
Tap water 2 0 < LOD - - < LOD - -
4.78 x 1077 4,61 x 1077 96.48 4.40 4.74 x 1077 99.15 5.38
9.57 x 1077 9.35 x 1077 97.65 2.20 9.53 x 1077 99.59 4.19
478 x 107° 4.76 x 107° 99.53 1.16 4.77 x 107°® 99.85 2.01
9.57 x 107® 9.56 x 107¢ 99.93 0.58 9.46 x 107° 98.80 1.57
Tap water 3 0 < LOD - - < LOD - -
4.78 x 1077 4.73 x 1077 99.02 7.62 4.78 x 1077 100.10 7.73
9.57 x 1077 9.47 x 1077 98.92 6.59 9.58 x 1077 100.07 6.29
478 x 10°© 4.77 x 107 99.78 2.75 478 x 10°© 99.95 3.43
9.57 x 107® 9.58 x 107 100.06 1.32 9.46 x 10°© 98.85 2.50

Table 7
Determination of lead(II) by optodes with chromoionophore 2 in real samples and for commercial Standard Reference Solution.
Added Pb (II) [M] Found Pb (II)
AA Recovery RSD AERgn Recovery RSD
Pb (I1) [M] % % Pb (I1) [M] % %
Standard Reference Solution of lead(II) 478 x 1077 471 x 1077 98.47 5.50 4,69 x 1077 98.18 5.42
9.57 x 1077 9.41 x 1077 98.37 2.75 9.44 x 1077 98.66 3.71
4.78 x 107° 4.78 x 107 100.06 1.91 4.78 x 107 100.07 2.42
9.57 x 107 9.58 x 107 100.11 0.73 9.57 x 107 99.96 1.34
Tap water 1 0 < LOD - - < LOD - -
478 x 1077 4.78 x 1077 100.06 8.25 4.75 x 1077 99.36 7.10
9.57 x 1077 9.57 x 1077 99.95 4.47 9.50 x 1077 99.25 5.32
478 x 107 4.80 x 107 100.37 1.88 481 x107° 100.54 2.64
9.57 x 107° 9.60 x 107 100.27 1.10 9.58 x 107 100.08 1.54
Tap water 2 0 < LOD - - < LOD - -
478 x 1077 4.86 x 1077 101.64 4.40 4.86 x 1077 101.72 4.10
9.57 x 1077 9.72 x 1077 101.54 2.75 9.67 x 1077 101.03 3.07
4.78 x 10°° 4.75 x10°° 99.42 2.20 4.77 x 107 99.83 2.43
9.57 x 107 9.50 x 107 99.32 1.45 9.52 x 107 99.49 1.41
Tap water 3 0 < LOD - - < LOD - -
4.78 x 1077 4.86 x 1077 101.64 5.50 4.81 x 1077 100.54 5.42
9.57 x 1077 9.57 x 1077 99.59 4.76 9.56 x 1077 99.84 4.69
478 x 107 4.80 x 107 100.37 1.46 478 x 107 99.95 2.25
9.57 x 107° 9.61 x 10°° 100.43 0.48 9.59 x 107 100.20 1.82

Table 8
Dual determination of bismuth(III) and lead(II) by optodes with chromoionophore 2 in real samples and for commercial Standard Reference Solution (1:1).
Added Bi (II)/Pb (1) [M] Found Bi (III) Found Pb (II)
AA Recovery RSD AA Recovery RSD
Bi (III) [M] % % Pb (1) [M] % %
Standard Reference Solution of bismuth(IIl)and lead(II) (1:1) 9.57 x 1077 9.14 x 1077 95.56 6.28 9.49 x 1077 99.13 3.77
478 x 107° 4.80 x 107° 100.45 4.36 478 x 107 100.05 2.62
9.57 x 107® 9.59 x 107 100.22 1.73 9.60 x 107 100.27 1.31
Tap water 1 0 < LOD - - < LOD - -
9.57 x 1077 9.84 x 1077 102.81 6.28 9.70 x 1077 101.31 6.53
4.78 x 107° 4.84 x 10°° 101.17 4.53 4.80 x 107 100.49 2.72
9.57 x 107¢ 9.63 x 107 100.58 2.26 9.62 x 107 100.48 1.36
Tap water 2 0 < LOD - - < LOD - -
9.57 x 1077 9.14 x 1077 95.56 8.62 9.28 x 1077 96.96 3.77
4,78 x 107° 4.77 x 1077 99.72 4.53 4.76 x 1077 99.62 2.72
9.57 x 107® 9.56 x 107 99.85 2.26 9.57 x 107 100.05 1.36
Tap water 3 0 < LOD - - < LOD - -
9.57 x 1077 9.49 x 1077 99.19 5.44 9.38 x 1077 98.04 3.27
4.78 x 10°© 4.77 x 107 99.72 3.52 4.76 x 107 99.62 2.51
9.57 x 107° 9.59 x 107 100.22 2.88 9.60 x 107° 100.27 2.13
10
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described in literature macrocyclic azo derivatives selectively binding
bismuth(III). Satisfactory linear relationship between the value of the
generated optical signal and the concentration of bismuth(III) and lead
(ID) optodes at pH 6 was obtained (the range depends on the chro-
moionophore used). It was also found that it is possible to detect and
determine bismuth(III) and lead(Il) ions using color measurement ap-
plications for mobile devices. Spectrophotometric measurements char-
acterize with lower values of the limit of detection compared to
colorimetric measurements based on the measurement of the color
change of photos. Membranes with compound 1 generate a greater
change in absorbance, and thus also a greater change in color in the
presence of bismuth(III) than in the case of compound 2, which trans-
lates into greater sensitivity in the detection and determination of this
analyte. The opposite situation takes place in the presence of lead(Il),
because in this case the optode with compound 2 generates a greater
change in absorbance and in color change.

Although the scope of the work in this manuscript does not include
studies of the potential use of the described macrocycles in nuclear
medicine, we believe they are worthy of such consideration (once the
toxicity of the ligands has been determined) by teams specializing in
such issues.

CRediT authorship contribution statement

Blazej Galinski: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing — orig-
inal draft, Writing - review & editing; Ewa Wagner-Wysiecka:
Conceptualization, Supervision, Visualization, Writing — original draft,
Writing — review & editing. Both authors discussed the results and
commented on the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This work was supported by the Faculty of Chemistry, Gdansk Uni-
versity of Technology, No. 036277 - an internal grant from statutory
funds. The financial support to maintenance of research facilities used in
these studies from Gdansk University of Technology by the DEC-2/
2021/IDUB/V.6/Si grant under the SILICIUM SUPPORTING CORE
R&D FACILITIES - “Excellence Initiative - Research University” program
is gratefully acknowledged. Dr. Katarzyna Szwarc-Karabyka (Gdansk
University of Technology, Faculty of Chemistry, Nuclear Magnetic
Resonance Laboratory) is kindly acknowledged for spectra registration.
The authors are very grateful to the anonymous Reviewers for their time
and comments, which allowed significant improvements to the
manuscript.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.snb.2023.134798.

References

[1] X. Liu, M. Xiao, L. Xu, Y. Miao, R. Ouyang, Characteristics, applications and
determination of bismuth, J. Nanosci. Nanotechnol. 16 (2016) 6679-6689, https://
doi.org/10.1166/jnn.2016.11371.

11

[2]

[3]

[4]

[5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Sensors and Actuators: B. Chemical 399 (2024) 134798

R. Wang, H. Li, H. Sun, Bismuth: environmental pollution and health effects, in: J.
O. Nriagu (Ed.), Encyclopedia of Environmental Health, second ed., Elsevier, 2019,
pp. 415-423, https://doi.org/10.1016/B978-0-444-52272-6.00374-3.

R. Ge, H. Sun, Bioinorganic chemistry of bismuth and antimony: target sites of
metallodrugs, Acc. Chem. Res. 40 (2007) 267-274, https://doi.org/10.1021/
ar600001b.

H. Li, H. Sun, Recent advances in bioinorganic chemistry of bismuth, Curr. Opin.
Chem. Biol. 16 (2012) 74-83, https://doi.org/10.1016/j.cbpa.2012.01.006.

H. Li, R. Wang, H. Sun, Systems approaches for unveiling the mechanism of action
of bismuth drugs: new medicinal applications beyond Helicobacter Pylori
Infection, Acc. Chem. Res. 52 (2019) 216-227, https://doi.org/10.1021/acs.
accounts.8b00439.

C. Wu, Q. Zhang, G. Liu, Z. Zhang, D. Wang, B. Qu, Z. Chen, L. Xiao, From Pb to Bi:
a promising family of Pb-free optoelectronic materials and devices, Adv. Energy
Mater. 10 (2019), 1902496, https://doi.org/10.1002/aenm.201902496.

A.T. Odularu, Bismuth as smart material and its application in the ninth principle
of sustainable chemistry, J. Chem. (2020), 9802934, https://doi.org/10.1155/
2020/9802934.

D.M. Griffith, H. Li, M.V. Werrett, P.C. Andrews, H. Sun, Medicinal chemistry and
biomedical applications of bismuth-based compounds and nanoparticles, Chem.
Soc. Rev. 50 (2021) 12037-12069, https://doi.org/10.1039/D0OCS00031K.

Y. Xin, Z. Wang, C. Yao, H. Shen, Y. Miao, Bismuth, a previously less-studied
element, is bursting into new hotspots, ChemistrySelect 7 (2022), €202201220,
https://doi.org/10.1002/slct.202201220.

S.S. Won, H. Kim, J. Lee, Ch.K. Jeong, S.H. Kim, A.I. Kingon, Lead-free bismuth
pyrochlore-based dielectric films for ultrahigh energy storage capacitors, Mater.
Today Phys. 33 (2023), 101054, https://doi.org/10.1016/j.mtphys.2023.101054.
Q. Wang, J. Du, R. Ouyang, B. Liu, Y. Miao, Y. Li, Recent advances in functional
bismuth chalcogenide nanomaterials: cancer theranostics, antibacterial and
biosensing, Coord. Chem. Rev. 492 (2023), 215281, https://doi.org/10.1016/].
ccr.2023.215281.

X. Yang, J. Kuziola, V.A. Beland, J. Busch, M. Leutzsch, J. Bures, J. Cornella,
Bismuth-catalyzed amide reduction, Angew. Chem. Int. Ed. (2023), e202306447,
https://doi.org/10.1002/anie.202306447.

M. Mato, D. Spinnato, M. Leutzsch, H.W. Moon, E.J. Reijerse, J. Cornella, Bismuth
radical catalysis in the activation and coupling of redox-active electrophiles, Nat.
Chem. (2023), https://doi.org/10.1038/s41557-023-01229-7.

J. Heine, B. Peerless, S. Dehnen, C. Lichtenberg, Charge makes a difference:
molecular ionic bismuth compounds, Angew. Chem. Int. Ed. 62 (2023),
202218771, https://doi.org/10.1002/anie.202218771.

K. Tanimura, M. Gon, K. Tanaka, Effects of hypervalent bismuth on electronic
properties of the azobenzene tridentate ligand and roles of lewis acidity in
controlling optical properties, Inorg. Chem. 62 (2023) 4590-4597.

J. Yang, Z. Huang, J. Li, Y. Yao, Y. Meng, B. Xie, Z. Ni, S. Xia, Photocatalytic
reduction of nitrogen to ammonia by bismuth oxyhalides containing oxygen
vacancies, Colloids Surf. A Physicochem. Eng. Asp. 662 (2023), 130995, https://
doi.org/10.1016/j.colsurfa.2023.130995.

K.G. Brubakk, E.L.F. Gjengedal, O. Enger, K. Sripada, Ammunition waste pollution
and preliminary assessment of risks to child health from toxic metals at the Greek
refugee camp Mavrovouni, Int. J. Environ. Res. Public Health 19 (2022) 10086,
https://doi.org/10.3390/ijerph191610086.

J. Messerschmidt, A. Von Bohlen, F. Alt, R. Klockenkdmper, Determination of
arsenic and bismuth in biological materials by total reflection X-ray fluorescence
after separation and collection of their hydrides, J. Anal. . Spectrom. 12 (1997)
1251-1254, https://doi.org/10.1039/A705093C.

F. Shemirani, M. Baghdadi, M. Ramezani, M. Reza Jamali, Determination of ultra
trace amounts of bismuth in biological and water samples by electrothermal atomic
absorption spectrometry (ET-AAS) after cloud point extraction, Anal. Chim. Acta
534 (2005) 163-169, https://doi.org/10.1016/j.aca.2004.06.036.

AK. Das, R. Chakraborty, M.L. Cervera, M. de la Guardia, Analytical techniques for
the determination of bismuth in solid environmental sample, Trends Anal. Chem.
25 (2006) 599-608, https://doi.org/10.1016/].trac.2006.01.006.

R. Dobrowolski, J. Dobrzyniska, B. Gawronska, Determination of bismuth in
environmental samples by slurry sampling graphite furnace atomic absorption
spectrometry using combined chemical modifiers, Environ. Monit. Assess. 187
(2015) 4125, https://doi.org/10.1007/s10661-014-4125-7.

D.J. Arnot, T.N. Lambert, Bismuth detection in alkaline electrolyte via anodic
stripping voltammetry for battery separator evaluation, Electroanalysis 33 (2021)
797-803, https://doi.org/10.1002/elan.202060412.

M. Gorska, K. Greda, P. Pohl, Determination of bismuth by optical emission
spectrometry with liquid anode/cathode atmospheric pressure glow discharge,

J. Anal. . Spectrom. 36 (2021) 165-177, https://doi.org/10.1039/D0JA00401D.
C. McDonagh, C.S. Burke, B.D. MacCraith, Optical Chemical Sensors, Chem. Rev.
108 (2008) 400-422, https://doi.org/10.1021/cr068102g.

A. Lobnik, M. Turel, S.K. Urek, Optical chemical sensors: design and applications,
in: W. Wang (Ed.), Advances in Chemical Sensors, InTech, 2012, pp. 3-28, https://
doi.org/10.5772/31534.

H.H. Qazi, A. Bakar bin Mohammad, M. Akram, Recent progress in optical
chemical sensors, Sensors 12 (2012) 16522-16556.

G. Mistlberger, G.A. Crespo, E. Bakker, Ionophore-based optical sensors, Annu.
Rev. Anal. Chem. 7 (2014) 483-512, https://doi.org/10.1146/annurev-anchem-
071213-020307.

K.N. Mikhelson, M.A. Peshkova, Advances and trends in ionophore-based chemical
sensors, Russ. Chem. Rev. 84 (2015) 555-578, https://doi.org/10.1070/RCR4506.


https://doi.org/10.1016/j.snb.2023.134798
https://doi.org/10.1166/jnn.2016.11371
https://doi.org/10.1166/jnn.2016.11371
https://doi.org/10.1016/B978-0-444-52272-6.00374-3
https://doi.org/10.1021/ar600001b
https://doi.org/10.1021/ar600001b
https://doi.org/10.1016/j.cbpa.2012.01.006
https://doi.org/10.1021/acs.accounts.8b00439
https://doi.org/10.1021/acs.accounts.8b00439
https://doi.org/10.1002/aenm.201902496
https://doi.org/10.1155/2020/9802934
https://doi.org/10.1155/2020/9802934
https://doi.org/10.1039/D0CS00031K
https://doi.org/10.1002/slct.202201220
https://doi.org/10.1016/j.mtphys.2023.101054
https://doi.org/10.1016/j.ccr.2023.215281
https://doi.org/10.1016/j.ccr.2023.215281
https://doi.org/10.1002/anie.202306447
https://doi.org/10.1038/s41557-023-01229-7
https://doi.org/10.1002/anie.202218771
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref15
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref15
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref15
https://doi.org/10.1016/j.colsurfa.2023.130995
https://doi.org/10.1016/j.colsurfa.2023.130995
https://doi.org/10.3390/ijerph191610086
https://doi.org/10.1039/A705093C
https://doi.org/10.1016/j.aca.2004.06.036
https://doi.org/10.1016/j.trac.2006.01.006
https://doi.org/10.1007/s10661-014-4125-7
https://doi.org/10.1002/elan.202060412
https://doi.org/10.1039/D0JA00401D
https://doi.org/10.1021/cr068102g
https://doi.org/10.5772/31534
https://doi.org/10.5772/31534
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref26
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref26
https://doi.org/10.1146/annurev-anchem-071213-020307
https://doi.org/10.1146/annurev-anchem-071213-020307
https://doi.org/10.1070/RCR4506
http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

AN\ MOST

B. Galinski and E. Wagner-Wysiecka

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

L. You, D. Zha, E.V. Anslyn, Recent advances in supramolecular analytical
chemistry using optical sensing, Chem. Rev. 115 (2015) 7840-7892, https://doi.
org/10.1021/cr5005524.

H. Sharma, N. Kaur, A. Singh, A. Kuwar, N. Singh, Optical chemosensors for water
sample analysis, J. Mater. Chem. C 4 (2016) 5154-5194, https://doi.org/10.1039/
C6TCO0605A.

A.V.S. Piriya, P. Joseph, K.S.C.G. Daniel, S. Lakshmanan, T. Kinoshita,

S. Muthusamy, Colorimetric sensors for rapid detection of various analytes, Mater.
Sci. Eng. C 78 (2017) 1231-1245, https://doi.org/10.1016/j.msec.2017.05.018.
X.-D. Wang, O.S. Wolfbeis, Fiber-optic chemical sensors and biosensors
(2015-2019, Anal. Chem. 92 (2020) 397-430, https://doi.org/10.1021/acs.
analchem.9b04708.

X. Du, X. Xie, Ion-selective optodes: alternative approaches for simplified
fabrication and signaling, Sens. Actuators B Chem. 335 (2021), 129368, https://
doi.org/10.1016/j.snb.2020.129368.

P.R. Dongare, A.H. Gore, Recent advances in colorimetric and fluorescent
chemosensors for ionic species: design, principle and optical signalling mechanism,
ChemistrySelect 6 (2021) 5657-5669, https://doi.org/10.1002/slct.202101090.
J. Kramer, R. Kang, L.M. Grimm, L.D. Cola, P. Picchetti, F. Biedermann, Molecular
probes, chemosensors, and nanosensors for optical detection of biorelevant
molecules and ions in aqueous media and biofluids, Chem. Rev. 122 (2022)
3459-3636, https://doi.org/10.1021/acs.chemrev.1c00746.

Z. Chen, Z. Zhang, J. Qi, J. You, J. Ma, L. Chen, Colorimetric detection of heavy
metal ions with various chromogenic materials: strategies and applications,

J. Hazard. Mater. 441 (2023), 129889, https://doi.org/10.1016/j.
jhazmat.2022.129889.

K. Yong, M.W. Brechbiel, Towards translation of 212Pb as a clinical therapeutic;
getting the lead in, Dalton Trans. 40 (2011) 6068-6076, https://doi.org/10.1039/
CODTO01387K.

G. Montavon, A. Le Du, J. Champion, T. Rabungb, A. Morgenstern, DTPA
complexation of bismuth in human blood serum, Dalton Trans. 41 (2012)
8615-8623, https://doi.org/10.1039/C2DT30230F.

R. Luckay, I. Cukrowski, J. Mashishi, J.H. Reibenspies, A.H. Bond, R.D. Rogers, R.
D. Hancock, Synthesis, stability and structure of the complex of bismuth(III) with
the nitrogen-donor macrocycle 1,4,7,10-tetraazacyclododecane. The role of the
lone pair on bismuth(IIl) and lead(Il) in determining co-ordination geometry,

J. Chem. Soc. Dalton Trans. (1997) 901-908, https://doi.org/10.1039/A605068]1.
L.M.P. Lima, M. Beyler, R. Delgado, C. Platas-Iglesias, R. Tripier, Investigating the
complexation of the Pb%*/Bi®* pair with dipicolinate cyclen ligands, Inorg. Chem.
54 (2015) 7045-7057, https://doi.org/10.1021 /acs.inorgchem.5b01079.

J.L. Lange, P.R.W.J. Davey, M.T. Ma, J.M. White, A. Morgenstern,

F. Bruchertseifer, P.J. Blower, B.M. Paterson, An octadentate bis(semicarbazone)
macrocycle: a potential chelator for lead and bismuth radiopharmaceuticals,
Dalton Trans. 49 (2020) 14962-14974, https://doi.org/10.1039/d0dt02673e.

A. Ullah, F. Shah, I. Khan, M. Anwar, K. Shah, M.T. Muhammad, F. Ahmad,
Unprecedented chemosensing behavior of novel tetra-substituted benzimidazole
zinc(II) phthalocynine for selective detection of Bi>* ion: synthesis,
characterization and ROS generation, Spectrochim. Acta A Mol. Biomol. Spectrosc.
192 (2018) 188-193, https://doi.org/10.1016/j.saa.2017.11.002.

M. Arvand, M. Eskandarnejad, Development of a highly sensitive and selective
bismuth optical sensor based on (2E,4E)-5-(2,4-Dinitrophenyl Amino)penta-2,4-
dienal, Anal. Lett. 41 (2008) 2877-2892, https://doi.org/10.1080/
00032710802424164.

S. Rastegarzadeh, M. Fatahinia, Design of an optical sensor for determination of
bismuth, J. Chin. Chem. Soc. 58 (2011) 136-141, https://doi.org/10.1002/
jccs.201190069.

A. Niazi, S.K. Afshar, Design novel optical sensor for determination of bismuth
based on immobilization of 4-(4-nitrophenyl)-1-naphthol on a triacetylcellulose
membrane, J. Iran. Chem. Res. 4 (2011) 105-111.

H. Khajehsharifi, M.M. Bordbar, P. Esfandiary, Design and evaluation of a novel
bismuth optical sensor using PC-ANN application, Anal. Bioanal. Chem. Res. 5
(2018) 159-169, https://doi.org/10.22036/abcr.2018.96082.1163.

P.A. Bizirtsakis, M. Tarara, A. Tsiasioti, P.D. Tzanavaras, G.Z. Tsogas, Development
of a paper-based analytical method for the selective colorimetric determination of
bismuth in water samples, Chemosensors 10 (2022) 265, https://doi.org/10.3390/
chemosensors10070265.

M. Lerchi, E. Bakker, B. Rusterholz, W. Simon, Lead-selective bulk optode based on
neutral ionophores with subnanomolar detection limits, Anal. Chem. 64 (1992)
1534-1540, https://doi.org/10.1021/ac00038a007.

E. Antico, M. Lerchi, B. Rusterholz, N. Achermann, M. Badertscher, M. Valiente,
E. Pretsch, Monitoring Pb%>* with optical sensing films, Anal. Chim. Acta 388
(1999) 327-338, https://doi.org/10.1016/S0003-2670(99)00085-9.

N. Alizadeh, A. Moemeni, M. Shamsipur, Poly(vinyl chloride)-membrane ion-
selective bulk optode based on 1,10-dibenzyl-1,10-diaza-18-crown-6 and 1-(2-
pyridylazo)-2-naphthol for Cu?>* and Pb?" ions, Anal. Chim. Acta 464 (2002)
187-196, https://doi.org/10.1016/S0003-2670(02)00477-4.

Y. Takahashi, T. Hayashita, T.M. Suzuki, Test strips for lead(II) based on a unique
color change of PVC-film containing O-donor macrocycles and an anionic dye,
Anal. Sci. 23 (2007) 147-150, https://doi.org/10.2116/analsci.23.147.

12

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[591

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671
[68]

[69]

[70]

[71]

[72]

Sensors and Actuators: B. Chemical 399 (2024) 134798

A.A. Ensafi, Z.N. Isfahani, Determination of lead ions by an optical sensor based on
2-amino-cyclopentene-1-dithiocarboxylic acid, IEEE Sens. J. 7 (2007) 1112-1117,
https://doi.org/10.1109/JSEN.2007.897942.

A.A. Ensafi, M. Fouladgar, Development a simple PVC membrane bulk optode for
determination of lead ions in water samples, Sens. Lett. 7 (2009) 177-184, https://
doi.org/10.1166/51.2009.1029.

A.A. Esnafi, A. Katiraei Far, S. Meghdadi, Highly selective optical-sensing film for
lead(I) determination in water samples, J. Hazard. Mater. 172 (2009) 1069-1075,
https://doi.org/10.1016/j.jhazmat.2009.07.112.

C. Bualoma, W. Ngeontaeb, S. Nitiyanontakita, P. Ngamukota, A. Imyima,

T. Tuntulania, W. Aeungmaitrepirom, Bulk optode sensors for batch and flow-
through determinations of lead ion in water samples, Talanta 82 (2010) 660-667,
https://doi.org/10.1016/j.talanta.2010.05.028.

H. Tavallali, L. Dorostghoal, Design and evaluation of a lead (II) optical sensor
based on immobilization of dithizone on triacetylcellulose membrane, Int. J.
Chemtech Res. 6 (2014) 3179-3186.

K. Zargoosh, F.F. Babadi, Highly selective and sensitive optical sensor for
determination of Pb(II) and ngJr ions based on the covalent immobilization of
dithizone on agarose membrane, Spectrochim. Acta A Mol. Biomol. Spectrosc. 137
(2015) 105-110, https://doi.org/10.1016/j.saa.2014.08.043.

Y. Nur, E. Rohaeti, L.K. Darusman, Optical sensor for the determination of Pb(II)
based on immobilization of dithizone onto chitosan-silica membrane, Indones. J.
Chem. 17 (2017) 7-14, https://doi.org/10.22146/ijc.23560.

B. Galinski, E. Wagner-Wysiecka, Pyrrole bearing diazocrowns: Selective
chromoionophores for lead(Il) optical sensing, Sens. Actuators B Chem. 361
(2022), 131678, https://doi.org/10.1016/j.snb.2022.131678.

E. Wagner-Wysiecka, P. Szulc, E. Luboch, J. Chojnacki, D. Laskowska,

P. Miklaszewska, P. Sowiniski, Do phenyl substituents affect the properties of
azobenzocrown derivatives, ChemPlusChem 88 (2023), 202300175, https://doi.
0rg/10.1002/cplu.202300175.

E. Wagner-Wysiecka, E. Luboch, M. Kowalczyk, J.F. Biernat, Chromogenic
macrocyclic derivatives of azoles-synthesis and properties, Tetrahedron 59 (2003)
4415-4420, https://doi.org/10.1016/50040-4020(03)00618-5.

E. Wagner-Wysiecka, M. Jamrdgiewicz, M.S. Fonari, J.F. Biernat, Azomacrocyclic
derivatives of imidazole: synthesis, structure, and metal ion complexation
properties, Tetrahedron 63 (2007) 4414-4421, https://doi.org/10.1016/j.
tet.2007.03.095.

M. Kyvala, I. Lukes, Program package “OPIUM” (free access) at (http://www.natur.
cuni.cz/kyvala/opium.html).

P. Job, Formation and stability of inorganic complexes in solution, Ann. Chim. 9
(1928) 113-203.

B. Galinski, J. Chojnacki, E. Wagner-Wysiecka, Simple colorimetric copper(II)
sensor — spectral characterization and possible applications, Spectrochim. Acta A
Mol. Biomol. Spectrosc. 293 (2023), 122472, https://doi.org/10.1016/j.
saa.2023.122472.

B. Galinski, E. Luboch, J. Chojnacki, E. Wagner-Wysiecka, Novel diazocrowns with
pyrrole residue as lead(Il) colorimetric probes, Materials 14 (2021) 7239.
(https://10.3390/mal4237239).

W.S. Rasband, ImageJ, U.S. National Institutes of Health, Bethesda, Maryland,
USA, (https://imagej.nih.gov/ij/), 1997-2018.

M.D. Abramoff, P.J. Magalhaes, S.J. Ram, Image processing with ImageJ,
Biophotonics Int. 11 (2004) 36-42.

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH image to imageJ: 25 years of
image analysis, Nat. Methods 9 (2012) 671-675, https://doi.org/10.1038/
nmeth.2089.

N.A. Gavrilenko, S.V. Muravyov, S.V. Silushkin, A.S. Spiridonovab,
Polymethacrylate optodes: a potential for chemical digital color analysis,
Measurement 51 (2014) 464-469, https://doi.org/10.1016/j.
measurement.2013.11.027.

S.V. Muravyov, A.S. Spiridonova, N.A. Gavrilenko, P.V. Baranov, L.

1. Khudonogovo, A digital colorimetric analyzer for chemical measurements on the
basis of polymeric optodes, Instrum. Exp. Tech. 59 (2016) 592-600, https://doi.
org/10.1134/50020441216030210.

S.V. Muravyov, N.A. Gavrilenko, N.V. Saranchina, P.V. Baranov, Polymethacrylate
sensors for rapid digital colorimetric analysis of toxicants in natural and
anthropogenic objects, IEEE Sens. J. 19 (2019) 4765-4772, https://doi.org/
10.1109/JSEN.2019.2903314.

Blazej Galiniski (1994) is Ph.D. student at Faculty of Chemistry of Gdansk University of
Technology — M.Sc. in 2018. His scientific interest covers supramolecular chemistry,
mainly chromoionophores and their applications in optical sensing.

Ewa Wagner-Wysiecka obtained her Ph.D. (2002) and D.Sc. (2013) in Chemistry from
Gdansk University of Technology (Poland), where now is working as associate professor.
The main topic of her research is supramolecular chemistry (organic synthesis, spectro-
scopic methods, colorimetric receptors and sensors).


https://doi.org/10.1021/cr5005524
https://doi.org/10.1021/cr5005524
https://doi.org/10.1039/C6TC00605A
https://doi.org/10.1039/C6TC00605A
https://doi.org/10.1016/j.msec.2017.05.018
https://doi.org/10.1021/acs.analchem.9b04708
https://doi.org/10.1021/acs.analchem.9b04708
https://doi.org/10.1016/j.snb.2020.129368
https://doi.org/10.1016/j.snb.2020.129368
https://doi.org/10.1002/slct.202101090
https://doi.org/10.1021/acs.chemrev.1c00746
https://doi.org/10.1016/j.jhazmat.2022.129889
https://doi.org/10.1016/j.jhazmat.2022.129889
https://doi.org/10.1039/C0DT01387K
https://doi.org/10.1039/C0DT01387K
https://doi.org/10.1039/C2DT30230F
https://doi.org/10.1039/A605068I
https://doi.org/10.1021/acs.inorgchem.5b01079
https://doi.org/10.1039/d0dt02673e
https://doi.org/10.1016/j.saa.2017.11.002
https://doi.org/10.1080/00032710802424164
https://doi.org/10.1080/00032710802424164
https://doi.org/10.1002/jccs.201190069
https://doi.org/10.1002/jccs.201190069
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref45
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref45
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref45
https://doi.org/10.22036/abcr.2018.96082.1163
https://doi.org/10.3390/chemosensors10070265
https://doi.org/10.3390/chemosensors10070265
https://doi.org/10.1021/ac00038a007
https://doi.org/10.1016/S0003-2670(99)00085-9
https://doi.org/10.1016/S0003-2670(02)00477-4
https://doi.org/10.2116/analsci.23.147
https://doi.org/10.1109/JSEN.2007.897942
https://doi.org/10.1166/sl.2009.1029
https://doi.org/10.1166/sl.2009.1029
https://doi.org/10.1016/j.jhazmat.2009.07.112
https://doi.org/10.1016/j.talanta.2010.05.028
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref56
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref56
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref56
https://doi.org/10.1016/j.saa.2014.08.043
https://doi.org/10.22146/ijc.23560
https://doi.org/10.1016/j.snb.2022.131678
https://doi.org/10.1002/cplu.202300175
https://doi.org/10.1002/cplu.202300175
https://doi.org/10.1016/S0040-4020(03)00618-5
https://doi.org/10.1016/j.tet.2007.03.095
https://doi.org/10.1016/j.tet.2007.03.095
http://www.natur.cuni.cz/kyvala/opium.html
http://www.natur.cuni.cz/kyvala/opium.html
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref63
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref63
https://doi.org/10.1016/j.saa.2023.122472
https://doi.org/10.1016/j.saa.2023.122472
https://10.3390/ma14237239
https://imagej.nih.gov/ij/
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref66
http://refhub.elsevier.com/S0925-4005(23)01516-2/sbref66
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.measurement.2013.11.027
https://doi.org/10.1016/j.measurement.2013.11.027
https://doi.org/10.1134/S0020441216030210
https://doi.org/10.1134/S0020441216030210
https://doi.org/10.1109/JSEN.2019.2903314
https://doi.org/10.1109/JSEN.2019.2903314
http://mostwiedzy.pl

	Macrocyclic derivatives of imidazole as chromoionophores for bismuth(III)/lead(II) pair
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Instrumentation
	2.3 Complexation studies
	2.4 Membrane preparation
	2.5 Absorbance measurements
	2.6 Digital color analysis

	3 Results and discussion
	3.1 Investigation of the complexing properties in solution
	3.2 UV-Vis spectral characterization of optodes
	3.2.1 The effect of lipophilic salt
	3.2.2 Effect of pH
	3.2.3 Response time of optodes
	3.2.4 Reversibility
	3.2.5 Repeatability and lifetime
	3.2.6 Effect of interfering ions

	3.3 Linear response range of membranes
	3.4 Digital image colorimetry
	3.5 Dual detection
	3.6 Comparison of optodes with other sensing materials
	3.7 Determination of bismuth(III) and lead(II) in model and real samples

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


