Postprint of: Galinski B., Chojnacki J., Wagner-Wysiecka E., Simple colorimetric copper(Il) sensor — spectral characterization and possible applications,
SPECTROCHIMICA ACTA PART A-MOLECULAR AND BIOMOLECULAR SPECTROSCOPY, Vol. 293 (2023), 122472, DOI: [10.1016/j.sa2.2023.122472)

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.0rg/1icenses/by-nc-nd/4.04

Simple colorimetric copper(ll) sensor — spectral characterization

and possible applications

Blazej Galinskil, Jarostaw Chojnacki?, Ewa Wagner-Wysieckal=*

!Department of Chemistry and Technology of Functional Materials, Faculty of Chemistry,
Gdansk University of Technology, Narutowicza Street 11/12, 80-233 Gdansk, Poland

?Department of Inorganic Chemistry, Faculty of Chemistry, Gdansk University of
Technology, Narutowicza Street 11/12, 80-233 Gdansk, Poland

$Advanced Materials Center, Faculty of Chemistry, Gdansk University of Technology,
Narutowicza Street 11/12, 80-233 Gdansk, Poland
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e New o-hydroxyazocompound L has been obtained
e L was investigated as spectrophotometric colorimetric chemosensor for copper(1l)
e L -based test strips and cotton swabs can colorimetrically detect copper(Il) in water

e L -based copper(ll) selective optodes were proposed
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Abstract

New o0-hydroxyazocompound L bearing pyrrole residue was obtained in the simple synthetic
protocol. The structure of L was confirmed and analyzed by X-ray. It was found that new
chemosensor can be successfully used as copper(ll) selective spectrophotometric regent in
solution and can be also applied for the preparation of sensing materials generating selective
color signal upon interaction with copper(ll). Selective colorimetric response towards
copper(Il) is manifested by a distinct color change from yellow to pink. Proposed systems were
effectively used for copper(ll) determination at concentration level 10 M in model and real

samples of water.
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1. Introduction

Copper(ll) is an essential and third most abundant transition metal ion in human body
and plays a unique physiological role in animals and plants [1-4]. However, an excess as well
as a deficiency of copper with respect to a critical level may cause many disorders in human
body like for example Alzheimer’s, Menkes and Wilson diseases [5-10] and also can be
poisoning for animals and plants [11-13]. Because of toxic nature of copper(ll) above a certain
level of concentration, WHO has set maximum permissible limit of copper(l) in drinking water
as 2.0 mg/L (3.15x10° M) [14]. Therefore, the detection of copper(ll) in the various type of
samples, e.g. environmental, biological, like body fluids, is important and essential. Various
spectroscopic and electrochemical methods can be used for the detection and determination of
metal ions in aqueous samples [15-20]. An elegant and comprehensive review on chemical,
polymer and nanoparticle copper(ll) colorimetric and/or fluorimetric sensors has been recently
published [21]. The choice of the method depends on many factors such as for example the type
of the sample, the concentration level of analyte. Often also the economic criterion is taken into
consideration. Thus, besides the selectivity and sensitivity of sensor, also the price of the
instrumentation and overall costs of the analysis are important. In this respect chemical sensors,
including optical ones, can compete with most of the instrumental analytical methods. The
operation of sensors can be based on different mechanisms of the generation of the analytical
signal. One of them is chemical recognition of the analyte taking place in the receptor layer of
the sensor. The process of chemical recognition relies on the affinity of the particular receptor
towards analyte according to the rules of host-guest chemistry — one of the research area of
supramolecular chemistry, where the design and synthesis of ion receptors for analytical
purposes is one of the goals [22-32]. Important analytes include heavy metal cations [33-39],
which have a significant impact on human health and the environment. Properly designed
receptors of chromoionophoric properties can be components of sensing optical materials for
the detection and determination of these ions in an aqueous medium [40-44]. Azo compounds
due to their relatively simple synthesis, spectral and complexing properties constitute a
promising group of such chromoionophores [45-47]. Essential receptors of heavy metal cations
are often compounds bearing heterocyclic moieties [21]. Due to the various reactivity and
photophysical properties, heterocyclic receptors containing nitrogen atoms are described as one
of the best systems for the detection and determination of heavy metal ions [48, 49]. The
interaction of heavy metal ions with the receptor can generate an optical signal that is

measurable using spectrophotometric methods [50], but also solutions where the use of mobile
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detection systems e.g. Smartphone-based detection devices [51-54] that use digital color
analysis [55-62].

Here we present a facile synthesis and spectral characterization of simple o-
hydroxyazocompound L bearing pyrrole residue. Newly obtained compound was characterized
with the use of spectroscopic methods and investigated as a copper(ll) receptor in organic
solvents, mixtures of these solvents with water and in systems of complex ionic matrix, namely
artificial body fluid and artificial urine. It has also been tested as a component of optical sensing
materials for selectivity, sensitivity, regenerability, pH effect, limit of detection, interfering ions
effect and lifetime. Tests were carried out to assess the possibility of using the prepared

materials for the detection and determination of copper(Il) in model and real samples of water.
2. Experimental
2.1. Reagents and materials

All chemicals of the highest available purity were purchased from commercial sources
and used without further purification. Lithium perchlorate, sodium perchlorate monohydrate,
bis(2-ethylhexyl) phthalate (DOP) and dibutyl phthalate (DBP) were obtained from Fluka.
Potassium perchlorate, barium perchlorate, cobalt(ll) perchlorate hexahydrate, nickel(ll)
perchlorate hexahydrate, copper(ll) perchlorate hexahydrate, zinc perchlorate hexahydrate,
lead(Il) perchlorate trihydrate, tetrabutylammonium hydroxide 30-hydrate (TBAOH), p-
toluenesulfonic acid monohydrate (TsOH), uric acid, creatinine, bis(1-butylpentyl) adipate
(BBPA), 2-nitrophenyl octyl ether (NPOE), bis(2-ethylhexyl) sebacate (DOS), cellulose
triacetate (CTA), triethylene glycol (TEG), potassium tetrakis(4-chlorophenyl)borate
(KTCIPB), acetonitrile (ACN), dichloromethane (DCM) and methanol (MeOH) were acquired
from Sigma Aldrich. Magnesium perchlorate, calcium perchlorate hydrate, strontium
perchlorate trinydrate and cadmium perchlorate hexahydrate were purchased from Alfa Aesar.
All inorganic salts, hydrochloric acid, nitric acid, sodium hydroxide, disodium
ethylenediaminetetraacetate dihydrate (EDTA), sodium citrate dehydrate, dipotassium oxalate
monohydrate, urea, tris(hydroxymethyl)aminomethane, dimethyl sulfoxide (DMSO), acetone,
2-propanol, and filter papers were obtained from POCh. Glass microfiber filter Whatman GF/C
was acquired from Schleicher & Schuell. TLC glass plates 60 RP-18 Fzs4 and silica gel 60
(0.063 - 0.200 mm) for column chromatography were purchased from Merck. For
measurements performed in mixed, water containing systems, deionized water (conductivity
<1 pS-cm?, Hydrolab) was used. For recovery studies Standard Reference Solution of

copper(l) 1000 ppm (Merck) and Qnova calibration solution were used. Copper(ll)
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concentration for comparative studies was determined using the ICP-OES method with iCAP
7400 Analyzer. Mineral water samples were commercial bottled ones purchased from regular
stores. Tap water samples were taken from local domestic sources of Pomerania (sample 1) and

Warmian-Masurian (sample 2 and 3) Voivodeships (Poland).
2.2. Apparatus

'H and 3C spectra were recorded on Varian INOVA 500 spectrometer at 500 MHz and
125 MHz, respectively. Chemical shifts are reported as & [ppm] values in relation to TMS. HR
MS mass spectrum was recorded on an AutoSpec Premier (Waters) instrument. FTIR spectra
(KBr) were taken on a Nicolet iS10 apparatus. For UV-Vis measurements an UNICAM UV
300 series apparatus was used. Fluorescence spectra were recorded on a luminescence
spectrometer (AMINCO Bowman Series 2 spectrofluorometer) using the flash xenon lamp. The
bandpass of excitation and emission monochromators was 16 nm. Spectroscopic measurements
were carried out in 1 cm quartz cuvettes in solvents of the highest available purity. The solution
pH was measured by an pH-meter CPC-511 with glass electrode EPS-1 (ELMETRON),
standardized with buffer solutions. Portable LED light box (23 x 23 x 23 c¢m) was used to
guarantee the reproducibility of the photos (PULUZ, Photography Light Box, Shenzhen Puluz
Technology Limited). Pictures were taken by a Smartphone LG K10.

2.3. Synthesis of L

Compound L was obtained by diazocoupling reaction of diazonium salt with pyrrole,
giving the product as orange solid with satisfactory 73 % yield. The procedure of the synthesis

and structural characterization of L in given in Supplementary Material.
2.4. Lipophilicity (logP)

The lipophilicity values (logPrLc) of ligand was estimated by TLC method using reverse
phase chromatography (RP18) with a mixture of methanol:water (9:1, v/v) as mobile phase. As
standards BBPA, NPOE, DOS, DOP and DBP were used. On the basis of comparison of Rt

values for standards and ligand logPrLc values was determined [63-65].
2.5. X-ray structure

Diffraction intensity data for L were collected on an IPDS 2T dual beam diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) at 120.0(2) K with MoKa radiation of a microfocus
X-ray source (GeniX 3D Mo High Flux, Xenocs, Sassenage, 50 kV, 1.0 mA, and A = 0.71069

A). Investigated crystals were thermostated under a nitrogen stream at 120 K using the
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CryoStream-800 device (Oxford CryoSystem, UK) during the entire experiment. Data
collection and data reduction were controlled by using the X-Area 1.75 program (STOE, 2015).
Due to low absorption coefficient no absorption correction was performed. The structure was
solved using intrinsic phasing implemented in SHELXT and refined anisotropically using the
program packages Olex2 [66] and SHELX-2015 [67]. Positions of the C—H hydrogen atoms
were calculated geometrically taking into account isotropic temperature factors. All
hydrocarbonic H-atoms were refined as riding on their parent atoms with the usual restraints.
Both OH and NH atoms were found in the Fourier electron density map and refined without

constraines. Structure of L was refined with no special treatment.
2.6. Complexation studies

Metal cation complexation studies were carried out using UV-Vis titration in
acetonitrile, dichloromethane, methanol, DMSO and the mixture of DMSO with water. A series
of solutions of pH values ranging from 2 to 12 was prepared by mixing sodium hydroxide
solution (0.1 M) and hydrochloric acid (0.1 M). Simulated body fluid (SBF), phosphate buffer
saline (PBS) and artificial urine (AU) samples were prepared according described procedures
[68-70]. The stock solutions of L (~10" M), metal perchlorates (~102 M), TsOH (~102 M),
TBAOH (~102 M) and chlorides (~102 M), were prepared by weighting the respective
quantities of them and dissolving in the respective solvent system in volumetric flasks. The
values of binding constant (logK) were calculated with the use of OPIUM [71] program on the
basis of titration experiment data. Limits of detection (LOD) for copper(ll) were calculated DL
= 30/k, where o is the standard deviation of the blank and k is the slope of the linear function
A = f(molar concentration of analyte). The spectral response towards copper(ll) was expressed
as AA = Acu — Ao, where Ao stands for absorbance of solution of L (or optode) and Acu
absorbance value of L (or optode) in the presence of copper(ll) salt. The influence of interfering
ions on spectrophotometric response towards copper(l1) was expressed as the absolute value of
relative response RR% = |[(A — Acu)/Acu]|*100%, where Acy Stands for absorbance of solution
of L in the presence of copper(lIl) chloride (equimolar to ligand amount) and A is absorbance
value measured just after addition of interfering metal chloride in the same quantity, 10-fold

and 100-fold molar excess in relation to copper(ll) chloride [65, 72].
2. 7. Digital color analysis

Pictures were analyzed using free software ImageJ [73, 74]. The change of optode color
given as AErcs [75] was calculated using the equation: AEres = [(Ro- R)? + (Go- G)? + (Bo-
B)?]¥2 where Ro, Go and Bo values correspond to color of solution (or optode) in the absence of

6
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copper(Il) salt, and R, G and B values correspond to color of solution (or optode) in the presence
of copper(Il). The value of the intensity of green color Ig was calculated using the equation: Ig
= -log(G/Go).

2.8. Test Strips

Solutions of L (~10° M or ~10% M) in dichloromethane were poured into a
chromatographic chamber, into which a strip of glass microfiber filter or filter paper was placed.
After 5 min. strips were taken out and solvent was evaporated in a stream of hot air.

2.9. Cotton swabs

Cotton swabs [76] were soaked with the 100.0 uL of L solution (~10° M or ~10* M) in
dichloromethane and left for solvent evaporation.

2.10. Membrane preparation

CTA optodes were prepared according to previously described procedures [72].
Membranes contained 250.0 mg of CTA, 1.0 mg of L, 168.6 mg (150.0 uL) of TEG and 0.5
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 diameter),
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 0.9x4.5 cm strips. Blank membranes were

prepared in an analogous way using all components besides chromoionophore L.

3. Results and discussion

3.1. Synthesis and characterization of L

New compound L was obtained with satisfactory yield (73%) in a simple diazocoupling
reaction of diazonium salt (1a) of 4-amino-4-nitrophenol (1) with pyrrole (2) in aqueous
solution of pH ~ 10 (NaOH) (Fig. 1). Crystallization from dichloromethane preceded by column
chromatography isolation gave a pure compound in the form of long orange needles. Spectral
data (*H and **C NMR, HRMS and IR) confirming the structure of newly obtained azopyrrole
dye L are included in Supplementary Information (Fig. S1). As an additional parameter
characterizing new compound L its lipophilicity logP 3.40+0.02 was determined using TLC

method.
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Fig. 1. Synthetic route for L.

3.2. Structure of L in solution

Hydroxyazocompounds are known to undergo prototropic tautomerism resulting in
azophenol 2 quinone-hydrazone equilibrium [77-79]. Tautomeric equilibrium depends on
several factors, both structural (e.g. type and location of substituents, macrocyclic/acyclic
structure) and those resulting from the chemical environment of molecule like solvent and its
properties, the presence of ionic species [80-83]. From the other hand, azo compounds bearing
pyrrole moiety can be also considered as systems of possible prototropic tautomeric equilibrium
proceeding with the engagement of N-H pyrrole proton [84]. Taking all of this into account for

investigated here L tautomeric equilibrium shown in Fig. 2 can be considered.

OoH
H
N N

/ azophenol (AZ)

quinone-hydrazone (QH) hydrazone (H)

Fig. 2. Proposed tautomeric equilibrium of L.

Tautomeric equilibrium of L was investigated in solution using NMR spectroscopy. *H
NMR spectra were registered in acetonitrile-ds, DMSO-ds, methanol-ds (Fig. 3). Signals of
protons of pyrrole moiety are observable as multiplets at ~ 6.5, 7.1 and 7.4 ppm. Signals of
benzene protons are seen as well shaped signals characteristic for 1,2,4-substituted benzene at
~8.5(d,J~2Hz), 8.2 (dd, J1 ~ 2 Hz,J~ 9 Hz) and doublet 7.3 (d, J ~ 9 Hz). Signals of protons
of OH and NH groups seen as singlets at above 10.0 ppm (acetonitrile-d3, DMSO-ds) provide
the evidence for hydrogen bonded system. Comparing with acetonitrile, in highly dipolar
DMSO stronger hydrogen bonding between solvent acting as proton acceptor and L as
hydrogen bond donor is expected, which correlates with the observed position of NH and OH

proton signals at 10.93 and 11.92 ppm respectively. Signals of aromatic protons are shielded
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comparing to acetontrile. Analyzing the observed spectral pattern in *H NMR spectra it can be

concluded that in all investigated solvents L exists in azophenol (AZ) form.

OH NH

115 11.0 10.5 10.0 9.5 9.0 .\'5[,' 't 80 75 v 70 6.5}

methanol-d, ‘ 5 "“.

Fig. 3. 'H NMR spectra of L in various solvents.

UV-Vis spectra of L, where lower than in NMR experiments concentrations of solute
are used, were also registered in different solvents (Fig. 4(a)). In all cases, namely acetonitrile,
DMSO, methanol and dichloromethane two absorption bands are observed in spectrum of L.
The first one, of lower value of molar absorption coefficient, at ~ 310 nm and the second one
of higher intensity at ~ 420 nm in acetonitrile and dichloromethane. The last mentioned
absorption band in methanol is broaden and right side asymmetric. In DMSO, broader than in
acetonitrile and dichloromethane absorption peak is additionally coming along with a band of
low intensity on the red side of absorption, within 500 and 575 nm. The differences in spectral
pattern in DMSO and methanol are manifested by deeper yellow color of solution of L in these
solvents (Fig. 4(b)), what can suggest the solvation effect [85]. The relative intensity of band at
~520 nm in spectrum of L registered in DMSO depends on L concentration (Fig. 4(c)). Also
the relative intensity of bands at 420 and 520 nm is concentration dependent and the value of
the molar absorption coefficient (515 nm) is decreasing with the increase of the concentration
(Fig. 4(d)). It can be associated with the presence of various forms of dye or can be an effect of
dye-dye interactions in solution - self-organization. UV-Vis spectroscopy is one of the useful
tools for investigation of aggregation process [86] and as it is reported by other authors the
spectral pattern observed in case of L might point out the formation of different types of
aggregates [87, 88]. Moreover, in fluorescence spectra of solutions of L of the same
concentrations in above mentioned solvents emission bands are detectable in dichloromethane,

acetonitrile and methanol (Fig. 4(e)). In DMSO under the same measurement conditions
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fluorescence is too weak to register emission spectrum. It can be connected with well-known
aggregation-caused quenching (ACQ) effect due to w-r stacking interactions. Such interactions
for L were confirmed in solid state (vide infra).
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Fig. 4. (a) UV-Vis absorption spectra of L (4.05x10° M) in different solvents; (b) Solutions of L (1.02x10* M)
in different solvents; (c) UV-Vis absorption spectra registered for solutions of different concentration of L in
DMSO; (d) Correlation of relative intensity of bands and the molar absorption coefficient with the concentration
of L in DMSO; (e) Emission spectra of L (1.02x10* M) registered in different solvents (Aex 600 nm, Aem 618
(dichloromethane - DCM); 614 (acetonitrile - ACN and methanol - MeOH).

3.3. Structure of L in solid state
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Single crystals of L suitable for X-ray analysis were obtained by crystallization from
dichloromethane. Molecular view of L is shown in Fig. 5. Crystal data and structure refinement
details are collected in Table 1. Compound L forms needle, red crystals, with symmetry of the
monoclinic system, the space group P2:/n (no. 14). Asymmetric unit contains one molecule and
the whole unit cell is built from four molecules, Z = 4. Most of the bond lengths and angles are
in the expected ranges (see Fig. 5). Based on short interatomic distances one may assume mostly
double character of N1-N2 bonds and aromatic character of the pyrrolic ring. The molecule is
essentially flat. Dihedral angle between the phenyl ring and NO2 group plane is ca -5°. Hydroxyl
group forms internal H-bond with N2 atom, while the N-H hydrogen bond donor forms
intermolecular interaction with O2 atom from neighbor molecule nitro group (Fig. 6, left). For

details, see Table 2.

Fig.5. Molecular view of L showing atom labeling scheme. Displacement ellipsoids drawn at 50% probability
level. Selected bond lengths (A) and angles (°): N1-N21.2842(13), N1-C1 1.4033(13), N2-C7 1.3722(13), N3-C7
1.3738(14), C2-01 1.3433(13), N4-02 1.2340(13), N4-0O3 1.2276(12), N4-C5 1.4547(14); valence angles: N2-
N1-C1 115.55(9), N1-N2-C7 113.24(9), C10-N3-C7 108.79(9), 03-N4-02 122.90(10), O1-C2-C1 122.16(9);
torsions O3-N4-C5-C4 -5.5(2), 02-N4 C5 C6 -4.8(2) C2-C1-N1-N2 0.0(2).

Table 1. Crystal data and structure refinement details for L

L
CCDC no. 2190550
Empirical formula C10HsN4O3
M:/g mol? 232.20
Temperature/K 120 K
Crystal system Monoclinic
Space group (IT No.) P 2:i/n (14)
a/A 11.6673 (15)
b/A 3.7411 (5)
c/A 22.581 (3)
a/° 90
pre 92.829(11)
v/° 90
Volume/A3 984.4 (2)
z 4
Pealc g/cm?3 1.567
Crystal size/mm? 0.52 x 0.12 x 0.05
Radiation Mo Ka (A =0.71073)

20 range for data collection/®° 3.2-58.4
Reflections collected/unique  8887/2631

11
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Completeness to Omax (%) 99.8
Data/restraints/parameters 3631/0/162
Goodness-of-fit on F2 1.07

Final R indexes [all data] 5\% j 284161%4

Largest diff. peak/hole / ¢ A® 0.37/-0.23

Table 2. Hydrogen-bond geometry (A, °) for L

D—H---A D—H H---A D---A D—H---A

N3—H3---02' 0.859 (19) 2.142(19) 2.9988 (13) 175.2(17)

O1—HI1--*N1 0.93(2) 2.45(2) 2.9635(13) 114.9(15)

O1—H1---N2 0.93(2) 1.79(2) 2.6121(13) 145.3(18)
Symmetry code: (i) -x+1, -y, -z+1.

Crystal packing (Fig. 6) is dictated by hydrogen bonding and stacking interactions
between the aromatic rings of the same nature. Actually the centroid distance between both
planes, 3.741(8) A, is equal to the b parameter of the unit cell, and is a pure lattice translation,

so the dihedral angle between the planes o is equal to zero.

s

Fig. 6. Left: Hydrogen bonding in compound L, selected atom labels shown, cyan dashed lines show direction of
bonding. Both molecules are related by the inversion centre at (2 0 %3). Right: Stacking interactions in L. Centroids
for pyrrole rings and phenyl rings have equal distance of one another (3.741(9) and 3.741(8) A for pyrrolic and
phenyl rings, respectively).
3.4. Acid-base properties of L

Azocompounds - weak bases - are protonated at one of two azo N-atoms forming non
symmetric n-complex [89]. Protonation of azobenzenes usually leads to red shift of absorption
band observed as a significant color change. However, the introduction of heterocyclic moiety
instead of one of benzene ring can significantly change the properties of azocompound
including acid-base properties [46]. In case of L, ionization of molecule can be also an effect
of the deprotonation of hydroxy group, which typically for ionized dye molecules causes the
color change resulting from the appearance of the red shifted absorption band of deionized

form.

12
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Quantitative colorimetric probes of the acid-base properties of L in different solvents
are shown in Fig. 7 (top). The presence of p-toluenesulfonic acid (TsOH) slightly influences
the color of the solutions what is in agreement with very small changes in absorption spectra.
Titration trace of L with TsOH in methanol and DMSO is exemplified in Fig. 7(a) and (b).

L - ligand
A - acid, p-toluenesulfonic acid
B - base, tetra-n-butylammonium hydroxide

” 4

DCM MeOH ACN DMSO

() (b)
1.2 1.2
1.04 1 1.04 t

0.8+ 0.8

0.6 0.6

absorbance a.u.
absorbance a.u.

0.4 4

0.2 /// 0.2

0.0 T T T T T 0.0 T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600

0.4 4

wavelength [nm] wavelength [nm]
Fig. 7. Top: solutions of L (1.02x10* M) in different solvents with acid or base. Bottom: spectral changes upon
titration of L (cL = 4.05x10"° M) with TsOH in (a) methanol (crson = 0-2.03x10" M) and (b) DMSO (ctson = 0-
2.05%10° M).

Upon titration with TsOH the only observed change in UV-Vis spectra is the decrease
of the band in a region of 500-575 nm. This can support the thesis drawn above as this band
comes from the dye-dye interactions in solution. The presence of acid can destroy the hydrogen
bonded self-organized structure of L in solution (UV-Vis titration in dichloromethane was not
carried out due to low solubility of TsSOH in this solvent). This is evidenced in *H NMR spectra
(Fig. 8) registered for L in the presence of equimolar and 5-fold excess of TSOH. The most
significant change in spectra is the broadening and lowering of the intensity and finally the
disappearance of the N-H proton signal at 10.93 ppm. Signals of protons of benzene rings are
not changed both in the position and shape (for full range spectra and the values of chemical
shift see Fig. S2 and Table S1), whereas signals of protons of pyrrole ring are slightly shielded
and changed in shape. It means that N-H proton also in solution (similarly as in a solid state)
can be engaged in the formation of hydrogen bond, probably intermolecular H-bonding with

the nitro group of neighboring molecule of L.
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Fig. 8. Partial 'H NMR spectra of L 1.42x102 M (bottom), L in the presence of equimolar (middle) and 5-fold
excess (top) of TsOH in DMSO-ds.

Titration of L with tetra-n-butylammonium hydroxide (TBAOH) results with the

appearance of new bathochromically shifted absorption band with maxima at 468, 502 and 512

nm in methanol, acetonitrile and DMSO respectively (Fig. 9(a)-(c)). The values of equilibrium

constants logK (L:TBAOH, 1:1) are comparable in methanol and acetonitrile 4.45+0.01 and
4.59+0.03, whereas the higher value was obtained in DMSO 5.4540.03. The logK values

correlate with the value of the spectral shift between bands of neutral and ionized form in

absorption spectra: the largest in DMSO, and the lowest in methanol (Fig. 9(d)).
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Fig.9. Spectral changes upon titration of L (c. =4.05x10° M) with TBAOH in (a) methanol (crgaon = 0-4.20x10°
5 M), (b) acetonitrile (ctaon = 0-8.26x10° M) and (c) DMSO (ctsaon = 0-4.34x10° M). (d) The relationship
between logK value and the spectral shift A [nm] in dependence of the type of solvent.

In the *H NMR spectrum of L registered in equimolar amount of TBAOH (DMSO-ds)
(Fig. S3) its deprotonation as one might expected is seen as disappearance of OH and NH proton

signals and shielding of all signals of aromatic protons.

3.5. Complexation of metal cations in solution

The presence of azo moiety, with one of the nitrogen acting as a donor atom, in
connection with the o-hydroxyl group and heterocyclic residue makes the structure of L similar
to well-known metallochromic reagents. Metal cation complexation for L was investigated with
the use of spectroscopic methods.

Quantitative colorimetric probes of metal cation complexation, realized in practice as
an addition of the excess of metal perchlorate to solution of L (Fig. 10(a)), showed that the most
significant, specific color change from yellow to purple is observed only for copper(Il)
perchlorate in methanol and DMSO. Some changes in color of the solution of L in methanol
and DMSO are observed also in the presence of the excess of nickel(ll), zinc(Il) and lead(I1)
perchlorates. The excess of these salts, added to solutions of L as solid salts, cause the formation

of the spectral bands falling in a spectral region of copper(11) complex absorption (Fig. S4). It
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means that these salts in extremely high concentrations can influence the detection and
determination of copper(Il).

The change of color in the presence of copper(Il) perchlorate is a result of the formation
of new absorption bands at 540 and 556 nm respectively in UV-Vis spectra (Fig. 10(b) and (c)).
The values of stability constants logK 5.21+0.02 (methanol) and 5.42+0.06 (DMSO) of 1:1
complexes (Job's plots) were calculated from titration data using OPIUM software. The titration
trace and Job's plots (insets) in methanol and DMSO are shown in Fig. 10(b) and (c). The
presence of metal perchlorates does not affect the color of solution in dichloromethane.
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Fig. 10. (a) The change of the color of L (c. = 1.02x10* M) in the presence of the excess of metal perchlorates in
various solvents; from the top: dichloromethane (DCM), methanol (MeOH), acetonitrile (ACN) and DMSO;
changes in UV-Vis absorption spectra of L (c. = 4.05x10° M) upon titration with copper(ll) perchlorate in (b)
methanol (ccy = 0-1.19x10"* M) and (c) DMSO (cc, = 0-8.26x10°° M). Insets: Job's plots.

Complex formation is probably connected with the change of the arrangement of the

hydrogen bonding system in solution (at the beginning of titration experiment in methanol and
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DMSO the intensity of absorption band in a region of 500-575 nm decreases upon addition of
copper(Il) perchlorate). Sharp isosbestic points at 460 nm and at 474 nm for methanol and
DMSO providing the presence of two absorbing species under equilibrium are observed only
upon addition of a certain amount of copper(ll) salt (Fig. 11). *H NMR spectrum of L in the
presence of 10-fold excess of copper(ll) perchlorate was registered (having in mind
paramagnetic properties of copper(ll)). In the registered spectrum, as can be expected broad -
all shielded - signals are observed (Fig. S5). The presence of OH and NH proton signals
suggests that the interaction with copper(I1) ions in DMSO does not cause deprotonation of the
ligand. The upfield shift can point out the change of the hydrogen bonding system upon
copper(Il) complexation [90].

12 12

absorbance a.u.
absorbance a.u.

. T T T T T . T T T : T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900

wavelength [nm] wavelength [nm]
Fig. 11. UV-Vis titration trace of L (c. =4.05x10"° M) for copper(ll) perchlorate in (a) methanol (cc, = 0-1.19x10-
4 M) and (b) DMSO (ccy = 0-8.26x10°5 M). Insets: spectral changes in region of isosbestic points and changes in
a range 500-575 nm.

In acetonitrile at the beginning of titration the formation of a new, broad band at ~500
nm is observed. Higher amounts of copper(l1) perchlorate causes the decrease of the absorbance
in (Fig. S6) resulting in decolorization of solution. Due to possible side reactions of L with
copper(Il) perchlorate in acetonitrile this solvent was not considered for practical applications
here. The nature of interactions of copper(ll) - azo compounds (possible redox process) in
acetonitrile is under investigation in our group.

From a practical, namely analytical point of view a selective response towards analyte
in pure organic solvent has less importance than selective recognition in aqueous or mixed
water-organic solvent systems. We found that the stability constant of the copper(1l) complex
of L has the highest value in DMSO. This hygroscopic solvent is well miscible with water and
less toxic contrary to methanol. However saying that, the last studies have shown that DMSO
is not so inert as it was considered for many years [91]. We carried out the spectrophotometric

titration of L in mixed solvent system: DMSO with various water content (v/v) using in
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experiments both copper(ll) perchlorate (Fig. S7) and chloride (Fig. S8), as the last is one of
the most ubiquitous anions in natural systems. In all mixed solvent system molar ratio plots
shows 1:1 (L:Cu) stoichiometry of complex (Fig. S9 and S10).

The presence of a defined amount of water in a titrated system influences the value of
spectral shift between free L and its copper(Il) complex (color change is shown in Fig. S11),
which is visualized schematically in Fig. 12(a). The largest value is observed in pure DMSO
and systems with 10% of water, 144 nm. When water is present in 90% spectral shift is still
over 100 nm, i.e. 122 nm (Fig. 12(b)). The benefit of the addition of water is the decrease of
the intensity of the band of ligand in the region of 500-575 nm, where copper(ll) complex
absorbs. The counter ion has negligible effect on the difference between spectral shift of L and
its copper(Il) complex, however it affects the value of stability constant logK of copper(ll)
complex (1:1) (Fig. 12(c)). The stability constant values, at the same solvent composition, are

higher when copper(I1) chloride is used as a salt.
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Fig. 12. (a) The influence of water content (%, v/v) in DMSO on spectral changes of L (2.16x10° M) and its
copper(ll) complex C (limiting spectra from copper(ll) perchlorate titration experiments are shown); (b) the
relationship between the position of the absorption maxima of L [nm] and its copper(ll) complex [nm] and water
content [%] in DMSO; (c) the comparison of the values of stability constants of copper(l1) complexes (1:1) with

L in dependence on counter ion.
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Investigating the selectivity of colorimetric response of L towards metal cations
(quantitative probes) it was found that color change of L from yellow to purple in solvent
mixture water-DMSO (9:1) is observed only in the presence of copper(ll) chloride (Fig.13).
Slight changes of color to orange in the case of high concentrations of nickel(Il) and lead(ll)

salts are observable and these ions may be considered as the main interfering ions.

J

- - - S—

L L' Na' K' NHj Mg? Ca’ Sr* Ba* Mn*" Co’’ Ni’" Cu’" Zn®" Cd*" Pb*
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Fig. 13. Color change of ligand (c. = 2.16x10° M) in water-DMSO solution (9:1, v/v) in the presence of metal
chlorides (pH 6.0).
3.6. Effect of pH

The effect of pH on spectral changes of L in water-DMSO (9:1, v/v) solution is shown
in Fig. 14(a). With increasing pH the increase of absorption band at 470 nm is observed what
can be connected with the deprotonation of L. It confirms the titration trace of L with sodium
hydroxide (Fig. 14(b)) with clear isosbestic points suggesting two species under equilibrium.
The spectral response AA towards copper(Il) chloride (Fig. 14(c)) is constant in pH range 5.0-
9.0 with linear response range 6.68x10% — 1.67x10°M (Fig. 14(d)) and detection limit 5.00x10"
8 M. Spectral changes upon titration of L with copper(ll) chloride at pH 5.0, 7.0 and 9.0 in
solvent mixture water-DMSO (9:1, v/v) are shown in Fig. S12. Only at pH 5 clear isosbestic
point is observed, however it does not strongly influence the linear spectrophotometric response
towards copper(Il) presence (Fig. S13). Titration of L with copper(Il) chloride in an alkaline
environment (NaOH) gives linear response in a range of 6.68x108 —2.19x10°M (Fig. S14) and
detection limit 6.19x108 M.
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Fig. 14. The change of UV-Vis spectrum of L (c. = 2.16x10° M) (a) with increasing pH and (b) upon titration
with sodium hydroxide (Cnaon = 0-1.08x10°5 M) in water-DMSO (9:1, v/v) from pH 6; (c) spectral response
towards copper(ll) chloride of L (cL = 2.16x10"°> M) depending on pH (A = 540 nm); (d) spectral response AA
towards copper(l1) chloride presence of L (c. =2.16x10° M) in pH range 5.0-9.0.
3.7. Regeneration

Regeneration cycles of L with 0.01 M EDTA solution after addition of copper(ll)

chloride are shown in Fig. S15. L can be regenerated at least 10 times without losing properties.

3.8. Interfering ions

The response of L was investigated in the presence of several interfering cations: Li",
Na*, K*, NHs*, Mg?*, Ca?*, Sr?*, Ca?*, Ba?*, Mn?*, Co?*, Ni?*, Zn?*, Cd?*, Pb?** and their
mixture. Fig. 15 shows the influence of addition of equimolar, 10-fold and 100-fold molar
excess of interfering metal chlorides on the spectrophotometric response of L at equimolar (to
L) amounts of copper(ll) chloride. The effect of interfering ions is given as RR% value, in
water-DMSO (9:1, v/v) solvent mixture at pH 7.0. RR% value does not exceed 5% even in 100-

fold molar excess of interfering ions and their mixture.
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Fig. 15. Interferences of several metal chlorides used in equimolar, 10-fold and 100-fold molar excess, on the
spectrophotometric response of L (c. = 2.16x10"5 M) (540 nm) at equimolar (to L) amount of copper(I1) chloride
in water-DMSO (9:1, v/v) solvent mixture, pH 7.0.
3.9. Studies in multi-component solutions

The possibility of application of L for the detection of copper(ll) was checked in
mixtures of DMSO with multicomponent aqueous solutions, namely artificial urine (AU),
simulated body fluid (SBF) and phosphate buffer saline (PBS) (9:1,v/v). Spectral changes upon
titration of L with copper(ll) chloride in AU (pH 6.0), SBF (pH 7.4) and PBS (pH 7.4) are
shown in Fig. 16. In multi-component solutions the presence of ionic species significantly
affects the spectral properties of L, which is manifested by the presence of two absorption bands
at 405 and 474 nm in UV-Vis spectrum, but it does not significantly affect the range of the
linear response (Fig. 17) and the limits of detection (Table S2) for copper(ll). The UV-Vis
spectrum of L in AU and SBF indicates partial ligand deprotonation, while in PBS compound
L is in deprotonated form. Stability constant values (logK) of copper(ll) complexes (1:1)
calculated in AU, SBF and PBS are 6.31+£0.04, 6.32+0.02 and 6.40+0.05, respectively.
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Fig. 16. The change of UV-Vis spectrum of L (c. = 2.16x10° M) upon titration with copper(l1) chloride (ccy = 0-
4.28x10° M) in (9:1, v/v) solvent mixtures: (a) AU:DMSO (pH 6.0); (b) SBF:DMSO (pH 7.4) and (c) PBS: DMSO

(pH 7.4).
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Fig. 17. Linear responses of L (c. = 2.16x10° M) upon titration with copper(I1) chloride (ccy = 0-4.28x10° M) in
(9:1, viv) solvent mixtures: (a) AU:DMSO (pH 6.0); (b) SBF:DMSO (pH 7.4) and (c) PBS: DMSO (pH 7.4).
3.10. Digital color analysis

Fig. 18 shows color changes of L in solutions with increasing concentration of

copper(I1) chloride in solvents of different composition. Photos were taken using a Smartphone

camera. Observable color changes, which can be traced by "the naked eye", were visible above
the 107 M copper(ll) chloride.
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Fig. 18. Color changes of L (cL = 2.16x10° M) upon titration with copper(l1) chloride (ccy = 0-4.28x10°5 M) in
water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0; (b) 7.0; (c) 9.0 and (d) SBF:DMSO (9:1, v/v) at pH 7.4.
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Using digital color analysis we combined different color dependences with
concentration of copper(l1) chloride. Fig. 19 shows these correlations in SBF:DMSO (9:1, v/v)
solution. The largest range of the linear response 8.92x107 — 2.18x10° M was obtained for
color ratio B/G with detection limit 1.07x107" M. However the lowest LOD = 8.66x10% M was
obtained for color change AErce with linear response 8.92x107 — 1.32x10° M. All color
dependences with concentration of copper(ll) chloride (Fig. S16-S19) at different pH are
collected in Table S3.
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Fig. 19. Dependence of (a) color value, (b) color ratio (R/G, B/G), (c) color intensity (Ig) and (d) color change
(AERrgg) Of L (cL=2.16x10° M) upon titration with copper(ll) chloride (ccy = 0-4.28x10 M) in SBF:DMSO (9:1,
v/v) atpH 7.4

3.11. Comparison of chemosensor L with the other reported chemosensors.

In Table 3 we compared compound L with other reported chemosensors that use
Smartphone camera detection for the determination of copper(ll) [92-95]. The synthesized
chemosensor L has many advantages over the other reported chemosensors such as: simple
preparation, use of inexpensive reagents and lower detection limits than the other

chemosensors.
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Table 3. Comparison of chemosensor L with the other reported copper(ll) chemosensors with Smartphone

detection.
Chemosensor Method Medium Linear response [M] LOD [M] Reference
Naphthalimide-based Schiff base UV-Vis DMSO 2.0x10%-2.0x10* 1.60x10%  [92]
Smartphone EtOAc:H,O (1:1, v/v, pH 4.8) 0.0 -1.0x10°3 4.80x10°
NBD?-benzimidazole based dyad UV-Vis MeOH:H,0 (1:1, viv) 0.0 - 1.5x10% 1.23x107  [93]
Smartphone  MeOH:H,0 (1:1, v/v) 5.0x107 - 3.5%x10°® 3.80x10°
Red beet pigment Smartphone H20 (pH 9.0) 4.0x10%-2.0x10° 8.40x107  [94]
Tri-imidazolium salt Smartphone DCM:DMSO (49:1, v/v) 0.0 - 3.6x10° 5.10x107  [95]
L UV-Vis H,0:DMSO (9:1, vlv, pH 5.0-9.0)  6.68x108 - 1.67x10°  5.00x10®  This work
SBF:DMSO (9:1, viv, pH 7.4) 6.68x10% - 1.41x10°  5.85x10°8
Smartphone  H,0:DMSO (9:1, v/v, pH 5.0) 8.92x10% — 1.58x10°  8.33x10°
H,0:DMSO (9:1, v/v, pH 7.0) 8.92x108 — 1.76x10°  7.72x10°
H,0:DMSO (9:1, viv, pH 9.0) 8.92x10% —2.10x10°  6.37x10°
SBF:DMSO (9:1, v/v, pH 7.4) 8.92x10% —1.32x10°  8.66x10°

A\ MOST

& 4-choloro-7-nitrobenzafuran

3.12. Tests strips and cotton swabs

Test strips and cotton swabs were used for fast and qualitative detection of copper(Il)
ions in water solutions. In Fig. 20 color changes of prepared sensors after immersion in
solutions of different copper(ll) chloride concentration are shown. Detection of copper(ll) by
naked-eye is possible above 1.0x10° M and 1.0x107 of copper(ll) chloride for sensors where
L was used in concentration of 1.04x10° M and 1.04x10* M, respectively.

0 10® 107 10° 10° 10* 10° 1072 0 10% 107 10% 10° 10* 10 1072

ST}

- _aill
SRR R I K ARR

L=1.04x10°M L=1.04x10*M
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Fig.20. Color changes of test strips (a) glass microfiber filter and (b) filter paper; (c) cotton swabs.

3.13. Optodes

The response of cellulose triacetate (CTA) optode towards copper(ll) was investigated
spectrophotometrically (Fig. 21(a)). UV—Vis spectra of optodes before contact with copper(11)
are similar to spectra of L registered in dichloromethane, acetonitrile and water-DMSO (9:1,
v/v) below pH 5.0. The spectrophotometric response of optode in the presence of copper(ll)

chloride characterizes with the appearance of a new, bathochromically shifted absorption band,
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which intensity increases with the increasing concentration of copper(ll) chloride. The
maximum of absorption of the optode based on L is located at 412 nm and is shifted towards
540 nm, when titrated with an aqueous solution of copper(ll) chloride. It is consistent and
comparable with spectral and color changes resulting from the formation of a complex of 1:1
stoichiometry, when titrating organic and water mixture solutions of L with copper(ll)
perchlorate and chloride. Thus it can be assumed that the observed spectral pattern for optodes
can be a result of the complex formation between chromoionophore entrapped in a polymeric
matrix and copper(ll) chloride.

Linear response for optode with L (Fig. 21(b)) was found for copper(ll) concentration
range of 5.41x10® — 2.48x10° M with a regression equation of AA = 22769.9221xccyqy +
0.0011 (R?=10.9971) and detection limit 7.22x10® M. At concentration ca. 4.00x10** M sensor
riches saturation with analyte.

To determine the response time, experiments using membranes immersed in two
solutions of copper(ll) chloride 1.0x10° M and 1.0x10® M, with contact time up to 15 min.
were carried out. AA of the optodes as a function of time needed for reaching a constant optical
signal is shown in Fig. S20. The optode was found to reach 95% of the final signal (tes) within

2 min and 4 min for copper(l1) concentration 1.0x10° M and 1.0x10® M, respectively.

(b)
1.2

L]
1.0 °
®
5 0.8 .
@
(]
g i 064 e
2
S 0.4
o Equation y b
© Adj. R-Squ 0.9971
02 . Value Standard Error
Intercey pt 0.00112 0.00114
Slope 22769.92207 388.08151
OO T T T
0.0 1.0x10™ 2.0x10™* 3.0x10" 4.0x10*
wavelength [nm] c.. [M]

cul

Fig. 21. (a) Changes in UV-Vis spectrum and (b) optical response of optode with L upon titration copper(ll)
chloride (cc, = 0-3.36x10* M) in aqueous solution (pH 5.0).

The reproducibility of optodes was evaluated by comparing the AA values of the
copper(l1) loaded membrane samples obtained in the different series for two concentrations
1.0x10° M and 1.0x10° M (Fig. 22(a)). The relative standard deviations for the measured AA
values for 1.0x10° M and 1.0x10° M were 1.68% and 0.96%, respectively. The possibility of
regeneration of optode after use - to make them reusable - was checked using a regeneration
solution of 0.1 M HCI. Regeneration time for optode was less than 30 sec. After regeneration,

optodes were washed three times with deionized water. In Fig. S21 regeneration of optodes is
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shown after contact with 1.08x10° M copper(l1) chloride solution. After ten cycles the drift of
the optical signal was less than 1.27%. However in the same time some leaching of L from the
polymer matrix was observed - the solution turned purple in color. This effect was investigated
qualitatively using two concentrations of copper(ll) salt chloride: 1.0x10° M and 1.0x10° M
(Fig. S22). After ten cycles leaching of L from optodes for 1.0x10° M and 1.0x10° M were
12.940.1 and 29.4+0.3, respectively. Despite the leaching of the compound from the membrane,
it is possible to use optode at least 10 times. Membranes that were used and left to dry out
typically for cellulose triacetate material undergo deformation, losing their mechanical
properties (mainly flexibility). Thus between measurements optodes should be kept in solution,
preferentially in regeneration solution. 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. 22b shows the influence of addition of equimolar, 10-fold
and 100-fold molar excess of interfering ions salt on the spectral response of optodes immersed
in 10° M solution of copper(Il) chloride. RR% value does not exceed 5% even in 100-fold

molar excess of interfering ions and their mixture.

()
I 1.08x10°M [ 1.08x10°M

0.27

AA

1 2 3 4 5 6 7 8 9 10 S2%¥I283638583283¢8¢2
No. membranes = . S
interfering ions

Fig. 22. (a) Reproducibility of optode after contact with copper(l1) chloride solution (pH 5.0) and (b) interferences
of several metal chlorides used at equimolar, 10-fold and 100-fold molar excess, expressed as RR%, to spectral
response (AA) of optodes (at 540 nm) towards copper(ll) chloride (pH 5.0).

Fig. 23 shows color changes of optodes with L after contact with increasing
concentration of copper(ll) chloride at pH 5.0. Naked-eye color changes were observed above
10° M of copper(ll) chloride.
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5.41x10° M
8.11x10% M
1.08x107 M
2.16x107 M
4.31x107 M
8.59x107 M
1.15x10° M
1.40x10° M
4.61x10° M
1.15x10° M
2.48x10° M
4.61x10° M
8.83x10° M
1.72x10* M
336x104 M

Fig. 23. Color changes of optode upon titration with copper(ll) chloride (cc, = 0-3.36x10* M) at pH 5.0.

The colorimetric analysis of the digital images was carried out in parallel with the
studies of the spectrophotometric response of the optodes. Fig. 24 shows these correlations in
DMSO:SBF 1:9 (v/v) solution. The widest range of the linear response 2.16x107 —1.72x10*
M (R? = 0.9879) was obtained for R/G color ratio with detection limit 8.27x107" M, but the
lowest LOD 4.06x10”" M was obtained for color change AErcg with linear response 4.31x10"
7 2.48x10° M (R? = 0.9993). All investigated color dependences for discussed optodes with

concentration of copper(Il) chloride are collected in Table S4.
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Fig. 24. Dependence of (a) color value; (b) color ratio (R/G, B/G); (c) color intensity (Ig) and (d) color change
(AEres) of optode with L upon titration with copper(I1) chloride (ccu = 0-4.28x10° M) at pH 5.0.

In Table 4 the properties of copper(ll) selective optodes obtained in recent years and
described in literature [96-99] are listed for comparison with the characteristics of optode with

L. From this comparison it is quite well seen that optode obtained by us is, in general, more or
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less comparable with those proposed by other authors. The advantage is the use of a
biodegradable polymer matrix that does not require additional support in the form of glass and
the possibility of colorimetric determination of copper(ll) ions using a Smartphone.

Table 4. Comparison of obtained optode with already existing ones

Sensing material  Support pH Response time Linear response [M] LOD [M]  Reference

EBSI @ PVC 4.0 3min 1.57x107-5.04x10* 1.26x107  [96]

HIBIN Sol-gel 50 2min 9.10x10®% - 1.12x10° 1.80x10®  [97]

Schiff base Sol-gel 55 2min 8.54x108 - 1.00x10° 1.53x10%  [98]

Schiff base PVA/TEOS 5.0 1.5min 9.34x10% - 1.15x10° 1.27x10®  [99]

L CTA 50 2-4min 5.41x108-2.48x10° 7.22x10®  This work
4.31x107-2.48x10°  4.06x107"

2 N,N’-(4,40-ethylene biphenyl)bis(3-methoxy salicylidineimine)
® Smartphone detection

3.14. Determination of copper(ll) in model and real samples.

Possible application of proposed chemosensor L and optode were tested using different
samples: of known copper(Il) concentrations — commercial copper(I1) standard solution, spiked
tap water from different regions of northern Poland, commercial drinking water samples and
Qnova calibration solution. In the last case results were compared with the values obtained by
independent analysis using ICP-OES. All measurements were done at pH 5.0. Both attempts
were tested: spectrophotometric and colorimetric detection of copper(ll).

Comparison of recovery results obtained for chemosensor L in solution and optodes
upon immersion of the sensor layer in a commercial standard reference solution of copper(ll)
for different concentrations in range from 4.46x107 to 1.32x10° M are collected in Table 5.
The recoveries are at least about 98.96 - 99.96 % and 95.56 - 100.18 % for spectrophotometric
detection (AA) for L and optode, respectively.

Table 5. Determination of copper(ll) ions - recovery test for commercial standard solution.

Standard reference L Optode
solution of copper(l)  Found copper(Il) ~ Recovery  Found copper(ll) Recovery
M] [M] [%] [M] [%]
4.46x107 438x107+3.11x10% 98.21+£6.97 4.26x107+3.68x10®°  95.56+8.25
8.92x107 8.92x107+£3.10x10®%  99.96+2.93  8.85x107+3.26x10%  99.19+3.66
2.67x10% 2.66x10%+3.08x10®8  99.63+1.15 2.67x10°+£3.19x10® 100.07+1.20
4.45%10 4.42x10+£3.83x108%  99.37+0.86 4.44x10%+6.48x10°  99.82+1.45
8.85x10® 8.80x10°+7.66x10®% 99.41+0.87 8.87x10%+£8.08x10® 100.18+0.91
1.32x10°° 1.31x10°+8.94x10% 99.55+0.68 1.32x10°+1.10x107  99.85+0.83

To evaluate the influence of the sample matrix three different samples of tap water and

A\ MOST

three samples of drinking water were spiked with known concentration of copper(ll) - Table 6.
In this case AA recoveries were within 98.58 — 101.92 % and 97.05 — 101.35 % for solution of
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L and optode, respectively. Elemental composition of drinking water samples was included in

the Table S5.

Table 6. Determination of copper(ll) ions in a real sample - spiked tap water and drinking water.

Real sample Added copper(ll) L Optode
(M] Found copper (1) Recovery Found copper(Il) Recovery
[M] [%] [M] [%]
Tap water 1 0 4.12x107+£3.11x10% - 3.91x107+7.07x108 -
4.46x107 8.21x107+3.65x10® 99324444  8.12x107+5.56x108  97.05+6.85
4.45x10°® 4.85x10°£3.40x108  100.59+0.70 4.80x108+£7.28x10®  99.24+1.52
1.10x10°° 1.15x10%£2.76x10®  100.31+0.24  1.14x105£5.70x10%  100.1440.50
Tap water 2 0 1.33x10%+£3.32x10® - 1.29x10%£1.67x107 -
4.46x107 1.79x10£7.09x10®  101.40+3.96 1.71x10%+6.75x10%  98.57+3.95
4.45x10® 5.79x10+3.42x10%  100.36+0.59 5.78x10£7.29x108  100.74+1.26
1.10x10° 1.24x10°+3.60x10%  99.91+0.29 1.23x10°+7.19%10%  99.98+0.58
Tap water 3 0 1.01x10%+2.63x10% - 1.02x105+1.34x107 -
4.46x107 1.45x10+5.63x10%  100.05+3.88  1.45%x10°+6.98x10°  98.92+4.80
4.45x106 5.45x10%+3.54x10%  100.00£0.65 5.42x10°+£7.28x10®%  99.17+1.34
1.10x10° 1.21x10°+3.39x10%  100.09+£0.28 1.22x10°+5.87x10°  100.93+0.48
Drinking water1 0 <LOD - <LOD -
4.46x107 4.47x107£2.26x10®%  100.25+5.05 4.52x107+2.17x10%  101.35+4.80
4.45x10°® 4.43x10°+£4.02x108  99.64+0.91  4.47x10°+:4.76x10®  100.46+1.07
1.10x10°® 1.11x105+£5.49x10®  100.69+0.49 1.11x105+7.82x10%  100.90+0.70
Drinking water2 0 <LOD - <LOD -
4.46x107 4.40x107£2.67x10°  98.58+6.06  4.35x107+2.79x10%  97.41+6.43
4.45x10°® 4.43x10°£6.14x10°  99.30+1.39  4.46x10°+5.83x10®°  100.26+1.31
1.10x10°® 1.11x105+£7.22x10®  100.42+0.65 1.11x105+9.58x10%  100.82+0.86
Drinking water 3 0 <LOD - <LOD -
4.46x107 4.55x107+£2.68x10%  101.92+5.89 4.44x107+1.77x10%  99.38+3.99
4.45x106 4.45x10%£4.92x10%  100.14=1.11 4.48x10%+4.34x10®  100.66+0.97
1.10x10°% 1.11x10°+6.93x10%  100.96+0.62 1.11x10°+6.91x10®  100.58+0.62

The last probe for testing practical application of the proposed chemosensor and sensor
layer for spectrophotometric detection of copper(ll) in a complex matrix was carried out using
Qnova calibration solution. The elemental composition of the Qnova calibration solution is
shown in Table S6. Trace elements were determined by the ICP-OES method. In Table 7 results
of the recovery test are collected. The spectrophotometric (AA) recoveries were 97.63 - 99.50

% and 94.83 - 99.32 % for L in solution and optode, respectively
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Table 7. Spectrophotometric determination of copper(ll) ions in Qnova calibration solution

ICP-OES Added L Optode
copper(ll) Found copper(11) Recovery Found copper(1l) Recovery
[M] [M] [%] [M] [%]
Qnova 2.36x107+1.18x10% 0 2.30x107£1.65%x108  97.63+7.01 2.24x107£1.97x10®  94.83+8.34
calibration 4.46x107  6.75x107+4.05x108  99.03+5.94 6.63x107+3.68x10%  97.18+5.40
solution 4.45%10°  4.65x10°+4.38x10%  99.19+0.93 4.64x10°+9.78x10®  99.06+2.09
1.10x105  1.12x10°5+8.37x108  99.50+0.74 1.12x10°+1.14x107  99.32+1.01

4. Conclusion

New o-hydroxyazocompound L bearing pyrrole moiety was obtained in a facile
procedure. It was found that this simple compound has interesting properties in solution and in
a solid state. Detailed studies of metal cation complexation by L allow to conclude that this
easily available compound can serve as an effective spectrophotometric reagent for detection
and determination of copper(ll) in samples of various compositions. On the other hand, simple
sensing materials based on L selectively generate colorimetric signal in the presence of
copper(Il), which can be used for non-instrumental detection of this important metal cation.
The second option is using a mobile device camera as a detector. The characteristics of the
above systems such as linear response range, limit of detection, possibility of regeneration etc.
make them useful for wireless routine analysis of environmental and biological samples in

laboratories and field analysis.

Appendix A. Supplementary material

Supplementary data to this article can be found online at...

Crystallographic data for all structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication No. CCDC 2190550.
The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.
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