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ARTICLE INFO ABSTRACT

Keywords: Building upon our previous studies on imidazole-based chromogenic azomacrocycles, a novel 17-membered
Supramolecular chemistry bisazomacrocycle bearing 2-methylimidazole, 5C2MeIm, was synthesised and compared with its 17-membered
Azomacrocycles

oligoether-linked analogue 302Melm. Macrocyclisation was more efficient for the oligoether-linked compound,
while the use of cyclodextrins as molecular reactors had no significant effect on the yield of hydrocarbon-linked
macrocycle.The chromogenic and binding behaviour of 5C2MeIm and 302Melm towards Pb(II) and Cu(Il) was
evaluated by digital colour analysis and UV-Vis spectrophotometry. Predominantly, 2:1 sandwich-type com-
plexes with Pb(II) were formed, although 3:2 triple-decker species were also detected. FTIR data indicated
distinct coordination modes for both cations. Receptor layers incorporating 302MeIm and 5C2MelIm, exhibited
low selectivity towards metal cations.

These results demonstrate that subtle structural variations, such as the position of the methyl substituent
affecting macrocycle size and the orientation of the N-H group within the macrocyclic cavity, markedly influence
chromogenic and complexation behaviour. Understanding these effects provides valuable insight into the design
principles governing chromoionophores and their metal ion recognition behaviour.

Imidazole-based chromoionophores
Metal ion recognition
Colorimetric sensors

1. Introduction non-biodegradability cause these pollutants to be a threat for aquatic

and land flora and fauna, and, consequently, for humans [3-8]. It has

Heavy metals are defined as metals or metalloids characterised by
high density [1], which can cause adverse effects even at low concen-
trations [1,2]. The pollution of soil and water with heavy metals is a
problem that appears to be increasingly relevant these days. The
intensive development of heavy industries can causeanincrease in con-
centrations of heavy metals in natural environment [3-5]. However,
while the anthropogenic factor cannot be omitted in this discussion, it is
important to notice that these metal scan be introduced to the ecosystem
following natural processes such as volcanic eruptions or forest fires [5].
The abundance of heavy metals in the environment and their

been reported that the most common metals that induce severe effects
are mercury, lead, chromium, cadmium and arsenic [9,10]. It needs to
be addressed, however, that some heavy metals, such as copper [11] or
zinc [12], although necessary for maintaining homeostasis in human
body, can be considered pollutants as well. Copper is a microelement
that is essential for various organisms to function properly [13]. It
participates in, among others, the production of erythrocytes [14],
collagen [15,16] and elastin fibres [16] or in modulation of signal
pathways in human cells [17]. The deficiency of copper can be associ-
ated in some cases with: anaemia [18,19], cytopaenia [19,20] or
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myelopathy [19]. While a certain amount of copper is necessary for
humans, exposure to larger quantities of copper can lead to different
toxic effects. A link between copper ion excess and carcinogenesis has
been reported by various authors [21-23]. Increased levels of copper in
the body may also cause neural pathologies such as memory loss due to
the accumulation of copper in parts of the brain [24]. It is therefore
crucial to closely monitor levels of copper intake, especially for people
affected by Wilson or Menkes disease, which disrupt metabolism of this
element [25].

Unlike copper, lead is a strictly toxic element for human body. It is
capable of accumulating in various tissues, with the vast majority of it
being mineralised tissues, such as bones and teeth [26]. Lead can
permanently affect, among others, nervous [27], cardiovascular [28]
and respiratory [29] system, which in turn can even lead to death. WHO
estimates that in 2019 almost 50% of 2 million deaths that occurred due
to chemical exposure were caused by lead [30].

In recent years, the interest in the detrimental health effects of heavy
metal presence in food has increased [31]. Therefore it is crucial to
develop sensors that would be able to determine and identify the content
of heavy metal cations in environmental and biological samples. There
are various approaches to the subject, including electrochemical sensors
[32] and biosensors [33,34]. However, due to low costs of production
and fast response time, increasingly more optical sensors are being
developed [35]. In optical sensors, chromoionophoric compounds are
often immobilised on porous materials [36-38] or in polymeric matrices
[39-41]. Aside from high sensitivity to the analyte, they are charac-
terised by their simplicity: the measurement requires no specialised
equipment to be accurately performed. Selective chromoionophores can
also serve as components of ion-selective membranes for metal cations
detection and/or removal e.g. from wastewaters or environmental
samples [42-44]. In this regard macrocyclic chromoionophores, due to
their constitutional features, seem to be particularly interesting. In our
research group we have obtained chromoionophoric macrocyclic azo-
compounds bearing pyrrole and imidazole moieties that displayed
selectivity towards heavy metal cations, such as bismuth [45], copper
[46] and lead [45,47-49]. In particular, pyrrole-based diazocrowns
were shown to form well-defined 3:2 ligand-Pb(II) complexes in aceto-
nitrile, with intense and well-resolved ESI-MS signals consistent with
triple-decker species, and were successfully applied as chromoiono-
phores in optical Pb(II) sensors [47,48].

Building upon our earlier findings on chromogenic azomacrocycles
with imidazole residues [37,48], this study extends the series by sys-
tematically analysing how subtle structural modifications—specifically,
the position of the methyl substituent in the imidazole ring, which de-
termines the direction of the coupling reaction and thus the macrocycle
size and the orientation of the N-H group within the macrocyclic cav-
ity—influence chromogenic and ion-binding behaviour. These effects
have not been previously discussed in the context of azomacrocyclic
chromoionophores, and are essential for understanding the structur-
e—property relationship governing their sensing performance.

2. Experimental
2.1. Materials

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. Metal per-
chlorates: lithium perchlorate (99.9%, Sigma Aldrich), sodium
perchlorate monohydrate (>99.0%, Fluka), potassium perchlorate
(>99.0%, Sigma Aldrich), magnesium perchlorate (<100%, Alfa Aesar),
calcium perchlorate tetrahydrate (99.0%, Alfa Aesar), strontium
perchlorate trihydrate (<100%, Alfa Aesar), barium perchlorate (97.0%,
Sigma Aldrich), cobalt(II) perchlorate hexahydrate (98.0%, Sigma
Aldrich), nickel(II) perchlorate hexahydrate (>98.5%, Sigma Aldrich),
copper(Il) perchlorate hexahydrate (98.0%, Sigma Aldrich), zinc
perchlorate hexahydrate (Sigma Aldrich), cadmium perchlorate
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hexahydrate (Alfa Aesar) and lead(II) perchlorate trihydrate (>99.0%,
Sigma Aldrich). Metal nitrates: sodium nitrate (>99.8%, POCH), po-
tassium nitrate (>99.8%, POCH), magnesium nitrate hexahydrate
(>99.0%, POCH), calcium nitrate tetrahydrate (>99.0%, POCH),
strontium nitrate (>99.0%, POCH), barium nitrate (>99.0%, POCH),
cobalt(Il) nitrate hexahydrate (>98.0%, POCH), nickel(Il) nitrate
hexahydrate (>98.0%, POCH), copper(Il) nitrate trihydrate (>99.5%,
Merck), zinc nitrate hexahydrate (>98.0%, POCH), cadmium nitrate
tetrahydrate (>98.0%, POCH),lead(II) nitrate (>99.0%, Alfa Aesar)and
bismuth(III) nitrate pentahydrate (>98.0%, Sigma Aldrich). Nitric acid
(65%, p.a., POCh). Copper chloride dihydrate (p.a., POCH). Disodium
EDTA (p.a., POCH). Tris(hydroxymethyl)aminomethane (TRIS) was
purchased from Serva.

Porous glass (polystyrene modified, particle size 0.075-0.125 mm,
Mw ~ 120000 Corning) and cellulose powder (Merck) were used for
preparation of sensing layers. Cellulose triacetate (CTA) was acquired
from Acros Organics. Triethyleneglycol >99.0% (TEG) was obtained
from Merck. Bis(2-ethylhexyl) phthalate >99.5% (DOP), bis(2-
ethylhexyl) sebacate >97.0% (DOS) and 2-nitrophenyl octyl ether
>99.0% (NPOE) were purchased from Sigma Aldrich (Selectophore).
Cyclodextrins: a-CD and y-CD (TCI Europe, Belgium), p-CD (Fluka,
Sigma-Aldrich, Germany) were used as purchased. UV-Vis measure-
ments were carried out in acetonitrile (spectroscopic-grade, Merck) and
DMSO (POCh). All aqueous solutions were prepared using ultra-pure
water obtained by the reverse osmosis (RO) from Hydrolab Poland sta-
tion (conductivity <1 pS/cm™!). In synthetic protocols p.a. solvents
were used. Chromatography: TLC plates 60 RP-18 Fos4 for lipophilicity
determination, TLC plates 60 Fos4 for reaction progress tracing and
determination of Ry parameters and silica gel 60 (0.063 - 0.200 mm) for
column chromatography were purchased from Merck.

2.2. Instrumentation

'H NMR and '3C NMR spectra were registered on Varian INOVA 500
spectrometer at 500 MHz and 125 MHz, respectively. Two-dimensional
NMR experiments were performed on the same instrument. The ROE-
SYAD experiment (standard Varian library sequence) was carried out
with a spinlock mixing time of 0.3 s, relaxation delay (d1) of 1.4 s and
acquisition time (at) of 0.35 s. DOSY spectra were acquired using the
standard Varian Dbppste_cc pulse sequence with a maximum gradient
strength of 27261 (Performa II/III), diffusion gradient length of 3 ms and
diffusion delay of 100 ms. FTIR spectra (ATR) were taken on the Nicolet
iS10 apparatus. Mass spectra (HRMS ESI) were recorded on Autospec
Premier (Waters) spectrometer. UV-Vis measurements were carried out
in 1 cm quartz cuvettes with the use of UNICAM UV 300 series spec-
trometer. Portable LED light box (23 x 23 x 23 cm) was used to guar-
antee the reproducibility of the photos (PULUZ, Photography Light Box,
Shenzhen Puluz Technology Limited). The photos were taken with Apple
iPhone 14.

2.3. Synthesis of macrocycles

Macrocycle 302MeIm was obtained according to previously
described procedure [50]. The identity of the compound was confirmed
by comparison of spectroscopic characteristics (\H NMR, FTIR) and
chromatographic properties of compound with a sample of the genuine
302Melm deposited in our lab. New macrocycle, 5C2Melm, was ob-
tained in analogous way, namely by coupling 2-methylimidazole with
the bis-diazonium salt under high dilution conditions (pH 10, NaOH)
[37,50]. Substrates, namely dinitropodand (compound 1, Scheme 1) and
diamine (compound 2, Scheme 1), were obtained as described previ-
ously [37].

Two solutions were prepared:

e Solution A: Bis-amine (2 mmol) was dissolved in 40 ml pre-cooled
water and acidified with conc. hydrochloric acid (1 ml). The
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Scheme 1. Synthetic route for new 2-methylimidazole bearing azomacrocycle 5C2Melm; yield of oligoether analogue 302MelIm [50].

solution was diazotised with sodium nitrite (4.4 mmol) dissolved in
cold water (2 ml).

e Solution B: 2-methylimidazole (2 mmol) and sodium hydroxide (5
mmol) were dissolved in ice-cooled water (40 ml).

All solutions were cooled in an ice bath to 0-5 °C. After this time,
solutions: A (bisdiazonium salt) and B were added dropwise to deionized
water (600 mL) at pH ~10 (NaOH) within 30 min, ensuring intensive
stirring of the reaction system. The pH was controlled during the addi-
tion of solutions to the reaction container. After 2 h, the ice bath was
removed, and the mixture was vigorously stirred for 24 h at room
temperature. The precipitate was filtered off under reduced pressure.
Product was isolated by column chromatography using initially
dichloromethane and finally dichloromethane:acetone (100:1; 50:1;
20:5; 10:1 v/v) as eluent.

The effect of CDs on the reaction yield: equimolar amounts of o-, p-,
and vy -cyclodextrins were added to the solution of 2-methylimidazole.
Then diazocoupling was carried out in the same way as described above.

The structure of 5C2MeIm was confirmed by spectroscopic methods.
The obtained spectra are shown in Supplementary Material, Fig. S1.

5C2Melm, red solid, yield 19%, mp 194-196 °C, Ry = 0.29 (CHCl3:
MeOH 20:1, v/v), FTIR (ATR) [Cmfl]: 3064; 2933; 2867; 2752; 2636;
1593; 1570; 1557; 1526; 1488; 1464; 1448; 1387; 1278; 1245; 1160;
1116;1047; 953; 941; 752; 566. 1HNMR (DMSO-de, 500 MHz), 5[ppm]:
1.60-1.80 (m, 6H); 2.48 (s, 3H); 3.99 (s, 4H); 7.08-7.16 (m, 2H); 7.34 (t,
J=28.1Hz, 2H); 7.58-7.62 (m, 2H); 12.92 (s, ~1H). 13C NMR (DMSO-dg,
125 MHz), 6 [ppm]:150.35, 149.50, 149.22, 148.21, 143.68, 142.21,
130.90, 129.32, 129.21, 120.62, 113.62, 68.27, 68.11, 29.11, 24.08,
14.81. HRMS (ESI) m/z [M+H] " calc. for Co;H23NgO2 391.1882; found
391.1885.

UV-Vis characterisation of 5C2MelIm and 302Melm is presented in
Table S1.

2.4. Lipophilicity

Lipophilicity of investigated compounds was determined by
reversed-phase thin layer chromatography method [37,51]. RP-18
plates were developed in the methanol:water and methanol:acetic acid
system (9:1, v/v). As reference, DOS, DOP and o-NPOE were developed
along with the macrocycle samples.

2.5. Metal cation complexation

2.5.1. Stability constants determination

Metal cation complexation was investigated in DMSO, acetonitrile
and mixture of these solvents with water (9:1, v/v). For qualitative tests
the stock solutions (10 mL flasks) of macrocycles were prepared by
weighting the respective amount of azocrowns. Metal salts were added
in excess (by addition of solid salt).

UV-Vis spectroscopy was used to investigate the copper(II) and lead
(I1) cation binding abilities of 5C2MelIm and 302Melm and to calculate

the stability constants of formed complexes. The complexation studies
were carried out in DMSO:water (9:1, v/v) and acetonitrile:water (9:1,
v/v) systems. Stock solutions of 5C2MeIm (c ~1072 M), 302Melm (c
~1073 M), copper(II) nitrate (c ~1073 M), lead(II) nitrate (c ~1073 M),
copper(Il) perchlorate (c ~1073 M), and lead(Il) perchlorate (c ~1073
M) were prepared by weighting the respective compounds, dissolving
the compounds in organic solvents in volumetric flasks, and then adding
water in adequate proportions. In order to register the spectrum, 100 pl
of 5C2MeIm or 70 pl of 302Melm was transferred to quartz cuvette and
diluted with the respective system until the total volume of the solution
in the cuvette reached 2.4 mL. Investigated compounds were titrated
with nitrate and perchlorate solutions. For stability constant calcula-
tions, OPIUM software was used [52]. Stoichiometry of the complexes
formed under titration experiment conditions was analysed by Job's
method.

2.5.2. Counter-ion effect

To assess the influence of counter-anions on metal-ligand complex-
ation equilibria and spectral response, additional UV-Vis titration ex-
periments were performed using chloride and nitrate salts of Cu(II) and
Pb(II) in acetonitrile:water (9:1, v/v).

Stock solutions of CuCly-2H50, Cu(NO3)5-3H20 and Pb(NO3), were
prepared under the same concentration conditions as applied in the
primary titration experiments conducted with perchlorate salts. The ti-
trations of 5C2MeIm and 302MeIm were performed analogously to the
procedure described above.

2.5.3. Competition (interfering ion) experiments

To evaluate the susceptibility of the metal-ligand systems toward
competitive metal ions, competition experiments were performed using
UV-Vis spectrophotometry in acetonitrile:water (9:1, v/v).

In a typical procedure, a solution of 5C2MelIm or 302MelIm was first
treated with copper(Il) perchlorate or lead(II) perchlorate at a concen-
tration sufficient to reach the limiting spectrum corresponding to the
endpoint observed in the primary spectrophotometric titration experi-
ments (i.e., a reproducible “metal-saturated” metal-ligand complex
state). The resulting solution was subsequently titrated with a solution of
a competing metal ion (Zn(Il), Ni(I), Cu(II), or Pb(Il), as perchlorate
salts), depending on the system under investigation.

UV-Vis spectra were recorded after each addition under identical
instrumental conditions as applied in the primary titration experiments.
Changes in absorbance at characteristic wavelengths were monitored
throughout the titration. The extent of interference was quantified using
the Relative Response Percentage (RR%), calculated from the change in
absorbance (AA) relative to the response induced by the primary metal
ion under identical conditions.

2.5.4. Metal ion complexation in 'TH NMR and FTIR studies

For 'H NMR experiments the weighted amount of respective crowns
was prepared. After dissolution in acetonitrile-ds, weighted amount of
lead(Il) perchlorate were added to obtain 2:1 (crown:lead(Il)) and 1:5
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(crown:lead(II)) molar ratio.

For FTIR experiments, a series of weightings were prepared to obtain
desired molar ratios. The contents of vials were dissolved in methanol
and left for evaporation. Spectra of free crowns 302MeIm and
5C2Melm, as well as their complexes, were analysed in solid state.

2.6. Effect of acidity of solvent on colorimetric response

The investigation of colorimetric response under varying acidity
conditions was conducted in acetonitrile/aqueous HNO3 (1:1, v/v; ¢
(HNO3) = 10~ M in the aqueous phase) and acetonitrile/aqueous TRIS
(1:1, v/v; ¢(TRIS) = 1.0 M in the aqueous phase) systems. Cu(NO3); (c =
5.5.102 M) and Pb(NO3);, (¢ = 2.8.1072 M) were added to the solutions
of 5C2MelIm (5.6-10 > M) and 302Melm (2.7-10~° M) in a 1:4 (ligand:
salt) molar ratio.

In the presence of Pb(Il) salt, the studies could not be performed in
the TRIS-containing medium due to the formation of insoluble Pb(II)
hydrolysis products in non-acidic conditions [53,54]. The optical
response of the ligands in the presence of metal salts was analysed by
UV-Vis spectroscopy.

2.7. Preparation of sensing layers and their regeneration

The procedure for preparing the CTA membranes was as follows:
chromoionophore (1 mg), together with cellulose triacetate (250 mg)
and ethylene glycol (150 pl), were dissolved in dichloromethane (6 ml).
The entire mixture was stirred on a magnetic stirrer, and the obtained
solution was then spread evenly onto a 9 cm diameter Petri dish and left
until the solvent evaporated completely. The membranes were succes-
sively cut into 0.9 x 4.5 cm strips.

Cellulose or polystyrene modified glass (PG-PS) sensing materials
with respective chromoionophore were prepared using 1 mg/10 mL of
chromoionophore working solution. Then 5 mL of the stock solution was
taken sequentially and diluted to 10 mL with dichloromethane. To the
thus obtained solution, 500 mg of cellulose or PG-PS was added to obtain
sensor materials with chromoionophore contents of 1 mg/g of solid
material. The mixture was stirred with a magnetic stirrer for 10 min and
then transferred evenly to a Petri dish and left until the solvent evapo-
rated completely. The properties of receptor layers with a concentration
of 1 mg/g of solid material were studied after immobilisation of the
resulting material with double-sided tape on 0.9 x 4.5 cm glass plates.
Metal nitrate solutions for study of the properties of the receptor layers
were prepared in nitric acid solution (10*3 M), while 0.1 M sodium
hydroxide and nitric acid aqueous solutions were used as base and acid.

Regeneration properties of receptor layers were investigated by
exposing the metal-loaded films to disodium EDTA (0.1 M) and HNO3
(0.1 M) solutions. The receptor layers were first immersed in Cu(NOg)2
or Pb(NO3) solutions (0.1 M) for 10 min. Following this, the films were
treated with regenerative solutions: HNOj3 for 10 min and EDTA for 30
min. Afterwards, the films were washed three times with deionized
water to remove any residual metal salts and regenerative agents. The
optical response of the films was monitored over five cycles for CTA-
based optodes and one cycle for PG-PS-based sensors. The regenera-
tion process was documented by measuring the colorimetric response at
each cycle, as presented in the Results section.

2.8. Digital colour analysis

For the editing and processing of the images (photos of solutions and
receptor layers) free software ImageJ [55] was used. The colour image
was split into three channels (R, G, and B) and the intensity of each
channel was recorded separately as a text file. The colour intensity (I),
represented in the RGB images, was expressed as [56]:

I=0.299R + 0.587G + 0.114B

Parameter I closely represents the average person's relative
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perception of the brightness of red, green, and blue light. For compari-
son, parameter I, which is the average value of the three components
(red, green, and blue) as the greyscale value was used as follows:

(R+G+B)

IA: 3

In order to determine the change in colour, given as AEggg param-
eter, AEggp was calculated according to the following equation [37,45]:

AEggp = \/(R —Ro)*>+ (G —Gg)> + (B —By)*

where: Ry Go and By are the colours specified by the RGB colour space
model of the control sample, and components R, G and B of the equation
shown below correspond with the colour of solution/layer submerged in
solution containing metal cations.

3. Results and discussion
3.1. Macrocycle synthesis and characterisation

Macrocycles bearing two azo groups and heterocyclic unit are rela-
tively easily to prepare in diazocoupling reactions of the respective
bisdiazonium salts with heterocyclic compounds (pyrrole, imidazole,
methylimidazoles) carried out under high dilution conditions [37,45,47,
49,50,57].

Continuing the saga of macrocyclic imidazole azoderivatives [37,45,
49,501, here we present the synthesis (Scheme 1) of a new macrocycle,
5C2Melm, which to our best knowledge, has been obtained for the first
time. 5C2MeIm was obtained with 19% yield (for synthetic details, see
Experimental). The yield of macrocyclisation was compared with the
yield of oligoether analogue, macrocycle 302Melm (Scheme 1), ob-
tained by us earlier [50]. The yield of macrocyclisation for
17-membered ring 302Melm was higher, 25%. These results are in
agreement with those previously obtained for series of hydrocarbon and
oligoether residue-linked macrocycles bearing imidazole or 4-methyli-
midazole heterocycle unit (Fig. 1).

The yield of macrocyclisation of imidazole-derived chromogenic
compounds falls in the range of 19-55%. By comparison of the series it
might be concluded that macrocyclisation yield is dependent on several
factors. One of them is macrocycle ring size—the smaller the macroring,
the lower the yield. It is well observed by comparison of macro-
cyclisation yields both for oligoether and hydrocarbon linked macro-
cycles (Fig. 1). It might be explained by the greater ring strain due to
unfavourable bond angles and steric interactions in smaller rings. This
strain makes the cyclisation process more challenging, lowering the
yield. Larger macrorings have greater flexibility, allowing the reactive
sites to align more favourably for cyclisation. Moreover, for
hydrocarbon-linked compounds, higher yields were obtained for mac-
rocycles with 4-methylimidazole than for these with unsubstituted
imidazole unit [37]. For oligoether analogues, higher macrocyclisation
yields were found for imidazole-than for 4-methylimidazole-bearing
derivatives. The lowest yields were observed for 2-methylimidazole--
bearing oligoether-linked azocrowns. The last can be easily explained
by the fact that the most reactive position in diazocoupling reaction
(2-position) in imidazole ring is occupied [58].

Having in mind the experiments carried out by Biernat and co-
workers [59,60], where the influence of the cyclodextrin (CD) pres-
ence on diazocoupling reaction of bis-diazonium salts with heterocyclic
compounds was investigated, in the pilot experimentwe re-synthetised
17-membered macrocycle 5C2Melm in the presence of cyclodextrins
as molecular reactors (details in Experimental). As it was reported [60],
the effect of the presence of cyclodextrins on the yield of macro-
cyclisation for 302MelIm was more than significant. It was found that
this compound can be obtained with 89% yield when diazocoupling was
carried out in the presence of y-CD (plain reaction 25%). In the case of
the 5C2MelIm, such spectacular effect was not observed. Less than
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Fig. 1. The comparison of the macrocyclisation yield—synthesis of imidazole series of azomacrocycles [37,45,49,50].

moderate increase of yield was found: 21, 24, 22% in the presence of a-,
B- and y-CD, respectively. In plain reaction the yield of macrocyclisation
for 5C2MeIm was 19%.

CDs are known to form inclusion complexes with lipophilic sub-
strates, which make them useful, among others, in food and drug in-
dustries [61]. It was found that there is a positive correlation between
drug (namely profens) lipophilicity and the measured binding constant
of complexes with CDs [62]. However, this hardly explains the low yield
of 5C2MeIm. When assuming the possible interactions between CDs and
intermediate, it can be noted that when less lipophilic substrate, which

hydrophobi . HC-3 hydroxyl group

[hydrophilic exterior]

OH
C-6 hydroxyl group

bears an oligoether linker, is analysed, some of its interactions with CD's
hydroxyl groups (namely hydrogen bonds) can be considered. Macro-
cycle with hydrocarbon linker has one hydrogen bond acceptor less than
its oligoether analogue, thus the stabilisation of the intermediate of
diazocoupling via hydrogen bonding can be less effective. Inclusion
complex stabilisation involving hydrogen bonding between guest and
the 3C-OH group of cyclodextrin has been reported in the literature
[63]. The comparison of some physicochemical properties of 302MeIm
and 5C2Melm, calculated with SwissADME software [64], is listed in
Table S2. Plausible model of interaction of intermediate with CD,

hydrogen bonds - possible stabilisation of intermediate

Fig. 2. Schematic illustration of a possible host-guest preorganisation scenario during diazocoupling in the presence of cyclodextrin. The extent of inclusion may

differ depending on substrate structure.
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leading to 302Melm and 5C2Melm, is proposed in Fig. 2. The detailed
investigation of the effect of molecular reactors, CDs, on the macro-
cyclisation of the series of azocrowns with imidazole residue is ongoing
in our lab. Results will be compared with data published by Biernat et al.
[60].

To gain additional insight into the role of cyclodextrins as molecular
reactors in these systems, we performed 2D NMR studies of the in-
teractions between the ligands and f-cyclodextrin in aqueous solution.
In these experiments B-cyclodextrin was chosen as a model host, because
it is commercially most accessible and widely used in supramolecular
studies; here it served as a representative cyclodextrin to qualitatively
probe the inclusion behaviour of both 302Melm and 5C2Melm in
water. In D,O 302MeIm, which is poorly soluble in water, became
soluble upon addition of an equimolar amount of f-cyclodextrin, indi-
cating host-guest interaction. DOSY spectra revealed identical diffusion
coefficients for 302Melm and f-cyclodextrin, consistent with the for-
mation of a relatively stable inclusion complex. ROESY experiments
showed intermolecular cross-peaks between aromatic protons of
302Melm and inner cavity protons of p-cyclodextrin (H3 and H5/H6,
Fig. 3), confirming spatial proximity and inclusion-type binding.

In contrast, in a competitive D,O/DMSO-dg (1:1) mixture, different
diffusion coefficients were observed and no intermolecular ROESY
cross-peaks were detected, indicating disruption of the complex by
strong solvation.

Under analogous conditions, 5C2MeIm did not exhibit NMR evi-
dence of inclusion-type interaction with p-cyclodextrin.

These observations provide direct experimental support for differ-
ential host-guest behaviour of the two macrocycles and are consistent
with the pronounced cyclodextrin-induced yield enhancement observed
for 302Melm and the minimal effect found for 5C2Melm. Representa-
tive DOSY and ROESY spectra are shown in Supplementary Information
(Fig. S5a-S5f). Although direct stabilisation of the diazocoupling inter-
mediate has not been experimentally demonstrated, the data support a
qualitative preorganisation or confinement effect. These observations
provide indirect, but consistent, support for the conclusion that
p-cyclodextrin can act as an efficient molecular reactor for 302MeIm by
forming an inclusion complex in water, whereas such an effect is absent
for 5C2MelIm.

The values of lipophilicity for 302MeIm and 5C2Melm, determined
as logPrrc, in two chromatographic systems, are presented in Fig. 4 and
compiled in Table S3. According to previously observed trend [37],

Dyes and Pigments 251 (2026) 113696

macrocycles linked with oligoether are less lipophilic than their hy-
drocarbon analogues. In the case of 2-methylimidazole-containing
5C2Melm, however, the deviation from this relationship is well seen
when the mixture methanol:water (9:1, v/v) as mobile phase was used.
Surprisingly, the value of logPt; ¢ determined in this system is the lowest
among all investigated macrocyclic azoderivatives of imidazoles. The
reason for those disparities might be related to the position of the
hydrogen-bearing nitrogen atom of imidazole ring. In previously
investigated macrocyclic compounds with 4-methylimidazole, the
hydrogen atom was directed towards the molecular cavity, which could
possibly lead to the formation of intramolecular hydrogen bonds. In
2-methylimidazole the possibility of formation of analogous intra-
molecular hydrogen bond seems to be limited. Studies of molecular
packing of series of imidazoles proved that molecules are linked by
single N-H---N hydrogen bonds to the two neighbours, forming zigzag
chains [63]. Such interactions are possible in case of studied here
macrocyclic derivatives of 2-methylimidazole and less probable for
macrocyclic derivatives of 4-methylimidazole, where N-H residue is set
in the macrocyclic cavity. Thus, it can be concluded that the lower,
unexpected lipophilicity of 5C2MeIm can be the effect of the formation
of the intermolecular hydrogen bond systems, which decrease the lip-
ophilicity of the hydrocarbon linked macrocycle. The presence of strong
hydrogen bonds is well seen in solid state in FTIR spectra (cf. Fig. S1d).
The spectrum is characteristic, with a broad region between 3500 and
2500 cm ™!, which is similar to the spectral pattern of 2-methylimida-
zole, as studied by Hachuta [63]. In FTIR spectra of 4-methylimidazole--
bearing macrocycles such spectral pattern is not observed [37].
Additionally, stronger hydrogen bonds were found in solution for
2-methylimidazole-bearing macrocycles. In 'H NMR spectra registered
in DMSO-dg the signal of N-H proton is observed at ~13 ppm (Fig. Sla
for 5C2MelIm and Fig. S2 for 302MeIm), whereas for 4-metylimidazole
derivatives at ~ 10.3 ppm (Fig. S3 for 5C4Melm and Fig. S4 for
304Melm).

As it is mentioned above, we used free online prediction tool Swis-
SsADME [64] for the characterisation of 302MeIm, 304Melm,
5C2Melm and 5C4MeIm (cf. Table S2). Additionally, we calculated
HLB (Hydrophile-Lipophile Balance) for above macrocycles using
McGowan [65] and Griffin [66] approach (Table 1). For calculation
details see Supplementary Materials.

When comparing calculated values for isomeric macrocycles and
experimental lipophilicity values (logPric) obtained using RP-TLC
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Fig. 3. ROESY spectrum of an equimolar mixture of 302Melm and f-cyclodextrin in D,0. Intermolecular cross-peaks between aromatic protons (A-D) of the ligand
and inner cavity protons (H3 and H5/H6) of -CD confirm spatial proximity consistent with host—guest interaction.
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11.18

5C4Melm 5C2Melm

5C2Melm

Fig. 4. The comparison of the lipophilicity (logP) of a series of methylimidazole macrocycles determined by RP-18 TLC method using various mobile phases (this
work and [37] for 4-methylimidazole derivatives) methanol:water (9:1) and methanol:acetic acid (9:1).

Table 1

Comparison of HLB and Vyvaluesforinvestigated azomacrocyclic derivatives of isomeric methylimidazoles.

Formula Macrocycle HLB McGowan HLB Griffin Vx [em®/mol] Number of H-bond acceptors Number of H-bond donors
C20H20N603 302Melm 5.29 8.51 290.27 8 1

304Melm
C21H22N60, 5C2Melm 5.26 7.42 298.49 7

5C4Melm

method in methanol:water (9:1) system it is well seen that other factors,
which are not included in used mathematical models, must affect the
lipophilicity. The unexpectedly lower lipophilicity of the 5C2MeIm
isomer compared to 5C4Melm is most likely due to the mentioned
above, accessibility of the N-H imidazole unit as a hydrogen bond
donor. In 5C4MeIm the N-H moiety is located inside the molecular
cavity which makes it less accessible to hydrogen bonding solvent
molecules (water) than in the case of 5C2MelIm. The effect of hydrogen
bond on the values of logPr;c determined by RP-TLC method was
confirmed by the change of the mobile phase, where acetic acid was
used instead of water. In this case the lipophilicity value for 5C2Melm is
slightly higher than in water-containing system. The most lipophilic
macrocycle under these conditions is still 5C4MeIm.

Our case shows that lipophilicity values obtained by TLC method
must be carefully considered, as the chromatographic conditions, along
with the individual character and structure of the analytes, can affect
these values. It is in agreement with remarks and comments included in
exhaustive review articles [67,68]. This also highlights the shortcomings
of computational models which may not be sensitive to structural dif-
ferences of studied chemical compounds. Our results are to a large
extent in agreement with the studies by other authors concerning the
relationship between hydrogen-bonded systems and their lipophilicity
[51,69].

3.2. Metal cation complexation studies

Previously we have reported the complexation properties of the se-
ries of azocrowns with imidazole/4-methylimidazole heterocycle unit
[37,45,50]. It was shown that metal cation complexation properties (e.g.
stability constant values of metal complexes, selectivity, colour change),
both in solution and after immobilisation of chromoionophore in sensing
layer is dependent on the macrocycle size and also influenced by the
substitution of imidazole ring. It could be deducted that ionisable N-H

residue directed inside the molecular cavity of the macrocycle is crucial
for strongly coloured complexes. Ionisable chromoionophores are rela-
tively widely described in older [70-73] and newer literature [46,48,
74-76], and it is well known that ionization of the molecule might
strongly affect its absorption spectrum and, in result, colour [77].

We decided to investigate metal cation complexation properties of
17-membered azocrowns: 302MeIlm and newly obtained 5C2Melm,
and compare their properties with previously obtained and studied by us
macrocyclic imidazole derivatives. 302MeIlm was synthesised earlier,
but was not investigated as a chromoionophore in solution. This mac-
rocycle, when used as an ionophore in ion-selective electrodes was lead
(I)-selective; unfortunately it readily leaked to the aqueous solution in
the presence of Pb(II) [50]. For previously investigated imidazole de-
rivatives, well pronounced colour change was observed in the presence
of lead(II) and bismuth(III), both in solution and after immobilisation in
polymer matrix [45]. It was found that smaller ring macrocycles
(18-membered) are better chromoionophores in optical sensing layers
than their 21-membered analogues. In the current investigation of
complexation properties, we consider the influence of the macrocycle
size, the type of linker, and the substitution pattern of the imidazole
heterocyclic residue, which governs the orientation of the ionisable N-H
group either inward or outward relative to the macrocyclic cavity.

Thus the first experiments covered quantitative probes to estimate
colour changes of solutions of 302MeIm and 5C2MeIm generated by
the presence of metal salts. Results shown in Figs. 5 and 6 indicate that
no spectacular colour change is observed in the presence of metal salts.
For comparison: for oligoether macrocycles with imidazole or 4-methyl-
imidazole colour changes in the presence of lead(II) and bismuth(III)
salts were observed (from red to blue/violet) [37,45]. The most pro-
nounced, but not spectacular, colour change for 302Melm and
5C2Melm was visible in the presence of copper(II), lead(II) and silver(I).

Colour change of solutions of 302MelIm and 5C2MeIm was analysed
by Colour Digital Analysis (CDA) and expressed as AEggp parameter,
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Fig. 5. Colour changes of the solutions of 302MelIm in: DMSO (3.94-10~* M), DMSO:water, 9:1,v/v (3.75-10"% M), acetonitrile (3.51-10~* M) and acetonitrile:water
9:1,v/v mixture (3.51-10~* M) in the presence of metal salts (excess, added as solid). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 6. Colour changes of the solutions of 5C2MelIm in: DMSO (3.34-10~* M), DMSO:water, 9:1,v/v (3.18-10~* M), acetonitrile (3.49-10~% M) and acetonitrile:water
9:1, v/v mixture (3.32:10"* M) in the presence of metal salts (excess, added as solid). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

which is depicted in Fig. 7. For comparison, colour changes expressed as
(R + G + B)/3 and I = 0.299R + 0.587G + 0.114B are presented in
Supplementary Material in Figure S6 and Figure S7, respectively.
Results shown in Fig. 7 are in agreement with the visual observations
of colour changes. However, the most significant information obtained
from comparison of Fig. 7a and b is the selectivity of the generated
colour change, which depends on both the type of the chromoionophore,
as well as the metal cation used in quantitative experiment. Generated
colour change is more selective in the case of 5C2MeIm. Here, the
highest value of the parameter AEggg is observed in all solvent systems
for copper(Il), whereas nickel(II), lead(Il) and silver(I) might be

considered as interfering metal cations. For 302Melm, comparing with
5C2Melm of the same macrocycle ring size, the change of the coordi-
nation atom number, namely oxygen in oligoether linkage, decreases
selective colour change. It is in agreement with previously investigated
analogues bearing imidazole or 4-methylimidazole heterocyclic residue
[37].

From the comparison of the results of above mentioned simple ex-
periments it is well seen that observed colour change upon metal cation
interaction in solutionis not as spectacular as it was in thecase of the 18-
membered unsubstituted imidazole derivatives and 4-methylimidazole
analogues; the latter changed colour from orange/red to blue/violet in
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Fig. 7. Comparison of the colour change of solutions of a) 302MelIm and b) 5C2MelIm in the presence of the excess of metal salts, expressed as AEgrgs parameter.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the presence of lead(II) and bismuth(III) salts [37,45].

The UV-Vis spectrophotometric method was used to describe the
metal cation complexation properties of the 5C2MeIm and 302Melm
macrocycles. 5C2Melm and 302Melm were titrated with metal per-
chlorates in both acetonitrile:water (9:1, v/v) and DMSO:water (9:1, v/
v) systems. However, in the DMSO:water (9:1, v/v) system, it was not
possible to achieve equilibrium under the previously established spec-
trophotometric titration conditions, and therefore it was not possible to
calculate reliable binding constant values. Time-dependent changes in
absorbance were observed during titration and no stable spectral
plateau was reached within the experimental time scale. This is
consistent with the complex, highly non-ideal solvation processes
described for mixtures of water and DMSO, which can complicate
binding equilibrium measurements even at low DMSO volume fractions
[78-80]. In particular, water-DMSO mixtures exhibit micro-
heterogeneous organisation and preferential solvation effects, which
may result in time-dependent redistribution of solvent shells around the
interacting species. Therefore, the following section discusses only the
results of metal cation complexation in an acetonitrile:water (9:1, v/v)
system. The mixed acetonitrile-water solvent was chosen because of its
potential applications in predominantly aqueous environments and to
avoid the equilibrium problems encountered in DMSO:water [81,82].

The UV-Vis spectrum of 5C2Melm registered in acetonitrile:water
mixture consists of three peaks: a sharp maximum at 301 nm
(81.26~104), a broad band in 358-400 nm region, and a smaller, less
pronounced peak at 466 nm (£9.76-10%) (Fig. 8). To estimate the nature
of the complex formation (stoichiometry and stability constant of the
complexes) metal cation salts were chosen, which displayed the most
significant changes in quantitative tests. 5C2MeIm was titrated with Cu
(ClO4)3 in the acetonitrile:water (9:1, v/v) system. The changes in UV-
Vis spectrum in this system (pictured in Fig. 8a) are well pronounced,
as the hypochromic effect can be seen in both 301 nm and 379 nm peaks.
The most noticeable change is observed within the maximum (466 nm):
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a bathochromic shift to 506 nm occurs, and the absorbance increases
when more salt is introduced to the system. Confirmed by Job's method
(Fig. S8a), it was concluded that 5C2MeIm (under titration conditions)
forms complexes with copper(Il) of 3:2 (crown:metal) stoichiome-
try—possibly a triple-decker sandwich type (three macrocyclic ligands
stacked around two metal centres). The calculated value of binding
constant, given as logK, is 18.55 + 0.58 in acetonitrile:water (9:1, v/v)
system. In acetonitrile:water (9:1, v/v) system, which is depicted in
Fig. 8b, the changes in the UV-Vis spectrum generated by titration with
lead(II) perchlorate are not spectacular and require rather high con-
centration of lead(II) salt in the system. Nevertheless the response is
visible throughout the entire spectrum. The peak observed at 301 nm
gets bathochromically shifted to 313 nm. The broad maximum at 388-
400 nm becomes more narrow, with a pronounced peak at 368 nm, and a
hyperchromic effect within it can be noted. Peak at 466 nm is broader
the more lead(I) perchlorateis present in the system, and a bath-
ochromic shift to 477 nm is observed. The stoichiometry of the complex
forming in acetonitrile is 2:1 (crown:Pb(Il)), as confirmed by Job's
method (Fig. S8b), with binding constant in acetonitrile:water (9:1, v/v)
system logK 7.02 + 0.22. That is in opposition to its previously reported
analogue, 5C4Melm, which in acetonitrile and its mixture with water
forms triple-decker sandwich type complexes (3:2 stoichiometry) [37].
There is a possibility that the disparity between the complexation of lead
(II) by 5C2Melm and 5C4Melm stems from the position of the NH group
in the methylimidazole part of the compound.

It can be concluded that contrary to previously investigated com-
pounds [37], 5C2MelIm displays affinity not only to the lead(II) ions, but
also to copper(Il) ions in acetonitrile:water (9:1, v/v) system.

The UV-Vis spectrum of 302Melm is similar to the spectrum of
5C2Melm and consists of three peaks: at 300 nm (¢1.81 ,1()4), at 463 nm
(£1.33-10%) and a broad band between 348 and 405 nm. Upon titration
with copper(II) perchlorate in the acetonitrile:water (9:1, v/v) system,
depicted in Fig. 9a, a hypochromic effect can be observed within the
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Fig. 8. Changes in UV-Vis spectrum of: a) 5C2Melm (c = 3.94-10~° M) upon titration with copper(Il) perchlorate (¢ = 0-3.05-10~* M); b) 5C2Melm (c = 4.21-10~°
M) upon titration with lead(Il) perchlorate (c = 0-1.43-10"2 M) in acetonitrile:water (9:1, v/v) system.
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Fig. 9. Changes in UV-Vis spectrum of: a) 302Melm (c = 3.32-10 > M) upon titration with copper(II) perchlorate (¢ = 0-5.72-10~> M); b) 302Melm (c = 3.42:10~°
M) upon titration with lead(II) perchlorate (¢ = 0-1.42-10~2 M) in acetonitrile:water system (9:1, v/v).

peak at 300 nm. The broad maximum at 348-405 nm gains a more
pronounced peak at 385 nm. The biggest difference can be seen within
the peak at 463 nm—it is affected by the hyperchromic effect, as well as
a bathochromic shift to 498 nm. These changes overall correspond to the
optical effect—a orange-yellow solution becomes red. In the same sol-
vent system, 302MeIm forms complexes also with lead(II) cations
(Fig. 9b). Similarly to the complexes of 5C2MeIm with those cations, the
changes in UV-Vis spectrum are only visible upon titrating with a rela-
tively high-concentration solution of salt. The peak at 300 nm undergoes
a bathochromic shift and becomes less intense. The broad maximum at
348-405 nm becomes more pronounced, with the highest value of
absorbance registered for 369 nm. The biggest change is observed for the
peak at 463 nm, which is affected by both hyperchromic effect and
bathochromic shift to 472 nm.

To estimate the stoichiometry of complexes formed under titration
conditions, Job's plots were analysed. In both cases, namely copper(II)
and lead(1I) titrations, it is well seen that the maximum of the Job's plot
is shifted depending on the chosen wavelength. It was confirmed by
Job's method (Fig. S8c) that 302Melm forms in acetonitrile two types of
complexes with copper(I) cations: a 2:1 sandwich (one metal centre
bound between two macrocyclic ligands) and a 3:2 triple-decker type
sandwich. Calculated for the acetonitrile:water (9:1, v/v) system, the
OPIUM program [52] returns more accurate binding constant for 2:1
complex, which is equal to 8.88 + 0.27. Similarly to the copper(II)
complex, complexation of lead(I) by 302Melm in acetonitrile:water
system can occur in two stoichiometries: 2:1 and 3:2, as confirmed by
Job's method (Fig. S8d). Binding constant in acetonitrile:water (9:1, v/v)
system was calculated by OPIUM program [52] for the 2:1 complex,
returning the value of 7.43 + 0.31. The values of stability constants of
complexes of 302MeIm and 5C2Melm are shown in Table S4.

Similarly to 5C2MelIm, 302Melm displays affinity for lead(II) and
copper(Il) ions; the latter was not observed for the previously investi-
gated analogue, 304MeIm [37]. In fact, 302Melm displays higher af-
finity to copper(Il) ions than lead(Il). For previously investigated
macrocycles with imidazole or 4-methylimidazole spectral changes were
more pronounced upon lead-crown interactions. In the presence of
copper(Il) spectral changes were negligible and determination of the
stability constants of formed under titration conditions was not possible.
The most significant difference, comparing previously investigated
imidazole macrocycles, found during conducted investigations is that no
spectral and colour changes were observed for 5C2MeIm and 302Melm
in the presence of bismuth(Ill). In general, less pronounced colour
changes were observed visually upon formation of metal cation com-
plexes by 2-methylimidazole-bearing bisazocrowns, indicated by a
rather small bathochromic shift of the complex absorption band.

To evaluate the influence of counter-anions on metal-ligand
complexation equilibria and spectral response, supplementary UV -Vis
titration experiments were carried out with copper(Il) chloride, copper

10

(II) nitrate, and lead(II) nitrate in acetonitrile:water (9:1, v/v). The re-
sults were compared with those obtained for the corresponding
perchlorate systems.

The spectral changes observed upon addition of Cu(Il) and Pb(II)
salts remain qualitatively similar irrespective of the counter-anion
employed. As shown in Figs. S9 and S10 (Supplementary Material),
the general trend of the UV -Vis spectra follows the same pattern for
perchlorate, nitrate and chloride salts. The most noticeable, yet not
spectacular, difference is observed for copper(Il) chloride, where the
absorption maximum at ca. 385 nm for 302Melm and 379 nm for
5C2Melm is slightly red-shifted and exhibits lower intensity compared
to the nitrate and perchlorate systems (Figs. S9a and S10a). Apart from
this moderate effect, no substantial changes in band position or overall
spectral pattern are observed.

The comparison of stability constants further supports the limited
role of the counter-anion. As presented in Fig. 10, the logK values for Cu
(II) complexes remain within the same order of magnitude for all
investigated salts. For 302Melm, the 2:1 (L:M) complexes display logK
values of 8.88 (perchlorate), 8.63 (nitrate) and 8.41 (chloride), while for
5C2Melm the corresponding 3:2 species exhibit logK values of 18.55 +
0.58,18.43 £ 0.08 and 18.84 + 0.02, respectively. These differences are
small and do not indicate a change in the dominant complexation mode.

For Pb(Il), the stability constants determined for perchlorate and
nitrate salts are also comparable. As shown in Fig. 11, 302Melm forms
2:1 (L:M) complexes with logK values of 7.43 + 0.31 for lead(Il)
perchlorate and 6.95 + 0.04 for lead(Il) nitrate.

= ] 3:2 (L:M)
20 Cu(Cl04)2 -
18 I Cu(NO3)2 18.55 18.43
1 I CuCi2
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x —
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302Meim
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Fig. 10. Comparison of stability constants (logK) for Cu(Il) complexes of
302MelIm and 5C2MeIlm with different counter-anions (perchlorate, nitrate
and chloride) in acetonitrile:water (9:1, v/v).
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Fig. 11. Stability constants (logK) of Pb(II) complexes of 302Melm and
5C2Melm determined for perchlorate and nitrate salts in acetonitrile:water
(9:1, v/v). The value for the lead(Il) nitrate-5C2MeIm system could not be
reliably determined (nd).

In the case of 5C2Melm, the 2:1 complex with lead(Il) perchlorate is
characterised by logK = 7.02 + 0.22. For the lead(II) nitrate-5C2MelIm
system, only minor spectral variations were observed even at relatively
high metal salt concentrations (Fig. S10c), resulting in insufficient cur-
vature of the titration profiles for reliable logK estimation. Conse-
quently, no statistically reliable stability constant could be extracted and
this system is reported as nd (Fig. 11).

Overall, both the spectroscopic data (Figs. S9 and S10) and the
derived stability constants (Figs. 10 and 11) indicate that, under the
applied experimental conditions, the counter-anion has only a second-
ary influence on the complexation behaviour. The binding strength and
dominant stoichiometry are primarily governed by the nature of the
metal ion and the structural features of the ligand.

To evaluate the influence of common interfering metal ions on
complex formation, competition experiments were performed for both
macrocyclic ligands, 302MeIm and 5C2Melm, in acetonitrile:water
(9:1, v/v). Preformed complexes with Pb(II) or Cu(Il) were titrated with
equimolar Zn(II) and Ni(II) (and with Cu(Il) in the case of Pb(II) com-
plexes), and the spectral changes were monitored by UV -Vis
spectroscopy.

For the Cu(II) complexes of both macrocycles, titration with equi-
molar amounts of Zn(II) or Ni(II) salts produced only very minor
changes in the UV-Vis spectra (Figs. 12 and 13).

The band shapes and absorption maxima remained essentially un-
changed, and the small variations in absorbance are within the
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experimental error. These observations indicate that Zn(II) and Ni(II) act
as weak interferents for Cu(Il) binding by both 302MeIm and
5C2Melm.

In contrast, the Pb(II) complexes of both macrocycles are signifi-
cantly more sensitive to the presence of other metal ions. When lead(Il)
perchlorate complexes were titrated with equimolar copper(Il)
perchlorate pronounced bathochromic shift of the diagnostic bands
were observed in spectra of both ligands (Fig. 14): for 302MeIm the
absorptions at ca. 369 nm and 472 nm shifted to ca. 385 nm and 498 nm,
whereas for 5C2Melm the bands at ca. 368 nm and 477 nm shifted to ca.
379 nm and 506 nm. These changes clearly demonstrate efficient
competition of Cu(II) with Pb(II) for coordination to both macrocycles.

Titrations with Ni(II) led to smaller but still noticeable spectral
changes (Fig. 15), while Zn(II) mainly increased the absorbance at the
existing maxima without significantly affecting the band shapes
(Fig. 16).

The qualitative trends observed in Figs. 12-16 are quantitatively
reflected in the Relative Response Percentage (RR%) values (Fig. 17),
calculated at the most diagnostic wavelengths for both ligands.

For the Cu(II) complexes of 302MeIm and 5C2Melm, RR% values in
the presence of equimolar Zn(II) and Ni(II) remain below 5%, con-
firming their weak interfering character. In contrast, for the Pb(II)
complexes of both macrocycles, Cu(Il), Ni(II) and Zn(II) produce
significantly higher RR% values, with Cu(Il) being the strongest inter-
ferent, followed by Ni(II) and then Zn(II). Importantly, the magnitude of
the interference depends on the monitored wavelength, as different
bands respond with different RR% values. This indicates that the
apparent impact of competing metal ions can be moderated by the
choice of analytical wavelength, providing an additional handle to
optimize the analytical response. Full titration spectra for all systems, as
well as complete RR% profiles at all relevant wavelengths, are provided
in the Supplementary Material (Figs. S11-S30).

Overall, these competition experiments show that both macrocycles
exhibit very similar interference patterns: they bind Cu(Il) robustly in
the presence of Zn(II) and Ni(II), whereas their Pb(II) complexes are
more susceptible to displacement or perturbation by these competing
metal ions, with a wavelength-dependent spectral response.

To evaluate the effect of acidic and basic environment on the optical
response, we examined the colour and spectral response of 5C2MeIlm
and 302Melm towards Cu(II) and Pb(II) in acetonitrile:aqueous nitric
acid (1:1, v/v) and acetonitrile:TRIS (1:1, v/v) mixtures.

For Cu(Il), comparing with Pb(II), acidic conditions were clearly
more favourable: in acetonitrile:aqueous nitric acid (1:1, v/v) both li-
gands exhibited well-defined bathochromic shifts of the main n—x*
bands and a pronounced increase of the visible band (~460-480 nm)
upon Cu(Il) addition, consistent with efficient complex formation under
acidic conditions (Fig. S31a and c). In contrast, in acetonitrile:TRIS (1:1,
v/V), no significant spectral changes were observed upon Cu(II) addition
(Fig. S31b and d), which can likely be attributed to the competitive
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Fig. 12. Changes in UV-Vis spectrum of: a) 302MeIm (c = 3.42:107> M) with copper(II) perchlorate (¢ = 3.30-10°° M) upon titration with nickel(II) perchlorate (c
= 0-3.30-10~° M) in acetonitrile:water system (9:1, v/v), b) 5C2Melm (c = 4.21-10~> M) with lead(I) perchlorate (c = 5.11-1074 M) upon titration with nickel(II)

perchlorate (c = 0-5.11-10~* M) in acetonitrile:water system (9:1, v/v).
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Fig. 13. Changes in UV-Vis spectrum of: a) 302Melm (c = 3.42:107° M) with copper(Il) perchlorate (¢ = 3.30-107° M) upon titration with zinc(II) perchlorate(c =
0-3.30-10"° M) in acetonitrile:water system (9:1, v/v), b) 5C2Melm (c = 3.32.107° M) with copper(Il) perchlorate (c = 3.30-10°° M) upon titration with zinc(II)

perchlorate (c = 0-3.30-10"° M) in acetonitrile:water system (9:1, v/v).

——30 2Melm
a) o7 ——Pb(CIO,),
[ ——cu(cio,),
06 l
‘ f |
054 /Y |
8 o044
(=4
®
Qo
5 03
2
s
02
01

0,0

T T T
400 500 600

wavelength [nm]

T
300

——5C 2Melm |
b) o7 ——Pb(CIO,),
——cu(cio,),
0,64 { 4
05
I
8 044
c
8
S 03+
173
el
© 0,24
0,14

0,0 T T T T 1
300 400 500 600 700

wavelength [nm]

Fig. 14. Changes in UV-Vis spectrum of: a) 302Melm (c = 3.42.10~° M) with lead perchlorate (c = 5.11-10~* M) upon titration with copper perchlorate (c =
0-5.11-10~* M) in acetonitrile:water system (9:1, v/v), b) 5C2MeIm (c = 4.21-10"°> M) with lead perchlorate (c = 5.11-10™* M) upon titration with copper

perchlorate (¢ = 0-5.11-10~* M) in acetonitrile:water system (9:1, v/v).
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Fig. 15. Changes in UV-Vis spectrum of: a) 302MeIm (c = 3.42:107> M) with lead perchlorate (c = 5111074 M) upon titration with nickel perchlorate (¢ =
0-5.11-10~* M) in acetonitrile:water system (9:1, v/v), b) 5C2Melm (¢ = 4.21-107° M) with lead perchlorate (c = 5.11-107% M) upon titration with nickel

perchlorate (c = 0-5.11-10"* M) in acetonitrile:water system (9:1, v/v).

formation of Cu(II)-TRIS complexes, as reported in the literature [83].

For Pb(II), spectra recorded in acetonitrile:aqueous nitric acid (1:1,
v/v) showed virtually no difference between the free ligands and Pb(II)-
containing solutions (the traces overlap within experimental error,
Fig. §32), suggesting that under strongly acidic conditions protonation
of the imidazole unit and/or changes in Pb(II) speciation disfavor the
formation of a distinct chromogenic Pb(II) complex. By contrast, in
acetonitrile:water (9:1, v/v) system used for UV-Vis titrations, addition
of Pb(II) salt induces clear bathochromic shifts and the growth of a new,
more intense band in the 470-500 nm region for both ligands, which is
absent in the spectra of the free chromoionophores in acetonitrile:water
(9:1, v/v) and in acetonitrile:aqueous nitric acid (1:1, v/v).

A direct comparison of the UV-Vis spectra of 5C2Melm and
302Melm in acetonitrile-water (9:1, v/v) versus acetonitrile:aqueous
nitric acid (1:1, v/v) thus confirms that the visible colour changes

12

observed upon Pb(II) addition in acetonitrile:water system arise from
metal-ligand complexation, whereas pH-induced spectral changes of the
free ligand do not reproduce the spectral signature of the Pb(II) complex.

These observations support our choice of mildly acidic, non-buffered
acetonitrile:water (9:1, v/v) as the working medium for quantitative
binding studies: it avoids strong competition from buffer ligands and
precipitation of Pb(II) hydroxide species, while maintaining conditions
compatible with effective coordination and a reproducible chromogenic
response.

A quantitative comparison with our previously described imidazole-
based chromoionophores further explains the reduced selectivity of Bi
(III) in the present system. Earlier 18- and 21-membered macrocycles
formed highly stable 3:2 triple-decker complexes with Pb(II) in aceto-
nitrile:zwater (9:1, v/v), with logK values of approximately 19-20 [37].
Closely related 18-membered derivatives exhibited comparable stability
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Fig. 16. Changes in UV-Vis spectrum of: a) 302MeIm (c = 3.42-10~° M) with lead(II) perchlorate (¢ = 5.11-10~% M) upon titration with zinc(II) perchlorate (c =
0-5.11-10"* M) in acetonitrile:water system (9:1, v/v), b) 5C2Melm (c = 4.21-107° M) with lead(I) perchlorate (c = 5.11-107% M) upon titration with zinc(II)

perchlorate (c = 0-5.11-10"* M) in acetonitrile:water system (9:1, v/v).
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5C2Melm at 506 nm.

constants for Pb(II) and Bi(III) in DMSO:water (1:1, v/v), which trans-
lated into dual Bi(III)/Pb(II) selectivity in CTA-based optodes with
detection limits in the range of 1077 M for both cations [45].

In contrast, 17-membered bisazocrowns bearing 2-methylimidazole
residue studied here bind Pb(II) in acetonitrile:water (9:1, v/v) only to
a moderate extent (logK ~ 7-8.9 for 2:1 or 3:2 species) and do not show
any detectable complex formation with Bi(III) under similar conditions,
i.e., no clear spectral or colour changes are observed; in practice, the
LOD for Bi(III) is shifted outside the accessible concentration window,
and it was not possible to develop a sensor layer selective for bismuth
(1m).

The loss of Bi(IIl) sensitivity can be connected with a combination of
the several factors: (i) smaller cavity size (17-membered rings compared
to 18/21-membered rings), (ii) altered orientation and limited avail-
ability of the ionisable N-H group in the 2-methylimidazole unit, which
favors the formation of intermolecular rather than intramolecular
hydrogen bonds. The same structural factors also provide a plausible
rationale for the different Pb(II) stoichiometries observed for 5C2MeIm
and its regioisomer 5C4Melm [37,45]. While 5C4MeIm readily forms
3:2 LgPby “triple decker” complexes under comparable conditions,
5C2Melm predominantly affords 2:1 sandwich type LyPb species. For-
mation of higher order LgM, assemblies requires cooperative engage-
ment of donor atoms from three macrocyclic ligands around two Pb(II)
centres; such species are expected to depend on a favourable spatial
arrangement of imidazole donors and sufficient conformational flexi-
bility of the macrocyclic framework. In 5C4Melm, the orientation of the
imidazole N-H vector into the cavity, combined with a slightly larger
and more accessible binding cavity, may facilitate this type of organi-
sation. By contrast, the 2- methyl substitution in 5C2MelIm enforces a
different N-H direction and likely introduces additional steric con-
straints near the binding site, which may reduce the geometric adapt-
ability required for formation of L3Pb, species and shift the equilibrium
towards simpler 2:1 complexes. In addition, in the present work
complexation equilibrium is quantified in an acetonitrile:water (9:1,
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v/v) system, where both 2-methylimidazole bisazocrowns form only
moderately stable Pb(II) complexes. Whereas in our earlier studies on
larger macrocycles the more strongly hydrated DMSO:water (1:1, v/v)
mixture favoured very stable 3:2 Bi(III)/Pb(II) species. In the specific
case of 5C2MeIm and 302Melm, the DMSO:water (1:1, v/v) system
exhibits a complex equilibrium pattern, so that reliable stability con-
stants could not be determined.

3.3. Copper(Il) and lead(II) complexation in FTIR spectroscopy

Copper(1I) and lead(II) complexation by 302Melm and 5C2Melm
was investigated in solid state using FTIR (ATR) spectroscopy. Original
spectra are shown is Supplementary Material (Figure S33 and
Figure S34), along with the spectra of salts, namely copper(Il)
perchlorate and lead(Il) nitrate (Figure S35 and Figure S36, respec-
tively). FTIR band assignments of 302Melm and 5C2MeIm and their
shifts upon metal cation complexation are compiled in Table S5 and
Table S6.

The FTIR spectra of the free macrocycles 302MeIm, 5C2MeIM and
their complexes with Cu(II) and Pb(II) (Fig. 18) were analysed to iden-
tify shifts and changes in characteristic absorption bands upon complex
formation.

The mentioned FTIR spectra reveal significant changes in the
1600-1300 cm‘region. This spectral range includes stretching vibra-
tions ¥(C=N) and v(C=C) (imidazole/benzene), bending vibrations
S8(N-H), v(N=N) vibrations of azo groups, and v(C-N) [84-90]. In the
FTIR spectra of both ligands and their complexes, the region 1600-1500
cm’l, corresponding to v(C=N), ¥(C=C) (imidazole/benzene rings),
and 6(N-H), shows only modest band shifts upon complexation. A
distinction between Cu(II) and Pb(II) complexes can be observed by
analysing the band at 1530 cm™!. This band disappears (or becomes
unresolved) in copper(Il) complexes, whereas it remains clearly
observable in the lead(II) complexes of both 302Melm and 5C2Melm.
This may indicate a stronger perturbation of the n-conjugated system in
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Fig. 18. The comparison of FTIR (ATR, normalised) partial spectra of: a) 302MeIm b) 5C2Melm and their copper(II) and lead(I) complexes.

the case of copper(II) complexes. Moreover, the observed disappearance
or merging of the ~1530 cm ™! band may suggest involvement of the
nitrogen atom of the imidazole ring in metal coordination. Above
findings are further supported by changes observed in the 1500-1300
em™! region, where contributions from v(N=N), 5(C-H) (aromatic), and
V(C-N) vibrations can be assigned. For 302Melm, bands at 1448, 1412,
and 1360 cm™! undergo shifting and/or broadening: 1451, 1412 and
1369 in copper(Il) complex. Similar changes are observed for copper(II)
complex of 5C2MeIm. In free macrocycle bands at 1463, 1449, 1419,
1387 and 1354 cm ™!, while in the complex they are located at 1464,
1454, 1410 and 1371 cm™ . It should be noted here, that while copper
(II) perchlorate does not interfere significantly in this spectral region,
lead(II) nitrate shows a characteristic broad absorption band with a
maximum at 1313 em ™! (Fig. 18), which may partially overlap with the

bands of complexes and limit interpretation. However, in the
302Melm-Pb complex, the peaks located at 1380 and in 5C2MeIm-Pb
at 1386 cm ! (broader band) are clearly observable. It can suggest a
different coordination mode for copper(Il) and lead(II). Even if it is
difficult to determine exactly which bands belong to which group in this
region, the changes in the spectra (like shifts and broader bands) suggest
that the azo group (-N—N-) takes part in forming the complexes,
especially with lead(II) ions, most likely through coordination of a single
nitrogen atom from one (or both) azo groups.

3.4. Lead(Il) and copper(Il) complexation in 'H NMR spectroscopy

Lead(II) complexation was investigated in solution using 'H NMR
spectroscopy. Full, original spectra are shown in Supplementary
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Fig. 19. 1H NMR spectra of 302Melm and its lead(II) complexes (acetonitrile-ds); in a blue frame plausible model of lead(II) binding. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Material, Figure S37a-c and Figure S38a-c for 302MeIm and 5C2Melm,
respectively.

1 NMR spectrum of 302MelIm (acetonitrile-ds) shows a single set of
signals, which can be assigned to aromatic protons (Fig. 19), —CHa-
protons of oligoether moiety, and methyl group in 2-position of imid-
azole ring. Signal of N-H proton of imidazole ring is observed as a broad
singlet. The positions of the proton signals of 302MelIm and their shifts
in spectra registered in the presence of lead(Il) perchlorate are collected
in Table 2. In the presence of five-fold molar excess of lead perchlorate,
noticeable downfield shift of signals of aromatic protons D,D’ and B,B’
(ortho and para position in relation to azo moiety, respectively) are seen.
Moreover, signals of protons of oligoether linker are also downfielded,
whereas signal of protons of methyl group is upfielded. One set of well-
defined proton signals suggests one complex under measurement con-
ditions. This can lead to the conclusion that lead(Il) is coordinated
through the oxygen atoms of oligoether linker and nitrogen atom(s) of
azo moiety. Upfielded signal of methyl group of imidazole ring may
suggest that this part of the molecule does not participate in complex
formation in solution. In the complex, the imidazole N-H proton signal
is slightly downfield shifted (4+0.073), suggesting the change of the
nature of intermolecular hydrogen bond comparing to the free crown.

Similar spectral pattern of protons observed in 'H NMR spectrum of
5C2Melm (acetonitrile-ds) shows a set of signals which can be assigned
to aromatic protons (Fig. 20), methylene protons of Ar-O-CHy- and
methyl group in 2-position of imidazole ring. Signal of N-H proton of
imidazole ring is observed as a broad singlet. The positions of the proton
signals of 5C2Melm and their shift in spectra registered in the presence
of lead(II) perchlorate are collected in Table 3. One set of well-defined
proton signals suggests one complex under measurement conditions.
As opposed to 302Melm, the spectral changes are observed in smaller
molar amount of lead(II) perchlorate (2:1, crown:lead(Il)), and are much
more significant in the five-fold excess of lead(II). Noticeably the spec-
tral pattern observed upon interaction with lead(II) perchlorate is
different than in the case oligoether linked macrocycle. The largest
spectral shift—downfield—is observed for signals of aromatic protons D,
D' and B,B’ (ortho and para position in relation to azo moiety, respec-
tively). Signals of methylene protons of ether grouping are upfielded,
whereas signals of protons of methyl group of imidazole ring are
downfielded. This can suggest a different lead(II) coordination mode in
solution than for the oligoether analogue 302MeIm.

The complexation of copper(Il) in solution was additionally inves-
tigated using 'H NMR for both ligands, 5C2MeIm and 302Melm, in
acetonitrile-ds. The spectra recorded for samples prepared analogously
to those used in FTIR experiments show clear changes compared to free
macrocycles: all proton resonances are significantly broadened and

Table 2

1H NMR data for 302Melm and its lead(I) perchlorate complexes in acetoni-
trile-ds;

A8 = Bcomplex~ O*free” crowns shifts in [ppm].

Proton 302MeIm
assignment crown:lead(II)
“free” crown  2:1 1:5
N-H 10.790, bs 10.863, bs n.d.
(4+0.073)
-CH3 2.478,s 2.477,s(—0.001)  2.432, s (—0.046)
a,a’ 4.163, t, un 4.164, t, un 4.202, t, un (+0.039)
(4+0.001)
b,b’ 3.764, t, un 3.764, t, un (n.c.) 3.805, t, un (+0.041)
AA +CC 7.127- 7.127-7.172, m 7.133-7.181, m
7.172, m (n.c.) (4+0.006,+0.009)
B,B' 7.391, t 7.391, t (n.c) 7.418, t (+0.027)
D,D’ 7.651,d 7.652, 7.668, d (+0.017)
d (+0.001)

n.d. — not detectable, n.c. — no changes, s — singlet,d — doublet, t - triplet, m —
multiplet, b — broad, un - unresolved.
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partially merged, and the characteristic patterns of aromatic and
aliphatic signals are largely lost. In particular, the imidazole N-H signal
above 10 ppm shifts downfield (A5 +1.78 ppm for 5C2MeIm-Cu and
+1.65 ppm for 302MeIm-Cu). This behaviour, namely the significant
broadening of lines characteristic of paramagnetic Cu(Il) compounds,
combined with a much greater downfield shift of N-H than in the cor-
responding Pb (II) complexes (A8 +0.35 ppm for 5C2MeIm-Pb and
-+0.07 ppm for 302Melm-Pb), can be explained by the coordination of
Cu(Il) in the vicinity of the imidazole/azo unit, but still does not allow
for a detailed site-specific or stoichiometric analysis. In summary, these
observations provide clear qualitative evidence for Cu(II) binding to
both ligands in solution, while quantitative specifications and stoichi-
ometry are obtained from UV-Vis titration and Job plots. The corre-
sponding 'H NMR spectra for free ligands and their Cu(ll) adducts are
provided in the Supplementary Material (Fig. S39).

'H NMR spectra also confirm that similarly to previously described
macrocyclic biazocrowns [37,45] bearing imidazole residue no cis-trans
isomerisation is observed. It is important and advantageous when one
considers the use of particular ligands as chelating agents as the number
of species under equilibrium is limited.

3.5. ESI-MS studies of Cu(Il) and Pb(II) complexes

Low-resolution ESI-MS measurements were performed to qualita-
tively probe the speciation of Cu(II) and Pb(II) complexes formed by
5C2Melm and 302Melm. For both ligands, spectra of the free macro-
cycles show intense signals of the protonated species [L + H]" at m/z
391 (5C2MelIm) and 393 (302MeIm), accompanied by sodium adducts
[L + Na]™ at m/z 413 and 415, respectively, confirming the expected
molecular masses.

In the presence of Cu(ClO4), additional Cu(II)-containing ions are
observed in mass spectra for both macrocycles (Table S7-S8). For
5C2Melm, the spectrum shows a set of peaks at m/z 452-453 that can be
assigned to a 1:1 Cu(I)-ligand adduct [LCu]®/[LCu-H]", as well as
higher-mass ions at m/z 842-845 and 1294-1296 that are compatible
with [2LCu]™ and [3L2Cu]™, corresponding to 2:1 and 3:2 L:Cu stoi-
chiometries, respectively. An analogous pattern is found for 302MelIm:
in addition to [L + H]" and [L + Na] ™, peaks at m/z 805-809, 846-850
and 1300-1301 can be tentatively assigned to [2L + Na] ", [2LCu] " and
[3L2Cu]?, again indicating the presence of 2:1 and 3:2 L:Cu species.
These LR-ESI-MS data confirm the formation of Cu(Il)-ligand adducts
and show the presence of several Cu-containing ions that are compatible
with 1:1, 2:1 and 3:2 L:Cu compositions. This indicates that, in addition
to the dominant complex detected under the UV-Vis titration conditions
and modelled assuming a single prevailing stoichiometry, minor Cu(I)-
ligand species of different L:Cu ratios are also present in solution. Given
the low resolution of the LR-ESI-MS measurements and the pronounced
clustering with Na™, these assignments are considered as proposed
rather than definitive and are used only as qualitative support for the
speciation derived from UV-Vis data. Mass spectra of 5C2MeIm and
302Melm showing their copper adducts are shown in Figures S40a-
d and Figure S41a-c, respectively.

For samples containing Pb(ClO4)s, LR-ESI-MS spectra recorded for
both 5C2MeIm and 302Melm did not reveal any distinct ions that could
be reliably attributed to discrete Pb(II)-ligand adducts. In both positive
and negative ion modes, only signals corresponding to the free ligands
([L + H]"/[L-HI"), their sodium adducts (e.g. [L + Na] ™, [2L + Na]*/")
and various higher-mass clusters were observed, without clearly iden-
tifiable, reproducible Pb(II)-containing ions analogous to those detected
for Cu(II). This behaviour is markedly different from that of pyrrole-
based diazocrowns, for which high-resolution ESI-MS data showed
intense, well-defined groups of peaks that could be fitted to Pb(II)-
ligand cluster ions of the type [2L][L][2 Pb%*] [ClO4] and related
triple-decker species, fully consistent with a 3:2 L:Pb stoichiometry in
solution [47]. In the present imidazole-based systems, the absence of
analogous Pb(I)-ligand ions in LR-ESI-MS therefore most likely reflects
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Fig. 20. 'H NMR spectra of 5C2MeIm and its lead(II) complexes (acetonitrile-ds); in a blue frame plausible model of lead(IT) bindingincluding possible interactions
with solvent and/or water molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
1H NMR data for 5C2Melm and its lead(I) perchlorate complexes in acetoni-
trile-ds;
Ad = 6complex' 5”free” crowns shifts in [Ppm]-
Proton 5C2Melm
assignment crown:lead(II)
(A%)
“free” 2:1 1:5
crown
N-H 10.654, bs 10.999, bs (+0.354) n.d.
-CHs3 2.470, s 2.460, s (—0.01) 2.496, s (+0.026)
a,a’ 4.086, t 4.072, t (—0.014) 4.063, t (—0.027)
AA +CC 7.112- 7.097-7.169, m 7.090-7.176, m
7.179, m (-0.015, —0.01) (—0.022,-0.003)
B,B 7.385, t 7.388, t (n.c) 7.424, t (+0.039)
D,D 7.703, dd, 7.723, dd (+0.001) 7.816, d (+0.113)
un

n.d. — not detectable,n.c. — no changes, s — singlet, d — doublet, t — triplet, dd —
doublet of doublets, m — multiplet, un — unresolved.

the higher lability and/or gas-phase fragmentation of their Pb(II) com-
plexes under the conditions used, rather than the lack of Pb(II) binding
in solution. This conclusion is supported by UV-Vis titrations and Job
plots, as well as by systematic 'H NMR chemical shift changes and signal
splitting observed upon Pb(II) addition.

Overall, our LR-ESI-MS experiments confirm the formation of Cu(II)—
ligand adducts of 5C2MeIm and 302Melm and reveal several Cu-
containing ions compatible with 1:1, 2:1 and 3:2 L:Cu compositions,
but they do not provide simple, well-defined Pb(II)-ligand ions under
the conditions employed. This situation is in line with literature reports
showing that ESI-MS of Pb(II) complexes can be difficult to interpret and
highly sensitive to ionization conditions. For example, Zhang et al. [91]
found that negative-mode ESI-MS in methanol is suitable for disul-
fonamide ligands, but not for their Pb(II) complexes, and that only after
deliberate modification of the medium (addition of NaOAc) clearly
detectable Pb-containing ions appear. More generally, it is well recog-
nized that ESI-MS spectra of coordination and organometallic com-
pounds may be significantly altered by gas-phase association,
dissociation and fragmentation processes and therefore do not always
faithfully reflect solution speciation [92]. Therefore the absence of
distinct Pb(II)-ligand adducts in our LR-ESI-MS spectra is best
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interpreted as a consequence of the lability and fragmentation of the
imidazole-based Pb(II) complexes under the chosen conditions, rather
than as evidence against Pb(II) binding in solution.

3.6. Summary: metal cation complex formation

Affinity towards heavy metal cations of macrocycles 302MeIm and
5C2Melm is in agreement with the presence and arrangement of oxygen
and nitrogen donor atoms. It might be also explained by the high affinity
of copper(II) to N,N-chelating systems [93]. Such arrangement of donor
atoms was also utilised in the functionalisation of the polymeric resin
with imidazole moieties for selective copper(I) uptake [94]. Thus it
might be assumed that copper(II) complex with investigated here mac-
rocycles is formed via metal coordination by nitrogen of azo group and
imidazole nitrogen atom. Imidazole and its derivatives are known to
form complexes with metal cations via its pyridine-like nitrogen atom or
by pyrrole-like one [95,96]. The engagement of imidazole moiety in
copper(II) complex formation was also confirmed for several ligands
[97]. 1-Alkyl-2-methylimidazoles were investigated as components of
polymer inclusion membranes (PIMs) for transport of metal cations [98,
99]. Macrocyclic derivatives bearing imidazole residue synthesised in
Biernat's group, and also by us, were tested as dopants of PIMs for se-
lective transport of metal cations [100,101].

For a series of azoimidazole ligands, the ability to form complexes
with metal cations suggested potential application as metallochromic
indicators/extractants for metal cations [95]. It was also proved that in
azoimidazole derivatives nitrogen atoms of azo and imidazole moieties
are engaged in complex formation [102-104].

The formation of mixed ligand complexes in solution under UV-Vis
titration conditions might be associated with the affinity of the Cu(II)
and Pb(II) for both the donating nitrogen and the oxygen atoms of
investigated macrocyclic ligands [96,105].

3.7. Computational insight into structure-property relationships

The influence of the cavity size and electronic structure on the ab-
sorption properties of the macrocycles was analysed using DFT calcu-
lations. The calculated UV-Vis spectra (Fig. 21) correspond well with the
experimentally determined band positions (acetonitrile) and clearly
show that the lowest-energy bands of the 4-methylimidazole derivatives
(304MeIm, A = 503 nm; 5C4Melm, A = 506 nm) are more shifted to
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Fig. 21. Calculated UV-Vis spectra of imidazole-based macrocycles: a) 302Melm (black) and 304Melm (red); b) 5C2MeIm (black) and 5C4MeIlm (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

longer wavelengths than those of the corresponding 2-methyl analogues
(302Melm, A = 463 nm; 5C2Melm, ). = 466 nm), in agreement with the
experimentally determined longwave absorption band values.

This trend is fully consistent with our previous study on imidazole-
based azomacrocycles, where 4-methylimidazole bearing macrocycles
were characterised by a distinct bathochromic shift of the main ab-
sorption band compared to the non-substituted imidazole system [37].
In the present series, replacing 4-methylimidazole by 2-methylimidazole
reverses this effect and results in a systematic hypsochromic shift of the

position of the longwave of absorption band, reflecting both the smaller
macrocyclic cavity and the larger HOMO-LUMO gap of the 2-methyl
derivatives.

Analysis of the frontier molecular orbitals shows that the lowest-
energy transitions are dominated by a HOMO—LUMO excitation with
charge-transfer character from the aryl/imidazole fragment towards the
cavity region (Fig. 22).

The optimised geometries clearly show that moving the methyl
substituent from position 4 to 2 in the imidazole ring and replacing the

HOMO LUMO NCI
. -
302Meim
E, =5.7126 eV
217 nm
n->n*
-7.2506 g\, -1.53808Y,
. L
5C2Melm
E.=5.709% 8V,
217 pm,
n>n
-7.2354eV -15255gy, |
304Meim
E,=5.0717 eV
244 nm
n->n*
-7.0530 N, -1.9913 ¢V,
5CaMelm ‘ '
E.=4.9950gY,
248 o,
n>n
-7.0767 &Y, -2.0758 &Y,

Fig. 22. Frontier molecular orbitals (HOMO and LUMO) and non-covalent interaction (NCI) plots for 302Melm, 5C2Melm, 304Melm and 5C4Melm calculated at

the CAM-B3LYP/def2-TZVP level with CPCM (acetonitrile).
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oligoether spacer with a hydrocarbon chain leads to a more open cavity,
which is reflected in the systematic increase of the O---O distance across
the gap from 4.71 A for 302MelIm to 4.86 A for 304MeIm and from
4.91 A for 5G2MelIm to 5.07 A for 5C4MelIm (Fig. 23).

For these four model systems, the calculated HOMO and LUMO en-
ergies reveal that the 4-methyl derivatives and the carbon-bridged
macrocycle possess a smaller HOMO-LUMO gap than their 2-methyl
and oxygen-bridged counterparts, in agreement with the red-shift of
the longest wavelength absorption band observed experimentally for the
whole series of receptors and with the trends previously reported for
related imidazole-based azomacrocycles [37]. The frontier molecular
orbitals indicate that the lowest-energy transitions correspond to a
HOMO—LUMO excitation with pronounced n—n* charge-transfer
character from the aryl/imidazole fragment towards the cavity region,
while the associated NCI plots display a continuous belt of weak
attractive interactions along the inner rim of the macrocycle, more
extended in the 4-methyl receptors and in the carbon-bridged system.
Taken together, the evolution of the O---O distance, the reduction of the
HOMO-LUMO gap and the redistribution of electron density towards
the cavity provide a consistent explanation for the batochromic shifts
and changes in colour intensity observed upon structural modification,
and place the present receptors within a broader structure-property
framework established  for imidazole-based chromogenic
azomacrocycles.

3.8. Sensing layers

To compare the chromoionophoric properties of 302meIm and
5C2Melm upon their immobilisation in sensing layers of optical sensors,
we used several materials: cellulose triacetate (CTA), cellulose and glass
modified with polystyrene (PG-PS) as a matrix. The first attempt was to
test sensing materials in qualitative probes—immersing of sensing ma-
terial into 0.1 M solution of metal nitrates prepared in nitric acid (10~>
M). Colour changes of CTA and PG-PS based materials in quantitative
probes are shown in Fig. 24.

Orange-yellow material was found to change colour into brownish-
purple depending on the metal nitrate. The most observable colour

302Melm =~ ©

304Melm
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changes were seen upon interaction with heavy metal nitrates. The
colour change of the obtained receptor layers presented as the param-
eter AEgpgp is shown in Fig. 25. Colour changes of CTA and PG-PS sensing
layers expressed as (R + G + B)/3 and I = 0.299R + 0.587G + 0.114B
are shown in Figure S42 and Figure S43.

Sensing material obtained with the use of cellulose immobilised on
glass plates were also characterised by colour changes when immersed
into metal nitrates solutions. However, the material obtained via this
approach, despite many attempts, was patchy and coloured with the
greyish hue (cf. Fig. S44), so it was rejected from further studies.

Colour changes of the obtained sensing materials are more distinct
for 302Melm, however not spectacularly. Also selectivity towards
particular metal cation is rather moderate.

Analysing the obtained results, it is well seen that 17-membered
macrocyclic azocrowns can be regarded as chromoionophores. Howev-
er, comparing to previously investigated macrocycles with imidazole/4-
methylimidazole [45], the selectivity towards lead(II) and bismuth(III)
is lost.

In the present study, the relocation of the methyl substituent to the 2-
position in the imidazole ring, resulting in a reduction in macrocyclic
cavity size, altered the potential hydrogen-bonding network and influ-
ence the lipophilicity of the macrocycle. These structural modifications
probably affect the interaction with the solid matrix and influence the
chromogenic response, consistent with earlier observations for immo-
bilised azomacrocyclic systems [37,45]. Nevertheless, the preserved
optical activity and relative stability of the immobilised layers highlight
the robustness of these materials and their potential for fine-tuning
through molecular design—particularly by controlled adjustment of
cavity geometry and substituent orientation—to achieve improved
solid-state colorimetric sensing performance.

3.8.1. Regeneration and reversibility of sensing layers

Regeneration studies were performed to assess the reversibility of the
metal-induced colour changes in both CTA-based optodes and PG-PS-
supported materials. For CTA membranes, complete regeneration was
not achieved with either 0.1 M HNO3 or 0.1 M EDTA. The most repro-
ducible response was observed for 5C2Melm in the presence of Cu

Fig. 23. DFT-optimised geometries of 302MeIm, 304MeIm, 5C2MeIm and 5C4MeIm with O---O distances across the cavity.
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Fig. 24. Colour change of CTA (top) and PG-PS (bottom) based materials with 302MeIm and 5C2Melm as chromoionophores upon immersing the material in 0.1 M
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Fig. 25. Comparison of the colour change of: a) CTA and b) PG-PS-based materials with 302MeIm and 5C2MeIm chromoionophores in 0.1 M aqueous solutions of
metal nitrates expressed as AEggp parameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

(NOs3), regenerated with HNO3 (Fig. 26). However, the AEggg param-
eter decreased by approximately 30% (from 98.31 to 68.95) after five
cycles, indicating partial irreversibility or progressive loss of
ligand-metal interaction.

For 302Melm, a noticeable decrease in colour intensity was
observed after several cycles, which can be attributed to the gradual
leaching of the chromoionophore into solution. This effect was also
observed for Pb(II), but to a lesser extent than for Cu(I). The observed
leaching of 302Melm is consistent with previous studies on ion-
selective electrodes, where similar leakage was reported [50].

For PG-PS-supported materials, regeneration was even less effective
(Fig. 27). In particular, 302MeIm showed significant wash-out in both
regenerative solutions, consistent with previous observations for this
ligand. Additionally, neither EDTA nor HNOj fully restored the original
colour of 5C2MeIm-based materials after one cycle.

These results demonstrate that while partial reversibility of the
colour response is achievable, the regeneration efficiency is governed by
chromoionophore structure and matrix interactions, which limit long-
term reusability under the applied conditions.

In our previous studies on closely related imidazole-based chro-
moionophores [37,45], efficient regeneration of receptor layers was
observed under comparable conditions. The present results therefore
clearly illustrate how even subtle structural modifications within the
same family of compounds can markedly influence not only
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metal-binding properties and complex stability, but also the durability
and practical reusability of sensing layers.

4. Conclusions

A new, 17-membered bisazomacrocycle bearing 2-methylimidazole
(5C2MeIm) was successfully synthesised and compared with its
oligoether-linked analogue (302MeIm). The influence of the linker type
and the substitution pattern within the imidazole ring on macro-
cyclisation efficiency and complexation behaviour was evaluated.The
relocation of the methyl group from the 4- to the 2-position in the
imidazole ring alters the direction of the coupling reaction, leading to a
macrocycle of smaller molecular cavity and distinct conformation.
These structural consequences, combined with the nature of the spacer,
significantly affect the chromogenic response and the type of complexes
formed with Pb(II) and Cu(Il) ions. In particular, the orientation of the
N-H group within the macrocyclic cavity plays a decisive role in
determining the colour intensity and metal-binding mode.

These findings extend our previous series on imidazole-based azo-
macrocycles and refine the understanding of the structure-property
relationships governing their chromogenic and ion-recognition
behaviour.
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