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Ja, nizej podpisany, o§wiadczam, iz jestem swiadomy, ze zgodnie z przepisem art. 27 ust. 11 2
ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z 2021 poz.
1062), uczelnia moze korzysta¢ z mojej rozprawy doktorskiej zatytutowanej:

Chromogeniczne pochodne azoli jako skladniki warstw receptorowych
czujnikéw optycznych

do prowadzenia badan naukowych lub w celach dydaktycznych.!

Swiadomy odpowiedzialnoéci karnej z tytutlu naruszenia przepisow ustawy z dnia 4 lutego
1994 r. o prawie autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych okreslonych
w ustawie Prawo o szkolnictwie wyzszym i nauce (Dz.U.2021.478 tj.), a takze
odpowiedzialno$ci cywilno-prawnej oswiadczam, ze przedkladana rozprawa doktorska zostata
napisana przeze mnie samodzielnie.

Oswiadczam, ze treS¢ rozprawy opracowana zostala na podstawie wynikow badan
prowadzonych pod kierunkiem i w Scistej wspotpracy z promotorem dr hab. inz. Ewa Wagner-
Wysiecka, prof. PG.

Ninigjsza rozprawa doktorska nie byta wczesniej podstawa zadnej innej urzedowej procedury
zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze zrédel pisanych
i elektronicznych, zostalty udokumentowane w wykazie literatury odpowiednimi odno$nikami,
zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodnos¢ niniejszej wersji pracy doktorskiej z zataczong wersjg elektroniczng.
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podpis doktoranta

Ja, nizej podpisany, wyrazam zgode¢ na umieszczenie ww. rozprawy doktorskiej w wersji
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lub w celu prowadzenia dziatalno$ci naukowej korzysta¢ z rozpowszechnionych utworéw w oryginale i w thumaczeniu oraz
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uczacych si¢, nauczajacych lub prowadzacych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.
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Streszczenie rozprawy w jezyku polskim: Gtownym celem badan prowadzonych w ramach
studium doktoranckiego byta synteza oraz badanie wlasciwosci chromogenicznych pochodnych
azoli, makrocyklicznych i acyklicznych, jako sktadnikow warstw receptorowych czujnikéw
optycznych. Otrzymane zwiazki zawieraja w swojej strukturze reszte heterocykliczng — azol,
ktory moze uczestniczy¢ w tworzeniu kompleksow z jonami metali ci¢zkich oraz co najmniej
jedno ugrupowanie azowe. Obecno$¢ grupy azowej zapewnia wiasciwosci chromoforowe, ale
takze stanowi dodatkowe centrum koordynacji jonéw metali poprzez jeden z dwoch atomow
azotu tej grupy. Wybrane chromojonofory przetestowano pod katem unieruchomienia ich na
podtozach o réznych wiasciwosciach hydrofobowo-lipofilowych, w celu uzyskania warstw
receptorowych. Zbadana zostata odpowiedz spektralna i kolorymetryczna, przy zastosowaniu
cyfrowej analizy obrazu, poszczegdlnych warstw receptorowych na obecno$¢ kationow metali
cigzkich w funkcji skladu warstwy receptorowej. Oczekiwanym efektem koncowym
przeprowadzonych badan byto okreslenie zalezno$ci pomigdzy wlasciwosciami proponowanych
uktadow gos¢-gospodarz w roztworze, a ich charakterystyka po unieruchomieniu na statym
podtozu. Zdefiniowanie tej zalezno$ci przyczynito si¢ do opracowania szybkich i niedrogich
warstw receptorowych, wykorzystujacych metody optyczne do oznaczania jondw metali
cigzkich w probkach wodnych.
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Streszczenie rozprawy w jezyku angielskim: The main goal of the research conducted as part
of the PhD study was the synthesis and study of the chromogenic azole derivatives, macrocyclic
and acyclic, as components of optical sensor receptor layers. The obtained compounds contain
a heterocyclic residue in their structure - azole, which can participate in the formation of
complexes with heavy metal ions and at least one azo moiety. The presence of the azo group
provides chromophoric properties, but also constitutes an additional coordination center for
metal ions through one of the two nitrogen atoms of this group. Selected chromoionophores
were tested for immobilization on substrates with various hydrophobic-lipophilic properties in
order to obtain receptor layers. The spectral and colorimetric response of individual receptor
layers to the presence of heavy metal cations was examined using digital image analysis as a
function of the composition of the receptor layer. The expected end result of the conducted
research was to determine the relationship between the properties of the proposed guest-host
systems in solution and their characteristics after immobilization on a solid substrate. Defining
this relationship contributed to the development of fast and inexpensive receptor layers using
optical methods for the determination of heavy metal ions in aqueous samples.
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ACN
AU
BBPA
CC

CD

CTA
DCM
DMF
DMSO
DMSO-de
DBP
DOP
DOS
EDTA
ISE

ISO
KTCIPB

LOD
LOQ
MeOH
NMR
NPOE
PBS
PE
PTFE
PET
PG-PS

PMMA
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acetonitryl (ang. acetonitrile)

sztuczny mocz (ang. artificial urine)

adypinian bis(1-butylopentylu) (ang. bis(1-butylpentyl)adipate)
chusteczki do prania Colour Catcher

cyklodekstryna (ang. cyclodextrin)

trioctan celulozy (ang. cellulose triacetate)

dichlorometan (ang. dichloromethane)
N,N’-dimetyloformamid (ang. dimethylformamide)
dimetylosulfotlenek (ang. dimethyl sulfoxide)

deuterowany dimetylosulfotlenek

ftalan dibutylu (ang. dibutyl phthalate)

ftalan bis(2-etyloheksylu) (ang. dioctyl phthalate)

sebacynian bis(2-etyloheksylu) (ang. dioctyl sebacate)

kwas etylenodiaminotetraoctowy (ang. ethylenediaminetetraacetic acid)
elektrody jonoselektywne (ang. ion selective electrode)

optody jonoselektywne (ang. ion selective optodes)

tetrakis(p-chlorofenylo)boran potasu
(ang. potassium tetrakis(4-chlorophenyl)borate)

granica wykrywalnosci (ang. limit of detection)

granica oznaczalnos$ci (ang. limit of quantity)

metanol (ang. methanol)

magnetyczny rezonans jadrowy (ang. nuclear magnetic resonance)
eter 2-nitrofenylowo-oktylowy (ang. 2-nitrophenyl octyl ether)
buforowana fosforanem sdl fizjologiczna (ang. phosphate buffered saline)
polietylen (ang. polyethylene)

poli(tetrafluoroetylen) (ang. poly(tetrafloroethylene)
poli(tereftalan etylenu) (ang. poly(ethylene terephthalate))

szklo porowate modyfikowane polistyrenem
(ang. porous glass modified with polystyrene)

poli(metakrylan metylu) (ang. poly(methyl methacrylate))
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PP
PVC
SBF
TCM
TEG
THF
W%

polipropylen (ang. polypropylene)

poli(chlorek winylu) (ang. poly(vinyl chloride))
symulowany ptyn ustrojowy (ang. simulated body fluid)
chloroform (ang. trichloromethane)

glikol trietylenowy (ang. triethylene glycol)
tetrahydrofuran (ang. tetrahydrofuran)

wydajno$¢ reakcji makrocyklizacji
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IE - CHEMIA SUPRAMOLEKULARNA

I.A. CHEMIA SUPRAMOLEKULARNA

Termin ,,chemia supramolekularna” zostat po raz pierwszy przedstawiony w 1978 roku
przez Jean-Marie Lehna, ktory zdefiniowat ,,superczasteczke” jako zorganizowang ztozong
cato$¢ utworzong z polaczenia dwoch lub wigcej zwigzkow chemicznych utrzymywanych
razem przez sily miedzyczasteczkowe [1]. Chemia supramolekularna miata obejmowac
badanie tych ztozonych jednostek i1 ich oddziatywan miedzyczasteczkowych. Badania i wkiad
J. M. Lehna oraz Charlesa Pedersena i Donalda Crama w t¢ nowa dziedzing zostaty
uhonorowane Nagroda Nobla w 1987 roku [2-4].

Jednak wzglednie pozne zdefiniowanie tego terminu nie oznacza, ze chemia
supramolekularna nie istniata wcze$niej. Wtasciwie chemig supramolekularng mozna odnalez¢
juz w pierwszych stadiach istnienia Ziemi: od wigzan wodorowych w czasteczkach wody, po
ztozone uktady enzym-substrat w organizmach zywych. Oddzialywania mi¢dzyczasteczkowe
obejmuja miedzy innymi oddziatywania: jon-jon, dipol-jon, pary jonowe, wigzania wodorowe,
koordynacje¢ metali, oddziatywania hydrofobowe, sity van der Waalsa, oddziatywania n-n , CH-
n, kation-mt, anion-m 1 efekty elektrostatyczne [5]. Te rézne typy oddzialywan umozliwiajg
czasteczkom taczenie si¢ 1 organizowanie w zlozone struktury, przyczyniajac si¢ do tworzenia
makroskopowego $wiata.

Podstawy chemii supramolekularnej siegaja konca XIX wieku, kiedy to opracowano
niektore z najbardziej podstawowych koncepcji dla tego obszaru badan. I tak w 1893 roku
Alfred Werner sformutowal ide¢ chemii koordynacyjnej [6], rok podzniej Emil Fischer
przedstawil koncepcje ,,zamka 1 klucza” (ang. lock-and-key) [7], czyli teori¢ wedtug ktorej
czasteczka substratu pasuje przestrzennie do centrum aktywnego enzymu, tak jak klucz do
zamka, a Villiers odkryl pierwsze czasteczki gospodarzy — cyklodekstryny (CD) [8-10].
Natomiast kilka lat pdZniej Paul Ehrlich opracowat koncepcj¢ receptordw i stwierdzit, ze kazda
czasteczka moze oddzialywa¢ na organizm ludzki tylko wtedy, gdy wystepuje w formie
zwigzane] (,,Corpora non agunt nisi fixata”) [11-15]. Z czasem kilka z tych koncepcji zostato
udoskonalonych i zmodyfikowanych np. w 1903 roku Schardinger scharakteryzowat trzy
naturalnie wystepujace CD (a, B 1 y) jako cykliczne oligosacharydy, ktore roznig si¢ migdzy
sobg liczbg jednostek glukozowych (rys. 1.1) [16-18], a w 1958 roku Daniel Koshland
sformutowat teori¢ dopasowania indukowanego, czyli mechanizmu opierajacego si¢ na
dopasowaniu ksztattu enzymu do substratow i przeksztatceniu ich w produkty [19]. Model
indukowanego dopasowania zapewnia bardziej dynamiczny opis tworzenia wigzan,
W porOwnaniu z raczej statyczng zasadg ,,zamka 1 klucza”, a zatem jest w stanie lepiej wyjasnic¢

rozne zjawiska, w tym np. kooperatywnos$¢ enzymédw. Ponadto niemieckie stowo oznaczajace
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»supramolekute” pojawilo si¢ w literaturze juz w 1937 roku, kiedy Wolf i1 jego
wspotpracownicy wprowadzili termin ,,Ubermolekiil” do opisania niektérych oddziatywan
miedzyczasteczkowych w uktadach takich jak np. dimery kwaséw karboksylowych [20-23].
Jednakze dopiero definicja chemii supramolekularnej podana przez Lehna, jako ,,chemia poza
czasteczka” sprawita, ze dziedzina ta wylonita si¢ jako nowa dyscyplina i zacz¢to definiowac

podstawy chemii supramolekularnej jaka znamy dzisiaj [24].

% {e]
OH
0
HO
a-CD ¢
OH
OH
0.
OHO 'OH OH 'OH
HO ) HO o
° OH OH o )
o M o o OH O Ho. Ho HO oH O
0
0
HO
OH

Rys. L1. Struktury chemiczne naturalnie wystepujacych CD [16-18].

Obecnie chemia supramolekularna obejmuje szeroki obszar badan, ktory jest powigzany
takze z innymi dyscyplinami takimi jak fizyka, inzynieria materialowa czy biologia. Kazda
z tych dziedzin przyczynila si¢ do poszerzenia obszaru badan chemii supramolekularne;j,
co rowniez przetozylo si¢ na chemi¢ molekularng 1 doprowadzilo do pojawienia si¢ chemii
adaptacyjnej, ktéra wykorzystuje réznorodnos¢ uktadéw chemicznych zaréwno na poziomie
molekularnym, jak i supramolekularnym, w celu osiagnigcia adaptacji, na drodze procesu
samoorganizacji [25-27].

Chemia supramolekularna zajmuje si¢ trzema gtownymi obszarami, z ktorych pierwszy
dotyczy rozpoznania molekularnego. Rozpoznawanie molekularne mozna zdefiniowa¢ jako
wigzanie pomigdzy czasteczkya substratu i czasteczka receptora. Zatem dana czasteczka
rozpoznaje swoja czasteczke partnerskg w sposob selektywny i wiaze si¢ z nia, tworzac
kompleks gos¢-gospodarz [28, 29]. Przyktad rozpoznania molekularnego w przyrodzie mozna
znalez¢ we wspomnianym wczesniej modelu zamka 1 klucza Fischera.

Wedtug Fischera zamek lub inaczej gospodarz bytby enzymem z okre§long dziurka od
klucza lub miejscem aktywnym, podczas gdy klucz lub gos$¢ bylby specyficznym substratem.
Tylko klucz o odpowiedniej wielko$ci zmiescitby sie¢ w dziurce od klucza, co oznacza, ze tylko

okreslony substrat, a nie inny, bedzie wigzat si¢ z enzymem, zgodnie z zasadg rozpoznawania

14
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molekularnego (rys. 1.2). Mechanizm ten jest podstawa wielu reakcji biochemicznych

zachodzacych w organizmach zywych [30-33].

u)—» < a)—» = —-)

klucz kiddka Klucz w kiédoe otwarta kiddka
(substrat) (enzym) (kompleks) (produkt)
> ‘ — _— :

substrat enzym kompleks substrat-enzym produkt enzym

Rys. 1.2. Model ,,zamka i klucza” oraz schemat dzialania enzymu.

Drugi kierunek badan koncentruje si¢ na projektowaniu oraz syntezie czasteczek
o konkretnej strukturze przestrzennej takich jak np. etery koronowe [34-41], katapinandy [42-
45], kryptandy [46-48], podandy [49-51], etery lariatowe [52-55], sferandy [56-62], kawitandy
[63-65], karcerandy [66-68], cyklodekstryny [69-73]; cyklofany [74-77], superfany [78-80],
kryptofany [81-83], kaliksareny [84-91], pillarareny [92-94], kukurbiturile [95-99], torandy
[100, 101], rotaksany [102-106], katenany [107-111], wezly molekularne [112-116], klatki
molekularne [117, 118] czy tez wirniki molekularne [119-123]. Przyktady wyzej wymienionych
zwiazkoéw zostaly przedstawione na rysunku 1.3.

W 2016 roku przyznano Nagrode Nobla w dziedzinie chemii trzem naukowcom: Jean-
Pierrowi Sauvage, Sir J. Fraserowi Stoddart oraz Bernardowi R. Ferindze, jako drugiej
generacji chemikow supramolekularnych, ktorzy zajmuja si¢ projektowaniem oraz
otrzymywaniem maszyn molekularnych [124-126].

Trzecim obszarem chemii supramolekularnej jest badanie samoorganizacji czasteczek.
Samoorganizacja molekularna to spontaniczne tworzenie supraczgsteczek o okreslonych
ksztaltach 1 wtasciwos$ciach, ztozonych z czasteczek potaczonych w wyniku oddzialywan
niekowalencyjnych [127-130]. Micele, folie, zele, membrany, a takze nanostruktury sg

przyktadami systemow samoorganizujacych sig.

15
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OCH,4 [¢]
o)
OCH,

Rys. L3. Przyktady receptorow molekularnych: I — 18-korona-6 [37]; II — 1,10-diazabicyklo[8.8.8]heksakozan
[42-44]; III — [2.2.2]kryptand [46, 47]; IV — dimetoksypentaetylenoglikol [49]; V — N,N’-di-2-metoksyetyl-4,13-
diaza-18-korona-6 [55]; VI — sferand [56-58]; VII — kawitand [63]; VIII — karcerand [66]; IX — [2.2]paracyklofan
[75]; X — [2¢]superfan [78]; XI — kryptofan [81]; XII —p-tert-butylokaliks[4]aren [84].XIII — pillar[5]aren [92];
XIV — kukurbit[6]uril [96]; XV — torand [100].
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I.B. CHROMOJONOFORY

Znaczny obszar chemii supramolekularnej koncentruje si¢ na otrzymywaniu i badaniu
wlasciwosci syntetycznych receptorow [131-140]. I tak na przyktad receptory jonéw mogg by¢
projektowane jako uklady zawierajace w swoje strukturze ugrupowania zdolne do tworzenia
kompleksow z jonami metali oraz mogg zawiera¢ grupy chromo-/fluoroforowe, co przektada
si¢ na otrzymywanie jonoforow i chromo-/fluorojonoforéw [141-172]. Chromojonofory
zdefiniowane przez J.P. Dixa 1 F. Vogtle'a [173] sa jednoczes$nie pierwszymi zwigzkami, ktore
zawieraly w swojej strukturze etery koronowe i umozliwiaty fotometryczne oznaczanie jonow
metali alkalicznych [174]. Chromogeniczne i fluorogeniczne receptory znajduja zastosowanie
m.in. w szeroko pojetej analityce np. jako wskazniki analityczne, odczynniki wykorzystywane
w obrazowaniu komoérkowym, w analizie enancjomerow, a takze jako komponenty szybkich
testow do badania probek wodnych o znaczeniu biologicznym oraz srodowiskowym [175-194].
Na rysunku 1.4 zostal przedstawiony schemat idei chromogenicznych receptoréw

molekularnych.

receptor/gospodarz kompleks gosc-gospodarz

RCZnK  jonofor

lub

chromofor

chromojonofor

Rys. 1.4. Schemat idei chromogenicznych receptorow molekularnych.

Wsréd czesto wykorzystywanych struktur o wlasciwosciach fluoro-/chromoforowych
lub fluoro-/chromojonforowych mozna wymieni¢ m.in. porfiryny, rodaming, kumaryng,
chinoling, benzotiazol, indol, 1,8-naftalimid, piren, antracen, tetrafenyloeten, iminy — w tym
diimid perylenu, tiomocznik, zasady Shiffa oraz BODIPY (ang. boron-dipyrromethene)
(rys. 1.5) [141-172, 175-194].
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Jako zwiazki receptorowe wykorzystywane sa rowniez chromo-/fluorojonofory
zawierajagce w swojej strukturze reszty heterocykliczne [195-199], w szczegdlno$ci azole.
Opisywane sg one jako jedne z najlepszych uktadéw do wykrywania i oznaczania jonoOw metali
ciezkich [200, 201], a takze anionow [202]. Chromogeniczny charakter receptoroOw mozna
osiggna¢ poprzez wprowadzenie odpowiedniej grupy funkcyjnej - chromoforu. Jedng
z najpowszechniejszych, najwygodniejszych 1 najbardziej uzytecznych funkcjonalizacji
zwiazkow, ktore majg petni¢ role chromogenicznych receptorow, jest wprowadzenie jako grupy
chromoforowej grupy azowej. Zwiazki azowe moga wystepowaé w postaci dwoch izomerow
geometrycznych: cis (Z) i trans (E), ktore moga przeksztatcac si¢ zardwno fotochemicznie jak
1 termicznie [203, 204]. Izomery charakteryzuja si¢ dobrze rozdzielonymi pasmami absorpcji
w obszarze promieniowania UV-Vis 1 posiadaja rozne wlasciwosci fizyczne, takie jak stata
dielektryczna oraz wspoélczynnik zatamania §wiatta [205]. Zwiazki te sg rowniez aktywne
elektrochemicznie i moga dziata¢ jako jednostki funkcjonalne, jesli zostang wprowadzone do
materiatéw elektrochromowych, ktorych wilasciwosci moga by¢ stymulowane zmiang
potencjatu. Ponadto szczegdlne wlasciwosci spektralne zwigzkéw azowych tj. obecnos¢
donorowego atomu azotu oraz, co wazne, stosunkowo nieskomplikowana synteza pochodnych
azowych, sprzyja ich zastosowaniu w warstwach receptorowych wielu uktadow czujnikowych
[206-212].

W literaturze mozna znalez¢ wiele przyktadow chromojonoforow, takze
makrocyklicznych zawierajacych ugrupowania azowe (rys. 1.6) [213]. Wykazano, ze
makrocykliczne pochodne bisazowe zawierajace reszty pirolu lub imidazolu w obrgbie
makropierscienia wykazuja czutos$¢ na jony otowiu(Il) zar6wno w roztworze (acetonitryl 1 jego
mieszaniny z woda) [214-216], jak 1 jako nos$niki jonow otowiu(Il) w polimerowych
membranach inkluzyjnych [217, 218], a takze w membranowych elektrodach
jonoselektywnych czutych na jony otowiu(Il), w ktorych zastosowano je jako jonofory [219,
220]. Natomiast makrocykliczne pochodne imidazolu unieruchomione na podiozu
krzemionkowym otrzymywanym metoda zol-Zel, traktowane jako elementy czujnikoéw

optycznych, selektywnie rozpoznaja jony miedzi(Il) w roztworach wodnych [221, 222].
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Rys. 1.6. Przyktady zwiagzkéw makrocyklicznych zawierajacych w swojej strukturze wigzanie azowe [213].
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Wedlug TUPAC czujnik chemiczny to urzadzenie, ktore przeksztatca informacje
chemiczne, poczawszy od stezenia okreslonego sktadnika probki, po ogolny sktad matrycy,
w sygnat uzyteczny analitycznie [223]. Wymienione powyzej informacje chemiczne moga by¢
uzyskiwane jako wynik odpowiedniej reakcji chemicznej analitu lub wynika¢ ze zmiany
wlasciwosci fizycznych badanego systemu begdacych skutkiem utworzenia kompleksu.
Czujniki chemiczne zawieraja dwie podstawowe jednostki funkcjonalne: chemicznie
selektywng warstwe receptorowa oraz element przetwornikowy. W warstwie receptorowe;j
informacja chemiczna jest przeksztalcana w forme energii, ktéra moze by¢ mierzona przez
element przetwornikowy. Natomiast przetwornik konwertuje energi¢ przenoszaca informacje
chemiczne o probce, w uzyteczny analitycznie sygnal. Przetwornik jako taki nie wykazuje
selektywnos$ci chemicznej. W zaleznoS$ci od generowanego sygnatu mozna je podzieli¢ [224,
225] na rézne grupy m.in. optyczne - wykorzystujacace zjawiska takie jak absorbcja,
fluorescencja, luminescencja czy refrakcja, ktore sa wynikiem interakcji analitu z warstwag
receptorow; elektrochemiczne — wykorzystuja zjawiska zachodzace na granicy analit-
elektroda, w sygnat uzyteczny analitycznie. Takie efekty mogg by¢ stymulowane przeptywem
pradu elektrycznego lub moga powodowaé spontaniczne oddzialywanie w warunkach pradu
zerowego; elektryczne — oparte na pomiarach, w ktorych nie zachodza procesy
elektrochemiczne, a sygnal wynika ze zmiany witasciwosci elektrycznych spowodowanych
oddzialywaniem z analitem; grawimetryczne - przeksztalcaja zmian¢ masy na odpowiednio
zmodyfikowanej powierzchni w zmian¢ wilasciwo$ci materialu nosnego (zmiana masy jest
spowodowana akumulacjg analitu); magnetyczne — oparte s3 na zmianie magnetycznych
wlasciwos$ci analizowanego ukladu; termiczne — oparte sa na pomiarze efektu cieplnego
okreslonej reakcji chemicznej lub zjawiska fizycznego np. adsorpcji. Czujniki chemiczne
stanowig grup¢ najszerzej przebadanych nowoczesnych narzedzi analitycznych, ktore moga
stuzy¢ do wykrywania oraz oznaczania jonow, a takze przy zastosowaniu odpowiednio
selektywnego receptora czasteczek obojetnych [226-240].

Czujniki optyczne stanowig grup¢ czujnikdw chemicznych, w ktoérych sygnat
analityczny jest generowany w wyniku oddzialywania promieniowania elektromagnetycznego
z materig. Do tej grupy naleza m.in. optody [241-245]. Zasada dzialania optody moze opierac
si¢ na kilku zjawiskach optycznych obejmujac rdézne regiony promieniowania
elektromagnetycznego — od promieniowania UV poprzez zakres widzialny, az do podczerwieni.

Czujniki optyczne oparte na (chromo)- lub (fluoro)jonoforach, do ktérych zaliczane sg
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jonoselektywne optody (ISO) [246-252], sa szczegbdlnie wazne ze wzgledu na mozliwosé
wykrywania analitow w zakresie promieniowania UV-Vis, mniejsza podatnos¢ na zaktocenia
elektromagnetyczne, a takze moga osiagac¢ nizsze wartosci granicy wykrywalnosci (LOD) niz
ich analogi — jonoselektywne elektrody (ISE) [253]. Na rysunku 1.7 zostaly przedstawione
przyktady mechanizméw wykrywania jonéw w ISO.

Rys. I.7. Przyktadowe mechanizmy wykrywania jonow w ISO poprzez: a) i b) — generowanie sygnatu optycznego
oparte na wymianie jonowej za pomoca chromojonoforu, unieruchomionego w warstwie receptorowe;j,
selektywnego na dany jon lub w wyniku wspotekstrakcji anionu/chromojonoforu, ktory ulega deprotonowaniu;
c¢) i d) — zastosowanie chromoforu selektywnego wzgledem jonow wodorowych w ukladzie z selektywnym
jonoforem, co umozliwia selektywna ekstrakcje jonu docelowego do organicznej fazy czujnikowej poprzez

wymiane lub wspotekstrakcje z jonem wodorowym zwigzanym z chromojonoforem [238].

Polimery syntetyczne sg zwykle tanie i otrzymywane na masowg skalg. Ze wzgledu na
szeroki asortyment polimeréw o roéznych wlasciwosciach, takich jak elastycznos$é,
przezroczystos$é, rozciggliwo$¢ itp. moga by¢ odpowiednimi no$nikami dla receptorow.
Klasyczne optody zawierajace fluoro- lub chromojonofory (lub jonofor i wskaznik) sg bardzo
czgsto otrzymywane przy uzyciu poli(chlorku winylu) jako matrycy polimerowej i badane

poprzez pomiar zmiany absorbancji i/lub fluorescencji spowodowanej obecnoscia analitu.
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Pierwsze doniesienia o optodach na bazie PVC wykorzystujacych uktad jonofor-wskaznik,
pochodza z poczatku lat 90 XX wieku i zostaly opracowane przez zespét Wilhelma Simona
[254-260]. Zaproponowane optody stosowano do analizy probek wodnych w celu wykrywania:
kationéw wapnia, otowiu(Il), cynku(Il), srebra(l), rteci(Il), uranylu [261-266], aniondow
wodorosiarczanowych [267], ale rowniez jako optyczne czujniki gazowe amoniaku [268, 269].
Ponadto stwierdzono mozliwo$¢ zastosowania optod bazujacych na PVC do wykrywania oraz
oznaczania jonoOw sodu czy potasu, w bardziej ztozonych uktadach takich jak ludzkie osocze
[270, 271]. Wraz z czasem optody zyskaly na popularnosci na catym $wiecie, co potwierdza
wzrost liczby publikowanych prac o tej tematyce (Tabela I.1A i [.1B) [272-344]. Ze wzgledu
na to, ze optody bazujace na PVC wymagaja dodatkowego podtoza w postaci szklanych ptytek,
na ktore sg nanoszone, wraz z postepem techniki oraz mozliwosci analizy kolorymetrycznej
zaproponowano optody PVC, w ktorych szklane podloze zastapiono papierem [345-353],
poli(tereftalanem etylenu) (PET) [354, 355] a takze bazujac na najnowszych doniesieniach,
mozliwe jest otrzymanie optod PCV bez dodatkowego podtoza [356].

Wsréd najpopularniejszych polimerdw stosowanych w czujnikach optycznych szeroko
stosowana, poza poli(chlorkiem winylu), jest acetylowana celuloza. Trioctan celulozy (CTA)
moze by¢ stosowany jako surowiec do wytwarzania tworzyw sztucznych, wtokien i folii, takich
jak klisze fotograficzne. Ponadto folia CTA moze by¢ stosowana jako porowate podtoze dla
czujnikow optycznych i nie wymaga zastosowania dodatkowego podioza, tak jak ma to miejsce
przy optodach PVC. W pierwszych doniesieniach o tego typu czujnikach optycznych na bazie
triacetylocelulozy, uzywano jako materiatu wyj$ciowego odpadowych tasm fotograficznych,
na powierzchni ktorych chromojonofor unieruchamiano fizycznie lub poprzez kowalencyjne
zwigzanie z podlozem (Tabela 1.2) [357-397]. Tego typu rozwigzania wykorzystuja materiat
odpadowy o doskonatych wlasciwosciach optycznych i mechanicznych, jako no$nik barwnych
receptoréw. Membrany te reaguja na obecnos$¢ analitu zmieniajac barwe, a to mozna wykry¢
»golym okiem” lub zmierzy¢ spektrofotometrycznie. Jednak wraz ze zmniejszajagcym si¢
obrotem tasm fotograficznych zaczeto stosowa¢ do otrzymywania optod trioctan celulozy

w postaci granulatu [398-408].

31


http://mostwiedzy.pl

CZUJNIKI CHEMICZNE — WPROWADZ

A\ MOST

Tabela I.1A. Przyktady optod na bazie PCV do wykrywania i oznaczania jonéw metali.

Zakres liniowej Granica
Chromofor / jonofor / chromojonofor Kation  odpowiedzi wykrywalno$ci  Lit.
[mol/dm?] [mol/dm?]
5,10,15,20-tetrafenyloporfiryna Hg(1)  2,3x107—4,5x107° 4,0x10°8 [278]
pirydyno-2-tiol Hg(1)  2,0x107°—2,0x107° 4,0x107%0 [293]
+ chromojonofor | (ETH 5294)
tiazolo-2-tiol Hg(ll)  2,0x10%°-15%x10°  5,0x107 [294]
+ chromojonofor | (ETH 5294)
heksatiacyklooktadekan Hg(ll)  2,1x107-1,2x107* 2,0x1077 [297]
+ chromojonofor V
1,15-diaza-3,4,12,13-dibenzo-8-oksa-16,18- Hg(ll)  1,0x10%2-8,6x10*  53x107% [310]
pirydyno-5,1-ditiacyklooktadekano-2,14-dion
+ chromojonofor V
7-[(2-metylo-1H-indol-3-yl)metylo]- Hg(1)  4,5x107%-4,7x10%  3,5x1073 [311]
5,6,7,8,9,10-heksahydro-2H-1,13,4,7,10-
benzodioksatriazacyklopentadekano-3,11-
(4H,12H)-dion + chromojonofor | (ETH5294)
7-(1H-imidazol-1-ylmetylo)-5,6,7,8,9,10- Hg(ll)  7,2x1078-4,7x10*  1,8x107% [312]
heksahydro-2H-1,13,4,7,10-benzodioksatriaza
cyklopentadekano-3,11-(4H,12H)-dion
+ chromojonofor | (ETH5294)
di(tiofenylo)-4,4'-metylenodianilina Ho(ll)  2,5x10*-1,0x10°  3,4x107 [318]
+ chromojonofor | (ETH 5294)
jonofor 111 (ETH 5435) Pb(ll)  5,0x10°-5,0x10° 3,2x10712 [263]
+ chromojonofor VII (ETH 5418)
dibenzodiaza-18-korona-6 Po(Il)  1,0x10°8—5,0x107° 1,0x1078 [279]
+ 1-(2-pirydylazo)-2-naftol
difenylokarbazon Po(Il)  6,9x10°%—1,1x1072 6,5x107° [295]
jonofor IV selektywny na otow(l1) Pb(I)  6,2x108-5,0x107° 2,5x1078 [299]
+ chromojofor ETH 5294
2-[6-(3-metylo-3-fenylocyklobutylo)-7H- Pb(ll)  5,0x108-3,8x107* 2,2x1078 [301]
[1,2,4]triazolo[3,4-b]tiadiazin-3-yl]-fenol
BODIPY Pb(I)  1,0x1075-1,0x101 1,0x10°6 [324]
4-(tiazol-2-yldiazenylo)benzeno-1,3-diol Pb(ll)  6,0x107°—8,0x107° 1,8x107° [344]
heksatia-18-korona-6 Ag(l) 5,0x107° —5,0x107° 1,0x107° [282]
+ 1,2-benzo-3-octadekanoylimino-7-
dietyloaminofenyloksazyna
7-(1H-benzimidazol-1-ylmetylo)-5,6,7,8,9,10-  Ag(l) 1,0x1071t -8,9x10°°  2,8x107? [307]
heksahydro-2H-1,13,4,7,10-benzodioksatriaza
cyklopentadekano-3,11-(4H,12H)-dion
+ chromojonofor | (ETH 5294)
7-(1H-benzimidazol-1-ylmetylo)-5,6,7,8,9,10-  Ag(l) 2,3x1071 - 1,1x10°  9,5x107*? [309]
heksahydro-2H-1,13,4,7,10-benzodioksatriaza
cyklopentadekano-3,11-(4H,12H)-dion
+ chromojonofor | (ETH 5294)
2-[(benzo[d]tiazol-2-ylimino)metylo]fenol Ag(l) 4,8x10°-1,0x10°° 1,5x107° [333]
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Tabela I.1B. Przyklady optod na bazie PCV do wykrywania i oznaczania jonéw metali cd.

Zakres liniowej Granica
Chromofor / jonofor / chromojonofor Kation  odpowiedzi wykrywalnosci  Lit.
[mol/dm?®] [mol/dmq]
(N'IE,N"2E)-N'1,N"2—di(pirydyn—2— cu(ll)  1,6x10°—3,2x10°S 8,1x1077 [322]
ylmetyleno)oksalohydrazyd
N,N’-di(2-hydroksynaftenoaldehyd)-1,3- Cu(ll)  2,3x108-8,2x10°8 5,0x107° [323]
fenylenodiimina
1,1-2,2"-(1,2-fenyleno)bis(eten-2,1- Cu(ll)  8,0x10°-1,3x107* 4,0x1077 [326]
diyl)dinanaftalen-2-ol
1,2-di(o-salicylidodiminofenylotio)eten Ni(ll)  1,0x107°-5,0x1072 8,5x107° [303]
5-(2',4’-dimetylofenyloazo)-6- Ni(ll)  2,0x108-5,1x107° 6,1x107° [341]
hydroksypyrimidyn-2,4-dion
4-(p-nitrofenyloazo)pirokatechina Th(IV) 8,7x10°%-2,0x10™ 6,0x107® [288]
chlorowodorek midodryny Th(lV)  1,0x107%-1,2x107° 9,9x1077 [327]
4-(5-bromo-2-pyridylazo)-5-(dietyloamino)fenol ~ TI(IIl)  2,6x107%—4,5x10™* 1,1x1078 [298]
4-(2-pyridylazo)rezorcynol TI(N)  3,1x10°%-4,7x107 1,8x1078 [319]
4-(5-bromo-2-pyridylazo)-N,N-dietylo-3- Sm(ll)  2,6x10°-2,6x107* 1,9x10°8 [296]
hydroksyanilina
1,1’-(iminodi(metan-1-yl-1-ylidien))-dinaften-2-ol ~ Fe(lll)  1,0x107°-1,0x1073 6,2x10710 [313]
chlorowodorek midodryny uvI)  50x107-1,0x10"° 1,9x107 [327]
amino-4-(3-nitrofenyloazo)pyridyn-3-ol Sn(lV)  3,0x107%-6,4x107® 8,0x107° [331]
kwas 5-[o-karboksyfenyloazo]-2,4- Co(ll)  5,0x108—4,5%10™ 1,5%x1078 [335]
dihydroksybenzoesowy
5-(2',4'-dimetylofenyloazo)-6-hydroksy- Zn(ll)  5,0x107°—2,5%x107 1,6x107° [336]

pyrimidyn-2,4-dion

+ chromojonofor | (ETH 5294)

6-[4-(2,4-dihydroksyfenylodiazenylo)fenylo]-2- Cd(ll) 5,010 -2,5x107° 1,6x107%2 [337]
okso-4-fenylo-1,2-dihydropirydyno-3-cyjan

+ chromojonofor V

6-[4-(2,4-dihydroksyfenylodiazenylo)fenylo]-2- Sb(lll)  2,5x1078—4,0x107° 7,0x107° [338]
okso-4-fenylo-1,2-dihydropirydyno-3-cyjan

+ chromojonofor | (ETH 5294)

A\ MOST

kwas 1-(2-benzotiazolylazo)-2-hydroksy-3- Mo(VI) 8,5x1078—4,4x107° 2,5x1078 [339]
naftalenowy
4-(4'-chlorobenzylidenoimino)-3-mehyl-5-tio- Te(IV) 4,7x10°-1,2x107° 1,4x107° [356]
1,2,4-triazol
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Tabela 1.2. Zestawianie optod na bazie CTA do wykrywania i oznaczania jonow metali.

Zakres liniowej Granica
Chromofor / jonofor / chromojonofor Kation  odpowiedzi wykrywalno$ci  Lit.
[mol/dmq] [mol/dm?®]
4-(2-pyridylazo)-rezorcynol Hg(1)  5,0x10°%-3,4x1078 1,5x107¢ [367]
4-hydroksysalofen Hg(1)  1,0x107°%-1,0x1072 1,3x1077 [370]
I-(2-pirydylazo)-2-naftol Hg(1)  1,0x10°%-1,0x1078 8,0x1077 [371]
tetratia-12—korona—4 + Hg(1)  1,0x107°-9,5x10°° 8,1x107%0 [380]
chromojonofor |
difenylotiokarbazon Hg(l)  7,5x107-9,7x10°8 1,0x107 [363]
indygokarmin Hg(ll)  2,4x107°-4,7x107* 7,2x107° [381]
5-(2',4'-dimetylofenyloazo)-6- Hg(l)  5,0x107°—4,0x1077 1,5x107° [387]
hydroksypyrimidyno-2,4-dion
5,6-dimetylo-1-(4 metylobenzylo)-2-p-tolylo- Hg(ll)  5,0x107—-5,0x10° 1,0x1077 [391]
1H-benzimidazol
z0kcien tiazolowa G Hg(ll)  1,0x107-3,2x10°° 1,0x1078 [393]
kwas 2-amino-cyklopentano-1- Pb(I)  1,0x10°%—-5,0x107* 6,9x1077 [369]
ditiokarboksylowy
4-hydroksysalofen Pb(ll)  1,0x107-1,0x1073 8,6x10°8 [373]
difenylotiokarbazon Pb(I)  2,4x1076-2,7x107° 7,2x1077 [384]
difenylotiokarbazon Cu(ll)  8,3x107-1,6x10"° 2,0x107 [365]
1-fenylo-1,2-propanodiono-2-oksym Cu(ll)  7,5x10°¢-2,0x10" 8,0x107 [374]
tiosemikarbazydu
6-bromo-3-(2-metylo-2,3- Cu(ll)  7,0x107-1,0x107* 2,5x1077 [386]
dihydrobenzo[d]tiazol-2-yl)-2H-chroman-2 on
kwas 2-amino-cyklopentano-1- Ni(ll)  5,0x10°%—1,0x1078 5,2x1077 [361]
ditiokarboksylowy
1-tlenek-1-p-tolylo-3-(3- Ni(l)  1,2x10°-7,3x10°  1,0x107° [385]
(trifluorometylo)fenylo)triazyna
1-acenaftochinono-1-tiosemikarbazyd Ni(ll)  5,0x1071°-2,0x10°  1,0x107° [390]
4-hydroksysalofen Cd()  1,0x10°¢-5,0x107? 5,3x1077 [372]
kwas 2-amino-cyklopentano-1- cd()y  3,0x10°%-3,4x10™ 1,0x107® [379]
ditiokarboksylowy
czerwien pirogalolu Co(ll)  1,7x105-15x107 3,6x1077 [364]
3,4-dihydroksyantrachinon-2-sulfonian sodu Zr(1IV)  2,1x10°°-4,6x107° 8,8x1077 [368]
thorin Th(IV) 6,5x10°-9,9x105  1,9x10° [375]
4-hydroksysalofen La(lll)  1,0x10°°-1,0x1072 1,0x1077 [378]
cyjanina eriochromowa R V(V)  9,9x107-8,3x107° 1,0x1077 [388]
moryna Fe(lll)  1,1x107°—4,7x107° 4,2x1071 [394]
2-(2'-hydroksynaftyloazo)benzotiazol Cr(lly  3,0x107°-5,0x107° 8,5x10710 [396]
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Wsrod innych polimeréw mozna rozwazy¢ rdwniez polimery termoplastyczne, ktore
ulegaja zmigkczeniu pod wplywem temperatury, dzigki czemu mozna je formowaé
1 ksztaltowaé. Klasyczne polimery termoplastyczne stosowane do konstrukcji warstw
czujnikowych to: polietylen (PE) [409], polipropylen (PP) [410], polistyren (PS) [411],
poli(metakrylan metylu) (PMMA) i politereftalan etylenu (PET). W przeciwienstwie do innych
polimeréw zapewniaja one odporno$¢ chemiczng na rozpuszczalniki organiczne, mniejsza
przepuszczalno$¢ gazoéw oraz szeroki zakres sztywnosci. Dzieki tym wlasciwosciom tworzywa
termoplastyczne sg ch¢tnie wybierane jako matryce polimerowe optod [412]. Najwigksza liczba
doniesien naukowych, z uzyciem poli(metakrylanu metylu) jako matrycy, wskazuje je jako
kolorymetryczne czujniki pH [413, 414], a takze do wykrywania innych jonéw [415-425] oraz
zwigzkow takich jak np. kwas askorbinowy [426], heparyna [427], rodamina [428], barwniki
do zywnosci [429], antyoksydanty [430] czy glukoza [431].

W ostatnim czasie oprocz wspomnianego wyzej papieru [432-444], wykorzystuje si¢
inne rownie proste podejScia do otrzymywania materiatdéw czujnikowych takie jak np.
zastosowanie tekstyliow [445-452], rowniez w postaci pojedynczych nici [453-467] oraz
réznego rodzaju matryc polimerowych np. nylon [468, 469]. Optody oparte na niedrogich
materialach maja duze znaczenie ekonomiczne. Takie podejscie sprawdza si¢ dobrze takze
w przypadku badania metnych probek czy probek biologicznych, zawierajacych jako sktadniki
matrycy wielkoczasteczkowe substancje takie jak biatka (ale rowniez krwinki w przypadku
analizy krwi pelnej), gdzie zastosowany material optody zapewnia oddzielenie innych
sktadnikow probki od analitu [470].

W literaturze proponowane sg rOwniez rozwigzania bazujace na otrzymywaniu warstw
receptorowych przy zastosowaniu biodegradowalnych polimeréw takich jak np. skrobia [471-
475], chitozan [476, 477], zelatyna [478-480], czy poli(alkohol winylowy) [481-489], ktore
znajduja zastosowanie gtownie w czujnikach pH-metrycznych, co réwniez mozna wykorzystaé
jako inteligentne materialty do monitorowania $wiezosci zywnos$ci. Natomiast optody na bazie
agarozy [490-494] poza powyzszym zastosowaniem, mogg rowniez peti¢ role matryc
polimerowych do wykrywania oraz oznaczania jonéw metali [495-503].

Z komercyjnie dostepnych materiatow, ktore moga petic rolg podiozy dla receptorow,
warto rowniez wspomnie¢ o chusteczkach do prania typu Colour Catcher (CC), ktore maja za
zadanie wylapywac¢ czasteczki zwigzkow barwnych w czasie prania, aby nie doszto do
zafarbowania tkanin. Material ten jest tani oraz tatwo dostepny w sprzedazy, a ze wzglgdu na
wlasciwos$ci absorbujace stanowi rowniez interesujace rozwiazanie dla optod, gdyz w prosty

sposOb mozna osadzi¢ na jego powierzchni chromojnofory [504]. Do tej pory CC zastosowano
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mig¢dzy innymi jako warstwy receptorowe do wykrywania: siarczkéw oraz tioli [505], jonow
metali [506-508], fluorkdw [509], monitorowania §wiezo$ci mies [510-512], a takze oznaczania
zawartosci etanolu w napojach [513]. Rowniez popularne sg bawetniane ptatki [514] oraz
patyczki kosmetyczne, ktore mogg by¢ wykorzystywane do szybkiego wykrywania oraz
iloSciowego oznaczana analitéw np. siarczkéw [515], cyjankow [516-518], siarczanow(IV)
[519], azotanow(III) [520], jondéw metali [521-525], cysteiny [526, 527] oraz enzymow [528,
529].

Podstawowym elementem warstwy receptorowe]j jest jonofor/chromojonofor, ale
istotng role, oprocz materiatu ktéry stanowi matryce dla receptordéw, odgrywaja pozostate jej
sktadniki wsrod ktérych mozna wymieni¢ plastyfikator oraz sol lipofilowa. Na wielko$¢
generowanego sygnatu ma wplyw rodzaj oraz ilo$¢ poszczegdlnych sktadnikéw uzytych do
otrzymania optod, ktoére mi¢dzy innymi moga wplywaé na takie parametry jak: czas
odpowiedzi, selektywnos$¢, czutos¢ czy zakres liniowej odpowiedzi [530-536].

Optody mozna miniaturyzowa¢ do mikro- i nanoskali [537-544], co pozwala na
wykorzystanie ich do pomiardw bezposrednio w komorkach i tkankach. Poza klasycznymi
optodami proponowane sg réwniez inne rozwigzania wytwarzania czujnikow optycznych np.
z wykorzystaniem hydrozeli [545-554], nanoemulsji [555-557], nanosfer [558-566],
nanokapsut [567], nanogabek [568] czy nanokostek [569].

Oddzialywanie analitu z receptorem generuje sygnal optyczny [570], ktory jest
mierzalny metodami spektrofotometrycznymi, ale takze za pomocg aplikacji mobilnych [571-
574] wykorzystujacych cyfrowa analize barwng obrazow [575-581]. Obserwowalna ,,gotym
okiem” zmiana koloru materialu czujnika czyni z nich przyjazne, wygodne i1 przenosne
urzadzenia analityczne [582-588].

Ze wzgledu na zmian¢ barwy optod widoczng ,,gotym okiem”, detekcj¢ mozna
przeprowadzi¢ poprzez analiz¢ barwy i1 zastosowanie jej zmiany w procedurach analitycznych.
Jak wykazano, nowoczesne algorytmy analizy obrazu pozwalajg obecnie na badanie poziomow
wybranych jondéw na podstawie zmiany barwy materiatu czujnika, co skutkuje prosta metoda
ich wykrywania 1 wyznaczania [589, 590]. Wigkszo$¢ obrazow optod jest rejestrowana lub
przetwarzana na skalg¢ barwna, najczgsciej RGB lub HSV, gdzie mozna okresli¢ wartosci
poszczegdlnych kanatéw barwnych RGB lub bezposrednio wartosci odcieni [591-594].
Natomiast zastosowanie odpowiedniego modelu matematycznego umozliwia zastosowanie
cyfrowej analizy obrazu nawet w przypadku niespetniania przez uktad prawa Lamberta-Beera

[595].
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Obserwowany w literaturze trend wzrastajacego zainteresowania wzglednie prostymi,
ekonomicznie korzystnymi, a co wigcej skutecznie konkurujacymi na przyktad pod wzgledem
czuto$ci, granic oznaczalno$ci z metodami instrumentalnymi takimi jak atomowa
spektroskopia absorpcyjna/emisyjna (AAS/AES) czy spektrometria mas z plazma indukcyjnie
sprzgzong (ICP-MS), czujnikami optycznymi byt jedng z przyczyn wyboru tematyki
badawczej. Wérdd opisanych w literaturze rozwigzan stosunkowo niewielka ich liczba dotyczy
zastosowania chromojonoforow o makrocyklicznej budowie jako jonoselektywnych
sktadnikow warstw receptorowych. Mozna oczekiwaé, ze wprowadzenie makrocyklicznego
chromojonoforu do jonoselektywnej membrany wplynie istotnie na wlasciwosci materiatow
czujnikowych, w tym na przyktad na ich selektywnos¢. Bylta to kolejna przestanka by podjac
badania nad mozliwo$ciami zastosowania chromogenicznych zwigzkow makrocyklicznych

w warstwach receptorowych czujnikéw optycznych.
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Tytut przedstawionej rozprawy doktorskiej: ,,Chromogeniczne pochodne azoli jako

sktadniki warstw receptorowych czujnikoéw optycznych” opisuje najbardziej namacalny efekt

badan zrealizowanych w ramach pracy doktorskiej, a przedstawionych szczegdétowo

w zalaczonych publikacjach P1 — PS5 oraz kolejnych rozdzialach dysertacji — krotkich

przewodnikach po odpowiednich publikacjach.

1.

52

Celem prac prowadzonych w ramach realizacji pracy doktorskiej byto:
otrzymanie z mozliwie duzg wydajnoscig nowych zwigzkow, stanowigcych potencjalne
chromogeniczne receptory jondw o znaczeniu biologicznym/Srodowiskowym;
zbadanie natury oddziatywan receptor-jon metodami spektroskopowymi;
porownanie wilasciwosci nowootrzymanych zwiazkéw z wlasciwosciami otrzymanych
wczesniej W zespole makrocyklicznymi zwigzkami bisazowymi zawierajacymi w swojej
strukturze reszt¢ azolu;
analiz¢ wptywu rodzaju azolu w strukturze zwigzku na jego wlasciwosci kompleksujace;
badanie wptywu otoczenia chemicznego na powinowactwo do jonow;
przygotowanie warstw receptorowych i okreslenie ich podstawowych parametrow, a takze
zaproponowanie ich potencjalnego zastosowania oraz porownanie z udokumentowanymi

W literaturze rozwigzaniami.
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I11.LA. ODCZYNNIKI CHEMICZNE DO SYNTEZY

Uzytymi do syntezy substratami byly: 1,4-dibromobutan (Sigma Aldrich), 1,5-
dibromopentan (Sigma Aldrich), 1,10-dibromodekan (Sigma Aldrich), 2-nitrofenol (Sigma
Aldrich), 2-amino-4-nitrofenol (Sigma Aldrich), pirol (Sigma Aldrich), imidazol (Sigma
Aldrich), 4-metyloimidazol (Sigma Aldrich) oraz azotan(Ill) sodu (POCH). Innymi
odczynnikami wykorzystanymi do przeprowadzenia syntez byly: bezwodny weglan potasu
(POCH), wodorotlenek potasu (POCH), wodzian hydrazyny roztwor 80% (Sigma Aldrich),
kwas solny 35-38% (POCH). Przeprowadzajac synteze korzystalem z rozpuszczalnikow
zakupionych w firmie POCH tj. dimetyloformamidu, metanolu oraz propan-2-olu.

Postep reakcji $ledzilem przy pomocy chromatografii cienkowarstwowej (TLC)
stosujac plytki aluminiowe pokryte zelem krzemionkowym 60 Fzss (Merck). Natomiast
produkty z mieszaniny reakcyjnej izolowalem stosujac chromatografie kolumnowa, gdzie faza
stacjonarng byt zel krzemionkowy 60 (0,063-0,200 mm) (Merck), a faza ruchoma

rozpuszczalniki: dichlorometan (POCH), aceton (POCH) oraz ich mieszaniny.

I11.B. IDENTYFIKACJA ZWIAZKOW

Identyfikacje otrzymanych zwiazkow przeprowadzitem na podstawie analizy widm 'H
oraz °C NMR (deuterowane rozpuszczalniki: DMSO, chloroform, aceton) zarejestrowanych
na spektrometrze Varian INOVA 500 (czestotliwo$¢ 500 MHz), znajdujacym si¢
w Laboratorium Magnetycznego Rezonansu Jadrowego, mieszczacym si¢ na Wydziale
Chemicznym Politechniki Gdanskiej. Widma w podczerwieni (film) zarejestrowalem przy
uzyciu spektrometru IS10 Thermo Spectronic, znajdujacego si¢ w Katedrze Chemii
1 Technologii Materiatow Funkcjonalnych Wydzialu Chemicznego Politechniki Gdanskie;.
Widma mas zarejestrowano na aparacie AutoSpec Premier Waters (EI) w Instytucie Chemii
Organicznej PAN w Warszawie. Widma absorpcyjne w zakresie UV-Vis rejestrowatem
wykorzystujac spektrofotometr Unicam UV-300. Pomiary prowadzone byly w kuwetach
kwarcowych o di. drogi optycznej 1 cm. Widma emisyjne zarejestrowalem przy uzyciu
spektrofluorymetru AMINCO-Bowman Series 2 (kuwety kwarcowe 1 cm, szeroko$¢ szczeliny

wzbudzenia 1 emisji 16 nm).
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I11.C. BADANIE LIPOFILOWOSCI

Lipofilowo$¢ zwigzkow okreslitem wykorzystujac metode chromatograficzng [596,
597], stosujac ptytki szklane pokryte zelem krzemionkowym 60 RP-18 F2s4 (Merck) oraz uktad
metanol:woda 9:1 (v/v) jako fazg ruchoma. Natomiast jako wzorce uzylem plastyfikatory
o znanej lipofilowosci: adypinian bis(butylopentylu) (BBPA, >98,0%, Sigma Aldrich), ftalan
dibutylu (DBP, >99.0% Sigma Aldrich), ftalan bis(2-etyloheksylu) (DOP, >99.5%, Sigma
Aldrich), sebacynian bis(2-etyloheksylu) (DOS, >97.0%, Sigma Aldrich), eter 2-
nitrofenylowo-oktylowy (NPOE, >99.0%, Sigma Aldric).

111.D. KOMPLEKSOWANIE JONOW METALI W ROZTWORZE

W badaniach rownowagi kompleksowania wykorzystywatem acetonitryl (LiChrosolv
MERCK), DMSO (POCH), metanol (POCH), oraz ich mieszaniny z woda, a takze
dichlorometan (POCH). We wszystkich eksperymentach w $rodowisku wodnym
wykorzystywatem wode¢ dejonizowang (o przewodnosci < 1 pS-cm-1, HydroLab Polska).
Kompleksowanie kationéw metali badatem wykorzystujac odpowiednie sole: chlorany(VII)
(Sigma Aldrich), azotany(V) (POCH) i chlorki (POCH); metali 1 1 2 grupy uktadu okresowego
oraz metali cigzkich. Wartosci statych komlpeksowania (logK) wyznaczylem za pomoca
programu OPIUM [598] na podstawie danych z miareczkowan spektrofotometrycznych
badanych roztworéw. Natomiast stechiometri¢ kompleksow potwierdzatem wykorzystujac

metode¢ stosunku molowego oraz metode Joba [599-601].

111.E. WEASCIWOSCI KWASOWO-ZASADOWE

Wilasciwosci kwasowo-zasadowe badatem stosujac kwas p-toluenosulfonowy (POCH)
oraz wodorotlenek tetra-n-butyloamoniowy (Fluka), w przypadku rozpuszczalnikow
organicznych, a takze kwas solny (POCH) i1 wodorotlenek sodu (POCH), w roztworach
wodnych. Rowniez w tym wypadku, w celu wyznaczenia statych rownowagi korzystalem

z programu OPTUM.
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I1.F. ROZTWORY SYMULOWANE

Sktadniki wykorzystane do otrzymania buforowanej fosforanem soli fizjologicznej
(PBS) [602], symulowanego ptynu ustrojowego (SBF) [603] oraz sztucznego moczu (AU)
[604]: chlorek sodu (POCH), wodoroweglan sodu (POCH), weglan sodu (POCH),
wodorofosforan sodu (POCH), diwodorofosforan sodu (POCH), siarczan sodu (POCH),
chlorek potasu (POCH), wodorofosforan potasu (POCH), diwodorofosforan potasu (POCH),
chlorek magnezu (POCH)), siarczan magnezu (POCH), chlorek wapnia (POCH), chlorek amonu
(POCH), tris(hydroksymetylo)aminometan (Fluka), cytrynian sodu (POCH), szczawian potasu
(POCH), mocznik (POCH), kreatynina (Sigma Aldrich) oraz kwas moczowy (Sigma Aldrich).

111.G. ROZTWORY RZECZYWISTE

Probki rzeczywiste stanowity: wody technologiczne z sektora cieptowniczego, wody
pitne oraz wody wodociggowe z wojewddztwa pomorskiego i warminsko-mazurskiego.

Roztwory wzorcowe wykorzystane w celu okre§lenia mozliwos$ci zastosowania
otrzymanych ukladéw do oznaczania jonow w probkach rzeczywistych: roztwor wzorcowy
azotanu(V) otowiu(Il) w HNO; (1000 mg/L Pb, Merck), roztwér wzorcowy azotanu(V)
miedzi(Il) w HNOs3; (1000 mg/L Cu, Merck), roztwér wzorcowy azotanu(V) bizmutu(III)
w HNO; (1000 mg/L Bi, Merck), certyfikowany roztwor kalibracyjny iCAP Q/Qnova
(Analytika).

IH1.H. WARSTWY RECEPTOROWE

Warstwy  receptorowe  otrzymywalem  poprzez  fizyczne  unieruchomienie
chromojonoforow na powierzchni odpowiedniego podtoza, ktore stanowity: pytki aluminiowe
pokryte zelem krzemionkowy 60 (0,063-0,200 mm) (Merck), pytki aluminiowe pokryte
tlenkiem glinu 60 (Merck), pytki aluminiowe pokryte celulozg (Merck), witokno szklane
(Whatman GF/C, Schleicher & Schuell), poliamid-6 (adsorbent TLC, Macherey-Nagel), szkto
porowate modyfikowane polistyrenem (My, ~ 120000, 0,075-0,125 mm, Corning) (PG-PS), filtr
celulozowy (nr 5, Whatman) oraz bawelniane patyczki kosmetyczne. Natomiast optody
polimerowe otrzymatem wykorzystujac: trioctan celulozy (Acros Organics/Sigma Aldrich),
poli(chlorek winylu) (PVC, wysokoczasteczkowy, Sigma Aldrich), glikol trietylenowy (TEG,
>99,0%, Merck), BBPA ( >98,0%, Sigma Aldrich), DBP (>99.0%, Sigma Aldrich), DOP
(>99.5%, Sigma Aldrich), DOS (>97.0%, Sigma Aldrich), NPOE (>99.0%, Sigma Aldrich),
tetrakis(p-chlorofenylo)boran potasu (KTCIPB, >98.0%, Fluka), chloroform (POCH),
dichlorometan (POCH) i tetrahydrofuran (THF, >99.5%, Sigma Aldrich).
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I11.1. ANALIZA SPEKTROFOTOMETRYCZNA W ZAKRESIE UV-VIS

W celu okreslenia zalezno$ci zmian sygnatu analitycznego - absorbancji - od stezenia
badanego analitu wykorzystywatem zalezno$¢, ze réznica w wartosci absorbancji AA odnosi
si¢ do warto$ci absorbancji tworzacego si¢ kompleksu z badanym zwigzkiem (A) oraz wartosci
absorbancji odpowiadajacej ligandowi (Ao), przy dhugosci fali odpowiadajgcej maksimum
absorpcji tworzonego kompleksu.

Natomiast w przypadku badania warstw receptorowych o réoznym sktadzie, warto$ci

generowanego sygnatu (AA) przez optody, obliczytem stosujgc wzor:

AA — <Almaxx> _ <A/1maxX>
A)Lmax Allmax 0

gdzie Aumax to warto$¢ absorbancji przy dlugosci fali odpowiadajacej maksimum absorpcji

chromojonoforu w membranie, 4;max x to warto$¢ absorbancji przy dlugosci fali odpowiadajacej
maksimum absorpcji kompleksu chromojonoforu z badanym analitem w membranie, a indeks

dolny 0 przypisany jest do warto§ci membrany przed kontaktem z roztworem analitu.

111.J. KOLORYMETRIA OBRAZU CYFROWEGO

Badanie kolorymetryczne roztwordéw zwigzkow/optod polegato na wykonaniu zdjec¢
roztworéw/membran (przy uzyciu smartfona) przed i po kontakcie z badanym analitem.
Na poczatku zdjecia wykonywalem w przygotowanym przeze mnie przenosnym ,,studiu
fotograficznym”, a nastepnie w zakupionym namiocie bezcieniowym 23 x 23 x 23 cm (PULUZ,
Photography Light Box, Shenzhen Puluz Technology Limited), w celu zapewnienia
powtarzalnos$ci zdje¢ przy tych samych warunkach o§wietlenia. Nastgpnie zdjecia kadrowatem
do wielkosci odpowiadajacej objetosci zajetej przez roztwdr w kuwecie kwarcowej lub
membrany zanurzonej w badanym roztworze. W kolejnym kroku zdjecia poddawatem obrébcee
przy uzyciu komercyjnie dostepnej aplikacji na urzadzenia mobilne analizujacej barwe Color
Analysis lub bezptatnego oprogramowania ImagelJ [605-608].

W obu przypadkach generowana byta wartos¢ barwy w skali RGB (czerwona (R),
zielona (G) oraz niebieska (B)), dla catego zdjecia z uwzglednieniem ich procentowego
udziatu. Na podstawie otrzymanych warto§ci RGB wyliczylem zaleznosci barwne dla

roztworow/optod przed (Ro, Go, Bo) 1 po kontakcie z badanym analitem (R, G, B) w postaci:
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e r6znicy w barwie [609]:
AR = |R, — R| AG = |Gy — G| AB = |B, — B|
e stosunku barwy [610]:
R/'G R/B G/R G/B B/R B/G
e zmiany barwy [611-614]:

AEggs =+ (R — R)2+(Gy — G)2+(B, — B)?

e intensywnos$ci barwy [615]:
R G B
wecta®)  mon(®)  n=cten(?
I11.K. GRANICE WYKRYWALNOSCI I OZNACZALNOSCI

Granice wykrywalno$ci (LOD) [616-619] obliczatem wykorzystujac wyrazenie:
30
LOD = ~

gdzie o jest odchyleniem standardowym $lepej proby, a k jest nachyleniem funkcji liniowe;j

A =f{(c), lub w przypadku kiedy A = log(f(c)) réwnanie miato postac:

30-b

LOD = 10 &
gdzie b jest wartoscig odpowiadajacg punktowi przecigcia rOwnania linii prostej z 0sig y.
Natomiast granica oznaczalnosci (LOQ) [616-619] wyrazona byta jako 3,3-krotnos¢
LOD.

I11.L. WPLYW JONOW PRZESZKADZAJACYCH

Wplyw jondw przeszkadzajacych na odpowiedz spektrofotometryczng oraz
kolorymetryczna wobec badanego analitu wyrazalem jako warto$¢ bezwzgledng odpowiedzi:

0

s |

X 100%
0

gdzie Xy to warto$¢ absorbancji lub zalezno$ci barwy w obecnos$ci badanego analitu, a X to
warto$¢ absorbancji lub zaleznosci barwy w obecnosci badanego analitu oraz jonu/6w

przeszkadzajacego/ych.

58


http://mostwiedzy.pl

A\ MOST

MATERIALY I METODY BADAWCZE

LITERATURA

596.  O.Dinten, U.E. Spichiger, N. Chaniotakis, P. Gehrig, B. Rusterholz, W.E. Morf, W. Simon, Lifetime of neutral—carrier—
based liquid membranes in aqueous samples and blood and the lipophilicity of membrane components, Anal. Chem.
1991, 63, 596-603;

597.  E. Luboch, M. Jeszke, M. Szarmach, N. Lukasik, New bis(azobenzocrown)s with dodecylmethylmalonyl linkers as
ionophores for sodium selective potentiometric sensors, J. Incl. Phenom. Macrocycl. Chem. 2016, 86, 323-335;

598. M. Kyvala, I. Lukes, Program Package “OPIUM”. Online: https://web.natur.cuni.cz/~kyvala/opium.html (dostgp na
22 Luty 2024);

599.  P.Job, Formation and Stability of Inorganic Complexes in Solution, Ann. Chim. 1928, 10. 113-203;

600. Z.D. Hill, P. MacCarthy, Novel approach to Job's method: An undergraduate experiment, J. Chem. Educ. 1986, 63,
162-167;

601.  J.S. Renny, L.L. Tomasevich, E.H. Tallmadge, D.B. Collum, Method of Continuous Variations: Applications of Job
Plots to the Study of Molecular Associations in Organometallic Chemistry, Angew. Chem. Int. Ed. 2013, 52, 11998—
12013;

602.  Cold Spring Harbor Laboratory Press, Phosphate—buffered saline (PBS). Online:
http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247 (dostep na 22 Luty 2024);

603.  T. Kokubo, H. Kushitani, S. Sakka, T. Kitsugi, T. Yamamuro, Solutions able to reproduce in vivo surface—structure
changes in bioactive glass—ceramic A-W, J. Biomed. Mater. Res. 1990, 24 721-734;

604.  N. Sarigul, F. Korkmaz, 1. Kurultak, A New Artificial Urine Protocol to Better Imitate Human Urine, Sci. Rep. 2019,
9,20159;

605.  W.S. Rasband, ImagelJ, U.S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.net/ij/, 1997—
2024;

606.  M.D. Abramoff, P.J. Magalhaes, S.J. Ram, Image Processing with ImageJ, Biophotonics Int. 2004, 11, 36—42;

607.  C.A.Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of image analysis, Nat. Methods 2012,
9, 671-675;

608.  A.B. Schroeder, E.T.A. Dobson, C.T. Rueden, P. Tomancak, F. Jug, K.W. Eliceiri, The ImageJ ecosystem: Open—source
software for image visualization, processing, and analysis, Protein Sci. 2021, 30, 234-249;

609. M. Hong, B. Zeng, M. Li, X. Xu, G. Chen, 4n ultrasensitive conformation—dependent colorimetric probe for the
detection of mercury(Il) using exonuclease Ill-assisted target recycling and gold nanoparticles, Microchim. Acta
2018, 185, 72;

610.  G. Prabakaran, R. Vickram, K. Velmurugan, C.I.David, S.P.M. Paul, R.S. Kumar, A.l. Almansour, K. Perumal, A.
Abiram, J. Prabhu, R. Nandhakumar, 4 lead selective dimeric quinoline based fluorescent chemosensor and its
applications in milk and honey samples, smartphone and bio—imaging, Food Chem. 2022, 395, 133617;

611. N.A. Gavrilenko, S.V. Muravyov, S.V. Silushkin, A,S. Spiridonova, Polymethacrylate optodes: A potential for
chemical digital color analysis, Measurement 2014, 51, 464—469;

612. S.V. Muravyov, A.S. Spiridonova, N.A. Gavrilenko, P.F. Baranov, L.I. Khudonogova, 4 Digital Colorimetric Analyzer
for Chemical Measurements on the Basis of Polymeric Optodes, Instrum. Exp. Tech. 2016, 59, 592—600;

613.  S.V. Muravyov, N.A. Gavrilenko, N.V. Saranchina, P.F. Baranov, Polymethacrylate Sensors for Rapid Digital
Colorimetric Analysis of Toxicants in Natural and Anthropogenic Objects, IEEE Sens. J. 2019, 19, 4765-4772;

614.  D.Kim, S.J. Kim, H.—T. Ha, S. Kim, Smartphone—based image analysis coupled to paper—based colorimetric devices,
Curr. Appl. Phys. 2020, 20, 1013-1018;

615.  H. James, K.C. Honeychurch, Digital Image Colorimetry Smartphone Determination of Acetaminophen, J. Chem.
Educ. 2024, 101, 187-196;

616.  L.A. Currie, Nomenclature in evaluation of analytical methods including detection and quantification capabilities|:
(IUPAC Recommendations 1995), Anal. Chim. Acta 1999, 391, 105-126;

617.  L.A. Currie, Detection and quantification limits: origins and historical overview, Anal. Chim. Acta 1999, 391, 127—
134,

618.  A. Shrivastava, Methods for the determination of limit of detection and limit of quantitation of the analytical methods,
Chron. Young Sci. 2011, 2, 21-25;

619.  T. Little, Method Validation Essentials, Limit of Blank, Limit of Detection, and Limit of Quantitation, BioPharm Int.
2015, 28, 48-51;

59


http://mostwiedzy.pl

KROTKI PRZEWODNIK PO CYKLU PUBLIKACIJT

IV. KROTKI PRZEWODNIK
PO CYKLU PUBLIKACJI

60

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

-
2 -
e


http://mostwiedzy.pl

A\ MOST

ZEWODNIK PO CYKLU PUBLIKACJI - P1

IV.P1-NOWE DIAZOKORONY Z RESZTA PIROLU JAKO KOLORYMETRYCZNE
CZUJNIKI OLOWIU(II) (NOVEL DIAZOCROWNS WITH PYRROLE RESIDUE AS
LEAD(Il) COLORIMETRIC PROBEYS)

W pracy przedstawiono syntez¢ nowych makrocyklicznych zwigzkéw bisazowych (1
12) z resztg pirolu, ktére stanowig analogi tlenowych zwigzkow 3 i 4 otrzymanych wcze$niej

w zespole (rys. IV.1) [214, 219].

W

=z

N 1. n=5

-4

10

U H UN et

Rys. IV.1. Makrocykliczne pochodne pirolu: 1, 2 — nowootrzymane zwigzki z fancuchem weglowodorowym; 3, 4

2=

— zwiazki z tancuchem oligoeterowym, otrzymane wczesniej w zespole [214, 219].

Nowe 18- oraz 23-cztlonowe makrocykliczne zwigzki 1 1 2 otrzymatem z zadowalajaca
wydajnoscig na poziomie 25 — 30%, w reakcji sprzegania soli bisdiazoniowych z pirolem
bazujac na wczesniej opracowanych procedurach syntetycznych [214, 219, 220, 620, 621].
Reakcje przeprowadzitem przy zastosowaniu techniki wysokich rozcieficzen (ang. high
dilution) [622-624], ktora pozwolila na otrzymanie zwigzkéw makrocyklicznych, ktorych
wydajno$ci mieszczg si¢ w granicach typowych wydajnosci dla tej grupy zwigzkow (19 —42%).

Pochodne 1 oraz 2 zostaly otrzymane w celu zbadania wpltywu zmiany struktury
chromojonoforu, polegajacej na zastgpieniu atomow tlenu w tancuchu polieterowym grupami
metylenowymi, na ich wtasciwosci kompleksujace.

W celu charakteryzacji chromojonoforow dodatkowo wyznaczylem wartosci
lipofilowosci (logPtLc) dla badanych makrocykli 1 — 4, wykorzystujac metode chromatografii
cienkowarstwowej w uktadzie odwrdconych faz, aby okresli¢ wplyw tego parametru na
oddziatywanie z podiozem (matrycg polimerowa), na ktérym chromojonofory beda
unieruchamiane w warstwach receptorowych czujnikdw optycznych. Zgodnie z postawiong
hipoteza badawcza otrzymatem wyzsze wartoSci logPric (rys. IV.2) dla zwigzkow
makrocyklicznych 1 i 2 zawierajacych tancuch weglowodorowy niz dla ich oligoeterowych

analogow 3 14.
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Rys. IV.2. Zestawienie wartosci lipofilowosci logPric zwiazkoéw 1 —4.

W celu okreslenia natury oddziatywania zwigzkéw 1 — 4 z jonami w roztworze
przeprowadzitem badania spektroskopowe (NMR, MS). Wykazalem, ze nowootrzymane
zwiazki 112 tworza kompleksy z jonami metali ciezkich 1 wykazuja si¢ wigksza selektywnos$cia
w stosunku do jondéw otowiu(Il) w poréwnaniu do zwigzkow 3 i 4. Mozna to wytlumaczy¢
mniejszg liczbg twardych centréw koordynacji, atoméw tlenu, co wplywa na preferencyjne
kompleksowanie migkkich jonéw metali ciezkich. Wykazatem selektywno$¢ odpowiedzi
barwnej 1 spektrofotometrycznej badanych zwigzkow na obecno$¢ jondéw otowiu(Il)
w roztworze rozpuszczalnika organicznego (acetonitryl) oraz mieszaninie tego rozpuszczalnika
z woda.

Wykorzystujac spektrofotometrie UV-Vis okreslitem stechiometri¢ kompleksow
badanych zwigzkow z jonami olowiu(Il), wykazujac tworzenie si¢ w warunkach pomiaru
kompleksu typu podwdjnej kanapki (ang. triple-decker sandwich) [625-628] dla tej grupy
zwigzkow (ligand:kation, 3:2). Tworzenie tego typu komplekséw potwierdzily takze
eksperymenty przeprowadzone z wykorzystaniem spektrometrii mas oraz spektroskopii
protonowego rezonansu jadrowego. Na rysunku IV.3 przedstawitem strukturg kompleksu typu

podwojnej kanapki zwigzku 3 z jonami otowiu(II).
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C

“W

Rys. IV.3. Proponowana struktura kompleksu triple-decker sandwich zwiazku 3 z jonami otowiu(Il)

wygenerowana w programie HyperChem [629].

Wyznaczytem wartosci statych trwalosci kompleksow (logK) nowootrzymanych
zwigzkow makrocyklicznych 1 oraz 2 z jonami otowiu(Il) i poréwnatem te wartosci
z warto$ciami oligoeterowych analogéw 3 oraz 4 (rys. [V.4). Porownujac wartosci logK dla 18-
cztonowych zwigzkoéw makrocyklicznych 1 1 3 mozna zauwazy¢, ze jony otowiu(Il) sa silniej
wiazane przez makrocykl 1 (logK 19.22+0.05) z tancuchem weglowodorowym niz przez
oligoeterowg pochodna 3 (logK 18.10+0.01). Natomiast 21-cztonowy zwigzek 4 wigze otow(1l)
silniej (logK 21,0+£0,09) niz zwigzek 2 o 23-cztonowym pierscieniu (logK 18,37+0,01). Wynika
to prawdopodobnie z faktu, ze wbudowanie dhugiego, -elastycznego tancucha
weglowodorowego moze wptywaé na wielkos¢ wneki makrocyklu 2 i czyni¢ ja bardziej

porownywalng do wneki 18-cztonowych koron 11 3.

24 lancuch weglowodorowy lancuch oligoeterowy
21.1

20

[EEN
(o2}
1

logK (3:2)
=
N

1 2 . 3 4
Rys. IV.4. Poréwnanie wartosci statych trwatosci kompleksow typu triple-decker sandwich tworzonych przez

makrocykliczne pochodne 1 — 4 z jonami otowiu(I) [219].
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Makrocykliczne pochodne 1 oraz 2 przetestowatem jako chromojonofory w warstwach
receptorowych czujnikéw optycznych unieruchamiajac je na powierzchni wtokna szklanego,
w celu zastosowania jako wskaznikéw w szybkich testach jako$ciowych na jony metali
ciezkich. Otrzymatem takze warstwy receptorowe na bazie PCV do wykrywania jonow
otowiu(Il). Uzyskane, w ramach tych rozpoznawczych prac, wyniki byly na tyle obiecujace,
ze skierowaly moje badania na wykorzystanie diazokoron 1 — 4 jako potencjalnych
chromojonoforow w optodach czutych na jony otowiu(Il), czego efektem jest nastepna

publikacja (P2).
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IV.P2-DIAZOKORONY Z RESZTA PIROLU: SELEKTYWNE CHOMOJONOFORY
DO OPTYCZNEGO WYKRYWANIA OLOWIU(I) (PYRROLE BEARING
DIAZOCROWNS: SELECTIVE CHROMOIONOPHORES FOR LEAD(I1) OPTICAL
SENSING)

Rezultatem kontynuowanych badan nad makrocyklicznymi zwigzkami bisazowymi jest
publikacja P2 ,Diazokorony z reszta pirolu: selektywne chromojonofory do optycznego
wykrywania olowiu(Il)”. Celem dalszych, bardziej szczegoétowych, badan nad ta grupa
zwigzkow bylo: okreslenie mozliwosci ich zastosowania w warstwach receptorowych
czujnikdw optycznych; zaproponowanie najbardziej obiecujgcego sktadu warstwy
receptorowej; okre§lenie mozliwosci wykrywania oraz oznaczania analitdow przy uzyciu
otrzymanych optod, w probkach modelowych i1 rzeczywistych; a takze zaproponowanie
zaleznos$ci wlasciwos$ci kompleksujacych od struktury zwigzkdéw oraz otoczenia chemicznego
(roztwoér/unieruchomienie w matrycy polimerowej).

Warstwy receptorowe czujnikow optycznych z wykorzystaniem chromojonoforéow 1 —
4 (rys. IV.1) oraz CTA (wybrany takze ze wzgledu na wlasciwosci mechaniczne membran),
jako matrycy polimerowej, zostaly zaproponowane na podstawie szeregu szczegdtowych
badan, ktoére mialy na celu dobranie najkorzystniejszego sktadu membrany pod wzgledem
generowanego sygnatu, czasu odpowiedzi oraz zakresu liniowej odpowiedzi. W tym celu
sprawdzitem wptyw: rodzaju plastyfikatora jak 1 jego ilo$¢; rodzaju rozpuszczalnika, w ktérym
rozpuszczane byly sktadniki warstwy receptorowej; ilosci oraz rodzaju chromojonofordéw;
atakze dodatku soli lipofilowej. Na tej podstawie dobratem sktad membrany, dla ktorej
wyznaczylem parametry tj. czas odpowiedzi, mozliwo$¢ regeneracji, wplyw jonow
przeszkadzajacych, sposob oraz czas przechowywania, zakres liniowej odpowiedzi.

W tabeli IV.1 zestawitem: warto$ci stalych trwatosci (log K) kompleksow (triple-
decker) makrocyklicznych pochodnych 1 — 4 z jonami otowiu (II), warto$ci logarytméw ze
wspotczynnikow podziatu (logPric ) oraz zakresy liniowej odpowiedzi spektrofotometryczne;j
oraz kolorymetrycznej na obecno$¢ jonow otowiu(Il) optod (zalezno$¢ od logarytmu ze
stezenia jonow otowiu(Il)). Wartosci logK dla zwiazkéw 3 oraz 4 oraz zakres liniowej

odpowiedzi EJS zawierajacej zwiazek 4 jako jonofor zostaty zaczerpnigte z literatury [219].
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Tabela. IV.1. Zestawienie wartosci logK, logPric oraz zakreséw liniowej odpowiedzi [219].

Zakres liniowej
odpowiedzi optody
(AERcB)

19,22+0,05 8,12+0,05 - - -
2 18,374£0,01  9,42+0,03 - 7,69x10° - 1,83x10°3 7,69x105 - 1,83x10°3

- -8 5¢c
3 18,10:001% 5,54£0,05 s yeaioa  T79X107-2,07x10%

2,02x10 -2,02x10%4  5,05x10° —5,05x10°

Zakres liniowej Zakres liniowej

logk logPric odpowiedzi EJS odpowiedzi optody

[EEN

1,00x10%—1,58x1022"
1,00x10°-2,51x103P"
a — plastyfikator NPOE; b — plastyfikator BBPA; ¢ — zalezno$¢ AA od ste¢zenia jonow otowiu(Il); * - dane literaturowe [219]

4 21,10+£0,09° 5,67+0,01

Jak mozna zauwazy¢ wartos¢ logK dla 21-cztonowego zwiazku 4 jest najwicksza,
co sugeruje, ze dla tego zwigzku tworzy sie najbardziej trwaty kompleks z jonami otowiu(Il),
w poréwnaniu z pozostatymi badanymi chromojonoforami. Zwigzek ten zostat takze wczedniej
przetestowany w zespole jako jonofor w membranowych elektrodach jonoselektywnych [219].
Zakres prostoliniowej odpowiedzi EJS zawierajacej w membranie (PCV) zwigzek 4 jest
wigkszy niz dla optody, ktorej membrana (CTA) zawierata 4, co sugeruje lepsze zastosowanie
zwiazku 4 w EJS niz optodzie. Natomiast porownujac zakres liniowej odpowiedzi optody 3
z innymi zbadanymi optodami oraz EJS 4, mozna stwierdzi¢, ze pomimo wezszego zakresu
liniowej odpowiedzi mozliwe jest oznaczanie nizszych st¢zen jondw otowiu(Il). Ponadto zakres
liniowej odpowiedzi spektrofotometrycznej dla optod pokrywa si¢ z liniowym zakresem
odpowiedzi uzyskanym dla analizy kolorymetrycznej obrazu cyfrowego (AErgs jako sygnat
analityczny).

Badajac azowe zwigzki makrocykliczne 1 — 4 o r6znej wielkosci pierscienia, roznigce
si¢ rodzajem tacznika (tancuch weglowodorowy lub oligoeterowy) wykazatem, ze najlepsze
wlasciwosci, biorgec pod uwage liniowy zakres odpowiedzi i granice wykrywalnosci, wykazuje
materiat czujnika, w ktorym w matrycy na bazie CTA zastosowano 18-cztonowg pochodng
zawierajacg ugrupowanie oligoeterowe — zwigzek 3. Jak wykazano we wczesniejszych
badaniach zwigzek ten byl nieefektywnym jonoforem w membranowych elektrodach
jonoselektywnych opartych na membranie z PCV, w ktorej krystalizowat [219]. Bardziej
hydrofilowa matryca, jaka stanowi trioctan celulozy okazata si¢ by¢ korzystnym rozwigzaniem,
aby wykorzysta¢ potencjal selektywnosci w stosunku do jonéw otowiu(Il) dla omawianego
chromojonoforu. Jak wykazatem, pochodne 1 oraz 2 o wigkszej lipofilowosci w tej matrycy
sprawdzaja si¢ znacznie gorzej lub nie sprawdzaja si¢ w ogole (zwiazek 1 o tej samej wielkosci

makropier$cienia co pochodna 3 krystalizuje w membranie z trioctanu celulozy — rys. IV.5).
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Rys. IV.5. Po lewej zdjecie optody na bazie CTA ze zwigzkiem 3, a po prawej zdjecie optody z wykrystalizowanym

w membranie zwigzkiem 1

Otrzymana optoda moze by¢ potencjalnie zastosowana do wykrywania i oznaczania
otowiu(Il) w wodnych probkach srodowiskowych na poziomie ppb, jako szybki test jakosciowy
dzigki wyraznej zmianie barwy materialu z czerwonego na niebieski w obecnosci jondw
otowiu(Il) (rys. IV.6). Moze by¢ takze zastosowana do ilo§ciowego oznaczania otowiu(Il)
z zastosowaniem detekcji spektrofotometrycznej jak i z wykorzystaniem cyfrowej analizy

barwy za pomocg urzadzen mobilnych.

0
1x10°° M
2x10° M
1x10°5 M
2x10° M
5x10°M
1x104M
2x104 M
5104 M
1x10° M
2x10° M

=
F
<
—
X
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Rys. IV.6. Zmiana barwy optody ze zwiazkiem 3 w obecnosci jonéw otowiu(Il).

Badania, ktore przeprowadzitem stosujac makrocykliczne pochodne bisazowe z reszta
pirolu, jako skladniki warstw receptorowych czujnikow optycznych, do tej pory nie byly
prowadzone 1 stanowig istotny element nowosci zaprezentowany Ww niniejszej pracy

doktorskie;j.
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IV.P3 - PROSTY KOLORYMETRYCZNY CZUJNIK MIEDZI(11):
CHARAKTERYSTYKA SPEKTRALNA ORAZ MOZLIWE ZASTOSOWANIA
(SIMPLE COLORIMETRIC COPPER(II) SENSOR - SPECTRAL

CHARACTERIZATION AND POSSIBLE APPLICATIONS)

Nastgpna publikacja powstala w wyniku prac nad otrzymaniem nowych
makrocyklicznych zwigzkéw z reszta pirolu, zawierajacych dodatkowo grupy nitrowe
w pierscieniach benzenowych — co mialo stanowi¢ istotny element nowosci w tej grupie
zwigzkéw. Jednakze w wyniku wielokrotnie przeprowadzonych reakcji sprzggania soli
diazoniowej 2-amino-4-nitrofenolu z pirolem, nie udato mi si¢ rozdzieli¢ z mieszaniny
reakcyjnej dipodstawionego pirolu [630], ktory w nastepnym etapie mogltby stanowi¢ substrat
w reakcji makrocyklizacji na drodze syntezy Williamsona. Otrzymatem jednak z zadowalajaca

wydajnoscia (~73 %) zwiagzek acykliczny 5 (rys. IV.7).

OH

O,N

Rys. IV.7. Wzdr strukturalny zwigzku 5 (2-[(2-hydroksy-5-nitrofenylo)diazenylo]pirolu) oraz zdjgcie w trakcie

jego krystalizacji z dichlorometanu.

W literaturze mozna znalez¢ prace na temat zastosowania heteroaromatycznych
acyklicznych zwigzkéw hydroksyazowych jako chromojonoforéw (rys. IV.8) [631-639].

Otrzymana pochodna strukturalnie wydata si¢ na tyle interesujaca, ze postanowilem
zbada¢ jej wilasciwosci kompleksujace 1 okresli¢ mozliwosci zastosowania tego zwigzku
w warstwach receptorowych czujnikéw optycznych. Do tej pory w zespole acykliczne

chromogeniczne zwigzki azowe nie byly badane pod tym katem.

Pobrano z mostwiedzy.pl

Pierwsze prace skupiaty si¢ na zbadaniu natury oddziatywan receptor-jon metodami
spektroskopowymi (UV-Vis, NMR) w rozpuszczalnikach organicznych oraz ich mieszaninach
z woda, w celu wyznaczenia stechiometrii tworzacych si¢ komplekséw oraz wartosci statych

trwato$ci ich kompleksow w zalezno$ci od otoczenia chemicznego.
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Rys. IV.8. Przyktady heteroaromatycznych acyklicznych zwigzkéw hydroksyazowych [631-639].
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Wstepne badania procesu kompleksowania jonéw wykazaty, ze zwiazek 5, o wzglednie
prostej budowie, selektywnie tworzy kompleksy z jonami miedzi(Il), czemu towarzyszy
niezwykle charakterystyczna zamiana barwy jego roztworoOw takze w zawierajgcych nawet

90% wody jako rozpuszczalnik z zo6ttej na purpurows (rys. IV.9).
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Rys. IV.9. Zmiana barwy roztworu zwigzku 5 w mieszaninie woda:DMSO (9:1, v/v) w obecnosci chlorkéw metali.

Wykazatem, ze w warunkach miareczkowania spektrofotometrycznego prowadzonego
w metanolu oraz dimetylosulfotlenku zwigzek S tworzy kompleksy z jonami miedzi(II)
o stechiometrii 1:1 o warto$ciach statych trwatosci (logK) odpowiednio 5,214+0,02 oraz
5,4240,06. Zbadatem takze wplyw obecnosci wody w mieszaninie rozpuszczalnikow na sile
wigzania jonéw miedzi(Il), a takze efekt przeciwjonu na tworzenie komplekséw wykazujac,
ze kompleksy z chlorkiem miedzi(Il) maja wyzsze wartosci statych trwatosci niz w przypadku
gdy stosowany jest chloran(VII) miedzi(Il). Jest to korzystne jesli wezmie si¢ pod uwage
rozpowszechnienie chlorkdw w przyrodzie, a rozwaza si¢ zastosowanie danego uktadu do
celow analitycznych. Wykazatem takze selektywnos$¢ chromojonoforu 5 na jony miedzi(Il),
w stosunku do innych jonéw metali, rOwniez w ztozonych matrycach modelowych takich jak
symulowany ptyn ustrojowy (SBF) czy sztuczny mocz (AU).

Poza badaniami w roztworze przeprowadzilem szereg prob unieruchomienia
acyklicznej chromogenicznej pochodnej S na réznych podtozach, w celu okreslenia
zastosowania tego zwigzku jako sktadnika kolorymetrycznych warstw jonoselektywnych. Byty
to m.in. eksperymenty, w ktorych unieruchomilem chromojonofor poprzez adsorpcj¢ na
wioknie szklanym, podtozu papierowym oraz bawetianych patyczkach kosmetycznych (rys.
IV.10). Roéwniez w takich warunkach obserwowalem selektywng charakterystyczng zmiang
barwy z zo6ttej na purpurowa. Wykazalem, Ze tak otrzymane narzedzia analityczne moga

potencjalnie shuzy¢ do oznaczania potilosciowego miedzi(Il) w roztworach wodnych.
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Rys. IV.10. Zmiana barwy w obecnosci roztwordw zawierajacych jony miedzi(Il): (a) filtru celulozowego;
(b) widkna szklanego; (c) bawetnianych patyczkéw kosmetycznych; na ktoérych zostal fizycznie unieruchomiony

zwigzek S.

Ponadto otrzymatem warstwy receptorowe ze zwigzkiem 5 na bazie CTA, jednak ze
wzgledu na bardziej hydrofilowy charakter niz zwiazki makrocykliczne 1 — 4, ulega on
stopniowemu wymyciu z membrany. Jednak poprzez zmniejszenie ilosci plastyfikatora oraz
zwigkszenie ilosci soli lipofilowej, procent wymycia zwigzku z warstwy receptorowej zmalat
na tyle, ze mozliwe byto 10-krotne przetestowanie zastosowania jednej optody do wykrywania

oraz oznaczania miedzi(II) w probkach wodnych na poziomie stgzen 10 mol/dm?.
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IV.P4 — CHROMOGENICZNE MAKROCYKLICZNE AZOZWIAZKI Z RESZTA
IMIDAZOLU: STRUKTURA A KOLORYMETRYCZNA DETEKCJA MIEDZI(II)
I OLOWIU{I) (CHROMOGENIC AZOMACROCYCLES WITH IMIDAZOLE
RESIDUE: STRUCTURE VS. PROPERTIES)

Czwarta publikacja miata na celu zbadanie wptywu rodzaju reszty heterocyklicznej
w makropierscieniu na wiasciwosci kompleksujace pochodnych makrocyklicznych bedacych
przedmiotem rozprawy. W tym celu otrzymatem zwiazki 6 — 9 (rys IV.11) zawierajace w swojej
strukturze imidazol lub 4-metyloimidazol (analogi otrzymanych wcze$niej pochodnych
zawierajacych reszte pirolu) oraz tancuchy weglowodorowe, réznigce si¢ miedzy sobg jedng
grupg metylenowg. Zastosowalem technik¢ wysokiego rozcienczenia otrzymujgc zwigzki
makrocykliczne z wydajno$ciami 24 — 40%, co jest wydajnoscia nizsza niz opisano dla

oligoeterowych analogéow zawierajacych w swojej strukturze imidazol i poréwnywalng dla
’/e\o/ﬁw
j@ : .,o 0
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makrocykli z 4-metyloimidazolem [214, 220].
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Rys. IV.11. Wzory nowych zwigzkéw makrocyklicznych 6 — 9 zawierajacych weglowodorowy tancuch oraz

makrocykli 10 — 13 z oligoetoerowym tancuch w strukturze [214, 220].

Zwiazki 6 - 9 z resztg imidazolu/4-metyloimidazolu sg analogami badanych wcze$niej
makrocyklicznych pochodnych 11 2 (rys. IV.1) zawierajacych reszte pirolu. Wykazuja takze
podobienstwo strukturalne do makrocyklicznych pochodnych 10 — 13 zawierajacych tancuch
oligoeterowy (rys. IV.11) [214, 220]. Dla kilku z tych pochodnych przeprowadzono badania
dotyczace kompleksowania jonéw w roztworze oraz przetestowano je jako jonofory
w membranowych (PVC) elektrodach jonoselektywnych czutych na jony otowiu(Il). Czujniki
te charakteryzowaty si¢ jednak bardzo krotkimi czasami zycia oraz waskim zakresem liniowe;j
odpowiedzi, a takze niektore z jonoforow wymywatly si¢ z membrany. Bylo to m.in. jednym
z powodow otrzymania bardziej lipofilowych pochodnych w trakcie realizacji niniejszej pracy

doktorskiej.
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Majac na celu ogdlng charakterystyke makrocyklicznych pochodnych bisazowych
zawierajacych reszte azolu, dla nowootrzymanych zwigzkéw 6 — 9 oraz ich oligoeterowych
analogow przeprowadzitlem eksperymenty, w ktorych wyznaczylem warto$ci wspotczynnika
podzialu logPric (analogicznie jak dla pirolowych pochodnych, opisanych wczes$niej).
Wykazatem, ze pochodne zawierajace tancuch weglowodorowy sg bardziej lipofilowe niz ich

tlenowe analogi — rys. IV.12; co potwierdza poczatkowe zatozenia.

104 lancuch weglowodorowy lancuch oligoeterowy

8.39 8.54

6 7 8 9 . 10 11 12 13
Rys. IV.12. Zestawienie warto$ci lipofilowos$ci logPric makrocykli 6 — 9 i 10 — 13 (fioletowy — pochodne z reszta

imidazolu; niebieski — pochodne z resztg 4-metyloimidazolu).

Badalem zdolno$¢ otrzymanych pochodnych do kompleksowania jondéw metali
w roztworze stwierdzajac, ze pochodne te cechuja si¢ wigksza selektywnosciag w stosunku do
jonow metali cigzkich niz ich oligoeterowe analogi 10 — 13. W warunkach miareczkowania
spektrofotometrycznego w acetonitrylu tworza kompleksy jedynie z jonami miedzi(Il)
1 olowiu(Il). Co rowniez jest zgodne z zatozeniami, czyli zmniejszeniem liczby atomow tlenu
stanowigcych  twarde centra  koordynacji. Przeprowadzone badania  wykazaly,
ze makrocykliczne zwigzki bisazowe z reszta imidazolu oraz 4-metyloimidazolu analogicznie
jak ich pirolowe analogi tworza w acetonitrylu kompleksy z jonami otowiu(II) o stechiometrii
3:2. Tworzenie kompleksow typu triple-decker wykazatem takze w mieszaninie acetonitryl:
woda (9:1). Przy czym 10% procentowy dodatek wody wptynat na obnizenie wartosci trwatosci
kompleksow logK z jonami otowiu(Il) (rys. IV.13), co réwniez potwierdza istotny wplyw

otoczenia na wlasciwosci kompleksujgce zwigzkdéw koronowych [640].
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244  lahcuch weglowodorowy lancuch oligoeterowy

20.18
_ 19.66
20 18.86

17.99 18.2 18.49

logK (3:2)

6 7 8 9 . 10 11 12 13

Rys. IV.13. Porownanie wartosci stalych trwatosci kompleksow typu triple-decker sandwich tworzonych przez

makrocykliczne pochodne 6 — 9 1 10 — 13 z jonami otowiu(Il), w roztworze ACN oraz mieszaninie ACN:woda

(9:1, v/v) (fioletowy — pochodne z resztg imidazolu; niebieski — pochodne z resztg 4-metyloimidazolu).

Poszukujac mozliwosci zastosowania powyzszych zwigzkow w  warstwach
receptorowych innych niz matryce polimerowe, otrzymatem warstwy czujnikowe
wykorzystujac komercyjnie dostepne szklo porowate modyfikowane polistyrenem (PG-PS).
Dla tak otrzymanych warstw jonoselektywnych obserwowalem selektywna zmiang barwy
w obecno$ci kationow metali cigezkich, a mianowicie otowiu(Il) 1 miedzi(Il). Bardziej
obiecujace witasciwosci miaty jednak te uktady, w ktorych wykorzystalem oligoeterowe
pochodne. 18-cztonowy zwigzek zawierajacy reszte 4-metyloimidazolu (11) unieruchomiony
na porowatym szkle wydaje si¢ by¢ obiecujgcym chromojonoforem czultym na jony otowiu(II)
(rys. IV.14) za$§ 21-czlonowa korona (12) z reszta imidazolowa wykazuje czuto$¢ na jony

miedzi(II).
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Rys. IV.14. Zmiana barwy warstwy receptorowej ze zwigzkiem 11 w obecnosci jonéw miedzi(Il) oraz otowiu(Il),

stezenia podane w mol/dm?.

Makrocykliczne pochodne z reszta imidazolu lub 4-metyloimidazolu zostaty
zastosowane po raz pierwszy jako skladniki warstw receptorowych czujnikdw optycznych.

Natomiast lipofilowe pochodne sg aktualnie badane w zespole jako sktadniki membran elektrod

jonoselektywnych.
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IVP5 — OPTODY Z TRIOCTANU CELULOZY DO ROWNOCZESNEGO
WYKRYWANIA BIZMUTU(II) T OLOWIU(II) (MACROCYCLIC DERIVATIVES
OF IMIDAZOLE AS CHROMOIONOPHORES FOR BISMUTH(I)/LEAD(II) PAIR)

Ostatnig publikacja sktadajgcg si¢ na cykl publikacji jest praca pt. ,,Optody z trioctanu
celulozy do réwnoczesnego wykrywania bizmutu(Ill) i otowiu(Il)”. Badania zawarte w tej
publikacji prowadzone byty réwnolegle z badaniami opisanymi w publikacji P4.

Postanowilem zbada¢ wlasciwos$ci makrocyklicznych pochodnych 18-czionowych
pochodnych zawierajacych lancuch oligoeterowy zawierajagcych imidazol lub 4-
metyloimidazol (zwigzek 10 oraz 11 — rys. IV.11) jako chromojonofory w optodach na bazie
CTA. W celu poréwnania z wlasciwosciami materiatéw czujnikowych, w ktorych
zastosowatem makrocykliczne pochodne pirolu badalem odpowiedZz na obecno$¢ jonow
otowiu(Il). Rozszerzylem jednak badania o inne jony metali.

Analogicznie jak w przypadku opisanych wczes$niej badan w pierwszej kolejnosci
zbadalem wtasciwosci kompleksujace w roztworze. Jako rozpuszczalnik organiczny doskonale
mieszajacy si¢ z woda, a jednoczesnie zapewniajacy wystarczajgca rozpuszczalnosé zwigzkow
makrocyklicznych 10 oraz 11 wybratem DMSO [641, 642]. Wykazalem, ze roztwory zwigzkow
10 oraz 11 selektywnie zmieniaja barwe nie tylko w obecnosci soli otowiu(Il) (co bylto
oczekiwane), ale takze w obecno$ci soli bizmutu(Ill). Obserwowana zmiana barwy jest
zwigzana z tworzeniem kompleksoéw typu triple-decker, co wykazatem stosujac spektroskopie
absorpcyjna w zakresie UV-Vis oraz spektroskopie¢ protonowego rezonansu jadrowego.

Wykazatem, ze zwiazki 10 oraz 11 w warunkach miareczkowania
spektrofotometrycznego w mieszaninie DMSO:woda tworzg kompleksy z jonami otowiu(Il)
oraz bizmutu(Ill) o porownywalnych, wysokich (logK > 17) wartosciach statych trwatosci.
Zgodnie z doniesieniami literaturowymi jest to bardzo pozadana cecha dla ukladow
stosowanych jako radioterapeutyki, do ktérych nalezy bizmut-212 i bizmut-213. Izotopy te
charakteryzuja si¢ jednak stosunkowo krotkimi okresami poéttrwania (odpowiednio 61 i 46
min.). Dlatego jako generator in situ >'’Bi proponuje si¢ zastosowanie radionuklidow
o dluzszym okresie potrozpadu, takich jak 2'?Pb (okres pottrwania 10,6 h) [643, 644]. Dzieki
temu okres péltrwania radioaktywnego bizmutu-212 moze zosta¢ wydtuzony do kilkunastu
godzin.

W celu okreslenia potencjalnego zastosowania zwigzkow 10 oraz 11 do badania probek
wodnych (czyli hipotetycznie rowniez plynéw ustrojowych) unieruchomitem je w warstwie
receptorowej na bazie CTA. Otrzymane membrany, podobnie jak w mieszaninie DMSO:woda

cechowaty si¢ czutoscig na jony otowiu(Il) oraz bizmutu(Ill). Korzystnym efektem zmiany
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otoczenia chemicznego z rozpuszczalnika na matryc¢ polimerowa jest wigksze przesunigcie
pasm absorpcyjnych dla tworzacych si¢ kompleksow. Oznacza to bardzie widoczne, tatwiej

dostrzegalne — takze gotym okiem zmiany barwy w obecnos$ci badanych jonow (rys. IV.15).
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Rys. IV.15. Zmiana barwy optod ze zwigzkiem: a) 10 i b) 11; w obecnosci azotanu(V) otowiu(Il) i bizmut(I1I).

Sktad membran (ilos¢ chromojonoforu, plastyfikatora, soli lipofilowej)
optymalizowatem uwzgledniajac m.in. generowang warto$¢ zmiany sygnatu analitycznego,
zakres liniowej odpowiedzi, czas zycia optod. Wykazatem, Ze otrzymane materiaty czujnikowe
optod sa czute na jony bizmutu(IIl) oraz otowiu(Il) umozliwiajac potencjalne oznaczanie tych
jonow z detekcja spektrofotometryczna oraz kolorymetryczng na poziomie stezen 107 mol/dm?.
Wykazatem takze, ze mozliwe jest wykorzystanie zaproponowanych optod do oznaczania
bizmutu(IIl) oraz otowiu(Il) obok siebie z zastosowaniem detekcji spektrofotometryczne;j. Jest
to szczegolnie interesujace ze wzgledu na potencjalne zastosowania w analityce medycznej—

co jednak wykraczato poza ramy zrealizowanej pracy doktorskie;j.
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Podczas realizacji pracy doktorskiej zbadatem wtasciwosci 13 chromogenicznych
zwigzkow (rys. V.1.) zawierajacych w swojej strukturze ugrupowania azowe oraz reszty
heterocykliczne w postaci pirolu lub imidazolu, jako potencjalnych chromojonoforow
w warstwach receptorowych. Nowootrzymane zwiazki jak (1, 2, 5 — 9) 1 wczesniej otrzymane
w zespole (3, 4, 10 — 13), ale nie zbadane do tej pory jako receptory w warstwach
receptorowych czujnikéw optycznych do wykrywania oraz oznaczania jonéw metali ci¢zkich,
zostaly przetestowane na réznych podtozach takich jak sgczki papierowe, widkno szklane,
bawethiane patyczki, PVC, CTA czy PG-PS. Przeprowadzone badania oraz ich wyniki, zostaly
przedstawione w publikacjach P1 — PS5 i zebrane we wczesniejszych rozdzialach, wraz

z materiatami pomocniczymi stanowigcymi podstawe niniejszej dysertacji.

( N
o—(CHz),,—oj : OH
: :N N 1. X=CH R=H n=>5
I H I 2.X=CH R-H n=-10| N ﬁ
N N N 6.X=N R=H n=4 N H
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I H I 4. X=CH R=H n=2
N N N 10. X=N R=H n=1
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\ / 12.X=N R=H n=2
X 13. X=N R=CH; n=2
R

Rys. V.1. Wzory nowootrzymanych zwigzkow oraz wczesniej otrzymanych w zespole.

W  ramach realizacji pracy doktorskiej otrzymatem 6 nowych zwigzkéw
makrocyklicznych (1, 2, 6 — 9) zawierajacych w swojej strukturze weglowodorowe tancuchy
oraz jeden acykliczny hydroksyazozwiazek (5), z grupa nitrowa zlokalizowang w pier§cieniu
benzenowym. Przedstawitem synteze¢ nowych diazokoron z wykorzystaniem techniki
wysokiego rozcienczenia, a takze zwigzku acyklicznego 5. Wydajnosci reakcji makrocyklizacji

(W%) nowootrzymanych zwiazkdw oraz otrzymanych wcze$niej w zespole zestawitlem na

rysunku V.2.
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lancuch oligoeterowy
55

60 lancuch weglowodorowy

W%

6 7 1 8 9 2 3 10 11 4 12 13
Rys. V.2. Wydajnosc¢ reakcji makrocyklizacji nowootrzymanych zwigzkéw oraz wezeséniej otrzymanych w zespole
(czerwony — pochodne zawierajace reszte pirolu; fioletowy - pochodne zawierajace reszte imidazolu; niebieski —

pochodne zawierajgce resztg 4-metyloimidazolu).

Z poréwnania wydajnos$ci reakcji makrocyklizacji mozna wnioskowac, ze pochodne
zawierajace tancuch oligoeterowy otrzymywane sg w ogo6lnosci z wigkszymi, niz ich analogi
z tacznikiem weglowodorowym, wydajno$ciami.

Wyznaczylem wartosci lipofilowosci (logPric) dla nowootrzymanych zwiazkéw oraz
zestawilem je z tlenowymi analogami (3, 4, 10 — 13), w celu okre$lenia mozliwosci
zastosowania tych makrocyklicznych chromojonoforéw w warstwach receptorowych
czujnikow optycznych oraz okreslenia ich powinowactwa do podtoza. Zwigzki zawierajace
w swojej strukturze weglowodorowy tancuch charakteryzujg si¢ — zgodnie z oczekiwaniami —
wyzszymi wartosciami lipofilowosci niz ich tlenowe analogi (rys. V.3). Wraz ze zwigkszeniem
liczby grup CH: w lancuchu wzrasta warto$¢ logPric, co przeklada si¢ na wigksze
powinowactwo zwigzkow do podtozy o charakterze hydrofobowym. Ponadto wartosci logPric
mozna uszeregowa¢ pod wzgledem wystepujacego w strukturze azolu, gdyz zwigzki
zawierajace imidazol charakteryzuja si¢ nizszymi warto$ci lipofilowsci niz makrocykle z reszta
pirolu, ktére to natomiast maja nizsze wartosci logPtic od chrmojonoforow z 4-
metyloimidazolem. Warto jednak wspomnie¢, ze w przypadku zwigzkéw z oligoeterowym
fancuchem réwniez potwierdza si¢ powyzsza regula z jednym wyjatkiem, gdyz 18-cztonowy
makrocykl z 4-metyloimidazolem (11) posiada najwyzsza warto$¢ lipofilowosci wsrod tej

grupy zwigzkow.
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Rys. V.3. Zestawienie warto$ci logPric zwiazkow 1 —4 1 6 — 13 (czerwony — pochodne zawierajace reszte pirolu;

fioletowy - pochodne zawierajace reszt¢ imidazolu; niebieski — pochodne zawierajace reszte 4-metyloimidazolu).

Wyznaczytem wartosci stalych trwatosci (logK) kompleksow z jonami metali cigzkich,
na ktoére badane zwiazki wykazywaly selektywnos¢. W przypadku zwigzkow
makrocyklicznych, potwierdzono przy wykorzystaniu technik spektroskopowych, ze wszystkie
tworzg z jonami olowiu(Il) kompleksy o stechiometrii 3:2 ligand:otow(Il), co odpowiada
kompleksowi tak zwanej ,,podwojnej kanapki” (ang. triple decker sandwich complex).
W przypadku wartosci logK komplekséw zwigzkoéw makrocycyklicznych mozna zauwazy¢, ze
dla 18-cztonowych makrocykli z wgglowodorowym tancuchem wyznaczono wyzsze wartosci
statych trwalo$ci niz dla ich tlenowych analogéow (rys. V.4). Ponadto tak jak w przypadku
logPrLc wida¢ zalezno$¢ warto$ci logK od rodzaju azolu wystepujacego w strukturze zwigzku,
jednak w tym wypadku wartos$ci statej trwatosci z jonami otowiu(Il) rosng od imidazolu przez
4-metyloimidazol po pirol. Najwyzsze wartosci logK posiadajg 21-cztonowe zwiazki (4, 12,
13) w powyzszym szeregu.

Makrocykle zawierajace w swojej strukturze imidazol oraz 4-metyloimidazol, tworza
kompleksy z jonami miedzi(Il), jednak w przypadku 17-, 18- 1 21 cztonowych zwigzkoéw nie
bylo mozliwe wyznaczenie wiarygodnych wartosci stalych trwatosci kompleksow z jonami

miedzi(Il) na podstawie miareczkowania spektrofotometrycznego w acetonitrylu.
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Rys. V.4. Zestawienie wartosci statych trwatosci kompleksow logK zwigzkéw 1 — 416 — 13 z jonami otowiu(Il)
(czerwony — pochodne zawierajace reszte pirolu; fioletowy - pochodne zawierajace reszte imidazolu; niebieski —

pochodne zawierajgce resztg 4-metyloimidazolu).

W publikacji P1 oraz P4 przedstawitem potencjalne zastosowania badanych zwigzkow
jako receptorow unieruchomionych na réznego rodzaju podtozach do szybkiego wykrywania
oraz ilo§ciowego oznaczania jonoOw metali cigzkich. Badanymi podtozami jak juz wyzej
wspomniatem byly saczki papierowe, witokno szklane, bawelniane patyczki czy PG-PS.
W przypadku makrocykli zawierajacych w swojej strukturze pirol (zwigzek 1 1 2)
unieruchomionymi na widknie szklanym, poza ilosciowym oznaczaniem jondéw otowiu(Il),
bylo mozliwe roéwniez wykrywanie jonow miedzi(Il), niklu(Il) oraz cynku(II). Co przektada si¢
na mniejszg selektywnosci w stosunku do jonow otowiu(Il) na tym podlozu. Natomiast na
podtozu PG-PS unieruchomilem makrocykliczne zwigzki z reszta imidazolu oraz 4-
metyloimidazolu, jednak warstwy receptorowe z 17-cztonowym makrocyklami (6 i 7) nie
wykazywaly zmiany barwy w obecnosci badanych jonow metali cigzkich. Pozostate zwigzki
moga znalez¢ zastosowanie do wykrywania oraz ilo§ciowego oznaczania jonow miedzi(Il) oraz
olowiu(Il), gdyZ unieruchomione na PG-PS zmieniaja barwe¢ z pomaranczowej/czerwonej na
fioletowa w obecnosci jonéw miedzi(Il) oraz niebieska w obecnosci jonow otowiu(Il).
Jednakze nie jest mozliwe rownoczesne wykrywanie obu tych jonoéw obok siebie.

W P2 zbadatem wptyw poszczegdlnych skitadnikéw warstwy receptorowej, ktorej
matryce stanowil CTA, na warto§¢ generowanego sygnatu optycznego w postaci zmiany
absorbancji (AA) oraz zmiany barwy (AErgs). Sprawdzilem wplyw stosowanego

rozpuszczalnika uzywanego do rozpuszczenia sktadnikOw membrany, rodzaj oraz ilos¢
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plastyfikatora, ilo§¢ chromojonoforu, a takze wptyw dodatku soli lipofilowej. Wszystkie
wymienione sktadniki w mniejszym lub wigkszym stopniu wplywaty na warto$¢ generowanego
sygnatu. Po skomponowaniu sktadu optod badalem parametry tj. wplyw pH, mozliwos¢
regeneracji, czas odpowiedzi, odtwarzalnos¢, mozliwos¢ przechowywania, wplyw jonow
przeszkadzajacych, zakres liniowej odpowiedzi czy detekcja kolorymetryczna, aby okresli¢
mozliwo$¢ zastosowania otrzymanych membran. Niestety nie byto mozliwosci otrzymania
optody ze zwigzkiem 1 ze wzgledu na to, ze krystalizowal w matrycy polimerowej z CTA. Taka
samg tendencj¢ do krystalizacji wykazywaly zwigzki 8 1 9, ze wzgledu na co w pdzniejszym
czasie poszukiwatem innego podloza do unieruchomienia tych makrocykli (P4). CTA ze
wzgledu na hydrofilowo-hydrofobowy charakter stanowit odpowiednig matryce dla badanych
zwigzkow z reszta pirolu. Jednakze w przypadku 23-czlonowego makrocyklu
z weglowodorowym tancuchem o wysokiej warto$¢ logPric zwigzek ten lepiej oddziatywat
w matrycy PVC (P1) niz CTA, co objawito si¢ wigksza zmiang absorbancji oraz bardziej
wyrazng zmiang barwy, w obecnosci jondw olowiu(Il) przy tym samym st¢zeniu. Natomiast
najlepsze wyniki otrzymatem dla optody z 18-czlonowym makrocyklem 3, ktory
unieruchomiony w matrycy CTA pozwala na wykrywanie oraz oznaczanie jonow otowiu(Il) na
poziomie ppb. Ponadto mozliwe jest zastosowanie analizy kolorymetrycznej z wykorzystaniem
aplikacji mobilnej na telefon, gdyz wraz ze wzrostem st¢zenia zauwazalna ,,gotym okiem” jest
zmiana barwy z czerwonej przez fioletowa do niebieskie;.

W PS5 przeanalizowatem mozliwo$ci wykrywania jonow bizmutu(IIl) przez zwiazek 10
oraz 11, takze w podejsciu jednoczesnego oznaczania tego jonu wraz z jonami otowiu(II).
Poprzedzajace unieruchomienie w membranie badania wykazaty, ze w roztworze DMSO:woda
1:1, makrocykle 10 oraz 11 tworza kompleksy z jonami bizmutu(Ill), co jest zwigzane ze
znacznymi zmianami w widmach absorpcyjnych przektadajagcymi si¢ na dobrze widoczna
»gotym okiem” zmian¢ barwy. Badane zwiazki zostaly unieruchomione w matrycy
polimerowej CTA, jednak sktad membrany zostal w pewnym stopniu zmieniony pod wzgledem
ilosci uzytej soli lipofilowej, w poréwnaniu do wyzej opisanych rozwigzan. Wieksza ilos¢
KTCIPB wplyneta na ograniczenie wymywania chromojonoforow z membrany, jednak
przetozylo si¢ to na czas odpowiedzi optody, a takze na zakres liniowej odpowiedzi i warto§¢
generowanego sygnatu. W obecnosci jondw bizmutu(Ill) nastepowata zmiana barwy
z pomaranczowej/czerwonej na niebieskg, a w obecnosci jonéw otowiu(Il) na fioletowa.
Wykazatem, ze ze wzgledu na potozenie maksimow absorbcji tych kompleksow przy innych

dlugosciach fali oraz wigksze batochromowe przesunigcie pasma komplekséw z jonami
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bizmutu(Ill), mozliwe jest oznaczanie iloSciowe jondéw bizmutu(Ill) 1 otowiu(Il)
z zastosowaniem detekcji spektrofotometryczne;j.

Natomiast w P3 zostaly przedstawione badania nad wlasciwosciami
hydroksyazozwiazku 5, ktéry jak wykazatem, selektywnie tworzy kompleks o stechiometrii 1:1
z jonami miedzi(Il) w DMSO oraz jego mieszaninach z wodg. Dla zwiazku 5 ze wzgledu na
niewielki rozmiar czasteczki oraz brak weglowodorowego tancucha, zostala otrzymana
najnizsza warto$¢ lipofilowosci (logPtic = 3,41+0,05) wséroéd badanych zwigzkéw, co miato
wplyw na pozniejsze badania majgce na celu unieruchomienie zwigzku na réznego rodzaju
podtozach. Zwigzek 5 unieruchomiony zaréwno na saczku papierowym, wtoknie szklanym jak
i na bawelnianych patyczkach, cechuje si¢ selektywnoscig w stosunku do jonéw miedzi(II) oraz
pozwala na iloSciowe oznaczanie tego jonu, dzigki bardzo dobrze widocznej zmianie barwy
z z6ttej na purpurowa. W celu oznaczania iloSciowego jonéw miedzi(Il) otrzymaltem optody
z wykorzystaniem CTA jako matrycy. W tym wypadku acykliczny zwigzek 5 ze wzgledu na
wspomniang wczesniej niska warto$¢ lipofilowosci wymywat si¢ z membrany, jednak dodatek
soli lipofilowej w postaci KTCIPB oraz zmniejszenie ilosci plastyfikatora, pozwolily na 10-
krotne uzycie membrany po regeneracji w EDTA, ze zmniejszonym wymyciem
chromojonoforu z optody. Hydroksyazozwiazek unieruchomiony w matrycy CTA tak jak
wczesniej wykazalem dla mieszanin DMSO z woda, cechujg si¢ selektywnosciag w stosunku do
jonow miedzi(II) 1 w ich obecnos$ci zmienia barwg z z6ltej na purpurowa.

Przeprowadzone przeze mnie badania potwierdzaja potencjalne zastosowanie badanych
zwigzkow jako chromojonoforéw w warstwach receptorowych czujnikow optycznych do
wykrywania oraz oznaczania jondw metali ciezkich, przy zastosowaniu technik
spektroskopowych oraz cyfrowej analizy kolorymetrycznej obrazu. W =zaleznosci od
zastosowanego otoczenia chemicznego w postaci podtoza na ktorym zostanie unieruchomiony
receptor mozna sterowac selektywno$cig nowootrzymanych uktadéw. Ponadto zaproponowane
warstwy receptorowe sg: wzglednie proste do otrzymania, pod wzgledem syntezy zwigzku oraz
samych optod; tanie ze wzglgedu na niewielka ilo$¢ niedrogich sktadnikow; w wigkszo$ci mozna
je regenerowaé, co przeklada si¢ na mozliwo$¢ wielokrotnego uzytku; trwale w czasie
(z zastrzezeniem przechowywania w roztworze membran CTA po pierwszym uzyciu);
umozliwiajg detekcje potilosciows ,,gotym okiem” oraz ilo$ciowg przy zastosowaniu aplikacji
mobilnej na telefon do analizy barwy; a takze posiadajg niskie granice wykrywalnos$ci zar6wno

spektrofotometryczne jak i kolorymetryczne.
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P1) Btazej Galinski, Elzbieta Luboch, Jarostaw Chojnacki, Ewa Wagner-Wysiecka, Novel
diazocrowns with pyrrole residue as lead(Il) colorimetric probes, Materials 2021, 14, 7239;

P2) Btazej Galinski, Ewa Wagner-Wysiecka, Pyrrole bearing diazocrowns: Selective
chromoionophores for lead(Il) optical sensing, Sensors and Actuators B: Chemical 2022, 361,
131678;

P3) Btazej Galinski, Jarostaw Chojnacki, Ewa Wagner-Wysiecka, Simple colorimetric
copper(Il) sensor — spectral characterization and possible applications, Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy 2023, 293, 122472;

P4) Btazej Galinski, Jarostaw Chojnacki, Katarzyna Szwarc-Karabyka, Aadrian Matkowski,
Diana Sopel, Aagniesza Zwolinska, Ewa Wagner-Wysiecka, Chromogenic macrocycles with
imidazole residue: structure vs. properties, Dyes and Pigments 2023, 219, 111610;

P5) Btlaze; Galinski, Ewa Wagner-Wysiecka, Macrocyclic derivatives of imidazole as
chromoionophores for bismuth(Ill)/lead(Il) pair, Sensors and Actuators B: Chemical 2024, 399,
134798;

Moj wktad byl zgodny z deklaracja w czesci ,,Author Contributions”/”CRediT authorship

contribution statement” zamieszczong na koncu tresci odpowiednich publikacji i obejmowat:

e udzial przy zaplanowaniu eksperymentows;

e zaplanowanie oraz przeprowadzenie syntez;

e zbadanie natury oddziatywan metodami spektroskopowymi UV-Vis;

e przygotowanie, optymalizacje oraz zbadanie warstw receptorowych;

e stworzenie przeno$nego ,,studia fotograficznego”;

e wyznaczenie zalezno$ci generowanego sygnatu umozliwiajgcej porownywanie optod
0 r6znym sktadzie;

e udzial przy zaprojektowaniu eksperymentéw z wykorzystaniem technik NMR i MS, oraz
analizie odpowiednich widm;

e udzial przy interpretowaniu wynikoéw i tworzeniu manuskryptu, a takze jego korekt.
Blazej Galinski
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Jednoczesnie jako autor korespondencyjny o§wiadczam, ze:

e udzial studentow realizujacych pod moja opieka prace magisterskie: Diany Sopel,
Agnieszki Zwolinskiej oraz Adriana Matkowskiego w publikacji P4 polegal na
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e udzial Katarzyny Szwarc-Karabyki w publikacji P4 polegat na rejestracji widm NMR oraz
wsparciu autoréw w ich interpretacji.

Udziat doktoranta w powstanie powyzszych publikacji jest wiodacy.

Ewa Wagner-Wysiecka
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Abstract: Novel 18- and 23-membered diazomacrocycles were obtained with satisfactory yields by
diazocoupling of aromatic diamines with pyrrole in reactions carried under high dilution conditions.
X-ray structure of macrocycle bearing five carbon atoms linkage was determined and described.
Compounds were characterized as chromogenic heavy metal ions receptors. Selective color and
spectral response for lead(II) was found in acetonitrile and its mixture with water. Complexation
properties of newly obtained macrocycles with a hydrocarbon chain were compared with the proper-
ties of their oligoether analogs. The influence of the introduction of hydrocarbon residue as a part
of macrocycle on the lead(Il) binding was discussed. Selective and sensitive colorimetric probe for
lead(II) in aqueous acetonitrile with detection limit 56.1 pug/L was proposed.

Keywords: azomacrocycle; pyrrole; synthesis; ion recognition; lead(II) complexation; chromoionophore

1. Introduction

Heavy metals—like lead(II)—are highly toxic to humans and bioaccumulate in aquatic
systems having harmful effects on the environment [1-3]. Lead poisoning (saturnism) has
been present throughout the history of mankind. Lead was one of the first metals widely
used (e.g., fishing nets, domestic utensils, etc.) due to its ease of extraction and its ductility.
Exposure to lead is often claimed to contribute to the fall of the Roman Empire. Mental
disorders called “painter’s colic” or “painter’s madness” displayed by some of the great
masters, including Michelangelo and Caravaggio, are also attributed to lead poisoning. The
possibility of lead poisoning is also mentioned in the case of famous composers Beethoven
and Héndel [4,5]. Lead exposure causes dysfunction of blood and nervous systems. Lead
is also easily precipitating in the brain, kidneys and reproductive system. Poisoning with
lead can also cause anemia and brain damage and finally death [6-8]. Nowadays, lead
poisoning is rarely seen in developed countries, but it still represents a major environmental
problem in certain areas, also in tap water in communities with older service lines and
older household plumbing containing lead. The regulatory guidelines’ value given for
drinking water by the WHO is 0.01 mg/L [9].

As the most common methods of determination of lead(II) at trace levels, atomic ab-
sorption spectrometry (AAS) or inductively coupled plasma optical emission spectrometry
(ICP-OES) can be mentioned. These and other analytical methods [10-13] enable accurate
and precise detection and determination of lead(II) in various types of samples at different
concentration levels, but there is still essential need for competitive, easy to use, low cost,
fast and reliable methods which can be applied also in on site tests. These requirements
are, in many cases, met by optical sensors [14-16] in which a selective ion receptor is
incorporated in the sensing layer or acts as selective complexing reagent in a solution.

95


http://mostwiedzy.pl

P1 -PUBLIKACJA

Materials 2021, 14, 7239 20f 17

Lead(II) is a borderline acid in HSAB theory, forming complexes in various coordi-
nation modes with many ligands [17], also mixed with N,O macrocyclic ones [18]. Spec-
trophotometric and naked-eye detection and determination of lead(II) are often based on
selective complex formation between a metal ion and a chromogenic sensing molecule
with defined donor atom number and arrangement. For example, acyclic azo compound
1,5-dimethyl-2-phenyl-4-((2,3,4-trihydroxyphenyl)diazenyl)-1H-pyrazol-3(2H)-one was
proposed for the spectrophotometric determination of lead(Il) by a surfactant-sensitized
method based on the ternary complexes formation with a detection limit of 0.3 pg/mL
(1.45 x 10~ M) [19]. Another example was described by Wang and Chen [20]. Azo dye
was found to form a magenta colored complex with lead(Il) in acetonitrile-water (1:1)
mixture of stability constant value logK 4.66. Azoderivative was used in test strips for
determination of lead(Il) in untreated wastewaters and freshwaters at ppm level. In this
respect, macrocyclic azo compounds, discriminating ions according to their size, serve as a
group of molecules of interesting sensing properties and applications [21,22]. Due to pres-
ence of an azo moiety, macrocycle-metal cation interaction can be followed by the change
of absorption spectra in the visible range of electromagnetic radiation [23-28]. Until now, a
series of chromogenic crown ethers with two azo groups and phenol [23], pyrrole [24-27]
or imidazole [28] residue as a part of macrocycle were synthesized and studied in our
group as metal cation complexation agents in solution and as ionophores in membrane
ion selective electrodes. Diazocrowns with pyrrole residue, bearing three nitrogen donor
atoms (one of each azo group and nitrogen of pyrrole moiety), were described for the first
time in 2003 [24]. Their functionalized derivatives were found to have high lead(II) affinity
in solution and in membrane systems [24-27].

A property of these compounds, i.e., showing an easy to measure color change upon
lead(II) complexation, prompted us to synthesize new macrocyclic derivatives of expected
affinity towards heavy metal cations to obtain selective and sensitive probes for lead(II)
detection and determination. Macrocyclic receptors with mixed N,O donor atoms bridged
with oligoether or hydrocarbon linkage were investigated also to find out more about the
possible nature of lead(II) binding by this class of compounds.

2. Materials and Methods
2.1. General

All chemicals of the highest available purity were purchased from commercial sources
and used without further purification. TLC aluminum sheets covered with silica gel
60 F254 and glass plates 60 RP-18 Fp54 were purchased from Merck (Germany). For column
chromatography, silica gel 60 (0.063-0.200 mm) from Merck (Germany) was used. 'H and
e spectra were recorded on a Varian INOVA 500 spectrometer (Palo Alto, CA, USA) at
500 MHz and 125 MHz, respectively. Chemical shifts are reported as  (ppm) values in
relation to TMS. EILR and EIHR mass spectra of crowns were recorded on an AutoSpec
Premier (Waters) instrument (Milford, MA, USA). For registration of ESI-LR spectra of
lead(IT) complexes and MS/MS experiments, API 3000 (Applied Biosystems, Warrington,
Cheshire, UK) (equipped with ESI ion source), a triple-quadrupole mass spectrometer was
used. FTIR spectra (film) were taken on a Nicolet iS10 apparatus (Thermo Fisher Scientific,
Waltham, MA, USA). For UV-VIS measurements, an UNICAM UV 300 series apparatus
(Spectronic Unicam, Leeds, UK) was used. Spectroscopic measurements were carried out in
1 cm quartz cuvettes in acetonitrile (LiChrosolv®, Merck, Germany). For recovery studies,
Standard Reference Solution of lead(IT) 1000 ppm (Merck, Germany) was used. Lead(II)
concentration for comparative studies was determined using the ICP-OES method with
iCAP 7400 Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

Glass microfiber filter (Whatman GF/C) (Schleicher & Schuell, Dassel, Germany)
was used for test strips preparation. For optodes preparation PVC (Fluka, Switzerland),
potassium tetrakis(4-chlorophenyl)borate (>98%, Fluka, Switzerland), 2-nitrophenyl octyl
ether (NPOE) (>99%, Sigma-Aldrich, Switzerland), THF (>99.5%, Sigma-Aldrich, St. Louis
MO, USA) were used.

96

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e

PUBLIKACJA - P1

Materials 2021, 14, 7239 3o0f17

2.2. Synthesis of Crowns 3 and 4
2.2.1. 1,5-bis(2-nitrophenoxy)pentane (7) and 1,10-bis(2-nitrophenoxy)decane (8)

Compounds 7 and 8 were prepared analogously as described in the literature [29,30].
A mixture of 2-nitrophenol (2.24 g, 16 mmol), 1,5-dibromopentane (2.07 g, 9 mmol) or
1,10-dibromodecane (2.70 g, 9 mmol) and anhydrous potassium carbonate (2.22 g, 16 mmol)
in dry dimethylformamide (6 mL) were stirred and heated at 140 °C for 2 h. The mixture
was diluted with cooled water (120 mL) to precipitate crude dinitro derivatives 7 or 8. Pure
compounds 7 and 8 were obtained after crystallization from propan-2-ol (20 mL). 7: yield
2.23 g (80%), light beige solid, mp 82-83 °C (lit. mp 83 °C) [30], 8: yield 2.78 g (83%), light
beige solid, mp 75-77 °C. (lit. mp 76 °C) [30].

2.2.2. 1,5-bis(2-aminophenoxy)pentane (5) and 1,10-bis(2-aminophenoxy)decane (6)

Compounds 5 and 6 were obtained using protocols described in the literature [24-27].
The reaction mixture containing compound 7 (2.80 g, 8 mmol) or 8 (3.33 g, 8 mmol) and
propan-2-ol (50 mL) together with a Pd/C catalyst was magnetically stirred and heated in
an oil bath at 58 °C. Aqueous hydrazine solution (80%) was added to the reaction mixture
in 4 portions (0.5 mL each). Five hours after the last portion of hydrazine was added, the
solution was filtered off to separate the catalyst. The solvent was evaporated under the
reduced pressure. Amines were crystallized from propan-2-ol. 5: yield 2.00 g (87%), white
flakes, mp 60-61 °C (lit. mp 61 °C) [30]. 6: yield 2.70 g (95%), white flakes, mp 66-67 °C.
(lit. mp 67 °C) [30].

Compounds 1 and 2 were synthesized analogously to previous protocol [24], and the
identity of material was confirmed by comparison of TLC and spectral properties with
original samples of crowns deposited in our lab.

2.2.3. Preparation of New Diazocrown 3 and 4

The synthesis of diazocrown 3 and 4 was based on a high dilution approach [24-27].
Three solutions were prepared:

e A:Diaminopodand 5 or 6 (1 mmol) and concentrated hydrochloric acid (0.5 mL) in
water (20 mL) (DMF or THF in needed amount can be added to increase solubility of
amines);

B: Sodium nitrite (2 mmol) in water (30 mL);
C: Pyrrole (1 mmol, 0.07 mL) and sodium hydroxide (0.20 g, 5 mmol) in water (30 mL).

All solutions were cooled in an ice bath to 0-5 °C. Solution B was added portionwise to
solution A to obtain the bisdiazonium salt. The combined solutions A-B were left for 30 min
in an ice bath. After this time, solutions A-B and C were added dropwise to deionized
water (300 mL) at pH ~10 (NaOH), within 30 min, ensuring intensive stirring of the reaction
system. The pH was controlled during the addition of solutions to the reaction container.
After 2 h, the ice bath was removed, and the mixture was left for 24 h at room temperature.
The precipitate was filtered off under reduced pressure. Products were isolated by column
chromatography using initially dichloromethane and finally dichloromethane:acetone (10:1,
v/v) as eluent. Compound 3 crystallizes from petroleum ether, 4 crystallizes from n-hexane.

Compound 3: Yield 0.092 g (25%), red solid. mp 254-257 °C (with decomposi-
tion). TLC: Rf = 0.91 (chloroform), 0.47 (dichloromethane:n-hexane, 100:1). 'H NMR
(d-chloroform, 500 MHz), & (ppm): 1.96-1.99 (4H, m), 2.09-2.14 (2H, m), 4.24 (4H, t,
] =5.5Hz), 7.01 H, t, ] = 7.5 Hz), 7.07 (2H, d, ] = 8.8 Hz), 7.07 (2H, s), 7.40 (2H, dt, J1
=8 Hz,J2 = 1.5 Hz), 7.79 (2H, dd, J1 = 8.5 Hz, J2 = 1.5 Hz), 10.17 (1H, s, NH). 1>*C NMR
(d6-DMSO, 125 MHz) & (ppm): 23.9, 30.8, 40.4, 40.6, 40.8, 68.5, 114.8, 115.4, 116.5, 121.1,
133.8, 141.2, 146.7, 157.3. FTIR (crystalline film, cm™1): 3450, 2940, 2871, 1585, 1488, 1456,
1371, 1275, 1232, 1150, 756. UV-VIS (acetonitrile): Amax = 508 nm, €max = 2.22 x 10*. HRMS
[EI]: found 375.1702 calculated for: Co1Hp1N50, 375.1695.

Compound 4: Yield 0.131 g (30%), red solid, mp 223-225 °C (with decomposition).
TLC: Rf = 0.74 (chloroform), 0.51 (dichloromethane:n-hexane, 100:1). 'H NMR (d6-DMSO,
500 MHz) & (ppm): 1.27-1.42 (12H, m), 1.76 (4H, t, ] = 6.6 Hz), 4.17 (4H, t, ] = 6.1 Hz), 7.05
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(2H,t,]=7.6 Hz),7.18 (2H, s), 7.24 2H, d, ] = 8.2 Hz), 7.41-7.44 (4H, m), 11.40 (1H, s, NH).
13C NMR (d6-DMSO, 125 MHz) § (ppm): 25.3, 28.0, 28.4, 28.8, 40.2, 69.5, 115.1, 116.7, 117.9,
121.2, 132.4, 143.8, 147.2, 155.6. IR (film, cm~1): 3418, 2920, 2851, 1588, 1489, 1455, 1389,
1277, 1241, 1158, 749. UV-VIS (acetonitrile): Amax = 495 nm, emax = 2.15 x 10*. HRMS [EI]:
445.2481 calculated for: CosH31N50, 445.2478.

NMR and mass spectra of 3 and 4 are shown in Supplementary Materials (Figures S1
and S2).

2.2.4. Preparation of Solid Complexes of Crowns 1-4 with Lead(II) Perchlorate

Samples for MS and FTIR analyses were prepared by dissolving of the crowns and
lead(IT) perchlorates in a molar ratio 3:2 in acetonitrile and left for solvent evaporation.
'H NMR and MS spectra are included in Supplementary Materials (Figures S1, S2 and
S11-514).

2.3. Lipophilicity Determination

The lipophilicity values (log Py ¢) of chromoionophores 1-4 were estimated by TLC
method [31,32] using reverse phase chromatography (RP18) with a mixture of methanol:
water (9:1, v/v) as the mobile phase. As standards bis(1-butylpentyl)adipate (BBPA)
(>98.0%, Sigma Aldrich, Switzerland), 2-nitrophenyl octyl ether (NPOE) (>99.0%, Sigma
Aldrich, Switzerland), bis(2-ethylhexyl)sebacate (DOS) (>97.0%, Sigma Aldrich, Germany),
bis(2-ethylhexyl)phthalate (DOP) (>97.0%, Fluka, Switzerland) and di-n-butylphthalate
(DBP) (>97.0%, Fluka, Switzerland) were used.

2.4. X-ray Structure Determination

Diffraction intensity data for 3 were collected on an IPDS 2T dual beam diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) at 120.0(2) K with MoK« radiation of a micro-
focus X-ray source (GeniX 3D Mo High Flux, Xenocs, Sassenage, France, 50 kV, 1.0 mA,
and A = 0.71069 A). Investigated crystals were thermostated under a nitrogen stream at
120 K using the CryoStream-800 device (Oxford CryoSystem, Oxford, 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 [33] and SHELX-2015 [34].
Positions of the C-H hydrogen atoms were calculated geometrically taking into account
isotropic temperature factors. All H-atoms were refined as riding on their parent atoms
with the usual restraints, including N-H atom (with AFIX 43) which does not take part in
hydrogen bonding. Structure of 3 was refined with no special treatment. Crystallographic
data reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication No. CCDC 2081633 (Appendix A). The data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk /structures (accessed on 12 October 2021). Details are included in
Supplementary Materials including Figures S15 and S16 and Table S2).

2.5. Cation Binding Studies

Cation binding for crowns 1-4 was studied by UV-VIS titration in acetonitrile. The
stock solutions of crowns (~10~% M) and metal perchlorates (~10~2 M) were prepared
by weighting the respective quantities of them and dissolving in acetonitrile in volumet-
ric flasks. The cation binding constant values (logK) were calculated with the use of
OPIUM [35] program on the basis of titration experiment data. The influence of interfering
ions on spectrophotometric response towards lead(II) was expressed as the absolute value
of relative response RR% = | [(A — Ag) / Ap]| x 100%, where Ag stands for absorbance of
solution of crowns 1-4 in the presence of lead(Il) perchlorate (equimolar to crown amount)
and A absorbance value measures just after addition of interfering metal perchlorate in
10-fold excess to lead(Il) perchlorate.
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Limits of detection (LOD) for lead(Il) were calculated using equation: LOD = 30/k,

where o is the standard deviation of the blank and k is the slope of the linear function
A = f([Pb(IL)]).

2.6. Preparation of Sensing Layers
2.6.1. Test Strips

Solutions of newly obtained crowns 3 (2.9 x 1074 M) and 4 (3.1 x 10~* M) in acetoni-
trile were poured into a chromatographic chamber, into which a strip of glass microfiber
filter was placed, similar to the procedure used with the TLC plates. After 5 min, strips
were taken out, and solvent was evaporated in a stream of hot air.

2.6.2. Optodes

The membrane cocktail was prepared by weighing out potassium tetrakis(4-
chlorophenyl)borate (0.5 mg, 0.3% w/w), crown ether 3 or 4 (1.0 mg, 0.6% w/w), polyvinyl
chloride (50 mg, 32.2% w/w) and NPOE (104 mg, 66.9% w/w). The components were dis-
solved in 1 mL of THF, and aliquots (90 nL) were deposited onto glass plates (9 x 45 mm)
which were washed before use with nitric acid (10~! M), acetone and propan-2-ol. After
solvent evaporation (24 h), the resulting sensing membranes were used for naked-eye
detection of lead(II).

3. Results and Discussion
3.1. Synthesis

New 18- and 23-membered macrocycles (compounds 3 and 4) were synthesized
by azocoupling of bisdiazonium salts with pyrrole analogously to previously described
protocols (Scheme 1) [24-27]. Reaction carried out under high dilution conditions gave
desired compounds with macrocyclization yield 25 and 30% for 3 and 4, respectively, which
seems to be within typical yields (19-42%) for this group of compounds [24-27].

£
OH n o o)
QL o O 00
NO, n=1,2 NO, O,N
HANNH, | o
Pd/C
C( D a) NaNO,, HCI U
N N

I y
N b) pyrrole, @ D Yield, LogPy ¢
\ / water, pH ~11 1.n=1,25%, 554

2.n=2,42%, 567
Yield, LogPy . reference crowns [24]

1,25%, 8.12
2,30%, 9.42

N =

z=Z

Z=

Scheme 1. Synthetic route of new macrocycles 3 and 4 and formulas of reference crowns 1 and 2
(right) [24]. Yields of macrocyclization and determined values of logPr ¢ are given.

For the first time for this class of compounds, lipophilicity values (log Pric) are
reported here. The values of log Pty ¢ obtained by the RP-TLC method [30,31] (Scheme 1,
Figure S10) as could be expected are higher for hydrocarbon chain bearing macrocycles 3
and 4 than for their oligoether analogs 1 and 2.

Described earlier [24-27] pyrrole derivatives bearing oligoether chain as a part of
macrocycle were found to form complexes with metal cations in acetonitrile and acetonitrile-
water mixtures with preferential lead(II) cations affinity among all investigated metal
cations (alkali, alkaline earth and heavy metal ions). Compounds 1 and 2 in acetoni-
trile (Scheme 1), treated here as reference compounds, form with lead(II) perchlorate
double-sandwich type complexes of 3:2 stoichiometry (crown:Pb) of relatively high stability
constants values (log K) 18.10 £ 0.01 and 21.10 =+ 0.09 [25], respectively. The previous stud-
ies [24-27] showed that lead(II) complex formation, including spectral and color changes,
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is dependent among others on the macrocycle size and the type of substituents both in
benzene rings and the modification of the oligoether moiety. Here we tested other than
the previously described modification of the skeleton of the pyrrole bearing chromogenic
crown ethers, namely, introducing a hydrocarbon chain instead of oligoether linkage.

3.2. X-ray Structure of 3

Suitable for X-ray analysis, crystals of macrocycle 3 were obtained by crystallization
from petroleum ether solution and studied by single crystal X-ray diffraction (for details
see Supplementary Materials).

Compound 3 forms thin plate, red crystals, with symmetry of the orthorhombic
system, the space group Pbca (no. 61). The asymmetric unit contains one molecule, and the
whole unit cell is built from eight molecules, Z = 8. Most of the bond lengths and angles
are in the expected ranges (Figure 1, details in Supplementary Materials), including the
hydrocarbon chain C11-C15.

Figure 1. Molecular view of 3 showing atom labelling scheme.

Based on short interatomic distances, one may assume the mostly double character
of N2-N3, N4-N5 bonds and the aromatic character of the pyrrolic ring. The molecule
is essentially flat with an expected folding of the -CsHjo- linker (ap, sc, -ap, ap, -sc, -ap),
(Figure 2), (ap—antiperiplanar, sc—synclinal). The dihedral angle between the phenyl rings
C5-C10 and C16-C21 is equal to 17.56 (9)°, which shows some deviation from planarity.
The internal cavity offers Lewis base donor electron pairs on O1, O2, N3 and N5 atoms
(hydrogen bond acceptors) as well as N-H group which is a potential hydrogen bonding
donor. The size of the crown interior may be estimated by diagonal O ... N atom distances
which are equal to O1 ... N55.720 A and 02 ... N35.602 A. It is noteworthy that the bond
C13-H13A is directed to the center of the hole, similarly to the N-H bond.

;:EJCQ&':::#?'

Figure 2. Projections of compound 3, showing kinked conformation of the molecule: (a) front view, (b) side view. Subsequent
torsions in the linker chain are (ap, sc, -ap, ap, -sc, -ap). More precisely: C10-O1-C11-C12 170.67 (15), 01-C11-C12-C13 57.5
(2), C11-C12-C13-C14 -174.57 (16), C12-C13-C14-C15 179.94 (16), C13-C14-C15-02 -57.9 (2), C14-C15-02-C16 -170.87 (16).

100

Crystal packing is dependent mainly on weak non-covalent interactions since no
hydrogen bonding is available for the molecules. Shortest inter-ring (i.e., ring centroids)
distances as short as 3.3603(8) are reported by PLATON, but this is observed for centers
of 18- or 22-membered macrocyclic rings and should be disregarded. Nevertheless, some
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true stackings of pyrrole N1-C1-C4 and benzene C16-C21 rings are also found, (Centroid
distance 3.7913(11) A, dihedral angle between the planes « = 7.92(10)°, slippage 2.093 A).
Other interactions are mainly of the van der Waals type. Crystal packing in 3 is shown in
Figure S16. For details see Supplementary Data.

3.3. Heavy Metal Cation Complexation Studies

On the basis of qualitative tests carried out in acetonitrile, it was found that com-
pounds 3 and 4 show a color change in the presence of: p-toluenesulfonic acid (TsOH),
tetra-n-butylammonium hydroxide (TBAOH), nickel(II), copper(Il), zinc(II) and lead(II)
perchlorates (Figure 3). No changes were observed in the presence of alkali and alkaline
earth metal perchlorates.

TsOH TBAOH Ni  Cu TsOH TBAOH Ni Cu

L TRTHTTT

Figure 3. Qualitative probes showing color change of crowns 3 (2.01 x 10~5 M) and 4 (3.75 x 10~5 M)
solutions (acetonitrile) in the presence of excess (added as solid substances, saturated solution) of p-
toluenesulfonic acid (TsOH), tetra-n-butylammonium hydroxide (TBAOH) and nickel(II), copper(II),
zinc(I) and lead(II) perchlorates in acetonitrile (photo was taken just after addition of the excess of
acid, base and perchlorates).

As it is shown in Figure 3, the color of solutions of macrocycles 3 and 4 changes in
the presence of heavy metal perchlorates. For both compounds, the presence of zinc(II)
and nickel(IT) perchlorates causes comparable color changes, just after their addition, to
red for 3 and to purple for 4. The presence of copper(Il) turns the color of solutions to
blue. Besides copper(Il), significant color change is observed in the presence of lead(II)
perchlorate: from red to deep blue for 3 and from orange to blue for 4. Color changes are
the result of the change of UV-VIS spectra, namely, formation of absorption band (Figure 4)
at 610 and 605 nm, (spectral shift 102 and 110 nm), for 3 and 4, respectively. Clear isosbestic
points can indicate one complex under equilibrium.

a)0.5- 508 nm

b) 1.0+ 605 035
012 nm
495 nm
610
610 nm ;o.w . s;o:: oo . g:g
0.8 /2 €020
-~ S 8 015
E] El 7~ 0.10
8 & 0.6 \ 0.05
8 8 ,
& g
E g 0.4 -
< 2
0.2
0.0 T
300 500 600
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 4. Changes in absorption spectra of crowns 3 and 4 upon titration with lead(Il) perchlorate: (a) 3 (c3 = 2.01 x 1077
M; cpp = 0-2.61 x 107> M); (b) 4 (¢4 = 3.75 x 1075 M; ¢pp, = 0-5.75 x 10~ M) in acetonitrile. Insets: Job’s plots for lead(II)
perchlorate and crowns 3 and 4 in acetonitrile.

Job’s plots for lead(Il) systems with 3 and 4 (Figure 4, insets) show apparent Xmax
value at 0.6 corresponding to the formation of 3:2 (crown:Pb) complex in acetonitrile.
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Analysis of UV-VIS titration data with OPIUM [35] software also gives the best fit for 3:2
(crown:Pb) system with stability constant (logK) values 19.22 + 0.05 and 18.37 + 0.01 for
3 and 4, respectively. The same model of lead(Il) binding was proposed for previously
studied macrocycles 1 and 2 [25] (Table S1). When comparing logK values (Table S1)
for 18-membered crowns 1 and 3, it is worth noting that lead(II) is bound stronger by
macrocycle 3 (logK 19.22 £ 0.05) with hydrocarbon chain than by oligoether bearing
derivative 1 (logK 18.10 + 0.01). Contrary to this, 21-membered crown 2 binds lead(II)
stronger (logK 21.0 + 0.09) than compound 4 of 23-membered ring (logK 18.37 + 0.01).

Thus, it can be assumed that incorporation of a long, flexible hydrocarbon chain can
affect the size of the macrocycle cavity of 4 and makes it more comparable to cavity of
18-membered crowns 1 and 3.

Complexes of 3:2 stoichiometry—triple-decker sandwich type—were reported for a
significant number of systems including various types of ligands and metal centers. This
type of complexes are common in transition metal chemistry [36] and lanthanides [37].
Moreover, for barium, such sandwich complex was reported [38]. An analogous model of
lead(II) binding can be assumed for investigated here diazocrowns bearing pyrrole moiety.
It can be confirmed by X-ray measurements, but unfortunately so far, suitable monocrystals
of lead(IT) complexes have not been obtained yet. 'H NMR spectra of crown 2 and 4 in
the presence of lead(II) perchlorate were registered in DMSO-dg due to low solubility of
crowns in acetonitrile in required for experiment concentrations (Figure 5, Figures S3a,b
and S4a,b). As solvent type can strongly influence the complexation equilibrium, spectra
registered in DMSO do not bring the clear evidence for 3:2 complex formation in DMSO.
However, two sets of signals in "H NMR spectra of compounds 2 and 4 registered in
the presence of lead(Il) perchlorate are observed. It means that in solution, ligands are
not equivalent, at least on the NMR timescale. The resonances of “free” crowns 2 and 4
and their lead(II) complexes are shown in spectra of expanded range in Figures S5, S3b
and S4b. The downfield shift of the signal of proton (marked as D in Figures S3b and
S4b) of aromatic ring in ortho position to azo group can be a result of the engagement of
one nitrogen of azo group in complex formation. Oxygen atoms of oligoether residue or
linking hydrocarbon moiety seem also to participate in lead(II) binding as signals of these
protons being also shifted and not equivalent. Interestingly, in the spectrum registered for
compound 2, significant change for signal of pyrrole CH protons (Figure 5) is observed.
In the presence of lead(Il) perchlorate, two signals are observed. One of them is slightly
(0.05 ppm) upfielded—which could point to deprotonation of the pyrrole moiety upon
lead(IT) complexation. The second signal of pyrrole residue, observed at 7.36 ppm, is
shifted towards the higher ppm values of 0.14 comparing the signal in spectrum of the
“free” crown. This, coming along with deshielded N-H proton signal (+1.48 ppm), can
point to the formation of a stronger hydrogen bonding system in complex than that in
“free” crown. The shift of signal of N-H proton in hydrocarbon linked derivative 4 upon
lead(IT) complexation is lower (+0.26 ppm).

The investigation of nature of metal complexes and organometallic compounds with
MS spectrometry is often challenging [39]. MS spectra of complexes of crowns 1-4 with
lead(IT) were registered using ESI ionization method in positive ions mode (acetonitrile as
a solvent). Observed under measurement conditions peaks of m/z 1636 for compound 3
(Figure Sle) and m/z 1847 for compound 4 (Figure S2e) can correspond to complexes of
3:2 stoichiometry of composition corresponding to two ionized crowns, one non-ionized
macrocycle, two lead(I) cations and one perchlorate anion (Table 1). Analogous peaks were
observed in spectra of complexes of crown 1 (m/z 1644) and crown 2 (m/z 1776). Peak m/z
1948 in spectrum of 4 corresponds to three macrocyles with one being ionized, two lead
cations and two perchlorate anions. Analogous peaks were also detected in ESI spectra of
crowns 1and 2: m/z 1745 and 1876, respectively. This confirms the possibility of formation
of complexes of proposed stoichiometry in acetonitrile solution, which was proposed on
the basis of Job’s plots obtained from UV-VIS measurements. However, besides mentioned
above ions, under mass spectra measurement conditions, a number of other ionic species
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were detected (Table 1) that may be the result yet another ionization of complexes under
MS measurements (e.g., peaks corresponding to 3:3 stoichiometry) and the fragmentation
of the above. Theoretically calculated and experimental isotope patterns of assigned peaks
are shown in Supplementary Data (Figure S11-514).

polyether chain proton signals
2+ Pb(CIO,), (partially overlap with residual water proton signals)

W95 _1n

Solvent: dmso

1
I
P " : ‘A ' aromatic proton signals !
erdifeiog N bl s N !
» ! 1
y BN L | o !
7\ I 1
1(\0 o”}l BB | ¢ : | '
AP # 1Al c : : '.
B C( °/\© b D | - V| 1
l I | 1
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B G ) |
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’ Hl 5 ‘
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16 14 12 10 8 6 4 2 ppm
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X =residual DMSO proton signals
Figure 5. 'H NMR spectrum of 2 (1.1 x 10-2 M) in the presence of lead(Il) perchlorate, molar ratio of components—

crown:lead(Il) perchlorate 3:2 (DMSO-dg).

Table 1. Ionic species in ESI MS (positive mode) spectra of complexes of crowns 1-4 with lead(II).

Crown Model m/z * Figure
[3(C20H18N503) " [[3Pb?*][2C10, ] 1950 Slla
[2C20H19N503][(CaH1gN503) ~ ][2Pb%*][2C10,4 ] 1745 S11b
1 [2(C20H18N503)~ 1[C20H19N503][2Pb?*][CIO, ] 1644 Sllc
[2(C20H18N503) " ][2Pb%*|[ClO4 ] 1267 S11d
[(CoH18N503)~ ][Pb2*] 584 Slle
[3(C22H2oN504) " [3Pb?*][2C10, ] 2082 S12a
[2C2Hp3N504][(C2HpoN5Oy4) ~ ][2Pb%+][2C10,4 ] 1876 S12b
2 [2(C2pHpyN504) ™ 1[CaoHp3N5O04 ][2Pb2H|[ClO, ] 1776 S12c
[2(C2H5N504) " ][2Pb?*][ClO4 ] 1355 S12d
[(CyaHpN50,4) 1[Pb2*] 628 S12e
[3(C21HaoN50,) " ][3Pb?*][2C10, ] 1944 S13a
[2(C21Ha9N50,) " ][C21 Hp1N50, ][2Pb?|[ClO4 ] 1638 S13b
3 [2(C2 HagN50,) " ][2Pb2H][ClO4 ] 1263 S13¢c
[(C21H20N50,) ™ ][Ca1H1 N50,][Pb?*] 957 S13d
[(C1HygN50,)~ ][Pb2*] 582 S13e
[3(C26H30N50,) " [3Pb2*][2C10, ] 2154 Sl4a
[2C26H31N50,][(C26H3gN505) ~ ][2Pb?*][2C1O, | 1948 S14b
4 [2(C26H30N50,) ~ 1[C26H31N50,][2Pb?*][CIO, ] 1847 Sl4c
[2(C26H39N50,) " ][2Pb?*][ClO4 ] 1403 S14d
[(C26H30N50,)~ ][Pb?*] 652 Sl4e

* Value corresponding to the peak of the highest intensity in model isotope pattern.
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In the FTIR spectrum registered for lead(II) complex of 4 (not shown here), the band
corresponding to perchlorate ion is localized at 1104 cm~! suggesting that counter ion is
not engaged in complex formation.

On the basis of the above, we propose as probable, but still assumed, a binding model
of lead(Il) as triple-decker complex for oligoether bearing crowns and for hydrocarbon
linked macrocycles (Figure 6).

solvent (?) solv‘ent (?)

[ 4 can also be engaged in complex formation

------ two equivalent positions of NH proton

Figure 6. Proposed, simplified model (as triple-decker complex) of lead(II) binding by diazocrowns
1-4 bearing pyrrole moiety.

For crown 4, the presence of nickel(II) and zinc(II) perchlorates in acetonitrile results
in the creation of absorption bands of complexes at 567 and 565 nm, respectively. However
due to the spectral changes within time (exemplified with titration trace for 4 shown in
Figure 7a for nickel(II) and in Figure S5 for zinc (II)), the determination of reliable value of
stability constant values of complexes of 4 with zinc(II) and nickel(II) perchlorates was not
possible under measurements conditions. For 3 nickel(II) and zinc(II) perchlorates presence
causes negligible changes in UV-VIS absorption spectra under titration measurements

conditions.
a) 1.0 b) * Jthe end” of titration
495nm| 1567 nm 0.8+ o with copper(ll) salt
. |
0.8 ,the end” of titration 0.7+ 2 4 4 4sgu
with nickel(ll) salt 06 \ l after18 h
= | = 9 ‘ o i B : l
& 0.6 4 4 4N S ] \ 23
after 18 h 05 A 0. T
8 - 8 L) e 't €nd" OF titra
g B % 0.4 ‘ i o, atter 180
£ 044 - = g \
2 after 18 h 2 0.31 \ 5o¢
< < 2
0.2 0.24 \ < 02
0.14 \ %0 “ab0 sdo e 780 sdo
0.0 - 00 \ \ Wavenumber (nm)
) 300 400 500 600 700 800 ’ 300 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 7. Changes in UV-VIS spectra of 4 upon titration with: (a) nickel(II) (cs = 3.75 x 107° M, cni = 0-1.35 x 103
M)—band of the highest absorbance at 567 nm corresponds to absorption spectrum of titrated solution registered after 18 h;
(b) copper(II) (c4 = 3.75 x 1075 M, ccy = 0-4.74 x 10~° M) perchlorates in acetonitrile. Insets: Color change of solutions and
change of UV-VIS spectrum for 4—Cu system after 18 h.
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In case of titration with copper(II), perchlorate changes within the time of experiment
were observed for 3 and 4, however, different than for nickel(II) and zinc(II) perchlorates
(exemplified with titration trace for 4 in Figure 7b). The clear isosbestic point (550 nm)
loses its sharpness (Figure 7b, inset) within the progress of the titration experiment. It can
point to the change of complexation equilibrium or the occurrence of other process in the
presence of copper(Il) perchlorate in acetonitrile. After 18 h, the solution turns to brown,
which might be an effect of the changes in the chromophore system resulting from the
redox process. The nature, including identification of products of interactions pyrrole
bearing diazocrowns with copper(Il) in acetonitrile, is under elaboration by our group.

The effect of interfering metal perchlorates on the spectral response of 3 and 4 towards
lead(II) in comparison with their oligoether analogs 1 and 2 was investigated. In competing
studies, the absorbance of solutions of crowns 1-4 in the presence of lead(Il) perchlorate
(equimolar amount) was measured before (Ag) and just after (A) addition of interfering
metal perchlorate in 10-fold excess to lead(II) perchlorate. The influence of tested interfering
metal perchlorates on spectrophotometric response towards lead(II), as the relative response
RR%, is presented in Figure 8. For most investigated metal cations, the effect of their
presence can be treated as negligible, as the RR% value is below 5%.

40 - —

35{  EEN2
3

01 mme

25 4

157

RR (%)

VR EO R SRR NP
&

Figure 8. Interferences from several metal perchlorates, used in 10-fold excess, on the spectropho-
tometric response towards lead(II) for 1 (2.54 x 10-5 M) at 605 nm, 2 (2.73 x 105 M) at 610 nm,
3(2.08 x 1075 M) at 610 nm and 4 (2.63 x 10~° M) at 605 nm in acetonitrile (Mix—mixture of metal
perchlorates without copper).

The strongest effect on the absorbance of solution crowns 14 has copper(II) perchlo-
rate and thus soft copper(Il) must be considered as the main interfering metal perchlorate
in acetonitrile and also as an oxidant. Alkali and alkaline earth metal cations stronger
influence the optical response of oligoether bearing crowns 1 and 2, crowns 3 and 4 bearing
hydrocarbon linkage. This can be connected with the hard nature of these cations stronger
interaction with the hard oxygen donor atom of the oligoether chain [26]. Moreover, heavy
metal cations—cobalt(II) and nickel(IT)—affect the spectrophotometric response of crowns 1
and 2 more that in it is observed for macrocycles 3 and 4. The individual spectral response
given as a change of absorbance of each crown in the presence of the equimolar amount of
lead(II) perchlorate and the influence of the presence of 10-fold molar excess of interfering
metal perchlorates is shown in Figure S6a—d.

The limits of detection (LOD) for lead(Il) in acetonitrile determined from UV-VIS
measurements were found to be 5.84 x 107 M (n = 10) and 6.22 x 10~° M (n = 20) with
linear response range 6.23 x 107°-2.26 x 10> M for 3 (Figure S7). For 23-membered
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crown, 4 LODs were determined as 7.63 x 1077 M (n = 10) and 9.17 x 107 M (n = 20) with
a linear response range 1.05 x 1076-2.22 x 10~> M (Figure S8).

3.4. Possible Applications

Promising results obtained in the acetonitrile solution prompted us to check the possi-
bilities of using compound 3 as colorimetric lead(II) sensor in the presence of added water.
Spectral changes upon titration of 3 with lead(I) perchlorate in acetonitrile:water solution
(9:1, v/v) at pH 5 (HCI) are shown in Figure 9a. Under such measurement conditions, the
spectral changes are significant (bathochromic shift of 96 nm) with a clear isosbestic point
suggesting two species under equilibrium. In the mixed solvent system, at pH 5, the effect
of an interfering metal cation, including heavy metal cations, is minor than in the acetoni-
trile solution (Figure 9b). For the most interfering cation in acetonitrile—copper(II)—the
RR% value is below 8%. Interferences from several metal perchlorates, used in 10-fold
excess, on the spectrophotometric response (change of absorbance) towards systems con-
taining an equimolar amount of lead(II) perchlorate for 3 (2.13 x 10~ M) at 608 nm at
equimolar (to crown) amount of lead(Il) perchlorate in acetonitrile:water (9:1, v/v) solution
at pH 5 are shown in Figure S6e.

a) 0.5 b) 81
512""‘1 IGOBnm 7
0.4 A
2 o
g 0.34 =\ R |
g & 44
g o2 & 3]
o
2
< 2]
0.1
L
00 ; , - o eI o) 61 e (eI G (50 I IS
350 450 550 650 Ve G0 2 e 00 W oS 18 W oo

N
Wavelength (nm) interfering ions .

(a) (b)

Figure 9. (a) Changes in the absorption spectrum of crown 3 (c3 = 2.13 x 10~5 M) upon titration with lead(Il) perchlorate
(cpp = 0-4.94 x 10~* M); (b) interferences from several metal perchlorates at 10-fold molar excess on spectrophotometric
response of 3 (c3 =2.13 x 10~ M) at 608 nm at equimolar (to crown) amount of lead(II) perchlorate in acetonitrile:water
(9:1, v/v) solution at pH 5.

The linear response range A = f([Pb(II)]) was determined within 5.00 x 10-7-1.20
x 1075 M (R? = 0.9950) with LOD 2.71 x 10~7 M (Figure S8a). the linear response range
can be widened to 5.00 x 107°-1.15 x 10~* M (R? = 0.9995) using semi the logarithmic
scale A = f(log[Pb(II)]), however, with an increase of the limit of detection to 2.97 x 10~® M
(Figure S9). It is worth noting that LODs values are lower in the water containing system
than in pure acetonitrile.

For testing the possibility of using 3 as lead(Il) sensor, a certain amount of Standard
Reference Solution of lead(II) (1000 ppm) was diluted with water and added to acetonitrile
solution of crown 3 to maintain 9:1 (v/v) solvent mixture at pH 5 (NaOH). The concentration
of lead(IT) was determined, using calibration curve A = f([Pb(II)]), as 5.06 x 10~7 M showing
recovery 102.73% (concentration determined with ICP-OES: 4.93 x 10~7 M). Semilog
calibration curve in this case did not allow the determination of lead(II) concentration as it
is below LOD. The influence of the sample matrix of drinking water was checked using 3
for lead(I) determination in spiked tap water samples. Recoveries (%), collected in Table 2,
are within 97.67-102.42 depending on the type of calibration curve.
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Table 2. Determination of lead(Il) in spiked tap water samples using crown 3 as colorimetric probe.

Walksi Sastiple Added Pb(11) Found Pb(II) (mol/dm?) Recovery (%)

(mol/dm?) A = f([Pb(ID]) A = f(log [Pb(ID)]) A = f([Pb(ID)]) A = f(log [Pb(ID)])
no addition <LOD -
2.00 x 10°° 1.95 x 1076 = 97.68 e
4.00 x 106 394 x 10°© - 98.58 -

Tap water 1 8.00 x 10°° 8.19 x 10°¢ 7.81 x 107 102.42 97.67
2.00 x 105 - 1.97 x 10-5 = 98.54
4.00 x 1075 - 4.05 x 1075 . 101.18
8.00 x 1075 - 8.14 x 107° - 101.77
no addition <LOD -
2.00 x 10°© 2.04 x 107 - 102.19 -
4.00 x 106 4.03 x 10~ - 100.84 =

Tap water 2 8.00 x 1076 8.10 x 10°° 7.89 x 10°° 101.29 98.68
2.00 x 1075 = 2.01 x 107° = 100.59
4.00 x 10° = 3.96 x 107° . 99.12
8.00 x 107° - 8.06 x 1075 - 100.73

- out of linear response range.

Newly obtained macrocycles 3 and 4 were also preliminarily tested as components of
ion-sensitive optical layers. Test strips bearing crown 4 show color changes in the presence

of heavy metal cations nitrates (10~2 M) opposite to material obtained with the use of
crown 3 (Figure 10).

¥
h \

Figure 10. Changes of the color of test strips (glass filter) with adsorbed crowns 3 (2.9 x 10~ M) and
4 (3.1 x 10~* M) after immersing them for 15 s in solutions of (from left): deionized water, nitric acid
(10~ M) and metal nitrates (10~? M) at pH 5.

Crowns 3 and 4 were also incorporated into PVC-based optodes to test them as
potential ionophores for lead(Il) detection in water. Results are shown in Figure 11. Sensing
material with crown 4 as chromoionophore shows a more distinct color change from red to
blue both just after immersing in lead(II) containing solution and after some time.

The preliminary results presented above show that novel lipophilic macrocycles 3 and
4 can be potentially considered as lead(II) receptors in a mixed water containing solvent
system and in aqueous solutions. Currently, work in our group is focused on more detailed
studies (polymer matrix type, plasticizer, lipophilic salt, and amount of chromoionophore)
on the possibilities of immobilization of macrocycles 1-4 to obtain lead(II) sensitive optical
layers. Results will be published in a specialized analytical chemistry journal.
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just after immersing

a) just after immersing

b)

crown 3 after 15 minutes crown 4 after 15 minutes

10°M 10° M 10*M 10°M

concentration of lead(ll) nitrate

water 10°M

water 102 M 10°M 10*M  10°M  10°M
concentration of lead(ll) nitrate

Figure 11. Color change of PVC based optodes bearing crown (a) 3 and (b) 4 upon immersion in solutions (pH 5) of lead(II)
nitrate of different concentrations and, for comparison, in deionized water.

4. Conclusions

Novel 18- and 23-membered diazocrowns with hydrocarbon chain in macrocycle—
compounds 3 (C5) and 4 (C10)—were obtained with satisfactory macrocyclization yields
in reactions carried out under high dilution technique. For the first time for this class of
macrocycles, lipophilicity values were given—important parameter characterizing com-
pounds as candidates for new sensing materials (e.g., optodes). Macrocycles interact with
metal cations in acetonitrile showing, analogously to their oligoether analogs, lead(II)
selectivity. The introduction of hydrocarbon linkage in compounds 3 and 4 does not affect
very strongly the mode and the strength of lead(II) binding comparing oligoether analogs
1 and 2 but makes them more selective in an acetonitrile and mixed acetonitrile-water
system. The long, flexible ten carbon atoms linkage probably affects the size of the macro-
cylic cavity, and thus, lead(Il) affinity for 23-membered crown is similar to 18-memered
analog 1. Crown 3 was successfully used as selective and sensitive colorimetric probe for
lead(II) determination in organic solvent with the addition of water with limit of detection
2.71 x 1077 M (56.1 pg/L). The proposed system can be regarded as competing with rela-
tively expensive atomic spectroscopy methods. The obtained results have led the current
work in our group to be focused on using crowns 1-4 as potential chromoionophores for
lead(II) selective optodes, which will be published elsewhere.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/mal4237239/s1. 1. Spectra of compounds 3 and 4 and lead(II) complexes: Figure Sla. "H NMR
of 3 (d-chloroform); Figure S1b. '3C NMR of 3 (DMSO-d6); Figure Slc. LRMS (EI) of 3; Figure S1d.
HRMS (EI) of 3; Figure Sle. Fragmentation pattern for lead(Il) complex (ESI—positive ions mode) of
3 and part of mass spectrum presenting isotopic lead(II) peaks with peak of the highest intensity m/z
1636; Figure S2a. '"H NMR of 4 (DMSO-d6); Figure S2b. 13C NMR of 4 (DMSO-dg); Figure S2c. LRMS
(EI) of 4; Figure S2d. HRMS (EI) of 4; Figure S2e. Part of ESI-LR (positive ions mode) spectrum of
lead(IT)complex of 4 comparison of model of isotopic peaks for peak of m/z 1848. 2. Complexation
studies—spectroscopic methods: Table S1. Stability constant (logK) values of diazocrowns lead(II)
complexes 1-4 in acetonitrile; Figure S3a. 1H NMR spectrum of 2 (1.6 X 1072 M) (DMSO-dy);
Figure S3b. Top: "H NMR spectrum of 2 (1.6 x 10~2M) in the presence of 10-fold excess of lead(II)
perchlorate; bottom: comparison of the spectral pattern of proton signals in free crown 2 and its
spectrum in the presence of 10-fold excess lead(Il) perchlorate (DMSO-dg); Figure S3d '"H NMR
spectrum of 2 (1.1 x 10~2M) in the presence of of lead(II) perchlorate, molar ratio of components—
crown: lead(Il) perchlorate 3:2 (DMSO-dg); Figure S4a. 'H NMR spectrum of 4 (1.6 x 1072 M)
(DMSO-dg); Figure S4b. Top: '"H NMR spectrum of 4 (1.6 x 10-2M) in the presence of 10-fold
excess of lead(II) perchlorate; bottom comparison of the spectral pattern of proton signals in free
crown 4 and its spectrum in the presence of 10-fold excess lead(II) perchlorate (DMSO-dg); Figure S5.
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UV-Vis titration trace and color change for 4 (¢4 = 3.14 x 10> M) and zinc(II) perchlorate (cz, =
0-1.76 x 103 M) in acetonitrile. Bottom: color changes of the solutions; Figure S6. Interferences
from several metal perchlorates, used in 10-fold excess, on spectrophotometric response towards
systems containing equimolar amount of lead(II) perchlorate for (a) 1 (2.54 x 1075 M) at 605 nm, (b)
2(2.73 x 1075 M) at 610 nm, (c) 3 (2.08 x 10~> M) at 610 nm and (d) 4 (2.63 x 10~> M) at 605 nm in
acetonitrile (Mix—mixture of metal perchlorates without copper). (e) interferences from several metal
perchlorates, used in 10-fold excess, on spectrophotometric response towards systems containing
equimolar amount of lead(II) perchlorate for 3 (2.13 x 10~° M) at 608 nm at equimolar (to crown)
amount of lead(II) perchlorate in acetonitrile:water (9:1, v/v) solution at pH 5; Figure S7. (a) The
relationship A = f([Pb(II)]) at 610 nm and (b) linear range of response towards lead(II) perchlorate
for 3 in acetonitrile; Figure S8. (a) The relationship A = f([Pb(II)]) at 605 nm and (b) linear range
of response towards lead(Il) perchlorate for 4 in acetonitrile; Figure S9. The relationship (a) A =
f ([Pb(11)]) with linear range of response 5.00 x 10~7-1.20 x 10°MDb)A=f (log([Pb(II)]) with
linear range of response 5.00 x 1076-1.15 x 10~* M for 3 (c3 = 2.13 x 10 M) in acetonitrile:water
(9:1, v/v) solution at pH 5 at 608 nm; Figure S10. RP18-TLC chromatograms of crowns 1-4 and
standard substances a-e; 4. Ionic species detected in ESI mass spectra of lead(II) complex of crown 1:
Figure S11a. Theoretically calculated and experimental isotope pattern of peak m/z 1950 in lead(II)
complex of 1; Figure S11b. Theoretically calculated and experimental isotope pattern of peak m/z
1745 in lead(Il) complex of 1; Figure S11c. Theoretically calculated and experimental isotope pattern
of peak m/z 1644 in lead(II) complex of 1; Figure S11d. Theoretically calculated and experimental
isotope pattern of peak m/z 1267 in lead(II) complex of 1; Figure S11e. Theoretically calculated and
experimental isotope pattern of peak m/z 584 in lead(II) complex of 1; 4. Ionic species detected in ESI
mass spectra of lead(Il) complex of crown 2: Figure S12a. Theoretically calculated and experimental
isotope pattern of peak m/z 2082 in lead(II) complex of 2; Figure S12b. Theoretically calculated and
experimental isotope pattern of peak m/z 1876 in lead(Il) complex of 2; Figure S12c. Theoretically
calculated and experimental isotope pattern of peak m/z 1776 in lead(Il) complex of 2; Figure S12d.
Theoretically calculated and experimental isotope pattern of peak m/z 1335 in lead(II) complex
of 2; Figure S12e. Theoretically calculated and experimental isotope pattern of peak m/z 628 in
lead(Il) complex of 2; 5. Ionic species detected in ESI mass spectra of lead (II) complex of crown 3:
Figure S13a. Theoretically calculated and experimental isotope pattern of peak m/z 1944 in lead(II)
complex of 3; Figure S13b. Theoretically calculated and experimental isotope pattern of peak m/z
1636 in lead(Il) complex of 3; Figure S13c. Theoretically calculated and experimental isotope pattern
of peak m/z 1263 in lead(II) complex of 3; Figure S13d. Theoretically calculated and experimental
isotope pattern of peak m/z 957 in lead(II) complex of 3; Figure S13e. Theoretically calculated and
experimental isotope pattern of peak m/z 582 in lead(II) complex of 3; 6. Ionic species detected in ESI
mass spectra of lead (I) complex of crown 4: Figure S14a. Theoretically calculated and experimental
isotope pattern of peak m/z 2154 in lead(Il) complex of 4; Figure S14b. Theoretically calculated and
experimental isotope pattern of peak m/z 1948 in lead(Il) complex of 4; Figure S14c. Theoretically
calculated and experimental isotope pattern of peak m/z 1848 in lead(Il) complex of 4; Figure S14d.
Theoretically calculated and experimental isotope pattern of peak m/z 1403 in lead(II) complex
of 4; Figure Sl4e. Theoretically calculated and experimental isotope pattern of peak m/z 652 in
lead(Il) complex of 4; 7. X-ray structure of 3: Crystallographic details; Figure S15. Molecular view
of 3 showing atom labeling scheme; Table S2. Crystal data and structure refinement details for 3;
Figure S16. Crystal packing in 3. Some molecules form stacking layers in parallel, but some pack
almost perpendicular to them making complex space-filling pattern. Molecules are coloured by
symmetry operation type, hydrogen atoms omitted; Experimental details; Computing details.
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Appendix A

CCDC 2081633 contains the supplementary crystallographic data for 3. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk /conts/retrieving.html (accessed
on 12 October 2021), or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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1. Spectra of compounds 3 and 4 and lead(II) complexes
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Fig. S1a. 'H NMR of 3 (d-chloroform)
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EWS32_13Cponiedzialek
temp. 50 deg

Solvent: dmso

Temp. 50.0 C / 323.1 K
INOVA-500

Apr 18 2020

Total time 39 hr, 30 min

INDEX FREQUENCY PPM HEIGHT INDEX FREQUENCY PPM HEIGHT

28509.9 226.857 4.3 21 3865.7 30.760 19.3

2 19770.3 157.315 9.9 22 3008.4 23.939 10.6
3 18432.6 146.671 8.9
4 17745.1 141.200 8.2
5 16815.9 133.806 18.4
6 15214.5 121.064 20.7
v 14636.3 116.463 18.8
8 14507.8 115.440 18.1
9 14421.5 114.754 18.7
10 8602.8 68.453 18.0
11 5122.9 40.763 14.6
12 5112.3 40.679 254.6
13 5102.7 40.603 40.2
14 5091.2 40.511 791.9
15 5081.6 40.435 76.7
16 5070.1 40.344 1607.2
17 5049.0 40.176 1902.7
18 5027.9 40.008 1627.6
19 5006.8 39.840 815.9
20 4985.7 39.672 267.9

Fig. S1b. 13C NMR of 3 (DMSO-d6)
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E. Wagner-Wysiecka AUTOSPEC 25-0ct-2019 07:58:02
EW 39 operator: Marian Olejnik|
pg_ew2421 59 (4.810) Cm (59:60) Magnet El+
1004 3751 732
791 1200
414
y 1739
80.1
78.1
652
109.0
523 931 376.1
1330 1459
148.0 1849 04
1620 211.9 267.0 3771
3190
2009|2139 268.0 286.0

239.0 256.0 3351 3491 374 13801

0- m/z
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

E. Wagner-Wysiecka AUTOSPEC 25-Qct-2019 07:58:02
EW 39 operator: Marian Qlejnik|
pg_ew2421 59 (4.810) Cm (59:60) Magnet EI+
| No_ Mass_ Inten_ %BPI_%TIC No__ Mass__ Inten_ %BPI_%TIC No__ Mass__ Inten_ %BPI_%TIC No__ Mass__ Inten_ %BPI_%TIC No
1 374 6.00e0 082 0.05 52 1050 670e1 9.15 058 103 1729 6.40e1 .74 0. 154: 2400 140e1 191 0.12
2 384 240el 328 021 53: 1060 136e2 1858 1.18 104: 1739 3692 4904 3.12 156: 2410 800e0 109 0.07
3 394 13%2 1899 121 54: 1070 870el 1189 076 105: 1749 600e1 820 052 156: 2420 600e0 082 0.05
4 404 240e1 328 021 55 1080 20262 2760 176 106: 1760 104e2 1421 090 157: 2429 100e1 137 009
5. 414 377e2 5150 328 56 109.0 2.3%2 3265 208 107. 177.0 250e1 342 022 158: 2500 1.00e1 137 0.09
6 424 530el 724 046 57: 1100 340el 464 030 108: 1780 260el 355 023 169: 2510 70060 096 0.06
7. 434 590e1 806 051 58: 1150 250el 342 022 109: 1808 3.80e1 519 0.33 160: 2520 600e0 082 0.05
8 443 140e1 191 0.12 59: 1160 220el 301 019 110: 1819 100el 137 009 161: 2530 70060 096 0.06
9. 503 370e1 505 032 60: 1M7.0 2.10e1 423 027 111 1829 6.10e1 8.33 053 162: 2540 1.00e1 137 0.09
10: 513 166e2 2254 143 61: 1180 450e1 615 039 12: 1839 480el 669 043 163: 2550 130el 178 0.1
11: 523 2052 2801 178 62: 1190 123s2 1680 107 13: 1849 1.13e2 1544 098 164: 2560 200e1 273 0.17
12 533 1.12e2 1530 097 63 1200 448e2 6120 389 114 1859 6.80e1 929 059 165: 2599 140e1 191 0.12
13 543 360e1 492 031 64 121.0 890e1 12,16 077 15 1869 2.90e1 396 025 166: 2609 1.10e1 150 0.10
14: 553 720el 984 063 65: 1220 580e1 7.92 050 116: 1874 6.00e0 082 005 167: 2620 180el 246 0.16
15 56.3 160e1 219 0.14 66: 1230 250e1 342 022 17 187.9 2.30e1 314 020 168: 2630 160el 219 0.14
16 57.3 220e1 3.01 0.19 67 127.0 7.00e0 096 0.06 18 1869 1.90e1 260 0.17 169: 2640 6.00e0 082 0.05
17 622 1.10e1 150 0.10 68: 1280 240e1 328 021 19 189.9 6.00e0 0.82 0.05 170: 265.0 7000 096 0.06
18: 632 640e1 874 056 69: 1290 200e1 273 017 120: 1929 1.10e1 150 0.10 171: 2670 7.70e1 1052 067
19 642 750e1 1025 0.65 70. 130.0 400e1 546 035 121 1939 1.00e1 1.37 0.09 172: 2680 260e1l 355 0.23
20. 652 253e2 3456 2.20 7 130.9 1.17e2 1598 1.02 122 1949 6.00e0 1.09 007 173: 2690 150e1 205 0.13
21 66.2 650e1 8.868 0.56 72 1320 9.30e1 1270 0.81 123 1959 1.90e1 260 0.17 174: 2710 9000 123 0.08
22 672 580el 792 050 73 1330 1322 1803 1.15 124 1969 1.30e1 1.78 0.1 175: 2760 7000 096 0.06
23 68.2 190e1 260 0.17 74. 1340 1.00e2 1366 087 125 1979 1.70e1 232 0.5 176: 2809 120e1 164 0.10
24 69.1 176e2 2404 153 75 1350 7.90e1 10.79 069 126: 1969 1.90e1 260 0.17 177: 2860 240e1 328 0.21
25. 692 106e2 1448 092 76 1360 130e1 178 0.1 127: 1999 190e1 260 017 178: 2900 900e0 123 0.08
26: 702 120e1 164 010 77 1419 100e1 137 009 128: 2009 340e1 464 030 179: 2910 600e0 082 005
27 75.1 130e1 178 0.1 78 1429 260e1 355 023 129: 2019 230e1 314 020 180: 2929 7000 096 0.06
28: 76.1 440e1 601 038 79 1439 360e1 492 031 130: 2049 7.00e0 096 006 181:  302.0 9.00e0 123 0.08
29: 771 161e2 2199 140 80: 1449 640el B8T74 056 131: 2089 100e1 137 009 182: 3160 100e1 137 0.09
300 781 301e2 4112 262 81: 1459 132e2 1803 115 132: 2099 180e1 246 0.16 183: 3170 70060 096 0.06
31 79.1 442¢2 6038 3.84 82 147.0 390e1 533 034 133 2109 1.80e1 246 0.16 184: 3190 590e1 806 0.51
320 801 337e2 46.04 293 83: 1480 103e2 1407 089 134: 2119 7.00e1 956 061 185: 3200 130el 178 0.1
33 811 490el 669 043 84: 1490 170el 232 015 135: 2129 1022 1393 089 186: 3300 7.00e0 096 0.06
34 821 200el 273 017 85 1539 600e0 082 005 136: 2139 230e1 314 020 187: 3310 600e0 082 005
35 83.1 8.00e0 1.09 0.07 86 1549 1.70e1 232 0.15 137: 2149 6.00e0 082 0.05 188: 3351 1.90e1 260 0.17
360 841 9.00e0 123 008 87: 1569 440el 601 038 138: 2169 60060 082 005 189: 3451 800e0 109 0.07
37: 851 7.00e0 095 006 88: 1569 450el 615 039 139: 2188 130el 178 0.11 190: 3461 60060 082 0.05
38 89.1 170e1 232 0.15 89 1579 390e1 533 034 140: 2199 7.00e0 096 0.06 191: 3471 260e1 355 0.23
39 90.1 240e1 328 021 90. 1589 270e1 369 023 141 2209 7.00e0 096 0.06 192: 3481 8000 109 0.07
40: 911 1.12¢2 1530 097 91: 1599 3.10e1 423 027 142: 2219 120e1 164 0.10 193: 3491 280el 383 024
410 921 1192 1626 103 92 1610 220e1 301 019 143: 2229 130el 178 0.1 194: 3501 60060 082 0.05
42 93.1 2.18e2 2976 1.89 93 162.0 7.50e1 10.25 065 144: 2239 6000 1.09 007 195: 3731 6.00e0 082 0.05
43: 941 133e2 1817 1.16 94. 163.0 4.10e1 560 0.36 145: 2249 1.40e1 1.91 012 196: 3741 1.10e1 150 0.10
44: 951 670el 915 058 95: 1640 200e1 273 017 1460 2259 130el 178 0.1 197: 3751 7.322 10000 6.36
45 96.1 590e1 806 0.51 96. 1649 7.00e0 096 006 147: 2269 1.00el 1.37 0.09 198: 3761 200e2 2732 1.74
46: 97.1 1.40e1 191 0.12 97 166.9 6.00e0 0.82 005 148: 2260 9.00e0 1.23 0.08 199: 3771 6.30e1 861 0.55
47: 100.0 160e1 219 0.14 98 1679 7.00e0 096 0.06 149: 2306 1.60e1 219 0.14 200: 3761 1.00e1  1.37 0.09
48:  101.0 8.00e0 1.09 007 99 1689 470e1 642 041 150: 2359 6000 082 005 201: 3791 450e1 615 0.39
49: 102.0 230e1 314 0.20 100 169.9 7.40e1 10.11 064 151 2369 800e0 1.09 007 202: 3801 9.00e0 123 0.08
50: 103.0 360e1 492 0.31 101 1709 1.17e2 1598 1.02 162: 2379 6.00e0 0.82 0.05
51 1040 2.40e1 464 0.30 102 1719 1.20e2 1639 1.04 163:  239.0 2.30e1 314 020
.
Fig. S1c. LRMS (EI) of 3
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Elemental Composition Report

Single Mass Analysis
Tolerance = 15.0 PPM / DBE: min =-1.5, max =50.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons

23 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:

C:0-60 H:0-100 N:5-5 0:0-4

Page 1

E. Wagner-Wysiecka AUTOSPEC 28-Oct-2019 12:59:50
EW 39 Operator: Marian Olejnik
pg_ew2421h 264 (10.068) Cm (260:282) Voltage El+
375.1702 1.54e3
101
%
380.9760
392.9758
377.1818
354.9792
360.9802 g7 gg57 3069792 3688775 ‘ 3859764 3000787 | 09790395 gg35
S PV ORGSO SOOI | S NN Y| 0 O VRIS il R A SOOR o SOy
350.0 355.0 360.0 365 0 370.0 375.0 380.0 385.0 390.0 395.0 400.0
Minimum -1.5
Maxzimum 5.0 15.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
375.1702 375.1695 0.7 1.9 14.0 72.2 cz2 H21 N5 02
Fig. S1d. HRMS (EI) of 3
EW45
EW45poz_frag1944_1636_2 19 (0.643) Cm (3:26) 1: TOF MSMS 1636.00ES+
582.12 2114
1004 EW45
EW4Spoz_frag1944_1636_2 19 (0.643) Cm (3:26) 1 TOF MSMS 1636.00ES+
oo 1636.33 2633
580.12
955.26 1635.36
1635.3:
1837.30
* L | [1637.41
1261.16 ek
1637 46
954’25955_27 126017
/ 1634.2, ' 163826
953.27] 1250.18{1262.17 1601.14 1638.40
1583.10 > 3 633.05 ja ‘677 28 168263
3 1597.92| 1 662.93
por2e 1263.17 163730 | 181731 “ 1644.80 1656.42 1662 169287
578.11 ¢ %10 160 110 670
oS i i i i oo s e Gl

[(2LPb2*L Pb2*)ClO, )"
m/z=1636

L=crown 3

Fig Sle. Fragmentation pattern for lead(II) complex (ESI - positive ions mode) of 3 a;
presenting isotopic lead(IT) peaks with peak of the highest intensity m/z 1636.
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Fig. S2a. 'H NMR of 4 (acetonitrile-d3)
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EWS33_13C INDEX  FREQUENCY PPM HEIGHT
1 19553.6 155.591 14.3
2 18497.9 147.190 11.5
3 18073.1 143.810 11.0
4 16634.7 132.364 15.4
5 15228.9 121.178 18.1
6 14814.6 117.882 18.8
7 14665.1 116.692 17.0
8 14470.4 115.143 16.8
9 8739.9  69.545 18.5
10 5086.4 40.473 27.8
1 5065.3  40.305 83.6
12 5055.7  40.229 12.1
13 5045.2  40.145 167.6
14 5024.1 39.977 200.0
15 5003.0  39.809 172.9
16 4981.9  39.642 87.2
17 4960.8  39.474 28.6
18 3620.2  28.807 22.1
19 3563.7  28.356 22.1
20 3516.7 27.983 21.0
21 3185.8  25.350 23.3
R T 5 T L S 5 e A 1 B ) (L 1O 0 L0 T 2 0 0 £ O T L
180 160 140 120 100 80 60 40 20 ppm

Fig. S2b. 3C NMR of 4 (DMSO-d)
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E. Wagner-Wysiecka AUTOSPEC 25-0ct-2019 08:15:24
EW 38 operator: Marian Olejnik|
pg_ew2422 89 (7.256) Cm (89:93) Magnet El+
100+ 4452 4.34e3
553 109.0
120.0
Eal 791 4462
93.1
78.1 122.0 1480 184.9
1459
170.9
2300 2460 447.3
133.0 159 338.1
169.9) 187.9 3371|3391
4493
247.0 2941 415.2444.2

324.1 (3401 4503

62.0 3562 4050 41921770
0- miz

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

E. Wagner-Wysiecka AUTOSPEC 25-0ct-2019 08:15:24
EW 38 operator: Marian Olejnik|
pg_ew2422 89 (7.256) Cm (89:93) Magnet ElI+
| No_ Mass__ Inten__%BPI_%TIC. No___Mass__ Inten__%BPI_%TIC No___Mass__ Inten__%BPI_%TIC No__Mass__ Inten__%BPI_%TIC No
1 394 335e2 771 044 52 1150 670el 154 009 103: 1839 6.18e2 1422 080 154 2530 690e1 159 009
404 630e1 145 0.08 53:  116.0 7.40e1 170 0.10 104: 1849 1.19%3 2741 155 155 257.0 740el 170 0.10
3: 414 204e3 4690 265 54: 117.0 101e2 232 013 105 1859 65362 1503 0.85 156: 2560 640e1 147 0.08
4: 424 261e2 601 034 55 118.0 184e2 423 024 106: 1869 24362 559 0.32 157 2590 139%2 320 0.18
5 434 1.10e3 2522 142 56 1190 367e2 845 043 107 1879 537e2 1236 070 158: 2600 830e1 191 011
6 444 720el 166 0.09 57: 1200 223e3 5139 290 108: 1889 174e2 400 023 159: 2620 1.12e2 258 0.15
7 503 580e1 133 0.08 58:  121.0 721e2 1659 094 109: 1900 179%2 4.12 023 160: 2630 650e1 150 0.08
& 513 30852 7.02 040 59: 1220 1.12e3 2575 145 110: 191.0 560el 129 007 161 267.0 640e1 147 0.08
9. 523 524e2 1206 0.63 60. 1230 432¢2 994 056 111 1959 1.78e2 410 023 162:  269.0 5.80e1 133 0.08
10: 533 386e2 8.88 050 61: 1240 7.00e1 161 009 1M2: 1969 1.19e2 274 0.15 163: 2800 860el 198 0.1
11 543 2022 465 0.26 62: 1280 940e1 216 0.12 1M3: 1979 1382 318 0.18 164: 2810 10462 239 0.14
12 553 237e3 5461 3.08 63 129.0 750e1 173 0.10 114 1969 1.94e2 446 025 165: 2820 540e1 124 0.07
13 56.3 336e2 773 044 64 1300 2.13e2 490 028 15 1999 222¢2 511 029 166:  283.0 5.80e1 133 0.08
14: 573 356e2 819 046 660 1310 3.13e2 720 041 116: 2009 4.81e2 11.07 063 167: 2851 750el 173 0.10
15 632 850e1 196 0.11 66: 1320 3732 853 043 17: 2019 3.04e2 7.00 040 168: 2900 175¢2 403 023
16 642 151e2 346 0.20 67. 133.0 6.37e2 1466 083 16 2030 1.06e2 244 0.14 169 291.0 540e1 124 0.07
17 65.2 954e2 2196 1.24 68: 1340 6.13e2 1411 080 19: 2040 1.50e2 345 019 170: 2941 247e2 568 032
18: 662 24262 557 031 69: 1350 6.15e2 14.15 080 120: 2050 B8.80el 2.03 0.1 171: 2951 104e2 239 0.14
19 67.2 6.18¢2 1422 0.80 70. 136.0 244e2 562 032 121 2060 8.10e1 1.86 0.1 172 2961 620e1 143 0.08
20; 662 122¢2 281 0.16 I 137.0 8.20el 1.89 0.1 122: 2099 1.04e2 239 0.14 173 2971 560e1 129 0.07
21 69.1 122¢2 281 0.16 72 1429 890e1 205 0.12 123 2109 1232 283 0.16 174: 2981 970e1 223 0.13
22 69.2 1.0%3 2502 141 73 1439 151e2 3458 020 124: 2119 250e2 575 032 175: 3001 9.80e1 226 0.13
23 702 1.16e2 267 0.15 74 1450 3.16e2 7.27 041 125: 2129 513e2 11.81 067 176: 3091 1.00e2 230 0.13
24 71.2 860el 196 0.1 75 1459 787e2 18.11 1.02 126: 2139 2.11e2 486 027 177: 3101 1.07e2 246 0.14
25 76.1 104e2 239 0.14 76: 1470 2352 541 031 127 2150 890e1 205 0.12 178 3111 650e1 150 0.08
26, 77.1 6.78¢2 1560 0.88 77 1480 107e3 2456 139 128:  216.0 890e1 205 0.12 179 3190 128e2 295 0.17
27, 781 1.14e3 2626 148 78 1490 201e2 463 026 129:  217.0 8.00el 1.84 0.10 180: 3200 7.60e1 180 0.10
28 79.1 2.11e3 4845 274 74 150.0 205e2 472 027 130: 2160 9.00e1 207 0.12 181: 3211 920e1 212 0.12
29 80.1 151e3 3471 1.96 80 1520 620e1 143 008 131 2219 9.10e1 208 0.12 182 3241 170e2 391 022
30 81.1 7982 1837 1.04 81 1549 620e1 143 008 132: 2229 161e2 371 021 183: 3251 7.90e1 182 0.10
31 821 1952 449 0.25 82 1659 291e2 670 038 133 2240 7.70el 1.77 0.10 184: 3261 6.50e1 150 0.08
32 831 4.47e2 1029 058 83. 1569 346e2 7.96 045 134: 2249 760el 175 0.10 185 337.1 46862 1077 061
33 841 6.40el 147 0.08 84 1579 301e2 693 039 135 2259 9.10e1 209 012 186: 3381 628e2 1445 082
34 91.1 39%2 918 0.52 85 1589 1732 398 022 136: 2269 1.11e2 255 0.14 187: 3391 500e2 1151 0.65
350 921 404e2 930 053 86: 159.9 201e2 463 026 137: 2250 9.80e1 226 0.13 188: 3401 1.11e2 255 0.14
36 931 1.76e3 4048 229 87: 161.0 1052 242 0.14 138: 2290 670el 154 0.09 189: 3412 820e! 189 0.1
37 941 794e2 1827 1.03 88 1620 246e2 566 032 139: 2300 684e2 1574 089 190: 3511 1092 251 0.14
38 951 9092 2092 1.18 89: 163.0 760e1 175 0.10 140: 2310 6.832 1572 089 191: 3562 770el 177 0.10
39: 961 8.03e2 1848 1.04 90: 164.0 860el 198 0.1 141: 2320 34162 785 044 192 4152 247s2 568 0.32
40: 971 254e2 585 0.33 91: 1689 121e2 278 016 142: 2330 134e2 308 0.17 193 4162 1.14e2 262 0.15
41 981 7.10e1 163 0.09 92 1699 462¢2 1063 060 143: 2340 550el 1.27 007 194: 4172 125¢2 288 0.16
42: 1020 760el 175 0.10 93: 1709 7932 1825 103 144: 2390 960el 221 0.12 195: 4192 860e! 198 0.1
43: 1030 161e2 371 021 94: 1719 35062 806 045 145: 2400 7.90e1 182 0.10 196: 4442 211e2 486 027
44: 1040 1.16e2 267 0.15 95: 1729 376e2 865 049 146: 2410 660el 152 0.09 197: 4452 434e3 10000 5.65
45 1050 2532 582 0.33 96: 1739 326e2 750 042 147: 2420 205e2 472 027 198: 4462 20223 4654 263
46:  106.0 7952 1830 1.03 97: 1749 279%2 642 036 148: 2430 7.10e1 163 0.09 199: 4473 66262 1524 (0.86
47: 107.0 4822 11.09 063 98: 1760 186e2 428 024 149: 2440 29062 667 0.38 200: 4483 126e2 290 0.16
48 108.0 166e3 3830 2.16 99 177.0 6.60el 1.52 0.09 150: 2450 6.50e1 1.96 0.1 201: 4493 263e2 605 0.34
49: 1090 243e3 5593 316 100 178.0 7.50e1 1.73 0.10 151 2460 7.40e2 17.03 096 202: 4503 7.70e1 177 0.10
50:  110.0 428e2 985 0.56 101: 1819 600e1 138 008 152: 2470 17862 410 023
510 111.0 7.60el 175 0.10 102: 1829 431e2 992 056 153: 2480 6.10el 140 0.08

Fig. S2c. LRMS (EI) of 4
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 15.0 PPM / DBE: min =-1.5, max = 50.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons

28 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:

C:0-60 H:0-100 N:5-5 0:04

E. Wagner-Wysiecka AUTOSPEC 28-Oct-2019 13:16:34
EW 38 Operator: Marian Olejnik
pg_ew2422h 131 (4.997) Cm (131:146) Voltage El+
445.2481 3.60e3
10
%
447.2625
430.9728 4426730 449.2784 454.9728
8.2661450.2818
4289756 431.9761 434.2675  436.9812437.9882450 9748 | 444.2390 \ | peraee 55.97614°0.9850
L Lo i L ok n 1. L " il tumtawatla L Il Il 1 " L
I L A e e e e L N I e B e e B A e e e e e e el 114
430.0 432.5 435.0 4375 440.0 4425 445.0 447.5 450.0 4525 455.0 457.5
Minimum: -1.5
Maximum: 5.0 15.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
445.2431 445.2473 0.3 0.7 14.0 523.4 C26 H31 N5 02
Fig. S2d. HRMS (EI) of 4
EW4Tpoz_4kV 4 (0.085) Cm (4.72) TOF MS ES+
26 168463 77463
Model for [(2L Pb?*L Pb2*)ClO, ]*
B 0 (RO PGS rorssese
168565 184763
s | 184963
Ta4663
= 15083
168264
184563 185163
o im3ss I s ‘ us2ss
o e S el e roris
1rsses 18757
169162 1787 65, | 10
1msss [lmasse wao | | (70
168768 1758 760 06 wisedllvosond — 5 | | 1] [ e
| daie |
,55,'?9609 168064 \ 174657 “mm T8I as g 183056 123930 “‘545‘1 v | | 185250 00y 76 186089 1gpgy e :w_zs‘
 aso o 172857 o kb ot WAL i A AN
v ces MMlreencs vmosss W s (resslll se02so : o e o e o 3 = roce L3
L S 168961 il s 106951 1896 56, 180955
’ | il 2 = I i | 1803811818 sf a0l varszo )1%057
1600 1620 1640 1680 1680 1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 e

l=crown4 M/z2=1848
[(2L-Pb2*L Pb2)CIO, ]

Fig S2e. Part of ESI-LR (positive ions mode) spectrum of lead(Il)complex of 4 comparison of model of isotopic
peaks for peak of m/z 1848.
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2. Complexation studies - spectroscopic methods

Table S1. Stability constant (logK) values of diazocrowns lead(II) complexes 1-4 in acetonitrile.

1 2 3 4
logK apoz | 18.10£0.01 | 21.10£0.09 | 19.22£0.05 | 18.37£0.01

1. E. Luboch, E. Wagner-Wysiecka, M. Fainerman-Melnikova, L.F. Lindoy, J.F. Biernat, Pyrrole Azocrown
Ethers. Synthesis, Complexation, Selective Lead Transport and lon-Selective Membrane Electrode Studies,
Supramol. Chem., 2006, 18, 593-601.

2 polyether chain proton signals

EWS08_1H -\ |
Solvent: dmso )(
Ambient temperature

INOVA-500

Aug 13 2019
Total time 15 min

aromatic proton signals

N-H pyrrole proton signal ‘ Il

'S
N
o

16 14 12 10 8 6 ppm

4
0.921
0.99
1.92
1.09
2.00
1.98
2.06

19.62

X =residual DMSO and water proton signals

Fig. S3a. '"H NMR spectrum of 2 (1.6 x102M) (DMSO-de)
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2 + Pb(ClO,), 10-fold excess of salt
polyether chain proton signals

Solvent: dmso A K ‘(
Ambient temperature 1
INOVA-500

Aug 13 2019

Total time 15 min

aromatic proton signals

N-H pyrrole proton signal

I
'Y 00, N | |
T T L s . ) | T LA B T T T | jrrveypvvryrpvrvyvyrvrrveryvrve Ty
14 12 © 10 8 6 4 2 ppm
% pansiried TR
X = residual DMSO and water proton signals ’
33
2 2
/N
1
A g\o o’?lA

0D 5s PPlAA (¢ L1 22
’ |

1287 126 124 122 120 118 il6 114 112 8.00 7.80 7.60 740 / 7 7.00 4.60 440 420 4.00 3.80 360
amplified signal /l X /\ j\

2 + lead(ll) perchlorate
L oM M. NN JV

128 126 124 122 120 118 116 114 112

e

20
8.00 7.80 7.60 7.40 7.20 7.00 4.60 4.40 420 4.00 3.80 3.60

Fig. S3b. Top:'H NMR spectrum of 2 (1.6 x102M) in the presence of 10-fold excess of lead(Il) perchlorate;
bottom: comparison of the spectral pattern of proton signals in free crown 2 and its spectrum in the presence of
10-fold excess lead(II) perchlorate (DMSO-dy)
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EWS07_18 4

Solvent: dmso
Ambient temperature
INOVA-500

Aug 13 2019

Total time 15 min

Ar-O-CH, proton signals

aromatic proton signals

N-H pyrrole proton signal

)

<
b

hydrocarbon
chain
protonsignals

(_A_\

LI L e L L L L L L L L L B

14 12 10 8 6 4
P—

3 2330

° ArcH

2.00{

X = residual DMSO and water proton signals

Fig. S4a. 'H NMR spectrum of 4 (1.6 x10°M) (DMSO-de)

T
2
e e
2 g% |
© M NN O
2
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meemt 4+ Pb(ClO,), 10-fold excess of salt

Solvent: dmso
Ambient temperature
INOVA-500

Aug 13 2019 ( K
Total time 15 min

Ar-O-CH, proton signals

hydrocarbon
chain
proton signals

aromatic proton signals

=1

N-H pyrrole proton signal | J
U B B 2 i o ) e e L L B LA B PR B B T T T T T T T
14 12 10 8 6 4 2 ppm
—— bbbyt e e e s e o v Al
| 8 et P 2 3 h8S&: 8
e o cow-o on a o Snmen  ©
-
X =residual DMSO and water proton signals
5 5 5
4 4
A - 3 14
oC 0
c o
o hox oo
Y
P P PP 11
5 al| cc | 2,2 35
a N-H oo i) | vy ) A
# JJ‘L‘ M \ FAE ., S
O G R A R R G O PR R R R R "Vi‘ii'j"i;vffaio 335 330 435 330 435 330 415 a0 4b8 200 1% 180 170 160 1% 140 130 13 110
4 + lead(ll) perchlorate /\ ‘ /l /\
A A
amplified signal \ﬂ“ ‘lb"\ |l. '\,‘m‘ M M “’u‘“‘
TR T P R T O T T T S TP AR T AT E RS ] MR e e M 3 a2 o a2y -t ho 7T aacs 72 s w2y “am o

Fig. S4b. Top: 'H NMR spectrum of 4 (1.6 x102M) in the presence of 10-fold excess of lead(Il) perchlorate;
bottom comparison of the spectral pattern of proton signals in free crown 4 and its spectrum in the presence of
10-fold excess lead(II) perchlorate (DMSO-d)
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absorbance/a.u.

wavelength [nm]

,the end” of titration with zinc salt (30 min.)

|

Iy
4 after18 h

4
Fig. S5. UV-Vis titration trace and color change for 4 (c4= 3.14x10”° M) and zinc(II) perchlorate (cz,= 0-
1.76x1073 M) in acetonitrile. Bottom: color changes of the solutions.
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® e
c) 0.4+ d) 0.6
CICI ey rile 0.5
0.3
] 0.4
8 0.2 203
< 202
0.14
0.1
0.0 -—4+H-+r—+-+—+-+-—-+—-+—+--—-+—-——+"—"5 0.0
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8 0.3
c
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& 0.2
Q
<
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00 N S 2,8 0B O & B <\ N
N
??\0’% o \é\‘ox%\o’( \oxg\ox% XQ‘OX%‘O X§\\ xO

Fig. S6. Interferences from several metal perchlorates, used in 10-fold excess, on spectrophotometric response
towards systems containing equimolar amount of lead(II) perchlorate for a) 1 (2.54x10 M) at 605 nm, b) 2
(2.73x103 M) at 610 nm, c) 3 (2.08x10-> M) at 610 nm and d) 4 (2.63x10-3 M) at 605 nm in acetonitrile (Mix -
mixture of metal perchlorates without copper). e) interferences from several metal perchlorates, used in 10-fold
excess, on spectrophotometric response towards systems containing equimolar amount of lead(II) perchlorate for
3 (2.13x1073 M) at 608 nm at equimolar (to crown) amount of lead(I) perchlorate in acetonitrile:water (9:1, v/v)
solution at pH 5.
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a) 0.4+
00 °
I...“.
0.3 o
[0}
2
8 0.2
S
8
< K
0.1 s
..
.'.
.-P
0.0 . T T
0.0 1.0x10° 2.0x10° 3.0x10°

Coper

b) 0.4
.
0.3
[
o
=
©
Qo
=
o
3
< 0.24 $ TEquation V=arbx
Adj. R-Square  0.99618
Value Standard Error
B B 0.06641 0.00174
.. B B 12109.03085 115.62424
0.1 T T T
6 5 -5 -5
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Cop

MATERIALY DODATKOWE - P1

Fig. S7. a) The relationship A = f([Pb(II)]) at 610 nm and b) linear range of response towards lead(II) perchlorate

for 3 in acetonitrile.
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Fig. S8. a) The relationship A = f([Pb(II)]) at 605 nm and
for 4 in acetonitrile.
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b) linear range of response towards lead(Il) perchlorate
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Fig. S9. The relationship a) A = f ([Pb(II)]) with linear range of response 5.00x107 — 1.20x10° M b) A =f
(log([Pb(IT)]) with linear range of response 5.00x10°° — 1.15x10** M for 3 (c;= 2.13x10” M) in acetonitrile:water
(9:1, v/v) solution at pH 5 at 608 nm.
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Visible light lodine vapors

Crowns 1-4, a-BBPA, b-NPOE, c-DOS, d-DOP, e-DBP
RP-TLCsystem, mobile phase methanol:water(9:1)

Fig. S10. RP18-TLC chromatograms of crowns 1-4 and standard substances a-e.

On the basis of comparison of Rr values for standards and crowns 1-4 logPric values for

macrocyles 1-4 were determined as follows: 1: 5.54+0.05, 2: 5.67+0.01, 3: 8.12+0.05 and 4:
9.424+0.03.

1. O. Dinten, U. E. Spichiger, N. Chaniotakis, P. Gehrig, B. Rusterholz, W. E. Morf, W. Simon, Lifetime of
neutral-carrier-based liquid membranes in aqueous samples and blood and the lipophilicity of membrane
components, Anal. Chem., 1991, 63, 596-603.

;; 2. E. Luboch, M. Jeszke, M. Szarmach, N. Lukasik, New bis(azobenzocrown)s with dodecylmethylmalonyl
B linkers as ionophores for sodium selective potentiometric sensors, J. Incl. Phenom. Macrocycl. Chem., 2016,

=

g 86, 323-335.
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3. Ionic species detected in ESI mass spectra of lead(II) complex of crown 1

36(CyoH1sNs05)#3Pbh2*e2CIO,

EW43 (0.054) Is (1.00,1.00) Pb3C60H54N1509CI208 1: TOF MS ES+

1950.25 1.84e12
1007 1949 25

1948.25
1951.25
1947.25 1952.25
| s
1946.25 1953.95
1945.25 1954 25
19|30 19|35 19|4|J 19:1-5 19I50 19I55 1EII60 19I65 19|'.’0
EW43 6 (0.138) Cm (4:48) 1: TOF MS ES+
100+ 1948.12 6.62e3
1947.10 1949.12
1946.10
1945.10 195111
ks
1952.15
1944.10
1043 08 1953.13
193272 1935.12 1941.08 u L 195410 105717 196050 1966.64 1968.19.1969.21

T T T T T T T T miz
1930 1935 1940 1945 1950 1955 1960 1965 1970

Fig. S11a. Theoretically calculated and experimental isotope pattern of peak m/z 1950 in lead(Il) complex of 1

20CyH gNsO3¢(CypH gNsO3) e 2Pb?*e2CIO

EW43_2 (0.054) Is (1.00,1.00) C60H57N1509Pb2CI208 1: TOF MS ES+
174530 2.18e12
100+
1744.30 1746.30
1747.30
1743.29
[ o
1748.30
174229
174930
1741.29 1750.30
0 T T T T T T T T T T T T T T T T T Miz
1710 1715 1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770 1775 1780 1785 1790
EW43_2 8 (0.172) Cm (5:97) 1: TOF MS ES+
1007 174531 9.81e3
1744.29
1747.30
1743.27
1748.32

%

171328 1718.28 1739.2¢ 1750.29
1711.27.

1751.32 176332 1767.26 1778.311780.26

172028 1729.25
W
T

1710 1715 1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770 1775 1780 1785 1790

Fig. S11b. Theoretically calculated and experimental isotope pattern of peak m/z 1745 in lead(II) complex of 1
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2¢(C,oHsN:O5)*C,oH sNsO522Pb%*eClO,

EW43 (0.054) Is (1.00,1.00) Pb2C40H36N1006CIO4C20H19INS03

1: TOF MS ES+
100+ 1644.33 2.39e12
1643.33
164233 1645.33
u 1646.33
1641.33
1647.33
1640.33
1648.34
T T T T T T T T T T ™ miz
1620 1625 1630 1635 1640 1645 1650 1655 1660 1665 1670
EWA43 6 (0.138) Cm (4:48) 1: TOF MS ES+
1 2T 1.43e3
100 1629.26 1642.29
1628.27 1640.26
1631.27 1646.29
1626.27
1625.76 1632.24 165020 165524 1g58.25 166524 405707
& 1650.93 doat22
71 1621.26
T T T T T T T T T T ™ m/z
1620 1625 1630 1635 1640 1645 1650 1655 1660 1665 1670

Fig. S11c. Theoretically calculated and experimental isotope pattern of peak m/z 1644 in lead(Il) complex of 1

2¢(C,oH,5N:0;) ¢ 2Pb2*eClO,

EW43 (0.054) Is (1.00,1.00) C20H18NSO3PbCIO4C20H18NSO3Pb

1. TOF MS ES+
1004 1267.18 251212
1266.18
1265.18
1268.18
=
1269.18
1264.18
1263.18 197019
T T T T T T T T T T T T T T T T T m/z
1254 1256 1258 1260 1262 1264 1266 1268 1270 1272 1274 1276 1278 1280
EW436 (0.138) Cm (4:48) 1. TOF MS ES+
100+ 126517 9.60e4
126717
1264.17
1263.16
3‘1' 126818
126917
1262.16
1253.19 126116 L_l\\»\_l 127019
0 miz
1254 1256 1258 1260 1262 1264 1266 1268 1270 1272 1276 1278 1280

Fig. S11d. Theoretically calculated and experimental isotope pattern of peak m/z 1267 in lead(Il) complex of 1
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(CyoH1gNsO3) ePb?

EW43 (0.054) Is (1.00,1.00) C20H1EN503Pb 1: TOF MS ES+
100 584.12 45912

LES 58212 98312

585.12

580.11 586.12
1

T T T T T T T T T T T T T T T T T T T T T T T T T
573 574 575 576 577 578 579 580 581 582 583 584 585 586 587 588 589 590 591 592 593 594 595 596 597
EWA43 6 (0.138) Cm (4:48) 1: TOF MS ES+
1004 584 .11 4.32e7

582.11

585.12

) AL Il
T

0 T T T T T T T T T T T T T T T T T T T T T T T Mz
573 574 575 576 577 578 579 580 581 582 583 584 585 586 587 588 589 590 591 592 593 594 595 596 597

Fig. S11e. Theoretically calculated and experimental isotope pattern of peak m/z 584 in lead(II) complex of 1
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4. Ionic species detected in ESI mass spectra of lead(IT) complex of crown 2

3¢(C,,H,,Ns0,) ¢ 3Pb2+e2CIO,

EW44 (0.054) Is (1.00,1.00) Pb3CEEHEEN15012CI208 1: TOF MS ES+
1007 2081.332082.33 183€12
2080.33
2083.33
2084.33
m 2079.33
2078.32 2085.33
2077.32 209633
c T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T m"‘z
2068 2070 2072 2074 2076 2078 2080 2082 2084 2086 2088 2090 2092 2094 2096 2098
EW44 3 (0.088) Cm (2:47) 1: TOF MS ES+
100 2079.13_2080.12 4.05e3
2081.14
£082.13
2077.12
= 2076.12
2075.1
2070.242071.27  2074.10 W

2068 | 2070 = 2072 | 2074 | 2076 = 2078 = 2080 2082 = 2084 = 2086 = 2088 = 2090 @ 2092 = 2094 = 2096 = 2098
Fig. S12a. Theoretically calculated and experimental isotope pattern of peak m/z 2082 in lead(II) complex of 2

2¢C,,H,3N:0,¢(C,,H,,N0,) *2Pb2*e2CIO,-

Fig. S12b. Theoretically calculated and experimental isotope pattern of peak m/z 1876 in lead(II) complex of 2
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2¢(C,,H,,N0,) ¢ Cy,H,5N0, 0 2Pb?*eCIO,"

EW44 (0.054) Is (1.00,1.00) Pb2C44H44N1008CIO4C22H23N504 1: TOF MS ES+

1776.41 2.36e12
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177541
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Fig. S12¢. Theoretically calculated and experimental isotope pattern of peak m/z 1776 in lead(II) complex of 2

2¢ (C,,H,,N:0,) *2Pb?*eClO,

EW44 (0.054) Is (1.00,1.00) Pb2C44H44N1008CI04 1. TOF MS ES+

1355.24 249e12
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Fig. S12d. Theoretically calculated and experimental isotope pattern of peak m/z 1335 in lead(II) complex of 2
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1: TOF MS ES+
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Fig. S12e. Theoretically calculated and experimental isotope pattern of peak m/z 628 in lead(Il) complex of 2
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5. Ionic species detected in ESI mass spectra of lead (IT) complex of crown 3

3¢(Cy;H,0N:0,) ¢ 3Pb2+e2CIO,

EWA45_2 (0.054) Is (1.00,1.00) Pb3CE3HE0N1506CI1208 1: TOF MS ES+
1944 31 1.84e12
1007 194331
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1945.31
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| s
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Fig. S13a. Theoretically calculated and experimental isotope pattern of peak m/z 1944 in lead(II) complex of 3

2¢(C,;H,oN:O,)*C,,H,;N:0,*2Pb?*«ClO,

EW45_2 (0.054) Is (1.00,1.00) Pb2C42H40N1004CIO4C21H21NSO2 1: TOF MS ES+
1638.40 23912
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1 ;i
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Fig. S13b. Theoretically calculated and experimental isotope pattern of peak m/z 1636 in lead(II) complex of 3
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2¢(Cy;H,oN0,) #2Pb2*eClO,

EW45_2 (0.054) Is (1.00,1.00) Pb2C42H40N1004CI04 1: TOF MS ES+
1263.22 250812
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Fig. S13c. Theoretically calculated and experimental isotope pattern of peak m/z 1263 in lead(Il) complex of 3

(C31Hy0N50,)*Cy1Hy NsO, o Pb?”

EW45_2 (0.054)Is (1.00,1.00) PbC21H20N502C21H21N502 1: TOF MS ES+
957.31 4.02e12
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(Cy1HyoN50,) ePb2*

EW45_2 (0.054) Is (1.00,1.00) PbC21H20N502 1: TOF MS ES+
100- 582.14 4.57e12

581.14
m
583.14
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Fig. S13e. Theoretically calculated and experimental isotope pattern of peak m/z 582 in lead(Il) complex of 3
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6. Ionic species detected in ESI mass spectra of lead (II) complex of crown 4

3e (C,cH3oN:0,) ® 3Pb2*e2CIO,

EW47poz_4kV (0.034) Is (1.00,1.00) Pb2C52HE60N 1004CI208PbC26H30N502 TOF MS ES+
2154.55 1.82e12
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Fig. S14a. Theoretically calculated and experimental isotope pattern of peak m/z 2154 in lead(Il) complex of 4

20Cy6H3,N50,2(CygH3oNsO,) #2Pb?* e 2CIO,

EW48
Pg_ew2683_ACNd (0.045) Is (1.00,1.00) C78HI2N1506Pb2CI208 1. TOF MS ES+
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Fig. S14b. Theoretically calculated and experimental isotope pattern of peak m/z 1948 in lead(II) complex of 4
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EW4s
pg_ew2683_ACNd (0.045) Is (1.00,1.00) C78HION1506Pb2CIO4 1: TOF MS ES+
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Fig. S14c. Theoretically calculated and experimental isotope pattern of peak m/z 1848 in lead(Il) complex of 4

2(CyeH3oN:0,)#2Pb2*eClO,"

EW47poz_4kV (0.034) Is (1.00,1.00) Pb2C52H60N1004CI104 TOF MS ES+
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Fig. S14d. Theoretically calculated and experimental isotope pattern of peak m/z 1403 in lead(II) complex of 4
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(Cy6H30N50O,) e Pb?

EW47poz_4kV (0.034) Is (1.00,1.00) PbC26H30N502

TOF MS ES+
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Fig. S14e. Theoretically calculated and experimental isotope pattern of peak m/z 652 in lead(IT) complex of 4
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7. X-ray structure of 3

Crystallographic details

MATERIALY DODATKOWE — P1

Fig. S15. Molecular view of 3 showing atom labeling scheme. Displacement ellipsoids drawn at 50% probability
level. Selected bond lengths (A) and angles (°): N2-N3 1.278(2), N4-N5 1.281(2), C1-C2 1.391(2), C2-C3 1.398
(3),C3-C41.389(3),01-C111.436 (2), 02-C151.438 (2), C12-C13 1.532 (3), C13-C14 1.529 (3); valence angles:
C1-N1-C4 108.74 (15), N1-C1-N4 123.38 (16), C1-N4-N5 110.68 (15), N4-N5-C21 114.78 (15), C10-01-C11
118.38 (14), C15-02-C16 118.10 (15), C12-C13-C15 109.22 (15); torsions C1-N4N5-C21 -178.64 (14), C4-N2-

N5-C5 175.42 (15).

Table S2. Crystal data and structure refinement details for 3.

3
CCDC no. 2081633
Empirical formula C21Hy1NsO,
M,/g mol! 375.43
Temperature/K 120K
Crystal system Orthorhombic
Space group (IT No.) Pbca (61)
a/A 9.4220 (4)
b/A 16.9763 (6)
c/A 22.8215(7)
a/° 90
p/e 90
v/° 90
Volume/A3 3650.3 (2)
Z 8
Peale g/cm’ 1.366
Crystal size/mm’? 0.42 x 0.11 x 0.02
Radiation Mo Ka (A =0.71073)

20 range for data collection/® 4.8-58.6
Reflections collected/unique 19075/4927
Completeness t0 Gmax (%) 99.1
Data/restraints/parameters 3615/0/253
Goodness-of-fit on F? 1.016
. . _ R; =0.0595,
Final R indexes [[>=2c (I)] WRa = 0.1451
. . R; =0.0846,
Final R indexes [all data] WRs = 0.1654
Largest diff. peak/hole / e A~ 0.268/-0.268
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Fig. S16. Crystal packing in 3. Some molecules form stacking layers in parallel, but some pack almost

perpendicular to them making complex space-filling pattern. Molecules are coloured by symmetry operation type,
hydrogen atoms omitted.
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Experimental details

Crystal data
Chemical formula C21H21N50,
M; 37543
Crystal system, space group Orthorhombic, Pbca
Temperature (K) 120
a, b, c(A) 9.4220 (4), 16.9763 (6), 22.8215 (7)
v (A%) 3650.3 (2)
4 8
Radiation type Mo Ka.
u (mm) 0.09
Crystal size (mm) 0.42 x 0.11 x 0.02
Data collection
Diffractometer STOE IPDS 2T
Absorption correction —
No. of measured, independent and observed [/ > 2c(/)] reflections 19075, 4927, 3615
Rint 0.046
(Sin 0/A)max (A 0.688
Refinement
R[F? > 26(F?)], wR(F?), S 0.060, 0.164, 1.02
No. of reflections 4927
No. of parameters 253
H-atom treatment H-atom parameters constrained
Admax, A)min (€ A7) 0.27,-0.27

Computer programs: X-AREA WinXpose 2.0.22.0 (STOE, 2016), X-AREA Recipe 1.33.0.0
(STOE, 2015), X-AREA Integrate 1.72.0.0 (STOE, 2018) X-AREA X-RED32 1.63.4.0 (STOE,
2017), ShelXT (Sheldrick, 2015), SHELXL (Sheldrick, 2015), Olex2

1 0O.V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, OLEX2: a Complete Structure
Solution, Refinement And Analysis Program, J. Appl. Crystallogr., 2009, 42, 339-341.

2 G. M. Sheldrick, SHELXT — Integrated Space-Group And Crystal-Structure Determination, Acta Cryst. A,
2015, 71, 3-8.
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Computing details

Data collection: X-AREA WinXpose 2.0.22.0 (STOE, 2016); cell refinement: X-AREA Recipe
1.33.0.0 (STOE, 2015); data reduction: X-AREA Integrate 1.72.0.0 (STOE, 2018) X-AREA X-
RED32 1.63.4.0 (STOE, 2017); program(s) used to solve structure: ShelXT (Sheldrick, 2015);
molecular graphics: Olex2 (Dolomanov et al., 2009); software used to prepare material for

publication: Olex2 (Dolomanov et al., 2009).

Crystal data
C21H21N50, Dy =1.366 Mg m™
M,=375.43 Mo Ka radiation, A = 0.71073 A
Orthorhombic, Pbca Cell parameters from 18278 reflections
a=9.4220 (4) A 0=2.4-29.6°
b=16.9763 (6) A u=0.09 mm!
c=22.8215 (1A T=120K
V=36503(2) A’ Plate, red
Z=38 0.42 x 0.11 x 0.02 mm

F(000) = 1584

Data collection

STOE IPDS 2T diffractometer 3615 reflections with 7> 2c(/)
Radiation source: GeniX Mo, 0.05 x 0.05 mm2 microfocus Rine = 0.046
Detector resolution: 6.67 pixels mm'! Omax = 29.3°, Opmin = 2.4°
rotation method, ® scans =-12—12
19075 measured reflections k=-23-23
4927 independent reflections [=-31-27
Refinement
Refinement on F? 0 restraints

Hydrogen site location: inferred from
neighbouring sites

R[F?>20(F?)] = 0.060 H-atom parameters constrained
w = 1/[c*(Fo?) + (0.0808P)* + 2.2036P]

Least-squares matrix: full

wR(F?) = 0.164 where P = (F.2 + 2F2)/3
S=1.02 (A/G)max = 0.001

4927 reflections Admax =027 ¢ A3

253 parameters Admin=-0.27 ¢ A3

Special details

Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full
covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal
symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters

(4°) for 3
X Y z Uiso*/Ueq
01 0.62322 (14) 0.72560 (8) 0.30775 (6) 0.0342 (3)
02 0.77335 (15) 0.51174 (8) 0.45843 (6) 0.0344 (3)
N1 0.47862 (15) 0.70579 (9) 0.49440 (7) 0.0287 (3)
Hl1 0.532558 0.683175 0.467790 0.034*
N2 0.39166 (16) 0.81287 (9) 0.43412 (7) 0.0296 (3)
N3 0.46471 (16) 0.78006 (9) 0.39372 (7) 0.0298 (3)
N4 0.51900 (16) 0.61091 (9) 0.57186 (7) 0.0307 (3)
NS5 0.59465 (16) 0.57725 (9) 0.53248 (7) 0.0296 (3)
Cl 0.45849 (18) 0.67951 (11) 0.55021 (8) 0.0286 (4)
C2 0.36870 (19) 0.73181 (11) 0.57895 (8) 0.0305 (4)
H2 0.337357 0.728078 0.618418 0.037*
C3 0.33319 (19) 0.79092 (11) 0.53887 (8) 0.0305 (4)
H3 0.273675 0.835054 0.546028 0.037*
C4 0.40139 (18) 0.77290 (10) 0.48660 (8) 0.0287 (4)
C5 0.44893 (19) 0.81576 (11) 0.33819 (8) 0.0294 (4)
C6 0.3538 (2) 0.87684 (11) 0.32641 (9) 0.0323 (4)
H6 0.298631 0.898530 0.357286 0.039*
C7 0.3394 (2) 0.90600 (12) 0.27012 (9) 0.0354 (4)
H7 0.274722 0.947658 0.262373 0.042*
C8 0.4201 (2) 0.87402 (12) 0.22485 (9) 0.0341 (4)
H8 0.410254 0.894134 0.186214 0.041*
C9 0.5144 (2) 0.81323 (12) 0.23560 (8) 0.0326 (4)
H9 0.567906 0.791416 0.204263 0.039*
C10 0.53128 (18) 0.78383 (11) 0.29228 (8) 0.0301 (4)
Cl1 0.69492 (19) 0.68315 (12) 0.26206 (8) 0.0331 (4)
HI1A 0.739543 0.720344 0.234190 0.040*
HI11B 0.626737 0.649808 0.240283 0.040*
C12 0.80697 (19) 0.63245 (11) 0.29093 (8) 0.0319 (4)
HI2A 0.877641 0.667703 0.309448 0.038*
HI12B 0.856716 0.602473 0.259899 0.038*
C13 0.75518 (19) 0.57391 (11) 0.33730 (8) 0.0312 (4)
HI3A 0.699196 0.601925 0.367522 0.037*
HI13B 0.693376 0.533812 0.318834 0.037*
Cl4 0.8833 (2) 0.53390 (12) 0.36567 (9) 0.0356 (4)
HI14A 0.938629 0.507700 0.334345 0.043*
H14B 0.944512 0.575425 0.382682 0.043*
C15 0.8536 (2) 0.47390 (12) 0.41279 (9) 0.0366 (4)
HI15A 0.798947 0.429280 0.396337 0.044*
H15B 0.943889 0.453233 0.428795 0.044*
Cl6 0.75189 (19) 0.47145 (11) 0.50935 (8) 0.0307 (4)
C17 0.8169 (2) 0.39993 (11) 0.52282 (9) 0.0339 (4)
H17 0.880147 0.376149 0.495644 0.041*
C18 0.7891 (2) 0.36368 (11) 0.57596 (9) 0.0354 (4)
H18 0.835126 0.315480 0.585218 0.042*
C19 0.6952 (2) 0.39649 (12) 0.61592 (9) 0.0354 (4)
H19 0.675663 0.370426 0.651864 0.042*
C20 0.6301 (2) 0.46745 (11) 0.60301 (8) 0.0328 (4)
H20 0.566068 0.490189 0.630339 0.039*
C21 0.65790 (18) 0.50607 (11) 0.55005 (8) 0.0291 (4)
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Atomic displacement parameters (4°) for 3
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Ull (]22 U33 U12 U13 U23
ol 0.0283(7)  0.0401(7) 0.0342(7)  0.0085(6)  0.0023 (5)  -0.0009 (6)
02 0.0307(7)  0.0331(7) 0.0395(7)  0.0051(5) 0.0070 (6) _ 0.0020 (6)
N1 0.0208 (7)  0.0314(7) 0.0339(7) _ 0.0031(6)  0.0026 (6)  -0.0009 (6)
N2 0.0208 (7)  0.0327(7)  0.0354(8)  -0.0005 (6) 0.0017 (6)  -0.0012 (6)
N3 0.0231(7)  0.0319(7) 0.0342(8) -0.0002 (6) 0.0008 (6)  -0.0002 (6)
N4 0.0236 (7)  0.0330 (8)  0.0354(8)  -0.0001 (6) -0.0001 (6) -0.0017 (6)
N5 0.0201 (7)  0.0306 (7)  0.0382(8)  0.0000 (6) -0.0010 (6) -0.0025 (6)
Cl 0.0208 (8)  0.0308 (8)  0.0342(9) -0.0015(6) 0.0007 (6)  -0.0001 (7)
C2 0.0245(8)  0.0334(9) 0.0337(9)  0.0001 (7) 0.0022(7)  -0.0020 (7)
C3 0.0223(8)  0.0325(9) 0.0368(9)  0.0009 (7) 0.0017 (7)  -0.0022 (7)
C4 0.0196 (8)  0.0289 (8)  0.0377(9)  0.0003 (6)  0.0002 (7)  -0.0006 (7)
Cs 0.0217(8) 0.0317(8) 0.0350(9) -0.0022 (7) -0.0004 (7) -0.0001 (7)
C6 0.0257 (8)  0.0328 (9)  0.0384(9) 0.0011(7)  0.0001 (7)  -0.0004 (8)
C7 0.0294 (9)  0.0354 (9)  0.0414 (10) 0.0020 (8)  -0.0020 (8) 0.0037 (8)
Cs8 0.0297 (9)  0.0369 (9)  0.0356(9)  -0.0042 (8) -0.0032(7) 0.0037 (8)
C9 0.0257 (8)  0.0378 (9)  0.0343(9)  -0.0043 (7) 0.0006 (7)  -0.0015 (8)
C10 0.0205(8)  0.0325(8) 0.0373(9)  -0.0013(7) -0.0009 (7) -0.0003 (7)
Cll 0.0238 (8)  0.0411(10) 0.0343(9)  0.0008 (7) _ 0.0034 (7) _ -0.0034 (8)
C12 0.0218 (8) 0.0376 (9)  0.0364(9)  0.0009 (7)  0.0032(7)  -0.0017 (8)
C13 0.0218(8)  0.0336(9) 0.0382(9)  -0.0020 (7) 0.0037 (7) _ -0.0044 (8)
Cl4 0.0240 (8)  0.0390 (10) 0.0438 (10) 0.0039 (8)  0.0059 (7) _ -0.0003 (9)
Cl15 0.0298 (9)  0.0351(9)  0.0451 (11) 0.0066 (8)  0.0093 (8)  -0.0009 (8)
Cl16 0.0207(8)  0.0313(8)  0.0400(9) -0.0018 (7) -0.0010(7) 0.0012 (7)
C17 0.0239(8)  0.0328 (9)  0.0451 (10) 0.0028 (7)  -0.0001 (7) -0.0004 (8)
C18 0.0255(9)  0.0323(9)  0.0483 (11) 0.0011 (7) -0.0072(8) 0.0032 (8)
C19 0.0332(10) 0.0348(9)  0.0382(10) -0.0013 (8) -0.0046 (8) 0.0024 (8)
C20 0.0278 (9)  0.0342(9)  0.0364(9)  -0.0003 (7) -0.0013 (7) -0.0008 (8)
C21 0.0200 (8)  0.0292(8) 0.0381(9) -0.0002 (6) -0.0025(7) -0.0013 (7)
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01—C10 1361 (2) C9—H9 0.9500
0l-Cl1 1.436 (2) C9—C10 1.396 (3)
02— Cl5 1.438 (2) Cl1—HIIA 0.9900
02—Cl6 1.363 (2) Cl11—HIIB 0.9900
N1—HI 0.8800 Cl1—Cl12 1.513 (3)
N1—Cl 1.363 (2) CI2—HI2A 0.9900
N1—C4 1.364 (2) C12—HI12B 0.9900
N2—N3 1.278 (2) Cl12—Cl13 1.532 (3)
N2—C4 1.380 (2) CI13—HI3A 0.9900
N3—C5 1.412 (2) C13—HI3B 0.9900
N4—N5 1.281 (2) C13—Cl4 1.529 (3)
N4—Cl 1.388 (2) Cl4—HI14A 0.9900
N5—C21 1.406 (2) Cl14—H14B 0.9900
Cl—C2 1.391 (2) Cl4—CI15 1.507 (3)
C2—H2 0.9500 C15—HI5A 0.9900
C2—C3 1.398 (3) C15—HI5B 0.9900
C3—H3 0.9500 Cl6—Cl7 1.394 (3)
C3—C4 1.389 (3) Cl6—C21 1411 (3)
C5—C6 1.397 (3) Cl17—H17 0.9500
C5—Cl10 1.412 (3) C17—CI8 1.385 (3)
C6—H6 0.9500 Cl18—HI8 0.9500
C6—C7 1.384 (3) C18—Cl19 1.387 3)
C7—H7 0.9500 C19—HI9 0.9500
C7—C8 1.393 (3) C19—C20 1.383 (3)
C8—H8 0.9500 C20—H20 0.9500
C8—C9 1.384 (3) C20—C21 1.400 (3)
C10—01—Cl1 118.38 (14) Cl2—CIl—_HIIB 110.3
Cl6—02—Cl5 118.10 (15) Cll—C12__HI2A 108.1
Cl-NI_HI 125.6 Cl1—C12_HI2B 108.1
Cl—NI-—C4 108.74 (15) Cl1—Cl12—CI3 116.59 (15)
C4 NI_HI 125.6 HI2A— C12— HI2B 107.3
N3—N2—C4 112.09 (15) C13—CI2—_HI2A 108.1
N2—N3—C5 113.80 (15) C13—Cl12—HI2B 108.1
N5—N4—Cl 110.68 (15) Cl12—CI3—HI3A 109.8
N4—N5—C21 114.78 (15) C12—CI3—HI3B 109.8
N1—Cl—N4 123.38 (16) HI3A—C13—HI3B 108.3
N1I—Cl—C2 108.45 (16) Cl4—CI3—Cl12 109.22 (15)
N4—Cl1—C2 128.16 (17) Cl4—CI3—HI3A 109.8
Cl—C2—H2 126.4 Cl4—CI3—HI3B 109.8
Cl—C2—C3 107.16 (16) C13—Cl4—HI14A 108.0
C3—C2—H2 126.4 C13—Cl4—_H14B 108.0
C2—C3—H3 126.5 H14A—Cl4—HI14B 107.3
C4—C3—C2 107.04 (16) C15—Cl4—Cl3 117.09 (16)
C4—C3—H3 126.5 C15—Cl4—_HI14A 108.0
N1—C4—N2 124.04 (16) C15—Cl4—_H14B 108.0
N1—C4—C3 108.59 (16) 02— Cl15—Cl4 108.21 (15)
N2—C4—C3 127.33 (16) 02— C15—HISA 110.1
C6—C5—N3 123.97 (17) 02— Cl15 _HI5B 110.1
C6—C5—C10 119.65 (17) Cl4—Cl15—HI5A 110.1
C10—C5—N3 116.31 (16) Cl4_CI5 HI5B 110.1
C5—C6—H6 119.7 HISA—C15 _HI5B 108.4
C7—C6—C5 120.50 (18) 02—Cl16—Cl17 124.03 (17)
C7—C6—H6 119.7 02— Cl6—C21 116.42 (16)
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C6—C7—H7 120.1 C17—Cl16—C21 119.55 (17)
C6—C7—C8 119.71 (18) Cl6—Cl17—H17 120.1
C8—C7—H7 120.1 C18—C17—Cl6 119.78 (18)
C7—C8—H8 119.7 C18—Cl17—H17 120.1
C9—C8—C7 120.65 (18) C17—C18—HI8 119.4
C9—C8—H8 119.7 C17—CI8—C19 121.20 (18)
C8—C9—H9 119.9 C19—CI8—HI8 119.4
C8—C9—Cl10 120.27 (18) C18—C19—HI9 120.3
C10—C9—H9 119.9 C20—C19—C18 119.48 (19)
01—C10—C5 115.84 (16) C20—C19—H19 120.3
01—C10—C9 124.94 (17) C19—C20—H20 119.7
C9—C10—C5 119.21 (17) C19—C20—C21 120.60 (18)
01—CIl1—HI1A 110.3 C21—C20—H20 119.7
01— Cl11—H11B 110.3 N5—C21—C16 115.87 (16)
01—Cl11—C12 107.31 (15) C20—C21—N5 124.72 (17)
HIIA—CI1—HIIB  108.5 C20—C21—C16 119.37 (17)
CI2—Cll—HIIA 1103

01—C11—CI2—Cl13 57.5(2) C5—C6—C7—C8 0.2(3)
02—C16—C17—C18 179.56 (17) C6—C5—C10—Ol 178.75 (16)
02— Cl6—C21-—N5 1.6(2) C6—C5—C10—C9 1.0 (3)
02—C16—C21—C20 179.44 (16) C6—C7—C8—C9 0.1 (3)
NI—Cl—C2—C3 _ 05(2) C7—C8—C9—C10 -0.9 (3)
N2-—N3—C5—C6  -53(3) C8—C9—C10—Ol -178.42 (17)
N2—N3—C5—C10 _ 177.70 (15) C8—C9—C10—C5 13(3)
N3—N2—C4 NI -0.60) C10—01—Cl11—C12 170.67 (15)
N3—N2—C4—C3  -178.20 (17) C10—C5—C6—C7 03(3)
N3—C5—C6—C7  -176.65 (17) C11—01—C10—C5 171.24 (15)
N3—C5-—Cl10—01 -4.1(2) C11—01—C10—C9 9.0 (3)
N3—C5—C10—C9  176.17 (16) Cll—CI2—CI3—Cl4  -174.57 (16)
N4—N5—C21—Cl6 -174.52 (16) CI2—CI3—Cl4—C15 _ 179.94 (16)
N4—N5—C21—C20 7.7 (3) C13—Cl4—C15—02 -57.9 (2)
N4—Cl—C2—C3  -178.70 (17) C15—02—Cl6—Cl17 8.1(3)
N5—N4—CI—NI __ 0.1(2) C15—02—Cl6—C21 -172.16 (17)
N5—N4—C1—C2 _ 179.18 (18) Cl6—02—Cl15—Cl4 -170.87 (16)
Cl-—NI—C4—N2  -176.54 (16) Cl6—Cl7—CI8—C19  12(3)
CI-NI—C4—C3 142 C17—C16—C21—N5 -178.69 (16)
Cl—N4—N5—C21 _ -178.64 (14) Cl7—Cl6—C21—C20 _ -0.8(3)
Cl—C2—C3—C4 042 Cl7—CI8—C19—C20  -13(3)
C2—C3—C4—NI___ -1.1(2) CI18—CI19—C20—C21 _ 02(3)
C2—C3—C4—N2 176.75(17) C19—C20—C21—N5 178.45 (17)
C4—NI1—CIl—N4 _ 178.05(16) C19—C20—C21—Cl6 _ 0.8(3)
C4—NI—CI—C2 _ -12(2) C21—Cl6—C17—CI8  -02(3)
C4—N2—N3—C5  175.42(15)
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Diazocrowns of 18-, 21- and 23-membered rings with pyrrole residue as a part of macrocycle were for the first
time used as chromoionophores in lead(II) selective optodes. Sensing properties of optodes depend on the type of
macrocycle, namely its size and the type of linker: oligoether or hydrocarbon chain. The best results were ob-
tained for optode bearing 18-membered crown with oligoether linker showing linear response range of 8.05 x
107%-2.24 x 107> M lead(II) and detection limit of 1.15 x 10~% M. Membrane, based on cellulose triacetate, is

lead(II) selective giving color change from red to different shades of blue (pH 5.5). Results obtained for model
and real samples of lead(II) showed that easily accessible and regenerable sensor material can be used for
spectrophotometric and colorimetric (Digital Color Analysis) detection and determination of lead(II).

1. Introduction

Common environmental pollutant is lead and its salts. Lead(II) has a
negative influence on human'’s health, but also on animals and plants,
which are an integral part of our environment [1-11]. Although lead
and its salts were almost eliminated from many areas of life and tech-
nologies, the Notre-Dame de Paris fire broke out on 15 April 2019 had
risen fears about the potential lead(Il) intoxication as a result of melting
of 410 tons of lead from roof construction and spire of the cathedral.
Harmful lead and its compounds can enter the body directly by respi-
ration or by oral route with water or food. It was a reason for the pre-
ventive determination of the level of lead in blood in firefighters as well
as its content in natural products such as honey [12-18]. Among others
such situations need fast, reliable and importantly - field methods of lead
detection and determination of the level of contamination.

Various types of sensors are used nowadays in many fields including
control of industrial processes, environmental monitoring, clinical
analysis and objects of everyday use, including food quality control
[19-22]. Widely used are optical sensors due to their relative simplicity
coming along with ensuring the accuracy, precision of indications
[23-29] and the possibilities of analysis by digital color sensing - Digital
Color Analysis (DCA) [30-33]. Selective optical sensors can be obtained
among others by use of a selective (chromo)ionophore [34,35] immo-
bilized in the receptor layer. It allows detection and determination of
various chemical species in different types of samples and concentration

* Corresponding author.
E-mail address: ewa.wagner-wysiecka@pg.edu.pl (E. Wagner-Wysiecka).

https://doi.org/10.1016/j.snb.2022.131678

levels (however, the determination of analytes in highly colored samples
can sometimes be difficult). Optical sensors are important analytical
tool, e.g. in medical diagnostics, clinical and environmental analysis
[36-46]. Good candidates for ionophore-based optical sensors seem
macrocyclic azocompounds due to relatively simple synthesis, spectral
properties and discrimination of analyte according its size [47].

Our studies [48-50] showed that azomacrocyclic derivatives bearing
pyrrole residue are lead(Il) selective in acetonitrile and mixture of this
solvent with water, but also are good lead(II) ionophores when used as
ion-carriers in ion selective electrodes. Since that time other derivatives
of this class of compounds were obtained and investigated as chromo
(fluoro)ionophores [51,52]. Recently, we have investigated the effect of
the exchange of oligoether fragment (18- and 21-membered crowns 1
and 2, Fig. 1) by hydrocarbon chain in 18- and 23-membered crowns 3
and 4 (Fig. 1) on metal cation complexation [53].

Compounds 1-4 (Fig. 1) form stable complexes with lead(II) of 3:2
stoichiometry (crown:Pb) in acetonitrile which has been lastly
confirmed by mass spectrometry [53]. Lead(II) complexation in aceto-
nitrile and its mixture with water is related to a large spectral shift in
UV-Vis absorption spectra observed as a distinct color change of solu-
tion from red-orange to blue. Crown 3 was proposed as a selective lead
(II) probe in acetonitrile:water mixture with detection limit 56 pg/L.
Preliminary studies showed that macrocycles can serve as chromoio-
nophores in optical sensor layers for lead(II) detection in aqueous
solution.

Received 18 December 2021; Received in revised form 28 February 2022; Accepted 6 March 2022

0925-4005/© 2022 Elsevier B.V. All rights reserved.
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Fig. 1. Diazocrowns 1-4 [48,50,53] with pyrrole moiety in macroring.

In this research, for the first time, four diazobenzocrowns 1-4 with
pyrrole residue as an integral part of macrocycle were immobilized in a
cellulose triacetate (CTA) membrane and were investigated as chro-
moionophores for lead(Il) selective optodes. The spectrophotometric
response of prepared optodes towards lead(II) aqueous solution was
investigated regarding the influence of membrane composition and pH
of solution on the response time, life-time and reversibility of sensor
layer, detection limit and linearity of response. Digital Color Analysis
(DCA) approach as competing to spectrophotometric measurements was
also proposed.

2. Materials and methods
2.1. Chemicals

Chromoionophores 1-4 (Fig. 1) were prepared according to the
previously reported methods [48,53]. Identity of compounds was
confirmed by comparison of spectral and TLC data with data for genuine
samples of macrocycles deposited in our lab.

Cellulose triacetate (CTA) was acquired from Acros Organics. Tri-
ethylene glycol > 99.0% (TEG) was obtained from Merck (Germany).
Bis(1-butylpentyl) adipate > 98.0% (BBPA), dibutyl phthalate > 99.0%
(DBP), 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). Potassium
tetrakis(4-chlorophenyl)borate > 98.0% (KTCIPB) was procured from
Fluka (Selectophore). Dichloromethane, chloroform, 2-propanol, acetic
acid, hydrochloric acid, disodium ethylenediaminetetraacetate dihy-
drate (EDTA-Nay) and ethylenediamine (EDA) were purchased from
POCh (Poland).

All aqueous solutions were prepared using ultra-pure water obtained
by the reverse osmosis (RO) from Hydrolab Poland station (conductivity
<1 pS/cm‘l). Nitric acid and sodium hydroxide (p.a.) used for adjusting
pH of solutions were purchased from POCh (Poland). Aqueous stock
solutions of salts (10~2 M) of NaNOj3 (>99.8%), KNO3 (>99.8%), Mg
(NO3)2 x 6 HoO (>99.0%), Ca(NOs)s x 4 HoO (>99.0%), Ni(NO3)2
x 6 HyO (>98.0%), Zn(NO3); x 6 H,O (>98.0%), Cd(NO3); x 4 H,O
(>98.0%) from POCh (Poland) and Cu(NO3); x 3 HyO (>99.5%) from
Merck (Germany) as interfering ions were used. Stock solution (10’2 M)
of Pb(II) was prepared by dissolving Pb(NO3); (>99.0%, Alfa Aesar,
Massachusetts, USA) (0.0331 g) in nitric acid (1 mL of 1072 M) and
diluting it in volumetric flask (10 mL) with deionized water. Working
solutions containing Pb(II) were prepared by a serial dilution of the
stock solution. For recovery studies Standard Reference Solution of lead
(II) 1000 ppm (Merck) was used.

2.2. Instrumentation

All absorbance measurements were carried out using a Unicam UV-
300 spectrometer in 1 cm quartz cuvettes (Starna® Brand). pH was
monitored using pH-meter CPC-511 with glass electrode EPS-1 (ELME-
TRON, Poland). The concentration of metal ions in reference sample of
real treated industrial wastewater was determined by ICP-OES iCAP

7400 Analyzer.

2.3. Membrane preparation

To obtain the best sensing membrane films in terms of maximum
sensitivity towards Pb(II), it was necessary to optimize various experi-
mental conditions. For this purpose four series (A-D), of optodes were
prepared, all based on cellulose triacetate (250.0 mg), containing the
respective plasticizer and chromoionophores 1, 2, 3 or 4. Unfortunately
membranes with compound 3 can’t be obtained, because of crystalli-
zation of chromoionophore in the polymer matrix (Fig. S1).

Series A of membranes were based on different types of plasticizers
(337.2 mg, d = 1.124 g/mL) and chromoionophore 1, 2 or 4 (1.0 mg).

Series B of optodes were prepared using triethylene glycol - TEG
(337.2 mg) as a plasticizer and different amounts of the respective
chromoionophores (0.5-2.0 mg).

Series C of optodes contained varying amounts of TEG (168.6 —
505.8 mg) and the respective amount of chromoionophores from series
B.

Series D of membranes consisted of TEG (337.2 mg), 1.0 mg of
compounds 1 or 2 or 1.5 mg of compound 4 and different amounts of
lipophilic salt KTCIPB (0.25-1.00 mg).

The composition of membranes of series A-D with corresponding
amounts of all membranes components are shown in Table S1.

All components of each optode from each series were dissolved in
dichloromethane (6 mL) with continuous stirring using a magnetic
stirrer for 2 h and ultrasonicated for 5 min — to form a clear solution. 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 evapo-
ration. After 24 h obtained optode films were peeled off from the petri
dish and cut into 0.9 x 4.5 cm strips. Blank membranes were prepared
in an analogous way using all components besides chromoionophores
and lipophilic salt.

2.4. Measurement procedures

2.4.1. Absorbance measurements

Before measurements, membranes were washed three times with
deionized water to remove water-soluble additives from the surface.
Then the membranes were placed in a quartz cuvette containing nitric
acid solution (2.3 mL, 10~° M) in the sample path of the spectropho-
tometer. Measurements were carried out against blank membranes in
the reference path of the spectrophotometer. Then the content of the
measurement cell was titrated with a solution of lead(II) nitrate.

In order to avoid the absorbance measurements errors resulting from
possible heterogeneity of the optodes prepared in different series, the
absorbance value measured at two wavelengths corresponding to the
maximum absorbance of the chromoionophore and its complex with
lead(II) is given as the spectral response. Then the response is expressed
as the difference in absorbance AA for two wavelength and calculated
using the formula: AA = (Ajmaxpb/Armax) - (Aoamaxpb/Aormax), Where Ag
is absorbance before and A after contact with lead(Il) salt, A;ax
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Fig. 2. The effect of a) type of plasticizer, b) amount of chromoionophore [mg], ¢) amount of TEG [mg] and d) amount of KTCIPB [mg] on AA value (change of the
optical signal, absorbance, in the presence of lead(Il) salt) of optodes with chromoionophores 1, 2 and 4.

corresponds to maximum absorbance measured for membrane with
chromoionophore and Ay.pp is absorbance value at wavelength corre-
sponding to maximum absorbance measured for membrane upon con-
tact with lead(II) salt. Precisely: A;pax - the value of absorbance at
518 nm for membranes with azocrown 1 and at 508 nm for optodes with
compounds 2 and 4; A, axpp - the value of absorbance at 615 nm for
membranes with azocrown 1 and at 587 nm for optodes with crowns 2
and 4.

In competition studies the value of the signal generated by
optode in the presence of lead(Il) nitrate was recorded before (AA()
and after (AA) addition of 10-fold molar excess of interfering metal
salt. The influence of interfering ions on spectrophotometric
response towards lead(II) was expressed as the absolute value of
relative response RR% = [[(AA- AAp)/AAp]| x 100%.

Limits of detection (LOD) were calculated using expression LOD
= 30/k, where ¢ is the standard deviation of the blank and k is the slope
of the linear function AA = f([Pb(ID]).

All experiments were carried out in the presence of lead(Il) nitrate
concentration 10~# M at nitric acid solution (pH 5.50 + 0.05).

2.4.2. Digital image colorimetry system

Digital images were captured in a photograph lightbox of white sides
(20 x 10 x 16 cm) illuminated with 20 LEDs with a color temperature
of 6000 K (1.5 W) (Fig. S2). The focusing distance was fixed at 10 cm.
Smartphone LG K10 with the Color Analysis application (CA) designed
by Roy Leizer [54], was used for capturing digital images. Image data
has been processed by cropping to a 260 x 780 pixels rectangular area
of the image after immersing the optode in lead(II) nitrate solution.
Obtained images were analyzed with a CA application giving the
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percentage of individual values of red (R), green (G) and blue (B)
components of the pixels in the image. These values were saved in an
Excel file and sent to a computer to calculate the intensity values of each
color. Color change of optode given as AEggg [55-57] was calculated
using equation: AErgg = [(Ro - R)? + (Go - G)? + (By - B)21Y/? where Ry,
Gy and B, values correspond to membranes dipped in deionized water of
pH 5.5 (HNO3), and R, G and B values correspond to color of membrane
after immersing in lead(II) nitrate solution.

3. Results and discussion

3.1. Effect of the individual components of membrane on response value
AA of the optodes towards lead(II)

Series A of optodes has been investigated in terms of the value of the
generated signal depending on the type of plasticizer (Fig. 2a). Optodes
were obtained using six most commonly used plasticizers: TEG, BBPA,
DOS, NPOE, DOP and DBP. For these screening studies the same amount
of each plasticizer i.e. 337.2 mg was used. The highest value of AA was
obtained for all membranes using TEG. Therefore, this plasticizer was
chosen for further studies.

To optimize the amount of chromoionophore, membranes with
different quantities (0.5-2.0 mg) of diazocrowns 1, 2 or 4 were prepared
in a series B of membranes. The highest value of AA was obtained for
optodes with 1.0 mg of compound 1 or 2 and 1.5 mg in the case of
chromoionophore 4 (Fig. 2b). More than 1.0 mg of chromoionophore for
membranes with crowns 1 or 2 and 1.5 mg for sensor layer with com-
pound 4, causes the decrease of the observed signal. Worth noting is the
highest, among investigated membranes, observed AA value for
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Table 1
The optimized composition of membranes of optodes with diazobenzocrowns 1, 2 and 4 as chromoionophores.
Optode Chromoionophore KTCIPB TEG CTA
mg wt% mg wit% mg wit% mg wit%
1 1.00 0.24 0.50 0.12 168.60 40.13 250.00 59.51
2 1.00 0.17 0.50 0.08 337.20 57.28 250.00 42.47
4 1.50 0.25 0.75 0.13 337.20 57.21 250.00 42.41
0.8 4 i 0.9 4 i
a) Wi ‘Shlft 97 nm b) 508 nm ‘Shlft 79n
i 0.8 4 /
i 615 nm
0.6 4 0.7 \
e 7 — 0.6
- 0.5 g% oL
g o g 054 /
g 04 g
'.g -g 0.4 -
2 0.3 2
< 2 03+
0.2 4 0.2
0.1+ 0.1
0.0 T T T T T - 0.0 T T T T
350 400 450 500 550 600 650 700 750 350 400 450 500 550 600 650 700 750

wavelength [nm]

wavelength [nm]

¢ 1.2
1.0

— 08

54

_§ 0.6-

™

2

S 044
0.2-
0-0 T T T T
350 400 450 500 550

600 650 700 750

wavelength [nm]

Fig. 3. Changes in UV-Vis spectra of optodes based on diazocrowns: a) 1, b) 2 and ¢) 4, upon titration with aqueous lead(II) nitrate solution in the concentration
range of 0-1.25 x 10> M, 0-2.75 x 10 % M, and 0-1.83 x 10 * M, respectively.

membrane with diazocrown 1 in all cases. Above mentioned quantities
of chromoionophores were selected for further research.

The amount of TEG does not significantly affect the response of
optodes from series C (Fig. 2c), however, triethylene glycol obviously
affects the mechanical properties and membrane durability. For mem-
branes with chromoionophore 1, maximum amount of TEG is 168.6 mg
(150 pl), otherwise the crown eluviation from polymer matrix occurs.
For membranes with compounds 2 and 4, the optimal amount of TEG
seems to be 337.2 mg (300 pl). Above this quantity, a slight decrease of
response and deterioration of the mechanical properties are noticeable
and the membrane ceases to be stiff. The effect of lipophilic salt presence
- KTCIPB - and its amount (0.25-1.0 mg) on the value of the generated
signal AA, was checked for the membranes from series B were compared
with the optodes from series D. Fig. 2d shows that the highest increase of
AA signal was obtained for membranes containing 1.0 mg of the
KTCIPB. For optodes with compound 1 or 2, the amount of lipophilic salt
above 0.5 mg in the membrane, slightly increases the value of the
detection limit, however enhances sensitivity (cf. Table S2). The same
effect was noticed, when more than 0.75 mg of KTCIPB was used in

optodes with compound 4. Having in mind the proposed model of the
lead(II) binding by macrocycles 1-4 in acetonitrile [53] (realizing that
complexation equilibrium can be a different process in pure organic
solvent than in membrane) we assume possible functioning mechanism:

2Pb%!

(aq) T 3LH(org) + 2R

(org

y2(PbyLsH) ) + 2R, +2H{,

where LH is chromoionophore, R is the anion of the lipophilic salt and
(PboLsH)?" is a complex. It suggests chromoionophore/lipophilic salt
ratio 1.5. On the other hand it was proved that complexes of various
stoichiometry can be formed depending on the measurement conditions,
e.g. mass spectra registration [53]. Taking all above into account,
0.5 mg of lipophilic salt was selected for further testing of membranes
with crowns 1 or 2, and 0.75 mg for polymer layers with crown 4 as a
compromise between detection limit and the sensitivity of the sensing
material.

The possible effect of solvent which is used for optode cocktail
preparation was also investigated by dissolving all components of
membranes in dichloromethane or in chloroform. Interestingly, it was
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found that membranes for which dichloromethane was used as solvent
characterize larger AA values than these for which chloroform was used.
All membranes obtained in chloroform showed a lower value of the
generated signal (AA) than in dichloromethane, regardless of the
composition of the receptor layer: type of plasticizer, amount of chro-
moionophore or amount of additive (Fig. S3a-c). It follows that the use
of dichloromethane as a solvent for the preparation of optodes is a better
choice (Fig. S4). This can be influenced by the solvent evaporation rate,
and perhaps also a tendency to formation of complexes with dichloro-
methane by azomacrocycles confirmed by the X-ray structure in litera-
ture [48].

On the basis of above, for further studies we have chosen as an
optimized composition of membranes the composition listed in Table 1.

3.2. UV-Vis spectral characterization of optodes

The response of optodes of composition shown in Table 1 towards
lead(II) was investigated spectrophotometrically (Fig. 3). UV-Vis
spectra of optodes with crowns 1, 2 and 4 before contact with lead(II)
are similar to spectra of these macrocycles registered in highly apolar
solvent - acetonitrile [48,50,53]. Electronic spectra exhibit bands which
can be attributed to n—n* (~390 nm) and n—=n * and/or n—mw *
(~500 nm) electronic transitions typical for chromophore systems with
azo group(s) connecting aromatic rings [58]. The spectrophotometric
response of optodes in the presence of lead(II) nitrate characterizes with
the appearance of a new, bathochromically shifted absorbtion band,
which intensity increases with the increasing concentration of lead(II)
nitrate (Fig. 3). The maximum of absorption of the optodes with diaz-
ocrown 1 is located at 518 nm and for 2 and 4 it is at 508 nm, and is
shifted towards 615 (for 1) and 587 nm (for 2 and 4) when titrated with
aqueous solution of lead(Il) nitrate. It is consistent and comparable with
spectral and color changes resulting from the formation of complex of
3:2 stoichiometry when titrating acetonitrile solutions of crowns 1, 2
and 4 with lead(II) perchlorate [50,53]. Thus it can be assumed that the
observed spectral pattern for optodes can be a result of the complex
formation between macrocyclic chromoionophore entrapped in a poly-
meric matrix and lead(II) nitrate.

Comparing the obtained results shown in Fig. 3 it is quite well seen
that spectral changes - the highest increase of optical signal and the
highest spectral shift - are the most pronounced for optodes with crown
1.

The properties of ion-selective membranes are the result of many
factors. The sensing mechanism depends mainly on the properties of
ionophore such as its lipophilicity, shape, molar mass and the value of
stability constant of complex with target ion. Other membrane compo-
nents, namely membrane solvent - plasticizer, polymer matrix or ionic
additives also affect the characteristics of the sensor layer.

Used by us chromoionophores are macrocyclic compounds of similar
structure: two azo groups and pyrrole moiety as parts of macrocycle. The
difference is that two of them bear an oligoether chain (1 and 2) and in
the case of two other (3 and 4) ring closure is achieved by introducing
hydrocarbon linkage (Fig. 1). Differences in the length of above linkages
result in various macrocycle size, namely 18-membered - compounds 1
and 3, 21- for 2 and 23-membered in case of 4. The change of linker type
obviously affects the lipophilicity of macrocycles (Table S3, Fig. S5). The
highest value (logP ) 9.42 + 0.03 was determined for 23-membered
crown 4 (ten carbon atoms linkage) and the lowest 5.54 + 0.05 for
18-membered crown 1 (oligoether moiety).

Macrocycles, as it was reported by us earlier [48,50,53] form in
aprotic dipolar solvent - acetonitrile complexes with lead(II) of 3:2
stoichiometry (crown:lead(II)) of relatively high values of stability
constants (Table S3, Fig. S5). The highest value of logK 21.10 + 0.09
was found for complex formed by 21-membered crown 4, the lowest
18.10 + 0.01 for 18-membered macrocyle 1.

Chromogenic crowns 1, 2 and 4 were successfully incorporated into
cellulose triacetate membrane - a polymer matrix of a moderate
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hydrophobicity [59,60] plasticized with a polar, hydrophilic triethylene
glycol. The relative compatibility in hydrophobic/hydrophilic nature
between membrane matrix and crown 1 of relatively high, however the
lowest, lipophilicity among studied here macrocycles may be one of the
reasons for the most promising properties of the obtained sensing layer.

The sensor properties are also dependent on the cation exchange
equilibrium between organic (membrane) and aqueous phase, which is
on the other hand dependent on the complex formation constant in
polymeric matrix [61]. The formation of very stable complexes of
relatively high formation constants connected with low dissociation rate
usually precludes the use of the particular compound as an effective
ionophore in membrane systems. Although given above stability con-
stant values of lead(II) complexes of crowns used here as chromoiono-
phores were determined in acetonitrile, and having in mind that the
complex formation unnecessarily must be analogous in polymer mem-
brane, it may be seen that strength of the host-guest interaction corre-
lates with the obtained results for fabricated by us optodes. Namely,
more promising in regard to the generated optical signal is optode in
which crown 1 of the lowest value of stability constant was used. One
more factor connected with the properties of the ionophore and its
complex with target ion influencing on optode characteristics, which
may be taken under consideration is molar mass. Lower molar mass
enables higher mobility in the membrane — which also speaks in favor of
using compound 1 as chromoionophore in proposed lead(Il) selective
optodes.

The effect of the presence of ion-exchange sites as additive compo-
nents of membranes on the properties of both ion-selective electrodes
and optodes was widely discussed in literature as their presence influ-
ence the characteristics of sensors [e.g. 62-65]. The positive effect of the
use of the lipophilic additives is usually connected among the others
with the sensitivity improvement, increasing of the selectivity for
divalent over monovalent ions, reduction of the response time, but it was
also shown that higher amounts of these components may result in
deteriorated detection limit due to increased ion flux across the mem-
branes [66,67]. These and some other reasons discussed in details by
Simon and co-workers [62] point, that the components of carrier-based
ion-selective electrodes must be chosen very carefully.

The properties of the optodes with crowns 1, 2 and 4 as chromoio-
nophores are probably the synergistic effect of all mentioned above
factors and likely some others, not predicted, connected with the spec-
ificity of the investigated system. Thus at this stage, it seems hardly to
postulate which of them is dominating. The choice of the membrane of
the proposed composition was the compromise among the values of the
generated optical signal, linear response range, reversibility and detec-
tion limit.

3.2.1. Effect of pH

Aqueous solutions of lead(II) nitrate are undergoing hydrolysis and
form hydroxides at pH higher than 5.5 [68-70]. Thus the response of the
optodes towards lead(II) obviously can be expected to be influenced by
pH. The response of optodes at lead(Il) concentration 10~* M in pH
range 1-12 (nitric acid/sodium hydroxide) solutions was studied. The
response signal (AA) increases with the increase of pH in range from 1 to
10 (Fig. S6). Above pH 10 the decrease of signal was observed, which
might be connected with the ionization of chromoionophore and its
elution from the polymer matrix. Taking all above into account, all
further studies were carried out under pH 5.50 + 0.05.

3.2.2. Response time, reversibility, repeatability and life time

Response time is one of the important factors when considering the
applicability of optodes as sensors. To determine the response time,
experiments using membranes immersed in solution of lead(II) (10'4 M,
pH 5.5) with contact time up to 15 min were carried out. AA of the
optodes as a function of time needed for constant optical signal is shown
in Fig. S7. The membranes were found to reach 95% of the final signal
(tos) within 7 min for optodes with compound 1, and 3 min for
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Fig. 4. Regeneration cycles for optodes with crowns 1, 2 and 4 in 0.1 M HNO;
solution after contact with lead(Il) nitrate solution (10% M, pH 5.5).

membranes with crowns 2 and 4. This may be the effect of differences in
membrane composition, namely the higher ratio of plasticizer in mem-
branes 2 and 4 comparing membrane 1 affecting the mobility of mem-
brane constituents [63].

The possibility of regeneration of optodes after use - to make them
reusable - was checked using as regeneration solutions of HNO3, HC,
CH3COOH, EDTA-Na, and EDA (10! and 102 M). Regeneration time
for optodes with compounds 2 and 4, was 30 s, when using HNO3 or HCI
(10 ! M). For membrane with crown 1, the regeneration time was
2 min. In EDTA-Nay and EDA solutions the regeneration time was over
30 min and moreover complete regeneration of membranes was not
possible (cf. Fig. $8). Thus 10! M nitric acid was selected for optodes
regeneration. After regeneration, optodes were washed three times with
deionized water. In Fig. 4 regeneration of optodes is shown for all pre-
pared membranes. After ten cycles a drift of optical signal was less than
1% for optodes with crows 2 and 4, and less than 4% after five cycles for
membranes with compound 1.

The reproducibility of optodes was evaluated by comparing the AA
values of the lead(II) loaded membrane samples obtained in the different
series for two concentrations 10> and 10~ M are shown on Fig. 5. The
relative standard deviations for the measured AA values for 10~ °
(n=10) and 10 M (n = 10), were 1.1% and 1.5% for optodes with
crown 1, 1.0% and 1.6% for optodes with crown 2, 1.3% and 1.8% for
optodes with crown 4, respectively.

The life time of all membranes was determined by immersing
membranes in nitric acid solution and measuring the value of AA over

a) 0.45 -

I . 2 .

0.40 -

1 2 3 4 5 6 7 8 9 10

No. membranes
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time, i.e. after: 1, 2, 4, 8, 24, 48, 72, 168 (7 days) and 336 h (14 days).
No significant loss of signal was found. Membranes were found to be
insensitive to sunlight after 14 days. Membranes that were used and left
to dry out typically for cellulose triacetate material undergo deforma-
tion, losing their mechanical properties (mainly flexibility). Thus be-
tween measurements optodes should be kept in solution, preferentially
in nitric acid solution. Just prepared optodes and not used for mea-
surements 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. S9).

3.2.3. Effect of interfering ions

The response of prepared optodes was investigated in the presence of
several interfering metal ions: Na*, K*, ca®*, Mg?*, Ni%t, cu®*, zn?*,
cd?t, Fig. 6 shows the influence of addition of 10-fold molar excess of
interfering ion salt on the generated signal AA of optodes immersed in
10~ M solution of lead(II) nitrate (pH 5.5), as RR% value. Only in the
presence of copper(Il) RR% value exceeds 5%, however just in case of
optode with 21-membered crown 2 as chromoionophore this value is
higher than 30%. For 1 and 4 the interference from copper is about 6%.
The interference from copper(Il) is not surprising, taking into account
the agreement with results obtained in metal cation complexation
studies in solution for crowns 1, 2 and 4 [53].

344
334 =;
2{ HH4
314

Na+

K+ Mg2+ Ca2+ Ni2+ Cu2+ Zn2+ Cd2+

Fig. 6. Interferences of several metal cations (used in 10-fold molar excess),
expressed as RR%, to spectral response (AA) of optodes with chromoionophores
1 (at 615nm), 2 (at 587 nm) and 4 (at 587 nm) towards lead(II) nitrate
(pH 5.5).

b) 1.7

I 1 . 2 .4

i

1 2 3 4 5 6 ) 8 9 10

No. membranes

Fig. 5. Reproducibility of optodes with crowns 1, 2 and 4 after contact with lead(II) nitrate solution a) 10 “Mandb) 10 * M (pH 5.5).
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Fig. 7. The optical response AA of prepared optodes with chromoionophore 1
to lead(Il) concentration. Inset: full range of response.

3.2.4. Linear response range

The optical response AA of prepared optodes depending on the used
chromoionophore show various ranges of linear responses to lead(II)
concentration as it is shown in Figs. 7 and 8. For optode with crown 1
(Fig. 7) linear response was found for lead(Il) concentration range of
8.05 x 102224 x 10°° M with a regression equation of AA
= 34,741.2133[Pb(II)] + 0.0069 (R?> = 0.998) and detection limit
1.15 x 10~ ® M. At concentration ca. 2.0 x 10~2 M sensor riches satu-
ration with analyte. For optodes with chromoionophores 2 and 4 the
linear response range of AA vs. lead(II) concentration was found to be
relatively narrow. Thus the use of semilogarithmic calibration curves for
low concentrations seems to be more convenient (Fig. 8). Then linear
response range for optode with compound 1 in semilogarithmic scale

P2 — PUBLIKACJA
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covers  concentrations 7.86 x 10 °-3.83 x 1071 M, for 2
1.51 x 107°-2.02 x 10" M and for 4 4.00 x 10 °°-1.83 x 107> M,
with regression equations AA = 1.1639 log[Pb(I)] + 6.1962 (R*> =
0.999), AA = 0.1248 log[Pb(II)] + 0.7245 (R2 = 0.996) and AA
= 0.2071 log[Pb(II)] + 0.9836 (R%> =0.995) for 1, 2 and 4, respectively.
The detection limit of the sensor membranes (n = 10) was found to be
4.79 x 10°° M, 1.84 x 10 ° M and 2.03 x 10"° M, for optodes with
crowns 1, 2 and 4, respectively.

3.3. Comparison of optodes with already existing ones

In Table 2 the properties of lead(Il) selective optodes described in
literature [71-81] are listed for comparison with the characteristics of
membranes obtained in our studies. From this comparison it is quite well
seen that optodes obtained by us are, in general, more or less compa-
rable with those proposed by other authors. However, saying that, the
optode with 18-membered macrocycle 1 having comparable LOD value
and the range of linear response coming along with relatively short
response time can compete with most of the optodes listed in Table 2.

3.4. Digital image colorimetry

The colorimetric analysis of the digital images was carried out in
parallel with the study of the spectrophotometric response of the opto-
des. Fig. 9 show color changes of optodes with chromoionophores 1, 2
and 4 after contact with solutions of different concentrations of lead(II)
nitrate at pH 5.5. Photos were taken using a Smartphone camera. The
most visible color changes, which can be traced by "the naked eye" were
observed in the case of the membrane with compound 1. In the case of
materials with chromoionophores 2 and 4 the observed color changes
were not spectacular, especially for membranes with crown 4. Fig. 9a
shows the dependence of color change (AEggg) vs. log[Pb(II)] for optode

a) ‘ b) _
2.5 i RSare " ooons 25 iR T oo
Value Standard Error Value Standard Error
Intercept 6.1962 0.0757 Intercept 0.7245 0.0106
Slope Slope 01248 0.0022
2.0 1 2.0 1
0.8 <
1.5 .- 1.5 0.6 &2
ﬁ . 5 04 6’
. 3
1.0 5 L0 0.2 G
0.5 T 0.5 G TR I T
4 7 6 5 4 3 22 M log[Ph(I1)]
log|Ph(I1
0.0 . . I 0.0 = —e——————,
-6.0 -55 -50 -45 -40 -35 30 -25 -20 -6.0 -55 -50 -45 -40 -35 -3.0 -25 -20
log[Pb(II)] log[Ph(IT)]
¢) ‘ )
2.5 iiRsare " ossis
Value Standard Error
Intercept 0.98) 0.0182
Slope 0.2071 0.0051
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Fig. 8. Calibration curves of optodes with chromoionophores a) 1, b) 2 and ¢) 4. Insets: full range of response.
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Table 2

Comparison of obtained optodes with already existing ones.
Sensing material Support Dynamic range [Pb (ID)] LOD [Pb (ID] Response time [min] Ref.
ETH 5435 + ETH 5418 PVC 5.0 x 107°-5.0 x 107° 3.2x 10712 order of minutes [71]
ETH 5493 + ETH 2439 PVC 1.0 x 1077-5.0 x 102 N/D N/D [72]
PAN + Dibenzodiaza-18-crown-6 PVC 1.0 x 1078.5.0 x 10~° 1.0 x 1078 20 [73]
KTBPE" + Dibenzo-18-crown-6 PVC 1.0 x 10 1.0 x 10°* 8.0x10°° 15 [74]
ACAD" CTA 1.0 x 107°5.0 x 107! 6.9 x 1077 10 [75]
Diphenylcarbazone PVC 6.9 x 107%-1.1 x 1072 6.5 x107° 3 [76]
4-hydroxy salophen CTA 1.0 x 107-1.0 x 107? 8.6 x10°° 10 [77)
Lead ionophore IV + ETH 5294 PVC 6.2 x 107°%5.0 x 10 2.5x 1078 30 [78]
Dithizone CTA 2.4 x107°2.7 x 107° 7.3x1077 11-15 [79]
Dithizone Agarose 1.2 x 10824 x 10°° 4.0 x 107° 28 [80]
Dithizone Chitosan-Silica 9.7 x10775.3 x10°° 5.3 x1077 3 [81]
1 CTA 8.1 x107%22x10° 1.2x 1078 7 This work
2 CTA 1.5 x 107°-2.0 x 107* 1.8x10°° 3 This work
4 CTA 4.0 x107°1.8 x 1073 2.0 x10°° 3 This work

e

¢ 3,3,5',5'-Tetrabromophenolphthalein ethyl ester potassium salt.
b 2-amino-cyclopentene-1-dithiocarboxylic acid.

with compound 1 with the dynamic range covering concentration range
7.79 x 1077 - 207 x10* M and regression equation AEggp
= 58.44 log[Pb(II)] + 357.44 (R2 = 0.997). For membranes with crown
2 (Fig. 9b) the calibration curve in a semilogarithmic scale is linear
within 2.37 x 107 to 7.10 x 10 * M of lead(II) salt and calibration
curve can be expressed with equation of AEgrgp = 25.39 log[Pb(II)]
+122.01 (R? = 0.995). The response of the optode with compound 4
(Fig. 9c¢) towards lead(II) can be described by equation AEgrgp
= 15.72 x [Pb(II)] + 75.85 (R? = 0.997) with linear range of response
in the concentration range of 2.04 x 10°°-1.83x 10°°M of Pb(II). For
detailed data see Tables S4-5S6. Comparing slopes of obtained calibra-
tion curves, optode 1 characterizes with the highest sensitivity among
investigated materials. The detection limits (LOD) are 8.62 x 1077 M,

1x10° M
2x10°M

= = = = = =
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2.05 x 107° M and 2.33 x 10~> M for membranes with diazocrowns 1,
2 and 4, respectively.

3.5. Analytical performance — determination of Pb(II) in model and real
samples

Applications of proposed optodes were tested using different sam-
ples: of known lead(II) concentrations — commercial lead(I) standard
solution, spiked tap water from different regions of northern Poland, and
real industrial sample of treated wastewater of unknown elemental
composition. In the last case results were compared with the values
obtained by independent analysis using ICP-OES. As a sensor, optode
with chromoionophore 1 was chosen, as material of the best properties

a) 140 i:rl"r;quln "";;:5
Value Standard Error
Intercept 357.44 541
Slope. 58.44 1.09
120 4
100 4
80 1 B
= .
60 - o
40 4 .
20 5605550 4540353025
log|Pb(I1)]
0 T T T T T T T N
65 -60 -55 -50 -45 40 -35 3.0 -25
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D 140] (B i
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Intercept 7585 1.03
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log[Pb(1D)]

Fig. 9. Left upper corner: Color change of membranes with chromoionophores 1, 2 and 4 after contact with aqueous lead(II) nitrate at different concentrations (pH
5.5). Calibration curves for membranes with chromoionophores a) 1, b) 2 and ¢) 4 as a function of the color change (AEpgg) vs. log[Pb(II)] (pH 5.5) Insets: full

range response.
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Determination of lead(Il) ions by optode with compound 1 - recovery test for commercial Standard Reference Solution, and in a real sample - spiked tap water.

Added Pb (11) Found Pb (I1)
AA Recovery RSD AEggn Recovery RSD
[Pb (ID)] ppb [Pb (D] ppb % % [Pb (ID] ppb % %
Standard Reference Solution of lead(II) 476 x10°%  9.864 4.84 x 107" 10.010 101.59 2.70 <LOD -
9.94 x 1078 20.580 9.90 x 1078 20.497 99,60 1.59 <LOD - -
243 x 1077 50.376 2.45 x 1077 50.646 100.82 0.94 <LOD - -
4.86 x 1077 100.650 4.81 x 1077 99,564 98.97 0.61 <LOD - -
Tap water 1 - - <LOD - - <LOD - -
483 x 1078 10.00 478 x 107  9.89 98.93 3.26 <LOD - =
483 x 1077 100.00 4.80x 107  99.39 99.40 0.34 <LOD - =
483 x10°° 1000.00 4.85 % 10°° 1004.58 100.48 030 489 x10° 1012.32 101.25 0.41
Tap water 2 - - <LOD - - <LOD - -
483 x10°° 10.00 4.89 x 107 10.13 101.31 2.11 <LOD - -
4.83 x 1077 100.00 4.84 x 1077 100.22 100.22 0.65 <LOD - =
483 x 107 1000.00 4,90 x 10°° 1014.71 101.49 0.45 492 x10°° 1018.88 101.91 0.57
Tap water 3 - - <LOD - - <LOD - -
4.83 x 1079 10.00 4.86 x 1079 10.07 101.31 2.49 <LOD - -
4.83 x 1077 100.00 4.78 x 1077 99,03 99,05 0.50 <LOD = =
4.83 x 10°° 1000.00 4.91 x 10°° 1016.49 101.67 0.36 4.90 x 10°° 1014.71 101.49 0.27
Table 4
Determination of lead(Il) in treated industrial wastewater using optode with compound 1.
ICP-OES Added Pb (I1) Found Pb (II) AA Recovery RSD
[Pb (ID] ppb [Pb (ID] ppb [Pb (ID)] ppb % %
Industrial wastewater 9.51 x 1078 19.70 - - 9.15x 10 °® 18.95 96.25" 3.95
9.66 x 10°° 20.00 1.90 x 1077 39.33 99.06" 1.19
2,42 %107 50.00 3.39x 1077 70.13 100.62" 0.57

* calibration curve.
b standard addition method.

among all obtained optodes. All measurements were done at pH 5.5.
Both attempts were tested: spectrophotometric (AA) and colorimetric
(AERgp) detection of lead(Il) using a calibration curve method.

Comparison of recovery results obtained for optodes with chro-
moionophore 1 upon immersion of the sensor layer in a commercial
standard lead(II) solution (SRM) of different concentrations are
collected in Table 3. The recoveries are at least about 98.97-101.59%
(n = 5) for spectrophotometric detection (AA) for lead(Il) concentra-
tions in range from 4.83 x 10~ M (10 ppb) to 4.83 x 10" M (1000
ppb). Colorimetric determination is possible at concentration
4.83 x 107°M (1000 ppb) with recovery 100.96% (n = 5). To evaluate
the influence of the sample matrix three different samples of tap water
were spiked with known concentration of lead(II) - Table 3. In this case
recoveries were within 98.96-101.65% (n = 5) for spectrophotometric
detection (AA) and 101.24 - 102.28% (n = 5) for Digital Color Analysis
attempt (AEggp)-

The last probe for testing practical application of the proposed sensor
layer was using optode with chromoionophore 1 for spectrophotometric
detection of lead(Il) in real wastewater sample of the elemental
composition shown in Table S7. Trace elements were determined by the
ICP-OES method.

In Table 4 results of the recovery test are collected. Recovery when
the calibration curve method was used is 96.25% (n = 5), whereas
standard addition method was applied the recovery was 99.06-100.62%
(n = 5).

Analysis of the recovery test shows successful agreement between
our results and the results obtained by both comparison with SRM and
obtained by ICP-OES method. It can be concluded that sensing mem-
brane with chromoionophore 1 can be a useful - fast and reliable -
analytical tool for detection and determination of lead(II) in aqueous
samples.
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4, Conclusion

Pyrrole bearing diazocrowns 1-4 of different macrocycle size and
type of linkers were tested as chromoionophores in optodes based on
cellulose triacetate matrix. The best properties: linear response range
and detection limit presents sensor material where 18-membered de-
rivative bearing oligoether moiety was used. The obtained optode can be
used for the detection and determination of lead(II) in environmental
samples, both as a quick qualitative test and for quantitative determi-
nation of analyte. Both laboratory applications and also field analyses
are worth considering by use of mobile spectrophotometers and using
free of charge color application for mobile devices. It might be said that
proposed by us, an easy and cheap solution can be considered as at least
complementary, if not competitive, for routinely used in environmental
analysis methods such as AAS or ICP-OES, which are not only expensive
with equipment, but also require well trained staff. To sum up, the
proposed optodes can be used for routine analysis of water samples also
with portable equipment.
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Fig. S1. Exemplary photos of the optodes with compound 1 (left) and 3 (right) - showing its crystallization in the
membrane.

' Color Analysis C@

Dominant Color Name :Dark Terra Cotta

Red:203 Group:Pink-Red
Green:84 Name:Dark Terra Cotta
Blue:103 44,8568%

[ #CB5467  DarkTerraCotta  44,86%

Red:208 Group:Red
Green:86 Name:Chestnut
Blue:111 37,6381%

. #D0566F Chestnut 37,64%

Fig. S2. Photographs of colorimetric measurement set-up.
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As solvents used for dissolution of all components of membranes dichloromethane (DCM) and
chloroform (TCM) were tested. All membranes for preparation of which chloroform was used
show a lower value of the generated signal (AA) than in dichloromethane, regardless of the
composition of the receptor layer: the type of plasticizer, the amount of chromoionophore or
the amount of the lipophilic salt KTCIPB. Results are exemplified with membranes with crown
2 as chromoionophore in Figure S3 a-c.

It follows that the use of dichloromethane as a solvent is a better choice. It may be influenced

by the rate of solvent evaporation.

1) 0.204 b) 0.20
[ Ipcm [ ]pcm
0.16 I tc™m 0.16 B Tcm
0.12 4 0.12 4
0.08 - 0.08 -
0.04 1 0.04 1
0.00 -1 0.00
TEG BBPA DBP DOP DOS NPOE 0.5 1.0 15 2.0
Plasticizer Chromoionophore [mg]
c) 0.324
[_Ipcm
0.28 + B Tcm
0.24 1
0.20 1
i 0.16 -
0.12 1
0.08 -
0.04 1
0.00
0.00 0.25 0.50 0.75 1.00
KTCIPB [mg]

Fig. S3. Effect of the solvent type on the optode with compound 2 response signal (AA) depending on a) type of
plasticizer, b) amount of chromoionophore and c¢) amount of KTCIPB.
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The comparison of the optode signal response AA of optodes with chromoionophores 1, 2 and

4 depending on the type of solvent used for membrane preparation is shown in Figure S4.

1.6 1

[ bcm
12 B Tcm

084
0.2

0.1+

0.0-
1 2 4

Chromoinophore

Fig. S4. Effect of solvent type on the optodes with chromoionophores 1, 2 and 4 response signal (AA) towards
lead(II) at concentration 10 M at pH 5.5.
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Table S1. Membranes composition.

Series TCA[mg] Chromoinophore [mg] Plasticizer [mg] KTCIPB [mg]
250.0 1,2,3,4 1.00 TEG 337.2 -
250.0 1,2,3,4 1.00 BBPA 337.2 -
250.0 1,2,3,4 1.00 DOS 337.2 -

A 250.0 1,2,3,4 1.00 NPOE 337.2 -
250.0 1,2,3,4 1.00 DOP  337.2 -
250.0 1,2,3,4 1.00 DBP  337.2 -
250.0 1,24 0.50 TEG 337.2 -
250.0 1,2,4 0.75 TEG 337.2 -
5 250.0 1,2,4 1.00 TEG 337.2 -
250.0 1,2,4 1.50 TEG 337.2 -
250.0 1,2 1.00 TEG  168.6 -
250.0 1,2 1.00 TEG 2529 -
250.0 1,2 1.00 TEG 337.2 -
250.0 1,2 1.00 TEG 4215 -
250.0 1,2 1.00 TEG  505.8 -
¢ 250.0 4 1.50 TEG 168.6 -
250.0 4 1.50 TEG 2529 -
250.0 4 1.50 TEG 337.2 -
250.0 4 1.50 TEG 4215 -
250.0 4 1.50 TEG  505.8 -
250.0 1 1.00 TEG 168.6 0.25
250.0 1 1.00 TEG 168.6 0.50
250.0 1 1.00 TEG 168.6 0.75
250.0 1 1.00 TEG  168.6 1.00
250.0 2 1.00 TEG 337.2 0.25
250.0 2 1.00 TEG 337.2 0.50
P 250.0 2 1.00 TEG 337.2 0.75
250.0 2 1.00 TEG 337.2 1.00
250.0 4 1.50 TEG 337.2 0.25
250.0 4 1.50 TEG  337.2 0.50
250.0 4 1.50 TEG  337.2 0.75
250.0 4 1.50 TEG  337.2 1.00
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Table S2. The effect of the amount of the lipophilic salt on the properties of optodes with crowns 1, 2 and 4
(exemplified on the single set of results).

Optode KTCIPB [mg] Dynamic range [Pb(I1)] Equation R? LOD [Pb(11)]
0.00 1.34x105-1.28x10°  AA =0.6111log[Pb(I)] + 3.0262 0.995  1.12x10S
0.25 1.34x105-1.28x10%  AA =0.7488log[Pb(II)] +3.8393  0.998  7.47x10
1 0.50 1.34x10°5-3.83x10*  AA =1.1351log[Pb(I[)] + 6.0694  0.997  4.50x10°®
0.75 1.34x10°-3.83x10* AA =1.3301log[Pb(Il)] + 7.0388  0.998  5.11x10°®
1.00 1.34x107%-3.83x10* AA =1.49291og[Pb(Il)] + 7.8849  0.997 5.23x10°
0.00 3.00x106-6.00x10*  AA =0.1064log[Pb(I[)] + 0.6041  0.996  2.55x1076
0.25 3.00x106-3.00<10%  AA =0.1184log[Pb(Il)] + 0.6765 0.997  2.30x10®
2 0.50 3.00x106-1.50x10"* AA =0.12891og[Pb(Il)] + 0.7425  0.996 1.85%x10®
0.75 3.00x106-1.50x10"* AA =0.1534log[Pb(I)] + 0.8756  0.996 2.24x106
1.00 3.00x106-1.50x10"* AA =0.1770log[Pb(I1)] + 1.0066  0.995 2.31x10
0.00 1.27x10%-1.22x10°° AA =0.0742log[Pb(Il)] + 0.3535  0.997 3.46x10°
0.25 1.27x10%-1.22x10°° AA =0.08971log[Pb(Il)] + 0.4259  0.998 3.18x10°
4 0.50 4.00%105-1.22x10%  AA =0.1478log[Pb(I1)] + 0.7098  0.998  2.24x10°
0.75 4.00x105-1.22x107 AA =0.19911og[Pb(I)] + 0.9564  0.996 2.04x10°
1.00 4.00x105-1.22x107 AA =0.2035log[Pb(I)] + 0.9755  0.997 2.07x10°

Results for series D of membranes: TEG (337.2 mg), 1.0 mg of compounds 1 or 2 or 1.5 mg of
compound 4 and different amounts of lipophilic salt KTCIPB (0.25 — 1.00 mg).
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Fig. S5. Comparison (from bottom) of the: values of stability constants of lead(ll) complexes (logKyzpp3) in

acetonitrile, logPr_c and molar masses of chromogenic crowns 1-4 [1-3].

Table S3. Stability constant (logK) values of diazocrowns lead(II) (3:2, crown:Pb) complexes 1-4 in acetonitrile
[1-3] and comparison of the lipophilicity values of macrocycles [3].

1 2 3 4
logK Lspb2 18.10+0.01 21.10+£0.09 19.224+0.05 18.37+0.01
logPric 5.54+0.05  5.67+£0.01 8.12£0.05  9.42+0.03
molar mass [g/mol] 377 421 375 445

1. E. Wagner-Wysiecka, E. Luboch, M. Kowalczyk, J.F. Biernat, Chromogenic macrocyclic derivatives of
azoles - synthesis and properties, Tetrahedron 59 (2003) 4415-4420.

2. E. Luboch, E. Wagner-Wysiecka, M. Fainerman-Melnikova, L.F. Lindoy, J.F. Biernat, Pyrrole Azocrown
Ethers. Synthesis, Complexation, Selective Lead Transport and lon-Selective Membrane Electrode Studies,
Supramol. Chem., 18 (2006) 593-601.

3. B. Galinski, E. Luboch, J. Chojnacki, E. Wagner-Wysiecka, Novel Diazocrowns with Pyrrole Residue as
Lead(Il)Colorimetric Probes. Materials 14 (2021) 7239.
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Fig. S6. Effect of pH on the response (AA) of optodes with chromoionophores 1, 2 and 4 at lead(ll) salt
concentration 10 M.
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Fig. S7. The change of signal (AA) of optodes with crowns 1, 2 and 4 upon immersion in lead(ll) solution (10
M, pH 5.5) over time.
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The possibility of regenerating the optodes was tested in the following solutions: hydrochloric
acid, nitric acid, acetic acid (AcOH), ethylenediaminetetraacetic acid disodium salt (EDTA-
Naz) and ethylenediamine (EDA) of a concentrations of 10 and 10t M. All solutions can be
used for the regeneration of the optode, but they differ in the time required for the regeneration
of the optode, which is illustrated by the example of the optode with crown 2 - Fig. S4. The
shortest regeneration time for a concentration of 10 M of lead(l1) was obtained when using a
solution of hydrochloric acid and nitric acid with a concentration of 10t M - 2 min for optode
with chromoionophore 1 and 30 s for optode with macrocycle 2 or 4. The EDTA-Na; and the
EDA solutions change the pH, which results in an initial significant increase in the optode
response. A regeneration time of more than 20 min with EDTA-Na2 and more than 30 min with

EDA indicates that the use of an acid solution as a regeneration system is the better choice.

2000

o001 Mm
[ Joiom

1600 1

12004

11me |s]

800

400

04 L
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Fig. S8. Regeneration time of the optode with compound 2 depending on the type of regeneration solution, after
being immersed in a solution containing lead(11) 10* M.
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Fig. S9. Response of optodes a) before and b) after contact with lead(ll) salt (10-* M), storage in a dry and dark
place for different time (weeks, 0 — optodes checked after obtained), pH 5.5.
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Table S4. Summary of RGB values optode with compound 1 for a given lead(Il) concentration.

[Pb(IN]  log[Ph(I1)] R G B

0 - 208 83 112
4.11x107 -6.39 207 83 113
7.79x107 -6.11 206 84 113
1.32x10° -5.88 197 86 114
2.22x10°¢ -5.65 189 89 123
3.97x10°8 -5.40 180 104 136
7.51x10°8 -5.12 166 108 149
1.28x10° -4.89 153 109 151
2.14x10® -4.67 144 112 159
3.83x10°5 -4.42 121 116 156
7.25%10%® -4.14 114 127 167
1.23x10 -3.91 104 133 167
2.07x10 -3.68 84 124 160
3.70x10* -3.43 85 134 174
6.81x10 -3.17 81 142 182
1.25%10° -2.90 75 152 180
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Table S5. Summary of RGB values optode with compound 2 for a given lead(Il) concentration.

MATERIALY DODATKOWE — P2

[Pb(IN]  log[Ph(I)] R G B

0 - 201 103 101
3.15x10°6 -5.50 202 103 101
429x10°6 -5.37 202 103 101
6.52x10°6 -5.19 202 104 101
8.70x10° -5.06 203 104 101
1.08x10° -4.97 203 104 102
1.29%10° -4.89 203 105 102
2.39x10°5 -4.63 200 105 107
3.43x10°5 -4.46 198 105 109
5.53x10°5 -4.26 192 106 110
7.57x10°5 412 190 106 113
9.57x10°5 -4.02 188 106 115
1.15%10 -3.94 186 106 117
2.17x10* -3.66 183 106 123
3.18x10°* -3.50 181 107 127
5.16x10* -3.29 176 107 130
7.10x10* -3.15 170 107 131
9.00x10"* -3.05 170 107 138
1.09x10° -2.96 168 107 142
1.96x107° -2.71 158 108 148
2.75x103 -2.56 152 109 155
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Table S6. Summary of RGB values optode with compound 4 for a given lead(Il) concentration.

[Pb(IN]  log[Pb(IN)] R G B
0 - 216 161 164
4.15x10° -5.38 216 161 164
1.03x10° -4.99 215 161 164
2.04x10°3 -4.69 215 161 165
4.00x10° -4.40 213 163 169
7.69x10°5 -4.11 208 164 172
1.27x10% -3.90 205 165 174
2.00x10* -3.70 203 167 175
2.81x10* -3.55 202 168 177
3.61x10* -3.44 201 168 178
5.16x10* -3.29 201 169 181
8.13x10* -3.09 199 171 183
1.22x10° -2.91 198 173 185
1.83x10° -2.74 198 174 187

Table S7. Elemental composition of real sample of treated industrial wastewater - determination method ICP-

OES.
As Cd Cr Cu Ni Pb Zn
M 3.74x108 4.89x107 1.15x107 4.09x10®% 5.11x10® 9.51x10®% 6.07x107
ppb 2.8+0.8 55.0+0.4 6.0+0.1 2.6+0.4 3.0+0.3 19.7+0.8 39.7+0.4
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HIGHLIGHTS GRAPHICAL ABSTRACT

o New o-hydroxyazocompound L has been
obtained.

oL was investigated as spectrophoto-
metric colorimetric chemosensor for
copper(Il).

o L-based test strips and cotton swabs can
colorimetrically detect copper(Il) in
water.

e L-based copper(Il) selective optodes
were proposed.

90 % AQUEOUS SOLUTION

12l i i i i { s
L

o N N

P e T Y LW W =

e e e e -
L Li' Na' K' NH] Mg Ca®* S¢* Ba' Mo Co”’ NIt Cu® Zo™ Cd¥ Pyt
[T S —— .

ARTICLE INFO ABSTRACT

Keywords: New o-hydroxyazocompound L bearing pyrrole residue was obtained in the simple synthetic protocol. The
COPPer(ll) ) structure of L was confirmed and analyzed by X-ray diffraction. It was found that new chemosensor can be
Optical sensing successfully used as copper(Il) selective spectrophotometric regent in solution and can be also applied for the
Chromoionophore H £ serist tals i lestive solstdiwial . N ithi & selecti

Azocompound preparation of sensing materials generating selective color signal upon interaction with copper(Il). Selective
Pyrrole colorimetric response towards copper(Il) is manifested by a distinct color change from yellow to pink. Proposed

systems were effectively used for copper(Il) determination at concentration level 10® M in model and real
samples of water.
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1. Introduction

Copper(II) 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

* Corresponding author.
E-mail address: ewa.wagner-wysiecka@pg.edu.pl (E. Wagner-Wysiecka).

https://doi.org/10.1016/j.saa.2023.122472

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(Il) above a certain level of concentration, WHO has set
maximum permissible limit of copper(Il) in drinking water as 2.0 mg/L
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(3.15 x 10°° 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(I) 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 chemis-
try, where the design and synthesis of ion receptors for analytical pur-
poses 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 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 ob-
tained compound was characterized with the use of spectroscopic
methods and investigated as a copper(II) 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(II) perchlorate
hexahydrate, nickel(II) perchlorate hexahydrate, copper(Il) perchlorate
hexahydrate, zinc perchlorate hexahydrate, lead(II) perchlorate trihy-
drate, tetrabutylammonium hydroxide 30-hydrate (TBAOH), p-tolue-
nesulfonic 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 gly-
col (TEG), potassium tetrakis(4-chlorophenyl)borate (KTCIPB), aceto-
nitrile (ACN), dichloromethane (DCM) and methanol (MeOH) were

acquired from Sigma Aldrich. Magnesium perchlorate, calcium
perchlorate hydrate, strontium perchlorate trihydrate and cadmium
perchlorate hexahydrate were purchased from Alfa Aesar. All inorganic
salts, hydrochloric acid, nitric acid, sodium hydroxide, disodium
ethylenediaminetetraacetate dihydrate (EDTA), sodium citrate dehy-
drate, 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
Fas4 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(Il) 1000 ppm (Merck) and Qnova calibration solution were
used. Copper(II) 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 '*C spectra were recorded on Varian INOVA 500 spectrom-
eter 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 Se-
ries 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 cm) 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 (logPric) 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 R¢ values
for standards and ligand logPyy ¢ 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 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
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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 geometri-
cally taking into account isotropic temperature factors. All hydro-
carbonic 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 ac-
cording described procedures [68-70]. The stock solutions of L (~10’3
M), metal perchlorates (~10~2 M), TsOH (~10"2 M), TBAOH (~102
M) and chlorides (~10~2 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(II) 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(II) was expressed as AA = Ag, — Ao, where Ag
stands for absorbance of solution of L (or optode) and A, absorbance
value of L (or optode) in the presence of copper(II) salt. The influence of
interfering ions on spectrophotometric response towards copper(II) was
expressed as the absolute value of relative response RR% = |[(A - A¢y,)/
Acyl| x100%, where Ag, stands for absorbance of solution of L in the
presence of copper(Il) 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(II) chloride [65,72].

2.7. 7. Digital color analysis

Pictures were analyzed using free software ImageJ [73,74]. The
change of optode color given as AErgp [75] was calculated using the
equation: AEpgp = [(Ro- R)? + (Go- G)? + (B()-B)z]l/ 2 where Ry, Gp and
By values correspond to color of solution (or optode) in the absence of
copper(Il) salt, and R, G and B values correspond to color of solution (or
optode) in the presence of copper(II). The value of the intensity of green
color I was calculated using the equation: I = -log(G/Gy).

2.8. Test strips

Solutions of L (=102 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 pL of L solution
(~10’3 Mor ~ 1074 M) in dichloromethane and left for solvent
evaporation.
2.10. Membrane preparation

CTA optodes were prepared according to previously described pro-
cedures [72]. Membranes contained 250.0 mg of CTA, 1.0 mg of L,

168.6 mg (150.0 pL) of TEG and 0.5 mg of KTCIPB. All components of
optodes were dissolved in dichloromethane (6 mL) with continuous
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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 0.9 x 4.5
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-nitro-
phenol (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 (lH and *c NMR, HRMS and IR) con-
firming 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.

3.2. Structure of L in solution

Hydroxyazocompounds are known to undergo prototropic tautom-
erism resulting in azophenol = 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 mole-
cule 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.

Tautomeric equilibrium of L was investigated in solution using NMR
spectroscopy. 'H NMR spectra were registered in acetonitrile-ds,
DMSO-dg, methanol-d4 (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 ~ 2 Hz), 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-dg)
provide the evidence for hydrogen bonded system. Comparing with
acetonitrile, in highly dipolar DMSO stronger hydrogen bonding be-
tween 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 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.

UV-Vis spectra of L, where lower than in NMR experiments con-
centrations 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 acetoni-
trile 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
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Fig. 3. 'H NMR spectra of L in various solvents.

the formation of different types of aggregates [387,88]. Moreover, in
fluorescence spectra of solutions of L of the same concentrations in
above mentioned solvents emission bands are detectable in dichloro-
methane, acetonitrile and methanol (Fig. 4(e)). In DMSO under the same
measurement conditions fluorescence is too weak to register emission
spectrum. It can be connected with well-known aggregation-caused
quenching (ACQ) effect due to n-n stacking interactions. Such in-
teractions for L were confirmed in solid state (vide infra).

intensity of band at ~520 nm in spectrum of L registered in DMSO de-
pends 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 so-
lution - 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
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Fig. 4. (a) UV-Vis absorption spectra of L (4.05 x 10 5 M) in different solvents; (b) Solutions of L (1.02 x 10~* M) in different solvents; (¢) 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 (1.02 x 10~* M) registered in different solvents (Aex 600 nm, Aey 618 (dichloromethane - DCM); 614

(acetonitrile - ACN and methanol - MeOH).
3.3. Structure of L in solid state

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;1/n (no. 14). Asymmetric unit
contains one molecule and the whole unit cell is built from four mole-
cules, 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 NO, group plane is ca —5°. Hydroxyl group forms
internal H-bond with N2 atom, while the N-H hydrogen bond donor
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forms intermolecular interaction with O2 atom from neighbor molecule
nitro group (Fig. 6, left). For details, see Table 2.

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 « is equal to zero.

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 azo-
benzenes usually leads to red shift of absorption band observed as a
significant color change. However, the introduction of heterocyclic
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Fig. 5. Molecular view of L showing atom labeling scheme. Displacement el-
lipsoids 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), N4-03 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), 01-C2-C1 122.16(9); torsions 03-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 CoHgN4O4
M,/g mol ! 232.20
Temperature/K 120 K
Crystal system Monoclinic
Space group (IT No.) P2,/n(14)
a/A 11.6673 (15)
b/A 3.7411 (5)
c/A 22,581 (3)
(78 90
B/ 92.829(11)
v/’ 90
Volume/A® 984.4 (2)
Z 4
Peale 8/cm? 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
Completeness to Oy, (%) 99.8
Data/restraints/parameters 3631/0/162
Goodness-of-fit on F? 1.07
Final R indexes [I>=2¢ (I)] R; = 0.0398,
wRy = 0.1121
Final R indexes [all data] R; = 0.0463,
WR, = 0.1164
Largest diff. peak/hole / e A-? 0.37/ -0.23

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.

Quantitative colorimetric probes of the acid-base properties of L in
different solvents are shown in Fig. 7 (top). The presence of p-toluene-
sulfonic 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).

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
TsOH 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. 52 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.

Titration of L with tetra-n-butylammonium hydroxide (TBAOH) re-
sults 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 5.45 + 0.03. 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)).

In the '"H NMR spectrum of L registered in equimolar amount of
TBAOH (DMSO-dg) (Fig. 53) 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(II) 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(Il), zinc(II) and lead(II) 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(Il) complex absorption
(Fig. S4). It means that these salts in extremely high concentrations can
influence the detection and determination of copper(II).

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 sta-
bility 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 per-
chlorates does not affect the color of solution in dichloromethane.

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 DMSO the intensity
of absorption band in a region of 500-575 nm decreases upon addition
of copper(II) 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(Il) salt (Fig. 11). H NMR spectrum of L in the pres-
ence of 10-fold excess of copper(II) perchlorate was registered (having in
mind paramagnetic properties of copper(Il)). 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(Il) ions in DMSO does not cause deprotonation of the
ligand. The upfield shift can point out the change of the hydrogen
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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 (% 0 ¥). 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). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

compounds (possible redox process) in acetonitrile is under investiga-
tion in our group.
From a practical, namely analytical point of view a selective response

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

D—H--A D—H H--A D--A D—H--A towards analyte in pure organic solvent has less importance than se-
N3—H3...02! 0.859 (19) 2,142 (19) 2.9988 (13) 175.2 (17) lective recognition in aqueous or mixed water-organic solvent systems.
01—H1--N1 0.93 (2) 245 (2) 2.9635 (13) 114.9 (15) We found that the stability constant of the copper(I) complex of L has
01—H1--N2 0.93 (2) 1.79 (2) 2.6121 (13) 145.3 (18)

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
experiments both copper(Il) perchlorate (Fig. S7) and chloride (Fig. S8),

Symmetry code: (i) -x + 1, -y, -z + 1.

bonding system upon copper(II) complexation [90].
In acetonitrile at the beginning of titration the formation of a new,
broad band at ~ 500 nm is observed. Higher amounts of copper(Il)
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perchlorate causes the decrease of the absorbance in (Fig. 56) resulting
in decolorization of solution. Due to possible side reactions of L with
copper(1l) perchlorate in acetonitrile this solvent was not considered for
practical applications here. The nature of interactions of copper(Il) - azo

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

L - ligand
A - acid, p-toluenesulfonic acid

B - base, tetra-n-butylammonium hydroxide

(@)
12

1.0 '
0.8+
0.6+
0.4+

0.2 P

0.0 T
300 350
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T

400 450 500 550 600

wavelength [nm]

L g Al B | L s AVen B

ACN DMSO
(b)
1.2
1.0 '

0.8+

0.6+

0.4

absorbance a.u.

0.2

0.0 T T T
300 350 400 450 500 550 600

wavelength [nm]

Fig. 7. Top: solutions of L (1.02 x 10 4 M) in different solvents with acid or base. Bottom: spectral changes upon titration of L (¢, = 4.05 x 10 5 M) with TsOH in (a)

methanol (crson = 0-2.03 x 107° M) and (b) DMSO (crson = 0-2.05 x 10° M).
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Fig. 8. Partial '"H NMR spectra of L 1.42 x 10 ? M (bottom), L in the presence of equimolar (middle) and 5-fold excess (top) of TsOH in DMSO-dg.
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Fig. 9. Spectral changes upon titration of L (¢, = 4.05 x 10 5 M) with TBAOH in (a) methanol (¢rgaon = 0-4.20 x 10 ° M), (b) acetonitrile (crpaon = 0-8.26 x 10°°
M) and (¢) DMSO (crpaon = 0-4.34 x 107> M). (d) The relationship between logK value and the spectral shift A [nm] in dependence of the type of solvent.
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Fig. 10. (a) The change of the color of L (cp = 1.02 x 10" 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 (¢, = 4.05 x 10~° M) upon titration with copper(Il) perchlorate
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Fig. 11. UV-Vis titration trace of L (c;, = 4.05 x 10~° M) for copper(II) perchlorate in (a) methanol (c¢, = 0-1.19 x 10~ M) and (b) DMSO (c¢, = 0-8.26 x 10> M).
Insets: spectral changes in region of isosbestic points and changes in a range 500-575 nm.
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influences the value of spectral shift between free L and its copper(Il)
complex (color change is shown in Fig. S11), which is visualized sche-
matically 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(Il) complex absorbs. The
counter ion has negligible effect on the difference between spectral shift
of L and its copper(II) complex, however it affects the value of stability
constant logK of copper(Il) complex (1:1) (Fig. 12(c)). The stability
constant values, at the same solvent composition, are higher when
copper(Il) chloride is used as a salt.

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(II) chloride (Fig. 13). Slight changes of
color to orange in the case of high concentrations of nickel(II) and lead
(1) salts are observable and these ions may be considered as the main
interfering ions.

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 ab-
sorption band at 470 nm is observed what can be connected with the
deprotonation of L. It confirms the titration trace of L with sodium hy-
droxide (Fig. 14(b)) with clear isosbestic points suggesting two species
under equilibrium. The spectral response AA towards copper(II) chlo-
ride (Fig. 14(c)) is constant in pH range 5.0-9.0 with linear response
range 6.68 x 10%-1.67 x 10°°M (Fig. 14(d)) and detection limit 5.00

absorbance a.u.

wavelength [nm]

7.2

x 10~® M. Spectral changes upon titration of L with copper(II) 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 6.68 x 10™® — 2.19 x 10™°M (Fig. S14) and
detection limit 6.19 x 10~% M.

3.7. Regeneration

Regeneration cycles of L with 0.01 M EDTA solution after addition of
copper(Il) chloride are shown in Fig. S15. L can be regenerated at least
10 times without losing properties.

3.8. Interfering cations

The response of L was investigated in the presence of several inter-
fering cations: Li*, Na*, K*, NH4, Mg?*, ca®', sr**, ca®*, Ba®", Mn?*,
Co?*, Ni%*, zn?*, cd?**, Pb*! and their mixture. Fig. 15 shows the in-
fluence of addition of equimolar, 10-fold and 100-fold molar excess of
interfering ammonium and metal chlorides on the spectrophotometric
response of L at equimolar (to L) amounts of copper(II) 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.

3.9. Studies in multi-component solutions

The possibility of application of L for the detection of copper(II) was
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Fig. 12. (a) The influence of water content (%, v/v) in DMSO on spectral changes of L (2.16 x 10~° M) and its copper(II) complex C (limiting spectra from copper(I)
perchlorate titration experiments are shown); (b) the relationship between the position of the absorption maxima of L [nm] and its copper(Il) complex [nm] and
water content [%] in DMSO; (c¢) the comparison of the values of stability constants of copper(II) complexes (1:1) with L in dependence on counter ion.
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Fig. 13. Color change of ligand (¢;, = 2.16 x 10~° M) in water-DMSO solution (9:1, v/v) in the presence of ammonium and metal chlorides (pH 6.0).
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Fig. 14. The change of UV-Vis spectrum of L (¢, = 2.16 x 10~ ° M) (a) with increasing pH and (b) upon titration with sodium hydroxide (cyaon = 0-1.08 x 10> M)
in water-DMSO (9:1, v/v) from pH 6; (¢) spectral response towards copper(Il) chloride of L (¢, = 2.16 x 10~° M) depending on pH (A = 540 nm); (d) spectral response
AA towards copper(Il) chloride presence of L (¢ = 2.16 x 10~° M) in pH range 5.0-9.0.

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(Il) 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 man-
ifested 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
(I1). The UV-Vis spectrum of L in AU and SBF indicates partial ligand
deprotonation, while in PBS compound L is in deprotonated form. Sta-
bility constant values (logK) of copper(II) complexes (1:1) calculated in
AU, SBF and PBS are 6.31 + 0.04, 6.32 + 0.02 and 6.40 + 0.05,
respectively.

184

3.10. Digital color analysis

Fig. 18 shows color changes of L in solutions with increasing con-
centration of copper(Il) 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(II) chloride.

Using digital color analysis we combined different color dependences
with concentration of copper(Il) chloride. Fig. 19 shows these correla-
tions in SBF:DMSO (9:1, v/v) solution. The largest range of the linear
response 8.92 x 107 —2.18 x 10~ M was obtained for color ratio B/G
with detection limit 1.07 x 10”7 M. However the lowest LOD = 8.66 x
10~® M was obtained for color change AEgrgp with linear response 8.92
% 1077 - 1.32 x 10° M. All color dependences with concentration of
copper(Il) chloride (Fig. S16-519) at different pH are collected in
Table S3.
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Fig. 15. Interferences of ammonium and several metal chlorides used in
equimolar, 10-fold and 100-fold molar excess, on the spectrophotometric
response of L (¢, = 2.16 x 10 5 M) (540 nm) at equimolar (to L) amount of
copper(Il) chloride in water-DMSO (9:1, v/v) solvent mixture, pH 7.0.

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

In Table 3 we compared compound L with other reported chemo-
sensors that use Smartphone camera detection for the determination of
copper(I) [92-95]. The synthesized chemosensor L has many advan-
tages over the other reported chemosensors such as: simple preparation,

(a)

0.7

A =122 nm

absorbance a.u.

use of inexpensive reagents and lower detection limits than the other
chemosensors.

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(II)
chloride concentration are shown. Detection of copper(II) by naked-eye
is possible above 1.0 x 10"°M and 1.0 x 107 of copper(II) chloride for
sensors where L was used in concentration of 1.04 x 10> M and 1.04 x
10~* M, respectively.

3.13. Optodes

The response of cellulose triacetate (CTA) optode towards copper(II)
was investigated spectrophotometrically (Fig. 21(a)). UV-Vis spectra of
optodes before contact with copper(Il) 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 pres-
ence of copper(Il) chloride characterizes with the appearance of a new,
bathochromically shifted absorption band, which intensity increases
with the increasing concentration of copper(II) 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(II)
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(Il)
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

(b)

absorbance a.u.

wavelength [nm]

absorbance a.u.

wavelength [nm]

Fig. 16. The change of UV-Vis spectrum of L (¢, = 2.16 x 10 M) upon titration with copper(Il) chloride (¢, = 0-4.28 x 10 5 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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6.0); (b) SBF:DMSO (pH 7.4) and (c) PBS: DMSO (pH 7.4).
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Fig. 18. Color changes of L (c;, = 2.16 x 10~® M) upon titration with copper(Il) chloride (cc, =

(a) 5.0; (b) 7.05 (¢) 9.0 and (d) SBF:DMSO (9:1, v/v) at pH 7.4.

(11) chloride.

Linear response for optode with L (Fig. 21(b)) was found for copper
(II) concentration range of 5.41 x 10°® - 2.48 x 10™° M with a
regression equation of AA = 22769.9221 x ccyap + 0.0011 (R2 =
0.9971) and detection limit 7.22 x 10~® M. At concentration ca. 4.00 x
10~" M sensor riches saturation with analyte.

To determine the response time, experiments using membranes
immersed in two solutions of copper(II) chloride 1.0 x 10° M and 1.0

186
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0-4.28 x 10~ ° M) in water-DMSO (9:1, v/v) solvent mixture at pH:

x 107° 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. 520. The optode was found to reach 95% of the
final signal (to5) within 2 min and 4 min for copper(II) concentration 1.0
% 107° M and 1.0 x 10~ M, respectively.

The reproducibility of optodes was evaluated by comparing the AA
values of the copper(Il) loaded membrane samples obtained in the
different series for two concentrations 1.0 x 10™° M and 1.0 x 107° M
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Fig. 19. Dependence of (a) color value, (b) color ratio (R/G, B/G), (¢) color intensity (Ig) and (d) color change (AEggp) of L (¢, = 2.16 x 10 5 M) upon titration with

copper(Il) chloride (¢, = 0-4.28 x 10 5 M) in SBF:DMSO (9:1, v/v) at pH 7.4.

Table 3
Comparison of chemosensor L with the other reported copper(Il) chemosensors with Smartphone detection.
Chemosensor Method Medium Linear response [M] LOD [M] Reference
Naphthalimide-based Schiff base UV-Vis DMSO 20x107°-2.0x10"* 1.60 x 10°°© [92]
Smartphone EtOAc:H,0 (1:1, v/v, pH 4.8) 0.0-1.0x10? 4.80 x 10°°
NBD'-benzimidazole based dyad UV-Vis MeOH:H,0 (1:1, v/v) 0.0-1.5 x 10°° 1.23 x 1077 [93]
Smartphone MeOH:H,0 (1:1, v/v) 50x1077 -35x10"° 3.80 x 10°°
Red beet pigment Smartphone H,0 (pH 9.0) 4.0 x10°-20x107"° 8.40 x 1077 [94]
Tri-imidazolium salt Smartphone DCM:DMSO (49:1, v/v) 0.0-3.6 x 107 5.10 x 1077 [95]
L UV-Vis H,0:DMSO (9:1, v/v, pH 5.0-9.0)SBF:DMSO 6.68 x 107°°-1.67 x 107° 5.00 x 107° This work
(9:1, v/v, pH 7.4) 6.68 x 10°%-1.41 x 10°° 5.85 x 107®
Smartphone H,0:DMSO (9:1, v/v, pH 5.0) 8.92 x 10°%-1.58 x 10°° 8.33 x 107°
H,0:DMSO (9:1, v/v, pH 7.0) 892 x 107°%-1.76 x 10°° 7.72 x 1078
H,0:DMSO (9:1, v/v, pH 9.0)SBF:DMSO 8.92 x 107%-2.10 x 107° 6.37 x 107°
(9:1, v/v, pH 7.4) 892 x10°%-1.32 x 10°° 8.66 x 1078

% 4-choloro-7-nitrobenzafuran.

(Fig. 22(a)). The relative standard deviations for the measured AA
values for 1.0 x 10°° M and 1.0 x 10°° 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 shown after contact with 1.08 x 10™° M
copper(Il) 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 concentra-
tions of copper(Il) salt chloride: 1.0 x 10°® M and 1.0 x 10°° M

(Fig. $22). After ten cycles leaching of L from optodes for 1.0 x 10 ° M
and 1.0 x 1075 M were 12.9 + 0.1 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 mea-
surements optodes should be kept in solution, preferentially in regen-
eration 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
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Fig. 20. Color changes of test strips (a) glass microfiber filter and (b) filter paper; (¢) cotton swabs.
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Fig. 21. (a) Changes in UV-Vis spectrum and (b) optical response of optode with L upon titration copper(Il) chloride (cc, = 0-3.36 x 10~* M) in aqueous solution

(pH 5.0).
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Fig. 22. (a) Reproducibility of optode after contact with copper(Il) 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(Il) chloride (pH 5.0).

immersed in 10~ M solution of copper(Il) chloride. RR% value does not color changes were observed above 107° M of copper(II) chloride.

exceed 5% even in 100-fold molar excess of interfering ions and their The colorimetric analysis of the digital images was carried out in

mixture. parallel with the studies of the spectrophotometric response of the
Fig. 23 shows color changes of optodes with L after contact with optodes. Fig. 24 shows these correlations in DMSO:SBF 1:9 (v/v) solu-

increasing concentration of copper(Il) chloride at pH 5.0. Naked-eye tion. The widest range of the linear response 2.16 x 107 -1.72 x 1074
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Fig. 23. Color changes of optode upon titration with copper(Il) chloride (cc, = 0-3.36 x 10~* M) at pH 5
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Fig. 24. Dependence of (a) color value; (b) color ratio (R/G, B/G); (¢) color intensity (Ig) and (d) color change (AEggp) of optode with L upon titration with copper

(I1) chloride (cc, = 0-4.28 x 10~° M) at pH 5.0.

M (R? = 0.9879) was obtained for R/G color ratio with detection limit
8.27 x 1077 M, but the lowest LOD 4.06 x 107 M was obtained for
color change AErgp with linear response 4.31 x 107-248 x10°°M
(R? = 0.9993). All investigated color dependences for discussed optodes
with concentration of copper(II) chloride are collected in Table S4.

In Table 4 the properties of copper(Il) selective optodes obtained in
recent years and described in literature [96-99] are listed for compari-
son 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 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 deter-
mination of copper(II) ions using a Smartphone.

3.14. Determination of copper(Il) 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(Il) standard solution, spiked tap water from
different regions of northern Poland, commercial drinking water sam-
ples 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(Il).

Comparison of recovery results obtained for chemosensor L in solu-
tion and optodes upon immersion of the sensor layer in a commercial
standard reference solution of copper(Il) for different concentrations in
range from 4.46 x 1077 to 1.32 x 10> 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.

To evaluate the influence of the sample matrix three different sam-
ples of tap water and three samples of drinking water were spiked with
known concentration of copper(II) - Table 6. In this case AA recoveries
were within 98.58 — 101.92 % and 97.05 - 101.35 % for solution of L
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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 3 min 1.57 x 1077 - 5.04 x 10~* 1.26 x 1077 [96]
HIBIN Sol-gel 5.0 2 min 9.10 x 10~% -1.12 x 1075 1.80 x 1078 [971
Schiff base Sol-gel 5.5 2 min 8.54 x 107° -1.00 x 10™° 1.53 x 1078 [98]
Schiff base PVA/TEOS 5.0 1.5 min 9.34 x 10°®-1.15 x 10™° 1.27 x 1078 [99]
L CTA 5.0 2-4 min 5.41 x 107%-2.48 x 107° 7.22 x 1078 This work

4.31 x 1077 -2.48 x 10°° 4,06 x 107"

% N,N’-(4,40-ethylene biphenyl)bis(3-methoxy salicylidineimine).
b Smartphone detection.
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Table 5
Determination of copper(Il) ions - recovery test for commercial standard solution.
Standard reference solution of copper(Il) L Optode
™M Found copper(I) Recovery Found copper(1I) Recovery
M] [%] M] [%]
4.46 x 1077 438 x 1077 £ 3.11 x 107 98.21 + 6.97 4.26 x 1077 4+ 3.68 x 107® 95.56 + 8.25
8.92 x 1077 8.92 x 1077 +3.10 x 107 99.96 + 2.93 8.85 x 1077 4+ 3.26 x 10°° 99.19 + 3.66
2.67 x 107° 2.66 x 107° + 3.08 x 107® 99.63 + 1.15 2,67 x 107®+3.19 x 107® 100.07 + 1.20
4.45 x 10°° 4.42 x 107° + 3.83 x 107 99.37 + 0.86 4.44 x 10°° + 6.48 x 10°° 99.82 + 1.45
8.85 x 10°° 8.80 x 107° + 7.66 x 10°® 99.41 + 0.87 8.87 x 107+ 8.08 x 107 100.18 + 0.91
1:32:5¢10™° 1.31 x 10™° + 8.94 x 1078 99.55 + 0.68 1.32 x 107° £ 1.10 x 1077 99.85 + 0.83
Table 6
Determination of copper(Il) ions in a real sample - spiked tap water and drinking water.
Real sample Added copper(II) L Optode
() Found copper(II) Recovery Found copper(II) Recovery
[M] [%] [M] [%]
Tap water 1 0 412 x 1077 £3.11 x 10°® - 3.91 x 1077 £ 7.07 x 1078 -
4.46 x 1077 8.21 x 1077 +£3.65 x 1078 99.32 + 4.44 812 x 1077 £ 5.56 x 1078 97.05 =+ 6.85
4.45 x 107° 4.85 x 107° + 3,40 x 10~® 100.59 + 0.70 4.80 x 10°°+7.28 x 107 99.24 + 1.52
1.10 x 107° 1.15 x 107% £ 2.76 x 10~® 100.31 + 0.24 1.14 x 107° £5.70 x 10°® 100.14 + 0.50
Tap water 2 0 1.33x107°+3.32x 1078 - 1.29 x 10°° + 1.67 x 1077 -
4.46 x 1077 1.79 x 107° £ 7.09 x 10" ® 101.40 + 3.96 1.71 x 10°° £ 6.75 x 10°® 98.57 + 3.95
4.45 x 10°° 579 x 107° + 3.42 x 108 100.36 + 0.59 578 x 10°° £ 7.29 x 1078 100.74 + 1.26
1.10 x 10°° 1.24 x 107° +3.60 x 10~ 99.91 + 0.29 1.23 x107°+7.19 x 1078 99.98 + 0.58
Tap water 3 0 1.01 x 10 °+2.63 x 10°° - 1.02 x 10°°+1.34 x 1077 -
4.46 x 1077 1.45 x 10 ° +5.63 x 10°® 100.05 + 3.88 1.45 x 10 °° + 6.98 x 10°® 98.92 + 4.80
4.45 x 10°° 5.45 x 10 7%+ 3.54 x 108 100.00 + 0.65 5.42 x 107° +7.28 x 10°® 99.17 + 1.34
1.10 x 107° 1.21 x 107° £ 3.39 x 10°® 100.09 + 0.28 1.22 x 107° £ 5.87 x 1078 100.93 + 0.48
Drinking water 1 0 <LOD - <LOD -
4.46 x 1077 4.47 x 1077 £ 2.26 x 10°® 100.25 + 5.05 4.52 x 1077 £2.17 x 10~8 101.35 + 4.80
4.45 x 107° 4.43 x 10°° +4.02 x 1078 99.64 + 0.91 4.47 x 10°° + 4.76 x 10°® 100.46 + 1.07
— 1.10 x 107° 1.11 x 10°° £5.49 x 10°® 100.69 + 0.49 111 x 1075 +7.82 x 1078 100.90 + 0.70
o Drinking water 2 0 <LOD = <LOD -
% 4.46 x 1077 4.40 x 1077 +2.67 x 10°° 98.58 + 6.06 435 x 107 £2.79x 10°° 97.41 + 6.43
° 4.45 x 10°° 443 x10°°+6.14 x 10°° 99.30 + 1.39 4.46 x 10 °+5.83 x 10°° 100.26 + 1.31
2 1.10 x 107 1.11 x 1075+ 7.22 x 1078 100.42 + 0.65 1.11 x 1075 + 9.58 x 1078 100.82 + 0.86
E Drinking water 3 0 <LOD - <LOD -
4 4.46 x 1077 4.55 x 1077 + 2.68 x 10° 101.92 + 5.89 4.44 x 1077 £1.77 x 107 99.38 + 3.99
£ 4.45 x 107° 4.45 x 107° £ 4.92 x 107° 100.14 + 1.11 4.48 x 107° £ 4.34 x 107 100.66 + 0.97
N 1.10 x 10°° 1.11 x 10° +£6.93 x 10°° 100.96 + 0.62 111 x 107° £ 6.91 x 10°° 100.58 + 0.62
o
c
e
o
ch Table 7
>_ Spectrophotometric determination of copper(Il) ions in Qnova calibration solution.
N ICP-OES Added copper(II) L Optode
Q M Found copper(Il) Recovery Found copper(Il) Recovery
L ] [%] M1 [%]
- Qnova 2.36 x 1077 + 1.18 x 107® 0 2.30 x 1077 + 1.65 x 10* 97.63 + 7.01 2.24 x 1077 + 1.97 x 10~° 94.83 + 8.34
; calibration 4.46 x 1077 6.75 x 1077 + 4.05 x 10® 99.03 + 5.94 6.63 x 1077 + 3.68 x 10° 97.18 + 5.40
- solution 4.45 x 10°° 4.65 x 10°°+4.38 x 10°® 99.19 + 0.93 4.64 x10°°+9.78 x 1078 99.06 + 2.09
7)) 1.10 x 107° 1.12x10°°+8.37 x 1078 99.50 + 0.74 112 x10°+1.14 x 1077 99.32 + 1.01
@)

-
2 -
e
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and optode, respectively. Elemental composition of drinking water
samples was included in the Table S5.

The last probe for testing practical application of the proposed che-
mosensor and sensor layer for spectrophotometric detection of copper
(1) in a complex matrix was carried out using Qnova calibration solu-
tion. 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 spec-
trophotometric (AA) recoveries were 97.63-99.50 % and 94.83-99.32
% for L in solution and optode, respectively.

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 re-
agent for detection and determination of copper(II) 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 biolog-
ical samples in laboratories and field analysis.
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Synthesis of L

In ice bath three solutions were placed:

A: 2-amino-4-nitrophenol (1.54 g, 10.2 mmol) in water (20 mL) acidified with conc.
hydrochloric acid (2 mL)

B: sodium nitrite (0.72 g, 10.5 mmol) in water (30 mL)

C: pyrrole (0.67 g, 0.69 mL, 10 mmol) in alkalized with NaOH (2.00 g, 50 mmol) in water (30
mL).

Diazonium salt of 2-amino-4-nitrophenol was obtained by adding solution B to A in portions
keeping mixture stirred. After 30 min. obtained diazonium salt and solution C were added in
portions to alkalized pH ~10 water (300 mL) placed in an ice bath within 30 minutes keeping
vigorous stirring of reaction mixture. After 2 h in an ice bath reaction was left for night at room
temperature under stirring. The obtained solid was filtered off under reduced pressure and dried
on the air. Azocompound was isolated using column chromatography with dichloromethane and
next dichloromethane:acetone (10:1, v/v) mixture as eluents. 1.7 g (73%) of pure L,
crystallizing as orange needles from dichloromethane, was obtained. mp. 179-180 °C (with
decomposition); TLC: R¢=0.62 (chloroform), Ry= 0.73 (dichloromethane); 'H NMR (metanol-
ds): 6=6.42 (1H, m, ArH), 7.04 - 7.05 (1H, m, ArH), 7.12 (1H, d, /= 9.4 Hz, ArH), 7.14 - 7.16
(1H, m, ArH), 8.16 (1H, dd, J= 9.3 Hz, J= 2.7 Hz, ArH), 8.57 (1H, d, J = 2.8 Hz, ArH) ppm;
"H NMR (acetone-ds): 5= 6.47 - 6.48 (1H, m ArH), 7.14 - 7.15 (1H, m ArH), 7.20 (1H, d, J =
8.8 Hz, ArH), 7.30 (1H, s, ArH), 8.20 (1H, dd, /= 9.4 Hz, J= 2.8 Hz, ArH), 8.52 (1H, d, J =
2.8 Hz, ArH), 11.48 (~0.2 H, s, OH) ppm; '"H NMR (acetonitrile-d3): 5= 6.47 - 6.48 (1H, m,
ArH), 7.09 - 7.11 (1H, m, ArH), 7.14 (1H, d, J=9.4 Hz, ArH), 7.21 (1H, s, ArH), 8.17 (1H, dd,
J=9.3Hz,J=2.7Hz, ArH), 8.52 (1H, d, J=2.8 Hz, ArH), 10.40 (~0.3H, s, NH), 11.73 (~0.3H,
s, OH) ppm; 'H NMR (DMSO-ds): 6= 6.39 - 6.41 (1H, m, ArH), 7.08 - 7.09 (1H, m, ArH),
7.19 (1H, d, J=9.1 Hz, ArH), 7.31 (1H, d, /= 1.2 Hz, ArH), 8.16 (1H, dd, /J=9.1 Hz, J=2.7
Hz, ArH), 8.33 (1H, d, J = 3.0 Hz, ArH), 10.93 (1H, s, NH), 11.92 (1H, s, OH) ppm; *C NMR
(DMSO-ds): 6 = 111.6, 112.5, 118.2, 125.8, 126.3, 138.5, 140.7, 147.0, 160.7 ppm; IR
(crystalline film): v= 3320, 2921, 2852, 1575, 1539, 1480, 1343, 1285, 1084, 903, 794, 743,
729, 591 cm; HR MS (EI) [M]": calc. 232.0596 for Ci0HsN4Os, found: 232.0598; UV-vis
(DCM): Amax (g) 312 (10965), 412 (26915); UV-vis (MeOH): 314 (12023), 402 (23988), ~
492 nm (broad, 2884); UV-vis (ACN): 316 (12023), 402 (23988); UV-vis (DMSO): 318
(12022), 412 (21878), ~ 526 (broad, 1995); Emission spectra: Aex, Aem (DCM) 400, 618;
(MeOH): 400, 614; (ACN): 400, 614.
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INDEX FREQUENCY PPM INDEX FREQUENCY PPM HEIGHT
3 4283.8  8.57 21 1663.7  3.329 71.3
EW529_1R 2 4281.0 8.566 22 1662.0 3.325 99.7
3 4082.8  8.169 23 1660.4  3.322 71.7
Solvent: cd3od 4 4080.1  8.164 24 649.0  1.299 8.6
Ambient temperature 5 4073.8 8,150
TMOVA-500. 6 4070.8  8.145
7 3577.7  7.158
Mex” 22020 8 3576.6  7.156
Total time 15 min 9 3573.8  7.151
10 3561.2  7.125 -
11 3552.4 7.108
12 3523.3 7.050
13 3522.2  7.047
14 3519.5  7.042
15 3518.4 7.040
16 3214.2  6.431
17 3211.5 6.426
18 3210.4 6.423
19 | 3207.6  6.418
20 2448.3  4.899
-
L.
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Fig. Sla. 'H NMR spectrum of L (methanol-ds).
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INDEX HEIGHT INDEX F JUENCY PPM HEIGHT
1 37.2 21 1096.0  2.193 3.1
EWS30_1H 2 38.9 22 1046.6  2.094 20.9
3 18.7 23 1044.4  2.090 25.5
Solvent: acetons 4 17.1 24 1040.5  2.082  282.2
Ambient temparature 5 20.8 25 1038.3  3.078  552.6
TiA=500 6 20.2 26 1036.1  2.073  792.8
7 22.0 27 1033.9  2.069  543.2
a2 ia020 8 22.0 28 1031.7  2.064  271.4
Total time 15 min 9 36.9 29 974.6 1.950 2.7
10 37.5 30 972.4 1.946 3.8
11 7.1 31 970.3  1.941 2.6
12 17.4 32 648.5  1.298 2.9
13 18.1
14 18.6
s 22.0
16 21.4
17 17.2
18 17.2
19 3.1
20 o
|
e e e R I R E e R e o AN EE R e s EE s e RS T T T
16 14 12 10 8 6 0 ppm
— g ey
2 2 8 o 2
] ] = g
S - - . A
INDEX FREQUENCY PPM HEIGHT
1 4259.7  8.523 37.2
EW330_1n 2 4256.9 8.517 38.9
3 4105.4  8.214 18.7
Solvent: acetone 4 4102.7  8.209 371
Amblent temperature H 4096.1  8.195 20.8
THOVASSD0 6 4093.3  8.190 20.2
s 12 agan 7 3651.9  7.307 22.0
. 8 3650.8  7.305 22.0
#otal time 15:min 9 3602.5  7.208 36.9
10 3593.7  7.190 37.5
11 3574.5  7.152 17.1
12 3573.4  7.150 17.4
13 3570.6  7.144 18.1
14 3238.4  6.480 18.6
15 3235.7  6.474 22.0
16 3234.6  6.472 21.4
17 3231.8  6.466 17.2
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Fig. S1b. 'H NMR spectrum of L (acetone-dg).
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EWS31 18

Solvent: cdica
Ambient temperature
INOVA-500

Mar 2 2020

Total time 15 min
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o e - o - -
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3 8.181 19.2
Solvent: cdlcn 4 8.176 17.6
Ambient temperature : :'i:; :::
THOVA=500 7 7.208 22.0
Mar 2 2020 8 7.149 39.4
Total time 15 min 9 7.131 35.7
10 7.102 17.8
11 7.100 17.5
12 7.095 18.4
13 6.479 17.2
14 6.474 20.8
15 6.466 14.7

_ ,
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Fig. Sic. *H NMR spectrum of L (acetonitrile-ds).
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EW528_1H

Solvent: dmso
Ambient temperature
INOVA-500

Feb 21 2020

Total time 15 min
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Fig. S1d. *H NMR spectrum of L (DMSO-ds).

EW639_13C

Solvent: dmso
Ambient temperature

INOVA-500
Jun 29 2021
Total time 1 hr, 15 min
INDEX FREQUENCY PEM HETGHT
1 20191.1 160.666 22.4
2 18477.5 147.031 17.7
3 17687.3 140.743 23.8
4 17404.5 138.492 19.8
5 15866.3 126.253 32.1
6 15805.0 125.765 34.4
7 14856.6 118.218 38.1
8 14137.4  112.495 39.8
9 14030.0 111.641 16.6
10 5084.3 40.457 1s5.8
11 5063.2  40.289 49.5
12 5042.1  40.121 99.9
13 5021.0  39.953 118.9
1a 4999.9  39.785 101.8
15 4978.8  39.618 50.1
16 4957.7 39.450 16.2
|
|
L “
L o e e e B e T L o B B o B e B B B L B B B B
160 140 120 100 80 60 40 20 ppm

Fig. Sle. **C NMR spectrum of L (DMSO-dg).
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E. Wagner-Wysiecka AUTOSPEC 02-Apr-2020 15:54:33
EW 40 Operator: Marian Olejnik
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Single Mass Analysis
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EW 40 Operator: Marian Olejnik
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100
230.9860
%
218.9856
215.0574 233.0627 242 9856
204.9892 09 0978 2249976  230.9792 Vo 242.9766 242.9944 547 ggeg  254.9802 257 1017
0 1 | o N I - [ 4 I il
200.0 205.0 210.0 215.0 2200 225.0 230.0 2350 240.0 245.0 250.0 255.0 260.0
Minimurm: ~1:w5
Maximum: 5.0 20.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
232.0598 232.0596 0.2 0.9 9.0 10.5 Cl0 H8 N4 O3
232.0610 1.2 =5.2 8.5 15.1 Cl2z H10 N 04
232.0623 =2.5 -10.8 13.5 32.5 C1l3 H6 NS
232.0637 =39 -le.8 13.0 48.1 Cl5 H8 N2 O

Fig. S1f. HRMS (EI) spectrum of L.
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Fig. S2. 'H NMR spectra of L (1.42x102 M) in the presence of equimolar (top) and 5-fold excess (bottom) of
TsOH in DMSO-ds.
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Table S1. The position of signals of aromatic protons of L and their shift in spectra registered in the presence of

p-toulenesulfonic acid (DMSO-dj).

1 2 3 4 5 6 NH OH
L 7.315 6.406 7.096 8.334 8.156 7.20 10.937 11.923
L+1eqTsOH 7.312 6.397 7.095 8.340 8.162 7.20 10.933 (broaden) 11.925
L+5eqgTsOH 7.296 6.397 7.087 8.340 8.155 7.20 not detectable 11.929
,‘ |
| : ii
| L
I ]|
m u .
% 1 \ ‘ 1‘ l\ “
| | /\ | LI
N Joo ‘«“ o // N ‘ | S 4’»-1‘ W W f—
14I 13 1; 1; 1; | I ; ‘ é ; ; 3 ; 1 ppm

1.007
119 @

16.13

Fig. S3. 'H NMR spectrum of L (1.42x102 M) registered in equimolar amount of TBAOH (DMSO-ds).
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Fig. S4. Changes in UV-vis absorption spectra of L (4.05x10° M) in the presence of the excess of metal
perchlorates (added as solid salts) in (a) methanol (b) DMSO.
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Fig. S5. ' H NMR spectrum of L (cp = 1.42x102 M) and its spectrum registered in 10-fold excess of copper(Il)
perchlorate in DMSO-ds.
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Fig. S6. UV-vis titration trace of L (c. = 4.05x10° M) with copper(l1) perchlorate in ACN (a) (cc, = 0-1.22x10*
M) and (b) (ccy = 0-6.53x10"* M). Absorbance is decreasing after crossing the molar ratio 1:3 (L:Cu).
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Fig. S7. Changes in UV-vis spectra of L (2.16x10° M) upon titration with copper(Il) perchlorate in DMSO of
different content of water: (a) 0% (Ccy = 0-7.43x10° M), (b) 10% (ccy = 0-4.67x10°° M), (c) 30% (Ccu = 0-3.85x
10 M), (d) 50% (ccy = 0-3.02x10° M), (e) 70% (Ccu = 0-4.26x107° M) and (f) 90% (ccy = 0-5.07x10° M).
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Fig. S8. Changes in UV-vis spectra of L (2.16x10"° M) upon titration with copper(ll) chloride in DMSO with
various content of water: (a) 0% (Ccu = 0-7.45x10° M), (b) 10% (ccy = 0-4.69x10"° M), (c) 30% (ccy = 0-3.45x
10 M), (d) 50% (ccu = 0-3.03x10° M), (e) 70% (Ccu = 0-4.28x107° M) and (f) 90% (ccy = 0-5.09%10° M).
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Fig. S9. Molar ratio of L (2.16x10"° M) with copper(l1) perchlorate in DMSO with various content of water [%]:
(@) 0% (ccu = 0-7.45x105 M), (b) 10% (Ccu = 0-4.69%10° M), (c) 30% (Ccu = 0-3.45x10° M), (d) 50% (Ccy = O-
3.03x10° M), (e) 70% (Ccu = 0-4.28x107 M) and (f) 90% (ccy = 0-5.09x10° M).
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Fig. S10. Molar ratio of L (2.16x10"° M) with copper(l1) chloride in DMSO with various content of water [%]: (a)
0% (Ccy = 0-7.45x10° M), (b) 10% (ccu = 0-4.69x10° M), (c) 30% (Ccu = 0-3.45x10° M), (d) 50% (Ccy = O-
3.03x10° M), (e) 70% (Ccu = 0-4.28x107° M) and (f) 90% (ccy = 0-5.09x10° M).
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Fig. S11. Color change of L (cL =2.16x10"° M) upon addition of copper(I1) perchlorate/chloride (molar ratio L:Cu)
in DMSO with various content of water: (a) 0%, (b) 10%, (c) 30%, (d) 50%, (e) 70% and (f) 90%.
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Fig. S12. The change of UV-Vis spectrum of L (c. = 2.16x10"° M) upon titration with copper(ll) chloride (ccy =
0-4.28x10° M) in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.
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Fig. S13. Linear responses of L (c. = 2.16x10° M) upon titration with copper(ll) chloride (ccy = 0-4.28x10° M)
in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.
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Fig. S14. (a) The change of UV-vis spectrum of L (c. = 2.16x10° M) upon titration with copper(Il) chloride (ccu
= 0-2.61x10"° M) in the presence of sodium hydroxide (Cnaon = 1.08x10°5 M) in water-DMSO (9:1, v/v) and (b)
spectral response (AA) towards copper(Il) chloride.
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Fig. S15. Regeneration cycles of L (c. = 2.16x10° M) with 0.01 M EDTA solution after addition of copper(ll)
chloride (cc, = 1.08x10° M) in water-DMSO (9:1, v/v) at pH 5.0.

Table S2. Spectrophotometric linear responses and limits of detection of L (c. = 2.16x10"> M) upon titration with
copper(1l) chloride in different solvent mixtures-DMSO (9:1, v/v).

Linear range [M] Equation R? LOD [M]
pH50  6.68x10%-1.58x10° = 26944.8117 - ccy2+ + 0.0020 0.9999 4.98x10
pH7.0  6.68x10®%-1.67x10° = 27126.2702 - ccy2+ + 0.0019  0.9997 4.95x10°8
pHI9.0  6.68x10®%-1.76x10° = 26491.0981 - cc2+ + 0.0020 0.9998 5.06x10

pH5.0-9.0 6.68x10%—1.67x105 = 26818.3153 - ¢ 2+ + 0.0020 0.9998 5.00x1078
NaOH 6.68x10% —2.19x105 = 21633.3621 - cc2+ + 0.0010 0.9997 6.19x1078
AU 6.68x10% —1.58x10° = 22778.1017 - ccyz+ + 0.0019  0.9995 5.89x108
SBF 6.68x10% —1.41x10° = 22927.9814 - cc2+ + 0.0018 0.9995 5.85x108
PBS 6.68x10% —1.93x10° = 21866.0887 - ccy2+ + 0.0010 0.9998 6.14x108

NN KK KKK KK
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Fig. S16. Dependences of color value of L (c. = 2.16x10"° M) upon titration with copper(l1) chloride (ccy = 0-
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4.28x10° M) in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.

Fig. S17. Dependence of color ratio (R/G and B/G) of L (c. = 2.16x10~ M) upon titration with copper(l1) chloride
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(Ccu = 0-4.28x10° M) in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.
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Fig. S18. Dependence of color intensity (Ig) of L (cL = 2.16x10"°> M) upon titration with copper(ll) chloride (cc, =

0-4.28x10° M) in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.
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Fig. S19. Dependence of color change (AErgs) of L (cL = 2.16x10° M) upon titration with copper(I1) chloride
(ccu = 0-4.28x10° M) in water-DMSO (9:1, v/v) solvent mixture at pH: (a) 5.0, (b) 7.0 and (c) 9.0.
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Table S3. Colorimetric linear responses and limits of detection of L (c. = 2.16x10° M) upon titration with

copper(ll) chloride in different solvent mixtures water-DMSO (9:1, v/v).

Method Linear range [M] Equation R? LOD [M]

G 8.92x108-1.50x10° y = —3626600.00 - cc 2+ + 180.49 0.9957 1.25x107

B 8.92x108-1.50x10° y = 1745630.00 - cc,2+ + 119.30 0.9926 1.65x107

oH 5 R/IG 8.92x108-2.01x10° y = 29425.6208 - cc, 2+ + 0.9486 0.9913 2.47x107
B/G 8.92x10%-2.01x10° y = 31877.4469 - ccy2+ + 0.6367 0.9947 1.49x107

le 8.92x10%-2.01x10° y = 10237.933 - c¢, 2+ — 6,3463 0.9988 1.41x107

AErce  8.92x10%-1.58x10° y = 3888790.00 - cc 2+ + 4.31 0.9981 8.33x107

G 8.92x10% - 1.76x10° y = —3767650.00 - ccy2+ + 177.94 0.9986 1.19x107

B 8.92x10% - 1.76x10° y = 2459540.00 - cc2+ + 112.10  0.9691 1.08x107

R/IG 8.92x10% — 1.84x10° y = 30318.4206 - cc2+ + 0.9720 0.9502 2.48x107

PH 7 B/G 8.92x10% - 1.84x10° y = 39377.6271 - Ccy2+ + 0.5962 0.9927 1.13x107
Ig 8.92x10%-1.93x10° y = 11506,789 - cc,2+ — 0.005 0.9965 1.28x107

AErcs  8.92x10%-1.76x10° y = 4353340.00 - cc2+ + 5.83 0.9973 7.72x108

G 8.92x10% - 1.76x10° y = —3768180.00 - ccy2+ + 177.95 0.9986 1.14x107

B 8.92x10% - 1.76x10° y = 2480100.00 - cc 2+ + 11196  0.9686 9.68x10®

R/IG  8.92x10%-1.93x10° y = 32352.5629 - cc 2+ + 0.9972 0.9545 2.41x107

PHO B/IG  8.92x10®%-1.93x10° y = 43896.2284 - c.2+ + 0.5400 0.9922 9.57x1078
I 8.92x10%-2.10x10° y = 11629,740 - cc,2+ — 0.013 0.9938 1.91x107

AErce  8.92x10%-1.84x10° y = 4649150.00 - cc 2+ + 3.11 0.9979 6.37x108

G 8.92x10% - 1.50x10° y = —2955360.00 - Couz+ + 159.81  0.9967 1.52x107

B 8.92x10% - 1.41x10° y = 4107680.00 - Coy2zt + 76.11 0.9949 1.10x107

SBF R/IG 8.92x10% - 1.93x10° y = 21065.7868 - cc 2+ + 1.1384 0.9917 2.28x107
B/G 8.92x10%-2.18x10° y = 44917.0613 - cc 2+ + 0.4568 0.9974 1.07x107

Ig 8.92x10% - 1.84x10° y = 9079.049 - cc 2+ + 0.012 0.9978 1.65x107

AErcs  8.92x10%-1.32x10° y = 5194630.00 - cc2+ + 4.18 0.9993 8.66x108
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Fig. S20. Response time of optode with L upon immersion in copper(Il) solution in pH 5.0.
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Fig. S21. Regeneration cycles for optodes in 0.1 M HCI solution after contact with copper(Il) chloride solution

(ccu = 1.08%107° M) at pH 5.0.
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Fig. S22. Dependence of the change of absorbance at wavelength corresponding to the optode maximum (A412)

on the subsequent uses of membrane after contact with solutions with different concentration of copper(Il) ions.
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3 Table S4. Colorimetric linear responses and limits of detection of optode upon titration with copper(ll) chloride

3 at pH 5.0.

S

N . .

% Method Linear range [M] Equation R? LOD [M]

5 G 431x107-2.48x10° y = 1378590.00 - cc 2+ + 184.56 0.9979 9.72x107

g R/IG 2.16x107 -1.72x10* 'y = 5807.5987 - cc 2+ + 0.9464  0.9879 8.27x107
B/G 431x107-1.72x10* 'y = 5059.1818 - ¢ 2+ + 0.2962 0.9940 9.49x107

I 2.16x107 -2.48x10° 'y = 3591.6045 - cc 2+ + 0.0093  0.9959 4.57x107

ABrge  4.31x107-2.48x10° y = 1476470.00 - cc 2+ + 6.67 0.9993 4.06x107
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Table S5. Elemental composition of drinking water samples.

Drinking water

mg/L

1 2 3
Na* 11.00 91.50 33.17
K* 5.00 7.50 3.73

Mg?* 21.90 103.50 61.62
Ca? 130.30 228.60 325.80
HCO3 539.10  1479.90  1314.00

S04~ 1.00 16.30 16.50
1~ 5.00 17.70 8.93
F~ 0.50 0.05 0.11

H2SiO4 - 35.00 -

SiO; 22.10 - -

CO; - <1500.00 <1500.00

Table S6. Elemental composition of Qnova calibration solution.

216

Qnova calibration solution [ug/L]

Be2+

Zn2+

Cu?*, Ni%

AR, Ga¥, Mg?*

Co?, Li*, Sc**

Ag*, Mn?*

Sr2+

Ba?*, TIS*

Bi%*, Ce?*, Cs*, Ho%*, In®, Rh%, Ta®, Th3*, U0+, Y&

35.00+1.75
20.00£1.00
15.00+0.75
10.00+0.50
8.00+0.40
6.00+0.30
5.00+0.25
4.00+0.20
3.00+0.15
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ARTICLE INFO ABSTRACT
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New diazo macrocycles linked by hydrocarbon chain bearing imidazole or 4-methylimidazole residue have been
synthetized with satisfactory yield (24-55%). The structure of macrocycles was confirmed by X-ray analysis and
spectroscopic methods (IH NMR, MS, FTIR). Metal cation complexation studies were carried out in acetonitrile
and acetonitrile-water system. It was found that azomacrocyles form triple-decker complexes with lead(II). The
highest values of stability constant were found for lead(I) complexes of 21-membered derivatives. For the first

time azomacrocycles bearing imidazole residue were immobilized on a porous glass. Obtained materials can act
as lead(II) or copper(Il) colorimetric optical sensors with color digital analysis as detection using simple portable

devices.

1. Introduction

The presence of harmful compounds including heavy metals in food,
such as fish, vegetables and fruit, associated with increasing environ-
mental pollution is an ever-growing global problem [1-3]. Water is an
essential nutrient and the most important solvent for living organisms.
Its availability is decreasing and its pollution is increasing [4]. Pollution
of water, soil [5-8] and air [9-12], causes accumulation of hazardous
metals in aqueous systems [13], and animal [14] and plant organisms
[15]. Consumption of contaminated food is associated with frequent
poisoning as well as dangerous diseases caused by the accumulation of
heavy metals in the human body [16-21]. Some heavy metals such as
chromium, manganese, nickel, zinc, iron or copper are key elements
necessary for the proper functioning of the human body, however, also
their elevated levels are dangerous for health and life [22,23]. On the
other hand, heavy metals such as lead, cadmium, mercury or arsenic
pose a serious ecological threat and are toxic to living organisms and
their accumulation may result in kidney dysfunction, brain tumors and
metabolic disorders [24]. Early and rapid detection of elevated levels of

heavy metals and other harmful compounds in biological and environ-
mental samples is of great importance and crucial in maintaining health
[25]. Valuable analytical tools which can be used for this purpose are
optical sensors which serve fast and reliable detection/determination of
analytes of different nature [26-33]. Constantly popular are chemical
optical sensors, including optodes, due to their simplicity and possibility
of non-instrumental detection, i.e. detection and determination with the
naked eye, as well as low hardware requirements [34-37]. Receptor
layers of optical sensors are characterized by relatively high sensitivity
and selectivity, relatively simple and low cost preparation and relatively
fast response time [38-41]. Optical sensors allow determination of many
chemical species of different properties and chemical nature, depending
on the receptor layers used. Among various solutions of preparation of
optical sensor layers porous glasses can be used for the immobilization
chromo(fluoro)ionophores. Comparing, for example polymeric matrix
often used in classical optodes, such materials offer the photochemical
and thermal stability, which is limited by the duration of the chro-
moionophore and the rest of the components (plasticizer, ionic additives
etc.) of the layer [42]. Among the others, colorimetric and fluorescent
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pH sensors using covalently immobilized pH indicators onto porous
glasses were obtained [43-46]. Porous matrix materials were also in-
terest as optical sensing of gaseous oxygen [47]. The advantage is the
longer life time of sensing material comparing materials where physical
immobilization is used. However the weak point is the preparation of the
sensing layer, which usually needs a multi step preparation protocol.

Large group of the optical sensors is based on supramolecular
approach, where in the sensor matrix selective towards a particular
analyte (guest) host molecule is immobilized. Among such solutions
interesting are those which use chromogenic receptors. It differs from
traditional optodes for which the most often solution is using ionophore
responsible for analyte recognition and chromophore (usually acid-base
indicator) thanks to which the optical signal is generated. One of the
advantages of such an approach is the limitation of the chemical com-
ponents of the sensing layer. Among colored metal ion receptors large
group of effective chromionophores constitute azo compounds [48,49]
and among them macrocylic azo derivatives [50,51]. Application of
well-designed macrocylic receptors discriminating metal ions according
to their size can significantly improve selectivity of optical sensors.
However the synthesis of the macrocyclic compounds is often laborious
and challenging [52-54]. Among chromogenic macrocyclic compounds
an interesting group of are molecules with two azo groups and hetero-
cyclic moiety constituting a part of macroring. Compounds of this type
have been obtained in our group in relatively facile synthetic protocols
with satisfactory yields [55-61]. The high selectivity towards metal
cations enabled using macrocyclic pyrrole derivatives as ionophores in
lead(II) selective ion-selective electrodes [56] and optodes [61].
Macrocyclic derivatives bearing imidazole moiety as a part of macro-
cycle have been also investigated as ionophores in membrane
ion-selective electrodes [59]. Some macrocyclic imidazole derivatives
were encapsulated in silica xerogel matrices and proposed as optical
chemical recognition elements [62].

Promising results obtained for optodes based on macrocyclic pyrrole
derivatives [61] have encouraged us to study the influence of the type of
heterocyclic moiety on selectivity of the chromogenic receptor layers
towards metal ions. Therefore, the aim of the work is to investigate the
properties of macrocyclic imidazole derivatives as chromoionphores and
to determine their possible use in the receptor layers of optical sensors.
New macrocyclic derivatives of imidazole and 4-methylimidazole be-
sides previously obtained were also synthetized for the purposes of this
study. Moreover, the goal of this paper is the assessment of the appli-
cation of the porous glass as solid support for chromoionophore
immobilization — as easy and non-labor and non-time consuming user
friendly optical sensors with digital color analysis used as detection
mode.

2. Experimental
2.1. Materials

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. For metal
cation complexation, lithium perchlorate (99.9%, Sigma Aldrich), so-
dium 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(Il) perchlorate hexahydrate (98.0%, Sigma
Aldrich), nickel(II) perchlorate hexahydrate (>98.5%, Sigma Aldrich),
copper(ll) perchlorate hexahydrate (98.0%, Sigma Aldrich), zinc
perchlorate hexahydrate (Sigma Aldrich), cadmium perchlorate hexa-
hydrate (Alfa Aesar) and lead(II) perchlorate trihydrate (>99.0%, Sigma
Aldrich). For acid-base properties studies p-toluenesulfonic acid mono-
hydrate (pure, POCH, Gliwice, Poland), tetra-n-butylammonium hy-
droxide 30-hydrate (98%, Sigma-Aldrich, Steinhaim, Germany) were
used. Metal nitrates: sodium nitrate (>99.8%, POCH), potassium nitrate

Dyes and Pigments 219 (2023) 111610

(>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(II) nitrate
hexahydrate (>98.0%, POCH), nickel(II) nitrate hexahydrate (>98.0%,
POCH), copper(Il) nitrate trihydrate (>99.5%, Merck), zinc nitrate
hexahydrate (>98.0%, POCH), cadmium nitrate tetrahydrate (>98.0%,
POCH) and lead(II) nitrate (>99.0%, Alfa Aesar). Porous glass (poly-
styrene modified, particle size 0.075-0.125 mm, M,y ~ 120000 Corning)
was used for preparation of sensing layers. UV-Vis measurements were
carried out in acetonitrile (spectroscopic-grade, Merck). All aqueous
solutions were prepared using ultra-pure water obtained by the reverse
osmosis (RO) from Hydrolab Poland station (conductivity <1 pS/cm’l).
For preparation of sensing layers dichloromethane (p.a. POCh) was used
as a solvent. In synthetic protocols p.a. solvents were used. TLC plates 60
RP-18 Fys4 for lipophilicity determination, TLC plates 60 Fy54 for reac-
tion 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 and '>C NMR spectra were recorded on a Varian INOVA 500
spectrometer at 500 and at 125 MHz, respectively. Chemical shifts are
reported in § (ppm) units. FTIR spectra (ATR) were taken on the Nicolet
iS10 apparatus. Mass spectra (LR and HRMS EI) were taken on a Auto-
spec Premier (Waters) spectrometer. UV-Vis measurements were car-
ried out in 1 ecm quartz cuvettes with the use of an UNICAM UV 300
series spectrometer. 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 cm) was used to guar-
antee the reproducibility of the photos (PULUZ, Photography Light Box,
Shenzhen Puluz Technology Limited). The phone which camera was
used for the photos was the Apple iPhone 7 Plus.

2.3. Synthesis of macrocycles 1-4

Macrocycles 1-4 were obtained by diazocoupling of diazonium salt
with imidazole or 4-methylimidazole using synthetic protocols elabo-
rated on our group [55-60]. The procedure of the synthesis and struc-
tural characterization of newly obtained macrocycles are given in
Electronic Supplementary Information (ESI).

2.4. X-ray structure determination

Diffraction intensity data for 1, 3, 4 and 6 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 CryoStream-800 device (Oxford CryoSystem, UK) dur-
ing 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 structures were solved using
intrinsic phasing implemented in SHELXT and refined anisotropically
using the program packages Olex2 [63] and SHELX-2015 [64]. 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. All NH
atoms were found in the Fourier electron density map and refined with
N-H bond length constrained to 0.86(2) A.

Structure of 1 was solved in the space group P2;/c and refined
without any special treatment. Structure 3 was refined with the
assumption the electron density in the mean unit cell has higher sym-
metry than actual molecules. The mean electron density is an average of
the molecule and its mirror reflection. Thus, the asymmetric unit, being
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half of the molecule, contains N3-H3 and (C11-H11 and N4) and C9,
H9A, H9B atoms with occupation factor equal to Y. It is worthy to add,
that initially the solution was found in polar space group Pna2;, but
PLATON finds additional symmetry, leading to the reported solution in
space group Pnma. In order to maintain numerical stability restrains of
equal ellipsoids were applied to (half occupied) atoms N4 and C11,
sharing the same positions.

Structure of 4 was solved in the space group P2;/c and refined
without any special treatment.

Compound 5 crystallizes in the space group I2/m (No. 12, cell choice
3 of C2/m). Cell parameters: (a, b, ¢ (A); a, p,y(°)=7.7187 (17), 31.861
(9), 29.749 (6); 90, 94.805 (17), 90). The structure was solved, but not
refined to a satisfactory quality and therefore it was not deposited in the
Cambridge Database. Raw results indicate the asymmetric unit contains
one regular macrocycle molecule and two halves of the two other,
chemically identical, macrocycles, both having a mirror m symmetry.
Each macrocyclic molecule is accompanied with a water molecule
forming hydrogen bonding with an imidazole N-atom directed to the
ring centre.

Structure of compound 6 was solved in the space group P2712;2; and
refined without any special treatment, but the absolute structure is un-
certain since no heavy atom is present. Crystal data and structure
refinement details for all crystal determined structures are collected in
Table 1.

2.5. Structure determination in solution

The NMR spectra of 4 and 6 were recorded using a Varian INOVA
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500 Spectrometer operating at 499.795 MHz in DMSO-d;, solutions in
ambient temperature. Chemical shifts are reported in 6 (ppm) units
using H (residual) from DMSO-ds (2.49 ppm) as internal standard. 1D
'H NMR spectra were collected with standard parameters (45° pulse
length 3.9 ps and the delay time 1s). The 2D NMR spectra of 4 and 6
were recorded in ambient temperature. The ROESY spectrum was
collected in the phase-sensitive mode with a spectral width of 5856 Hz
and a mix time of 300 ms in a 4100 x 280 matrix with 16 accumulations
per increment in a 4K x 1K matrix. The gHSQC and gHMBC experiments
of all samples were performed with pulse field gradients. The gHSQC
spectra were acquired in the phase-sensitive mode with LJ(CH) set to
146 Hz. The spectral windows for 'H and '®C of axes were 5856 Hz and
20111 Hz, respectively. The data were collected with 64 accumulations
per increment in a 1610 x 170 matrix and processed in a 2K x 2K
matrix. The gHMBC spectra were acquired in absolute value mode with
"J(CH) set to 8 Hz. The spectral windows for 'H and *C of axes were
5856 Hz and 23881 Hz, respectively. The data were collected with 112
accumulations per increment in a 2620 x 170 matrix and processed in a
2K x 2K matrix.

2.6. Lipophilicity (logPryc)

The lipophilicity values of chromoionophores were determined by
TLC method [48,60,66] using reversed phase RP18-TLC chromatog-
raphy and mixture methanol:water (9:1, v/v) as a mobile phase. As
standards BBPA, DBP, DOP, DOS and NPOE were used. LogPyy ¢ values
were determined by comparison of Ry values for standards and
macrocycles.
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Table 1
Crystal data and structure refinement details for all crystal structures determined.
Deposition No. 1 3 4 6
2256005 2256006 2256007 2256008
Crystal data
Chemical formula Cy9H;8N6O2 Ca0H20N602 Co1H2oN6O5 CoHz0N6 03
M, 362.39 376.42 390.44 392.42
Crystal system, space group Monoclinic, P2,/c Orthorhombic, Pnma Monoclinic, P2,/c Orthorhombic, P2,2,2,
Temperature (K) 120 120 120 120

a, b, ¢ (A)

a v ()

V(A%

Z

Radiation type

g (mm 1)
Crystal size (mm)

10.8716 (11), 7.0094 (4), 22.680 (2)

90, 91.818 (8), 90
1727.4 (3)

4

Mo Ka

0.10

0.21 x 0.18 x 0.02

6.9729 (18), 15.911 (6),
16.167 (5)

90, 90, 90

1793.7 (10)

4

Mo Ka

0.10

0.21 x 0.11 x 0.02

15.677 (3), 11.0103 (16), 11.4065 (19)

90, 103.907 (13), 90
1911.2 (5)

4

Mo Ka

0.09

0.38 x 0.07 x 0.05

4.0512 (3), 16.296 (2),
27.797 (3)

90, 90, 90

1835.1 (4)

4

Mo Ko

0.10

0.28 x 0.08 x 0.03

Data collection

Diffractometer

Absorption correction

Tmiln Tumx

No. of measured, independent and
observed [I > 20(I)] reflections

le

(5in 0/A)ax (A1)

STOE IPDS 2T
Multi-scan”

0.267, 0.997
13715, 3050, 2007

0.087
0.595

STOE IPDS 2T
Multi-scan”

0.444, 0.997
12590, 2506, 2008

0.035
0.691

STOE IPDS 2T

17724, 4175, 3395

0.080
0.639

STOE IPDS 2T

7259, 2994, 1924

0.100
0.580

Refinement

RIF? > 20(F*)], wR(F%), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmaxs APmin (€ A 3)
Absolute structure

Absolute structure parameter

0.073, 0.194, 1.13

3050

248

1

H atoms treated by a mixture of
independent and constrained
refinement

0.30, -0.38

0.039, 0.104, 1.01
2506

130

0

H-atom parameters
constrained

0.28, ~0.20

0.068, 0.195, 1.03

1175

266

1

H atoms treated by a mixture of
independent and constrained
refinement

0.31, —0.35

0.107, 0.277, 1.16
2994

264

1

H-atom parameters
constrained

0.34, -0.33

Refined as an inversion
twin.

0(7)

* Multi-scan: STOE LANA, absorption correction by scaling of reflection intensities Afterwards a spherical absorption correction was performed within STOE LANA

[()."1].
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2.7. Metal cation complexation

Metal cation complexation studies were carried out using UV-Vis
titration in acetonitrile and the mixture of acetonitrile with water. The
stock solutions of macrocycles (~1073 M), metal perchlorates (~107?
M), TsOH (~10"2 M), TBAOH (~10"2 M) nitrates (~10"2 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 [67]
program on the basis of titration experiment data.

2.8. Sensing layers preparation

Sensing materials based on porous glass (PG-PS) with different
chromoionophore content (mg of chromoionophore per g of porous
glass) were prepared using as working solutions of chromoionophores at
a concentration of 0.1 mg/mL. Then 1.25, 2.5, 3.75 and 5 mL of solution
was diluted to 10 mL with dichloromethane and next added to 500 mg of
PG-PS to obtain sensing materials of 0.25, 0.5, 0.75 and 1 mg/g chro-
moionophore content per g of solid material. The mixture was stirred for
10 min and after that the mixture was transferred onto the Petri dish to
evaporate solvent. The properties of the receptor layers were studied
after immobilization using double-sided tape of the prepared material
on 0.9 x 4.5 cm glass plates.

2.9. Measurement procedures-digital color analysis

Pictures of sensor layers were analyzed using free software ImageJ
[68,69]. The change of optode color given as AEggp [48,61,70] was
calculated using the equation: AEpgs = [(Ro- R)? + (Gy- G)? +
(BO—B)2]1/ 2 where Ry, Gp and B values correspond to color of layer in

the absence of metal salt, and R, G and B values correspond to color of 60 - - 55
layer in the presence of metal salt. Limits of detection (LOD) for copper 1 |l hydrocarbon linker
(1) and lead(II) were calculated DL = 1037?74l where ¢ is the standard 50 - oligoether linker
deviation of the blank, b is intercept and a is the slope of the linear 42 45
function AERgp = f(logarithm of molar concentration of analyte). 40 4 37 40
35 35
3. Results and discussion 9 30
. _— 3 24
3.1. Synthesis and characterization of macrocycles i~
20

New azomacrocycles 1-4 (Scheme 1) were obtained in analogous
way as their oligoether analogs 5-8 [55,59]. The respective diazonium 104
salt obtained from diamine 12 (or 13) was diazocoupled with imidazole
or 4-methylimidazole under high dilution conditions. In this way new 5

17- and 18-membered crowns 1,2 and 3,4 respectively were obtained.
It can be noted that macrocyclization yield for 1-4 is slightly higher
for reactions where 4-methylimidazole was used as a substrate. Yields of
compounds 1-4 linked by hydrocarbon chain are in general lower than
for oligoether analogs 5-8. Interestingly for oligoether linked com-
pounds 5 and 7 bearing imidazole residue yields are higher than for

Dyes and Pigments 219 (2023) 111610

macrocycles bearing 4-methylimidazole moiety. Yield of macro-
cyclization for compounds 1-8 is compared in Fig. 1. It can be stated that
macrocyles with imidazole/4-methylimidazole rings are compounds
obtained in relatively facile way with satisfactory (when regarding
macrocyclization reactions) 24-55% yields. It makes above macrocycles
promising potential metal cation complexing reagents in analytical
chemistry providing that presenting satisfactory selectivity.

The structure of all new compounds was confirmed by spectroscopic
methods: 'H and '*C NMR, HRMS and FTIR spectra (ESI Fig. S1-S16).
The structure of macrocycles crystalizing in a form suitable for X-ray
analysis was confirmed in a solid state. The structure of selected mac-
rocycles was also investigated in solution using NMR spectroscopy (vide
infra).

3.2. Description of X-ray structures

Compound 1 forms red, needle — like crystals with monoclinic
symmetry. Structure of 1 was solved in the space group P2;/c and
refined without any special treatment. Crystallographic details are listed
in Table 1. The asymmetric unit contains one macrocyclic molecule.
Atom labeling scheme is shown in Fig. 2.

Imidazolic N-H group is directed to the center of the macrocycle and
does not form any hydrogen bonding in the crystalline state. The whole
molecule is twisted, which manifests in a dihedral angle between the
phenyl rings C4-C9 and C14-C19 equal to 20.2(2). The imidazole ring is
almost coplanar with phenyl C14-C19, perhaps due to stacking in-
teractions. Such an interaction with 3.858(2) A inter-centroid distance is
indeed formed between the imidazole ring and C14-C19 phenyl ring
from a neighbour molecule, generated by inversion symmetry (1-x, 2-
y,1-2).

0 1 2 3 4 5 6 7 8
Macrocycle

Fig. 1. The comparison of macrocyclization yield for compounds 1-8. (No. of
4-methylimidazole derivatives are red underlined).
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-
Z -
e

il H,NNH,
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NO, O,N EtOH
9.n=4 M1.n=4
10.n= 12.n=5
n
a) NaNO,, HCI CEO—(CH;)n
b) imidazole or z Yield @ H WD Yield [55,59)
4-methylimidazole, - > o |
water, pH ~11 1.n=4R=H, 24,,/" N }4 5.n=1,R=H, 42%
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P A \ 4 TnasRal g5%
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Scheme 1. Synthesis of macrocyclic compounds 1-4 with hydrocarbon linker and formulas of macrocycles bearing oligoether moiety 5-8.
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Fig. 2. Molecular view of 1, showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.267(4), N5-N6 1.268(4), N1-C1 1.347(5), N1-C3 1.360(5),
N2-C1 1.323(5), N2-C2 1.381(5), C2-C3 1.373(5), N5-C1 1.408(5), N3-C3
1.392(5); valence angles: C9-01-C10 116.1(3), C14-02-C13 120.6(3),
C1-N1-C3 106.5(3), C1-N2-C2 104.2(3), C3-C2-N2 109.7(3), N4-N3-C3
111.0(3), N3-N4-C4 114.9(3); torsions C8-C9-01-C10  104.3(4),
€9-01-C10-C11 158.2(3), 01-C10-C11-C12 173.0(3), C10-C11-C12-C13
161.4(3), C11-C12-C13-02 -62.6(4), €12-C13-02-C14-179.3(3),
(€13-02-C14-C19 13.6(6).

Compound 3 forms red crystals of needle habit. Its structure was
solved and refined in the orthorhombic system, space group Pnma with
four molecules in the unit cell. Structure 3 was refined making an
assumption that the electron density in the mean unit cell has higher
symmetry than actual molecules. The mean electron density is an
average of the molecule and its mirror plane reflection. Thus, the
asymmetric unit, being half of the molecule, contains N3-H3 and
(C11-H11 and N4) and C9, H9A, H9B atoms with occupation factor
equal to 2 (see Fig. 3). Dihedral angle between ring C1-C6 and its
symmetry related counterpart (by mirror plane with symmcode: (x, 3/2
-y, z)) is equal to 43.20(4)°.

Structure of 4 was solved in the space group P2;/c and refined

Fig. 3. Molecular view of 3 showing atom labeling scheme of the asymmetric
unit and the molecule. Displacement ellipsoids drawn at 50% probability level.
Atoms with repeated labels are related by the mirror symmetry (x, 3/2 -y, z).
Selected bond lengths (A) and angles (°): N1-N2 1.2700(14), 01-C1 1.3574
(13), 01-C7 1.4382(13), N1-C2 1.4031(16), N2-C10 1.3918(17), N3-C10
1.3627(14), N4-C10 1.3409(17), N4-C11 1.404(17); valence angles: C1-01-C7
118.16(9), 01-C7-C8 106.93(9), N2-N1-C2 116.02(10), N1-N2-C10 109.86
(10), N3-C10-N2 123.99(10), N4-C10-N2 126.74(12), N4-C10-N3 109.14
(12); torsions C6-C1-01-C7  -5.90(16), C1-01-C7-C8 177.71(9),
01-C7-C8-C9 61.59(13), C7 €8 C9 C8#1 178.46(8).
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without any special treatment. The asymmetric unit contains one
molecule and the unit cell four (Z = 4). Atom numbering scheme is
shown in Fig. 4.

Again the imidazolic NH group is not engaged in hydrogen bonding.
Bond lengths and valence angles are rather typical. The rings in the
molecule are not coplanar. Dihedral angle between rings C5-C10 and
C16-C21 equals to 26.72(12)°. Imidazole ring forms dihedral angles of
15.51(13)° with C5-C10 and 17.75(13)° with C16-C21 ring. Stacking
interactions seems to play a secondary role in crystal packing due to
large slippage of all the rings.

Compound 5 crystallizes in the space group 12/m (No. 12, cell choice
3 of C2/m). Cell parameters: (a, b, ¢ (A); a, f,y(°)=7.7187 (17), 31.861
(9), 29.749 (6); 90, 94.805 (17), 90). The structure was solved, but not
refined to a satisfactory quality and therefore it was not deposited in the
Cambridge Database. Raw results indicate the asymmetric unit contains
one regular macrocycle molecule and two halves of the two other,
chemically identical, macrocycles, both having mirror m symmetry.
Each macrocyclic molecule is accompanied with a water molecule
forming hydrogen bonding with an imidazole N-atom directed to the
ring centre.

Compound 6 also forms red needle crystals. Structure of 6 was solved
in the space group P2,2,2, and refined as the 2-component inversion
twin (basf refined to meaningless —0.04537+-7.2). Atom labeling
scheme is shown inFig. 5. Bond lengths and valence angles are not un-
usual. The imidazole N-H group is directed to the centre of the macro-
cycle but no hydrogen bonding is formed.

Etheric O2 atom is placed ca. 1 A above the common molecular
plane. The imidazole ring and C15-C20 phenyl ring are almost coplanar
(1.7(7)°) and the other C5-C10 phenyl ring is only slightly twisted
forming a dihedral angle equal to 11.2(7) ° to the imidazole ring.
Stacking interactions play a marginal role in the crystal packing since
the shortest ring inter-centroid distances are greater than 4 A (based on
PLATON results).

3.3. Structure in solution

The structure of 18-membered derivatives bearing 4-methylimida-
zole, namely compounds 4 and 6, was investigated in solution using

Fig. 4. Molecular view of 4 showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.278(3), N5-N6 1.273(3), 01-C10 1.352(3), O1-C11 1.440(3),
N1-C1 1.345(3), N1-C3 1.365(3), N2-C1 1.331(3), N2-C2 1.371(3), C2-C3
1.386(3), C2-C4 1.491(3), N3-C3 1.374(3), N4-C5 1.403(3); valence angles:
C10-01-C11 118.68(18), €16-02-C15 117.78(16), C1-N1-C3 106.87(18),
C1-N2-C2 104.58(18), N2-C1-N1 112.70(19), N2-C2-C3 109.84(19),
N1-C3-C2 105.99(18); torsions: C5-C10-01-C11 169.6(2), C10-01-C11-C12
169.5(2), 01-C11-C12-C13 61.8(3), C11-C12-C13-C14 -175.1(2),
C12-C13-C14-C15 -178.85(19), C13-C14-C15-02 -60.5(3),
C16-02-C15-C14 -177.98(19).
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Fig. 5. Molecular view of 6 showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.290(13), N5-N6 1.269(14), N1-C1 1.363(15), N1-C2 1.372(14),
€2-C3 1.367(17), €3-C4 1.491(17), O1-C10 1.385(14), O1-C11 1.430(12),
02-C12 1.435(12), 02-C13 1.437(12); valence angles: C10-01-C11 124.2
(10), €12-02-C13 111.9(8), €15-03-C14 119.5(8), N2-C1-N1 112.2(11),
C1-N2-C3 104.5(10), C2-C3-N2 109.4(11), C3-C2-N1 107.8(11), C1-N1-C2
106.0(11); torsions: C5-C10-01-C11 -2.4(19), C10-01-C11-C12n 175.6(9),
01-C11-C12-02 -178.6(8), C11-C12-02-C13 -85.4(11), €12-02-C13-C14
169.2(10), 02-C13-C14-03 -69.1(12), C13-C14-03-C15 -175.5(9),
(€14-03-C15-C16 -4.4(16).

NMR spectroscopy to find out if the linker type affects the position of
N-H imidazole proton. The ROESY spectrum of the 4 clearly indicates
that the aromatic proton is bound to the nitrogen N1(cf. crystal structure
Fig. 6) of imidazole, setting the N-H proton inside the molecule’s
macrocyclic ring. The proton exhibits the ROE effect to the methylene
group of the aliphatic chain. If the proton was bound to the second
imidazole nitrogen (N2), then a strong cross-space correlation to the
methyl group should be observed in the ROESY spectrum.

The ROESY spectrum of 6 (Fig. S16a) does not show diagnostic ef-
fects, which could define the position of the aromatic N-H proton. Only
on the basis of the lack of interaction with the methyl group can it be
suggested that the discussed proton is also bound to the same nitrogen of
imidazole ring, like in the case 4.

CH).-
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3.4. Lipophilicity

The lipophilicity of newly obtained compounds 1-4 and oligoether
analogs 5-8 with imidazole and 4-methylimidazole residues were
determined to link this parameter with their chromoionophoric prop-
erties when studied in solution and incorporated in the receptor layer.
The lipophilicity of these compounds has not been determined before.
The lipophilicity (logPric) parameters determined using reverse phase
thin layer chromatography method [48,60,66] for macrocycles 1-8 are
presented in Fig. 7 and collected in Table S1.

As expected, the logPyy ¢ values obtained for compounds (1-4) with a
hydrocarbon chain are greater than those received for macrocyles (5-8)
with an oligoether linkage. However, the exception is compound 6,
which, despite having a shorter chain, has a higher lipophilicity value
than the rest of the oxygen analogs. In addition, the type of substituent in
the imidazole structure also affects the logPry¢ value - 4-methylimida-
zole derivatives are more lipophilic than macrocyles (1, 3, 5 and 7)
bearing unsubstituted imidazole.

10
I hydrocarbon linker
8 - [ oligoether linker
6 -
(8]
]
o
8 o
2 -

1 2 3 4 5 6 7 8
Macrocycle

Fig. 7. Comparison of lipophilicity parameter (logPyi¢) for macrocycles 1-8.
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Io mwcn.).-] . =

N
T

F1(ppm)
X

1 L A

Fig. 6. ROESY spectrum of 4 in DMSO-d,.
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3.5. Acid base-properties of novel macrocycles 1-4

Color properties of macrocyclic compound 1-8 are affected by the
presence of the methyl group in the imidazole ring. In general 4-methyl-
imidazole derivatives have deeper colors both in acetonitrile and its
mixture with water.

The acid-base properties of the newly obtained compounds 1-4 were
tested in acetonitrile and in a mixture of acetonitrile:water (9:1, v/v). In
all cases, more or less intense changes in the color of solutions are
observable, both in the presence of p-toluenesulfonic acid (TsOH) and
tetra-n-butylammonium hydroxide (TBAOH) (Fig. S17). In the case of
compounds 2-4, the addition of water to acetonitrile causes a partial or
complete color withdrawal to the color corresponding to macrocyclic
compounds in acetonitrile. Only for compound 1 a color change from
orange to yellow is maintained in the presence of p-toluenesulfonic acid
in a solution of acetonitrile:water 9:1 (v/v). Color changes caused by the
pH alteration are relatively more distinct for oligoether bearing mac-
rocycles 5-8. The observed color changes can be explained by the course
of absorption spectra registered in the presence of p-toluenesulfonic
acid. It is exemplified by absorption spectra registered for spectropho-
tometric titration of compounds 1-4 with TsOH in acetonitrile
(Fig. 518). The presence of acid is manifested by the increase of the
intensity of the absorption bands below 450 nm. The main absorption
band corresponding to protonated form is slightly red shifted, however it
largely overlaps the main absorption band. In Fig. S19 spectral changes
upon titration of compounds 1-4 with TBAOH in acetonitrile are pre-
sented. Bands corresponding to deprotonated forms of macrocycles are
observed at ~510 nm (for 1 and 3) and ~540 nm (for 2 and 4). It ex-
plains more significant color changes of solutions from orange to purple
of compounds 2 and 4 and only a deepening of the color in the case of
solutions of compounds 1 and 3. In Table 52 UV-Vis spectral charac-
terization of compounds 1-4 in acetonitrile is presented.

Color properties of macrocyclic compound 1-8 are affected by the
presence of the methyl group in the imidazole ring. In general 4-methyl-
imidazole derivatives have deeper colors both in acetonitrile and its
mixture with water than imidazole bearing macrocycles. When
comparing the position of the longwave absorption maximum (Fig. 8) in
acetonitrile for 4-methylimidazole derivatives and imidazole ones it is
well seen that the last absorbs at lower wavelengths. Comparing the
position of absorption bands it can be concluded that excitation energy
for 4-methylimidazole derivatives is lower. The electronic effect of the
methyl group can contribute to this phenomena. However one of the
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Fig. 8. Comparison of the position of the longwave absorption bands of mac-

rocycles 1-4 in acetonitrile (No. of 4-methylimidazole derivatives are
red underlined).

224

P4 — PUBLIKACJA

Dyes and Pigments 219 (2023) 111610

factors which affect the absorption of light is geometry of the molecule.
If a molecule is planar then the energy of excitation is lower and as a
result the absorption maximum is bathochromically shifted when
comparing molecules of similar type, but of disordered planarity. This
can find confirmation in comparison of crystal structures of molecules 3
and 4 (having in mind that the direct comparison cannot be done,
because of the different chemical environment of the molecule in a solid
state and in solution). Molecule of compound 4 is more planar than the
molecule of macrocycle 3. And probably thus 4-metyhlimidazole
macrocyclic azoderivatives have deeper colors.

3.6. Metal cation complexation of in solution

The first step of the study of chromoionophic properties of com-
pounds 1-8 included the investigation of color changes of solutions in
the presence of metal salts. In Fig. 520 color of the solutions of com-
pounds 1-4 (qualitative tests carried out as an addition to the solution of
the macrocyclic compound of excess salt in solid form) in the presence of
alkali and alkaline earth metal perchlorates. The presence of the above
metal perchlorates has no significant effect on the color of solutions of
compounds 1-4 with hydrocarbon linker in acetonitrile and acetonitrile:
water (9:1, v/v) solvent system. On the other hand, the color of solutions
of oligoether derivatives 5-8 is affected by the presence of alkali and
alkaline earth metal perchlorates. Color changes from orange to yellow.
The different affinity of compounds 1-4 and 5-8 to alkali and alkaline
earth metal cations can be explained on the basis of the hard and soft
acid and bases theory. Alkali and alkaline earth metal cations are hard
acids interacting with hard bases. Oxygen atoms act as hard donor
centers in oligoether moiety. Macrocycles 5-8 are richer in coordination
oxygen atoms, thus their affinity towards hard metal cations is higher.
The presence of water - acting as a competitive ligand - causes a partial
or complete return to the color corresponding to the original color of the
macrocycle solution, which is an effect of high hydratation energies of
alkali and alkaline earth metal cations in water.

Besides oxygen coordination centers in investigated macrocycles
nitrogen atom(s) of azo group(s) and imidazole residue can also serve as
donor atoms in metal complexation. Nitrogen is softer than oxygen
donor thus the complex formation with softer metal cation can be
obviously expected. The results of quantitative tests for selected heavy
metal perchlorates are presented in Fig. 9. The presence of heavy metal
perchlorates affects the color of solutions of both groups of investigated
macrocycles: hydrocarbon 1-4 and oligoether linked 5-8. Solutions of
1-4 change color from orange/red to red/purple in the presence of lead
(II) perchlorate. The presence of water causes an increase of color in-
tensity in the presence of copper(II) and lead(II) perchlorates and a color
withdrawal to the initial color of the solution in the presence of zinc(II)
and cadmium(II) ions. The exception is the solution of 1, for which color
changes from orange to yellow in the presence of cadmium(Il) in
acetonitrile and its mixture with water. Unfortunately this selective
color change is observable only when a high excess of cadmium(II)
perchlorate is used. This limits the potential applications of macrocycle
1 as cadmium selective probe in real e.g. environmental samples.

Among oligoether derivatives 5-8 a solution of 5 shows the less
distinct color changes caused by the presence of heavy metal perchlo-
rates. Only a slight color change is observed in the presence of zinc(II)
and lead(II) perchlorates in acetonitrile:water mixture (9:1, v/v). The
solutions of compounds 6 and 8 change color from orange to purple in
the presence of copper(Il) and lead(II) perchlorates in acetonitrile and
for 6 color change is still observable in water containing the solvent
system. Solution of compound 7 changes color in the presence of copper
(II) salt from orange to red in acetonitrile and to purple in a mixture of
acetonitrile:water (9:1, v/v). In the mixture with water, a change in
color is observed in the presence of nickel(II) and zinc(II) perchlorates
for solutions of compounds 7 and 8.

On the basis of the qualitative research, it can be assumed that the
compounds 1-4 with a hydrocarbon chain present promising heavy
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Fig. 9. Color changes of macrocyclic compounds 1-8 in the presence of
selected heavy metal perchlorates in a) acetonitrile and b) acetonitrile:water
(9:1,v/v) solutions.

metal receptors in water containing solvent system. The greater selec-
tivity towards heavy metal ions compared to oligoether analogs 5-8 can
be explained by the reduction in the number of hard coordination cen-
ters in the molecule.

3.6.1. Lead(II) complexes

Observing the color changes in qualitative tests for macrocycles 1-8
heavy metal cation complexation was investigated by UV-Vis absorp-
tion spectrophotometry in acetonitrile and acetonitrile:water (9:1, v/v)
solvent system. Changes in the absorption spectra of solutions of com-
pounds 1-4 and 5-8 during titration with lead(II) perchlorate in
acetonitrile are shown in Fig. 521 and Fig. S22 respectively. Complex
formation with lead(II) is connected with formation of a new absorption
band. However, absorption bands of macrocycles and their complexes
are poorly separated, thus only a slight change in color upon complex-
ation is observable. Spectral changes are more distinct for 1-4 than for
5-8 titration experiments. In a mixed solvent system - acetonitrile:water
(9:1, v/v) — band separation for 3 and 4 and their complexes is ca. 50 nm
(Fig. 10). In case of compounds 1 and 2 upon spectrophotometric
titration a wide band of the complex is formed in the range of 530-650
nm and 560-690 nm, respectively.

Spectral changes upon UV-Vis titration of 5-8 with lead(Il)
perchlorate in acetonitrile:water (9:1, v/v) are shown in Fig. 11. Spectral
shift between the absorption band of macrocycle and its complex with

Dyes and Pigments 219 (2023) 111610

lead(II) is ca. 50 nm for 5 and 6. Complex band is well pronounced. For 7
and 8 spectral shifts are also observed, however the complex absorption
bands are less developed.

On the basis of Job’s plots [71], it can be concluded that complex of
3:2 (ligand:cation) stoichiometry is formed in the systems 1-Pb(II), 2-Pb
(1), 3-Pb(II) and 4-Pb(II), both in acetonitrile and in the mixture with
water (Fig. 523 and Fig. 524, respectively). Stoichiometry of 3:2 (crown:
Pb(II)) in acetonitrile was earlier confirmed for pyrrole bearing macro-
cycles [60], so a similar mode, namely triple-decker sandwich type
complex, can be also proposed for imidazole derivatives. Stability con-
stant values (logK) of the complexes of 1-8 with lead(II), calculated from
titration data using the OPIUM program [67] are presented in Fig. 12
and summarized in Table S3.

In acetonitrile, the highest values of stability constant (logK) have
lead(II) complexes of 21-membered crowns 7-8, 19.66 + 0.10 and
20.16 + 0.12, respectively. Macrocycles of 17- and 18-membered rings
form complexes of lower and comparable values of stability constants
(log K ~18), independent of the type of linker (hydrocarbon/oli-
goether). However, the lowest value, 17.24 was found for the lead(Il)
complex of macrocycle 5. The value of the stability constant of lead(II)
complexes is influenced by the size of the macroring, which defines the
size of the molecular cavity. 21-membered crowns form stronger com-
plexes with lead(II) than 17- and-18 membered macrocycles. Similar
trend in stability constant values was found for pyrrole bearing macro-
cycles [60]. Moreover, lead(II) complexes formed by macrocyclic com-
pounds bearing 4-methylimidazole residue (2, 4, 6 and 8) are
characterized by higher values of stability constants compared to their
imidazole analogs. It can be another confirmation of the effect of the
methyl substituent in heterocyclic ring on the geometry of the molecule.
When a molecule is more planar the accessibility of binding sites is
better and ion is bound more efficiently. The trend of stability constant
values of lead(II) complexes is similar in acetonitrile:water (9:1,v/v).
Not surprisingly in mixed solvent system stability constant values are
lower than in acetonitrile.

3.6.2. Copper(Il) recognition in solution

Due to color changes observed during qualitative tests in the pres-
ence of copper(Il) perchlorate, for compounds 1-4 spectroscopic titra-
tion with copper(Il) perchlorate was carried out in acetonitrile and the
mixture of this solvent with water (Fig. 525 and Fig. 526). The registered
spectra are characterized with an increase of band intensity in the
310-450 nm wavelength range and the formation of a broad bath-
ochromically shifted band A = 550-650 nm. The changes, similar to the
spectral changes observed in the presence of TsOH, are not spectacular.
On the basis of titration experiments the determination of a reliable
value of stability constant for copper(Il) complexes was not possible.

3.7. Metal ion recognition in receptor layers

3.7.1. Preliminary studies

Macrocycles 1-8 were tested as lead(II) and copper(II) receptors
upon immobilization in a solid matrix. For current studies porous glass
(PG-PS) was used. In preliminary studies the content of chromoiono-
phore in solid material was established as 0.5 mg per g of porous glass.

Materials with compounds 1 and 2 have shown no color change in
the presence of copper(II) and lead(Il) nitrates. In Fig. 13 color changes
(photos were taken using Smartphone camera) of sensors with chro-
moionophores 3-8 after contact with solutions of different concentra-
tions of copper(Il) or lead(Il) nitrate are presented. Observable color
changes, which can be traced by "the naked eye" were found to more or
less degree for all sensors. However, in the case of materials with
chromoionophores 4, 6 and 8 the observed color changes were more
distinct than for sensors with compounds 3, 5 and 7. Color changes were
from the orange/red to violet/blue depending on the macrocycle and the
metal nitrate. More significant color change was observed for lead(II)
nitrate then for copper(Il).
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Fig. 10. Changes in absorption spectra of 1-4 during spectrophotometric titration with lead(II) perchlorate in acetonitrile:water (9:1, v/v) mixture: a) 1 (¢; = 4.97 x
107> M) (cpp = 0-6.97 x 10> M); b) 2 (¢ = 4.96 x 10~ M) (cpp = 0-8.03 x 107> M); ) 3 (c3 = 5.09 x 10~ M) (cpp = 0-1.97 x 10~ M); d) 4 (¢4 = 4.91 x 10> M)
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Fig. 11. Changes in absorption spectra of 5-8 during spectrophotometric titration with lead(II) perchlorate in acetonitrile:water (9:1, v/v) mixture: a) 5 (cs = 4.97 x
10" M) (cpp = 0-7.11 x 10> M); b) 6 (c = 4.99 x 10> M) (cpp, = 0-7.58 x 10> M); ¢) 7 (¢; = 4.90 x 10> M) (cpp = 0-9.46 x 10~° M); d) 8 (cg = 5.00 x 10> M)

(cpp = 0-8.52 x 107° M).

3.7.2. PG-PS sensor layers — the effect of amount of chromoionophore
The amount of chromoionophore can affect the color response to-
wards analytes. Thus to optimize the amount of chromoionophore,
sensor materials with different quantities (0.25, 0.50, 0.75 and 1.00 mg/
g) of macrocycles 3-8 were prepared. The color response towards the
presence of copper(II) and lead(II) nitrates is shown in Fig. 14 taking the
material with immobilized macrocycle 6 as an example. The lowest
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amount of chromoionophore, namely 0.25 mg/g, seems to be not suf-
ficient to observe significant color changes. This can be an effect of the
insufficient amount of chromoionophore for complex formation. On the
other hand, the use of higher amounts, 0.75 and 1.00 mg/g, results in
material which gives no color change - red sensor material changes the
hue of the color in the presence of copper(Il) and lead(II) nitrates. The
higher concentration of chromoionophore can affect its organization in
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Fig. 12. Comparison of stability constants (logK) of 3:2 (crown:Pb(II)) com-
plexes of macrocycles 1-8 (4-methylimidazole derivatives are red underlined)
in acetonitrile and acetonitrile:water (9:1, v/v) solvent system.
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Fig. 13. Color changes of sensor layers with compounds 3-8 (0.5 mg/g) in
solutions of different concentrations [M] of copper(Il) or lead(II) nitrate.

solid material which makes complex formation not fully effective. On
the basis of above, the amount of 0.5 mg/g seems to be optimal when
considering the color response of sensing material. Thus materials
containing this amount of chromoionophores were used in further
studies.

3.7.3. Response time
Response time is one of the important factors when considering the

Dyes and Pigments 219 (2023) 111610
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Fig. 14. Color changes of sensor layers with compound 6 - used in different
amounts (mg/g) - after contact with solutions of different concentrations [M] of
copper(I) or lead(Il) nitrates.

applicability of receptor layers as sensor material. To determine the
response time, experiments where sensor layers were immersed in so-
lution copper(II) of lead(1I) nitrate (10~ M or 10~ ° M) with contact time
up to 10 min were carried out. As a response, the change of the AEggp
parameter as a function of time needed for constant optical signal setting
up was taken. The sensors were found to reach 95% of the final signal
(tos) within 3 min for materials with compound 3-6 and 4 min for with
macrocyles 7 and 8 (Fig. 15)

3.7.4. Interfering ions

The response of prepared sensor layers towards copper(II)/lead(II)
was investigated in the presence of several interfering metal nitrates:
sodium, potassium, calcium, magnesium, strontium, barium, nickel(II),
copper(Il), zinc(II) and lead(II) at fixed pH 6. In Fig. 16 the influence of
addition of 10-fold molar excess of interfering ion salt on the color
change AEggg of sensor material immersed in 10~ M solution of copper
(II) or lead(II) nitrate is shown. From Fig. 16 it can be concluded that
during the detection/determination of lead(II), significant color changes
are observed for copper(ll), and when copper(Il) is the main analyte,
lead(II) must be considered as the most interfering cation.

3.7.5. Linear response

Linear response range, defined as the change of AEggp vs. copper(II)
or lead(Il) concentration was determined for sensor layers with macro-
cycles 3-8. In Fig. 527 the dependence of color change (AEggp) Vvs.
concentration of copper(II) for materials with compounds 3-8 is shown.
The linear response of sensor layers (Table S4) with compounds 4-8
toward copper(Il) are in range 1.0 x 10°° - 1.0 x 10> M, only for
sensor with chromoionophore 3 have narrower range 1.0 x 10°°-1.0 x
1072 M. The lowest LOD 4.09 x 10~/ M was obtained for a sensor with
compound 7.

All linear response ranges for lead(II) for materials with macrocycles
3-8 are collected in Table S5 and curves are shown in Fig. 528. The
narrower range of linear response 1.0 x 10°° - 1.0 x 10~% M was ob-
tained for sensor material with compound 3. The rest of investigated
materials are characterized by a linear response range within 1.0 x 10~°
~1.0 x 10~% M with the lowest LOD = 2.84 x 10~ M for optical sensor

227


http://mostwiedzy.pl

/\__/__\> MOST WIEDZY Pobrano z mostwiedzy.pl

e

B. Galinski et al.

(a)

40
© 3 0 4 085 ¢ 6 07 8
[ .
30 ,;!!”"u
JW-' e o M B % % a8 e
*
. I
()
10 4 1
Vo
I
TR
0 —rt—t—T—T— T
0 1 2 3 4 5 6 7 8 9 10
Time [min]
(c)
60
*®wI 0% € 8 e 8 W7 8
50
s & @ & & ®
40 -....oooo
.
MA:..oooltoo
4 ; 8 '
204
..‘I...I.
104 o i
A
T
0 Tttt
0o 1 2 3 4 5 6 7 8 9 10
Time [min]

P4 — PUBLIKACJA

Dyes and Pigments 219 (2023) 111610

(b)

70
® 3 0 4 0 5 ¢ 6 0 7 8
60 4 g 2 ¢t ¢t ¢ ¢t ¢ ¢
& l....oooo
Y % s @ R R 8
e o e o o & s
a4 88 W e
I
° I
dul 2]
o
20 { b
b
10 ;o
04—
o 1 2 3 4 5 6 7 8 9 10
Time [min]
(d)
920
® 3 0 4 0585 ¢ 6 0 7 ¢ 8
80
. e o o
70 4 e« & b4
c 3§ 38888 83
60 ]
504 *
g ¥ @ &e e 9w
Jul E% 119
=1 & v
o~ !
L
o
0 1 2 3 4 5 6 7 8 9 10
Time [min]

Fig. 15. The color change (AEggp) of sensor layers with chromoionophores 3-8 upon immersion in metal nitrates: a) copper(1) 10~ * M, b) copper(I) 10 > M, ¢) lead

(IN 10" M and d) lead(I) 10 ®> M over time.
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Fig. 16. Interferences of several metal cations (used in 10-fold molar excess), to color change (AEggp) of sensing layers with chromoionophores (0.5 mg/g) 3-8

towards: a) copper(ll) and b) lead(II) nitrate at pH 6.

containing crown 6.

The weaker point of the proposed optical sensors is their inability to
be regenerated. While the color of the sensor used to detect copper(II) or
lead(II) returns to its original color after immersion in an acid solution
(0.1 M nitric acid), repeated placement in a salt solution does not
generate a color change. Therefore, these sensors should be considered
as single-use materials.

3.7.6. Applications for real samples analysis

The possibility of application of the proposed sensor layers was
assessed on three samples of spiked tap water from different regions of
northern Poland. All measurements were done at pH 6.0. Comparison of
the recovery results obtained for materials with chromoionophores 3-8
upon immersion of the sensor layer in samples with added copper(II)
solution of different concentrations is collected in Table S6. The re-
coveries are at least about 97.13-104.40% (n = 3) for colorimetric
detection (AEggp) for copper(Il) concentrations in range from 1.0 x
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10 °Mto 1.0 x 10 M. Analogous tests were carried out for lead(II) at
the same concentration range. In this case recoveries were within
97.81-103.95% (n = 3) — Table S7.

3.7.7. Comparison with the other reported sensing materials

In Table 2 the properties of selected lead(II) and copper(Il) selective
sensing materials obtained in recent years and described in literature are
listed for comparison with the materials obtained in this work.

From Table 2 it can be concluded that materials based on commercial
porous glass obtained by us have more or less comparable properties to
solutions described in literature. In comparison with other sensors
which are based on silica materials, which use mostly covalently bonded
sensing molecules, the main advantage of proposed materials is their
facile preparation. Compared with classical optodes the proposed ma-
terials are prepared with a limited number of components. Thus the
usage of chemicals in such an approach is minimized. The application of
colorimetric detection with widely used mobile devices makes the
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Table 2
Comparison of obtained sensing materials with already existing ones.

Dyes and Pigments 219 (2023) 111610

Copper (II) sensing materials

Chromoionophore Support Method Response time [min] Linear response [M] LOD [M] Reference
HIBIN" Sol-gel Absorbance 2 9.1x10%-1.1x10"° 1.8 x107° [72]
Schiff base Sol-gel Absorbance 2 85x10%-1.0x107° 1.5:%10™° [731
HQDB" Hybrid Monolith Absorbance 2 47 %107%-1.6 x 107° 7.1 x 107° [74]
TPDP' Mesoporous Silica Absorbance 60-300 32x10%-16x10"° 4.4 x107° [75]
Hydroxyazocompound CTA Absorbance 3 54 x107%-25x107° 7:2:%x1078 [48]
Colorimetric 43 x1077-25x 107° 4.1 %1077

7 PG-PS Colorimetric 4 1.0x10°-1.0x 107? 4.1 %1077 This work
Lead(IT) sensing materials

Chromoionophore Support Method Response time [min] Linear response [M] LOD [M] Reference
DPDB’ Mesoporous Silica Absorbance 40-180 1.5x 10711 -7.8 x 1077 8.7'%10720 [76]
DPAP" Mesoporous Silica Absorbance 5-15 24x107%-97 x 1077 5.0 x 107 [771
Dithizone Chitosan-Silica Absorbance 3 97x 1077 -53 x 10°° 5.3 x 1077 [78]
HMBA' Silica Monolith Absorbance 30-180 9.7x107'2-7.8 x 1077 2.0 x107? [79]
Diazocrown CTA Absorbance 7 81x10%-22x10"° 1.2 x107® [61]

Colorimetric 7.8x107-21x 107" 8.6 x 1077
6 PG-PS Colorimetric 3 1.0x10°-1.0x 10" 2.8 x 1077 This work

* N'-(2-hydroxy-5-iodobenzylidene)isonicotinohydrazide

Y 4-hexyl-6-(quinolin-8-yldiazenyl)benzene-1,3-diol.

¢ 4-tert-octyl-4-((phenyl)diazenyl)phenol.

d 4-dodecyl-6-((4-(hexyloxy)phenyl)diazenyl)benzene-1,3-diol.
¢ 4-dodecyl-6-(2-pyridylazo)-phenol.

f 6-((2-(2-hydroxy-1-naphthoyl)hydrazono)methyl)benzoic acid.

sophisticated measurement equipment almost no needed.
4. Conclusions

New chromogenic macrocycles containing a hydrocarbon linker and
imidazole or 4-methylimidazole were obtained. Synthetic protocol en-
ables the preparation of the macrocycles with satisfactory yields. The
properties of the newly obtained macrocycles were compared with
macrocycles linked via an oligoether bond. The effect of the type of
heterocyclic residue and the type of linker is seen in color properties
(deeper colors of 4-methylimidazole derivatives) and in metal cation
affinity. The last is affected by the chemical environment, namely
acetonitrile or acetonitrile:water mixture or hydrophilic solid support —
porous glass. After physical immobilization of the macrocycles on
porous glass, a selective color change was observed as an analytical
response to the presence of heavy metal cations, namely lead(II) and
copper(Il). Promising properties, among investigated materials, have
sensors based on crowns with oligoether moiety. Among them are an 18-
membered crown with 4-methylimidazole (6) as lead(Il) and 21-
membered crown (7) with imidazole residue as copper(Il)
chromoionophore.

The optical sensors obtained by us, compared to many solutions
proposed in the literature, are materials with an extremely simple
composition: only chromophore and porous glass - which is one of the
advantages of the proposed solution. And in conjunction with the fact
that macrocyclic chromoionophores are relatively easy to prepare, our
proposed approach, although imperfect, seems promising for further
research and development of optical sensors. Another possible applica-
tion of the proposed system, which is out of scope of this article, is the
possibility of usage of the materials for detection and capturing of heavy
metals from wastewater.
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Synthesis
Synthesis of crowns 1-4
H,NNH,
OH 0= (CH,),—0 Pd/C 0= (CH,),—0
e
NO, O,N EtOH NH, H,N
=4 11.n=4
l =5 12.n=5

a) NaNO,, HCI O0—(CH,),—0 Yield
24%

1.n=4,R=H,
b) imidazole or 2.n=4,R=Me, 37%
4-methylimidazole, 3.n=5R=H, 35%
water, pH ~11 \ 4.n=5 R=Me, 40%

N
R

Scheme. Synthesis of macrocyclic compounds 1-4 with hydrocarbon linker.

1,4-bis(2-nitrophenoxy)butane (9) and 1,5-bis(2-nitrophenoxy)pentane (10)

Compounds 9 and 10 were prepared analogously as described in the literature [1, 2]. A mixture
of 2-nitrophenol (16 mmol), 1,4-dibromobutane (9 mmol) or 1,5-dibromopentane (9 mmol) and
anhydrous potassium carbonate (16 mmol) in dry dimethylformamide (6 mL) were stirred and
heated at 140 °C for 2 h. The mixture was diluted with cooled water (120 mL) to precipitate
crude dinitro derivatives 9 or 10. Pure compounds 9 and 10 were obtained after crystallization
from propan-2-ol (20 mL). 9: yield 90%, light beige solid, mp 123 — 124 °C (lit. mp 124 °C)
[3]; 10: yield 80%, light beige solid, mp 82 — 83 °C. (lit. mp 83 °C) [3].

1,4-bis(2-aminophenoxy)butane (11) and 1,5-bis(2-aminophenoxy)pentane (12)

Compounds 11 and 12 were obtained using protocols described in the literature [2, 4-8]. The
reaction mixture containing compound 9 (5.5 mmol) or 10 (5.5 mmol) and propan-2-ol (50 mL)
together with a Pd/C catalyst was magnetically stirred and heated in an oil bath at 58 °C.
Aqueous hydrazine solution (80%) was added to the reaction mixture in 4 portions (0.5 mL
each). Five hours after the last portion of hydrazine was added, the solution was filtered off to
separate the catalyst. The solvent was evaporated under the reduced pressure. Amines were
crystallized from propan-2-ol. 11: yield 90%, white flakes, mp 108 — 109 °C (lit. mp 108 — 110
°C) [3]; 12: yield 87%, white flakes, mp 60 — 61 °C. (lit. mp 61 — 62 °C) [3].
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Preparation of new diazocrowns 1-4

The synthesis of diazocrown 1-4 was based on a high dilution approach [2, 4-8]. Three solutions

were prepared:

I: Diaminopodand 11 or 12 (1 mmol) and concentrated hydrochloric acid (0.5 mL) in water (20

mL) (DMF or THF in needed amount can be added to increase solubility of amines);

II: Sodium nitrite (2 mmol) in water (30 mL);

III: Imidazole (1 mmol) or 4-methylimidazole (I mmol) and sodium hydroxide (5 mmol) in

water (30 mL).

All solutions were cooled in an ice bath to 0 — 5 °C. Solution II was added portionwise to

solution I to obtain the bisdiazonium salt. The combined solutions were left for 30 min in an

ice bath. After this time, solutions I-II (bisdiazonium salt) and III were added dropwise to

deionized water (300 mL) at pH ~10 (NaOH), within 30 min, ensuring intensive stirring of the

reaction system. The pH was controlled during the addition of solutions to the reaction

container. After 2 h, the ice bath was removed, and the mixture was left for 24 h at room

temperature. The precipitate was filtered off under reduced pressure. Products were isolated by

column chromatography using initially dichloromethane and finally dichloromethane:acetone

(10:1, v/v) as eluent.

X

0——(CH,),—0

0

Compound 1: yield 24%; red solid; mp 204 — 206 °C (with
decomposition); R = 0.40 (dichloromethane:acetone 20:1); 'H
NMR (chloroform-d, 500MHz, 6 [ppm]): 2.17 — 2.52 (4H, m),
426 —4.30 (4H, m), 7.09 — 7.15 (2H, m), 7.28 —7.31 (2H,
m), 7.55 (1H, td, J; = 1.7 Hz, J, = 7.1 Hz), 7.64 (1H, td , J; =

1.6 Hz, J>=7.1 Hz), 7.78 (1H, dd, J; = 1.6 Hz, J>=7.6 Hz), 7.82 (1H, dd, J; = 1.6 Hz, J> = 7.6
Hz), 7.96 (1H, s), 10.81 (1H, bs, NH); *C NMR (chloroform, 125 MHz, § [ppm]): 159.2, 158.4,
153.2, 145.9, 140.4, 140.3, 136.5, 134.6, 121.4, 121.3, 115.6, 115.3, 115.0, 114.9, 69.5, 69.3,
27.5,27.3; FTIR (ATR, cm™): 3436, 3123, 3069, 2956, 2909, 2869, 1587, 1567, 1531, 1485,
1463, 1401, 1380, 1358, 1289, 1306, 1262, 1244, 1224, 1208, 1149, 1111, 1099, 1063, 1031,
990, 968, 938, 905, 858, 840, 769, 741, 727, 670, 641, 604, 556, 534, 507, 482, 458, 439, 417,
UV-Vis (acetonitrile): Ai(e1) =317 (9.36x10%), ha(e2) = 373 (1.26x 10%), Aa(e3) = 485 (1.57x10%);
UV-Vis (acetonitrile:water 9:1): Ai(g1) = 318 (1.00x10%), Aa(e2) = 375 (1.31x10%), As(e3) = 487
(1.60x10%); HRMS [EI]: 362.1496 calculated for: C1oH1sNcO2 362.1491.
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0——(CH,),—O
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376.1648.

pa—4
Pa—— 4

H
N

hos

: jO—(CH2)5—0.A :

for: C20H20N602 376.1648.
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Compound 2: yield 37%; red solid; mp 276 — 280 °C (with

decomposition); R = 0.44 (dichloromethane:aceton 20:1); 'H
NMR (acetone-ds, SOOMHz, 6 [ppm]): 2.13 —2.19 (4H, m), 2.64
(3H, s),4.25 (2H, t,J=4.4 Hz), 4.29 (2H, t,J=4.7 Hz), 7.08 —
7.14 (2H, m), 7.23 (1H, dd, J; = 1.1 Hz, J> = 8.2 Hz), 7.29 (1H,
dd, J; = 1.1 Hz, J> = 8.2 Hz), 7.49 — 7.52 (1H, m), 7.61 — 7.64 (1H, m), 7.78 — 7.81 (2H, m),
10.64 (1H, bs, NH); *C NMR (chloroform-d, 125 MHz, § [ppm]: 159.4, 158.2, 140.5, 140.3,
136.8, 134.1, 121.4, 121.4, 115.7, 115.0, 110.0, 69.7, 69.4, 27.5, 27.3; FTIR (ATR,
cm™): 3426, 3061, 2909, 2859, 1589, 1574, 1542, 1485, 1456, 1377, 1338, 1304, 1285, 1259,
1231, 1152, 1126, 1105, 1066, 1033, 978, 939, 919, 861, 754, 739, 716, 661, 628, 592, 575,
552, 478, 444, 418; UV-Vis (acetonitrile): Ai(e1) = 317 (1.35x10%), Aa(g2) = 373 (1.60x10%),
Ms(e¥) = 502 (2.18x10%); UV-Vis (acetonitrile:water 9:1): Ai(e1) = 318 (1.39x10%), ha(e2) = 375
(1.63x10%), As3(es) = 504 (2.23x10%); HRMS [EI]: 376.1655 calculated for: CaoH20N¢O>

Compound 3: yield 35%; red solid; mp 172 — 176 °C (with

decomposition); Rr

0.53 (chloroform:acetone 100:1); 'H

NMR (acetone-ds, SOOMHz, & [ppm]): 1.92 — 1.98 (4H, m), 2.04
— 2.18 (2H, m, under residual acetone-ds signal), 4.30 (2H, t, J
=4.9 Hz), 4.33 (2H, t, J = 4.9 Hz), 7.03 — 7.10 (2H, m), 7.28
(1H, d, J= 8.2 Hz), 7.33 (1H, d, J = 8.3 Hz), 7.51 — 7.54 (1H, m), 7.60 — 7.63 (1H, m), 7.76
(1H, dd, J; = 1.6 Hz, J> = 8.2 Hz), 7.83 (1H, dd, J; = 1.7 Hz, J> = 7.6 Hz), 8.04 (1H, s) 10.51
(1H, bs, NH); '3C NMR (chloroform-d, 125 MHz): 158.2, 157.4, 145.5, 140.9, 140.8, 135.5,
133.7, 132.7, 120.8, 120.7, 116.3, 115.7, 113.4, 68.0, 67.9, 30.9, 24.0; FTIR (ATR,
cm™): 3439, 3063, 2949, 2931, 2887, 2863, 1588, 1576, 1528, 1485, 1459, 1388, 1310, 1280,
1268, 1233, 1201, 1156, 1143, 1115, 1054, 1036, 981, 947, 904, 858, 840, 824, 757, 739, 665,
642, 605, 579, 556, 539, 500, 483, 426; UV-Vis (acetonitrile): Ai(g1) = 319 (9.82x10°), Aa(g2) =
377 (1.46x10%), As(es) = 492 (2.01x10%); UV-Vis (acetonitrile:water 9:1): Ai(e1) = 320
(1.02x10%), Aa(e2) = 379 (1.50x10%), A3(e3) = 494 (2.20x10*); HRMS [EI]: 376.1654 calculated
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0——(CHz)s—0 Compound 4: yield 40%; red solid; mp 182 — 184 °C (with
©i D decomposition); Ry = 0.60 (chloroform:acetone 100:1); 'H
ﬁ H ﬁ NMR (acetone-ds, SOOMHz, & [ppm]): 1.92-1.97 (4H, m), 2.04
KJ/ — 2.18 (2H, m, under residual acetone-ds signal), 2.66 (3H, s),
428 (2H, t, J=4.9 Hz), 4.36 (2H, t, J= 4.9 Hz), 7.02 — 7.10
(2H, m), 7.26 (1H, d, J= 8.2 Hz), 7.32 (1H, d, J = 8.8 Hz), 7.47 — 7.50 (1H, m), 7.58 — 7.67
(1H, m), 7.75 — 7.83 (2H, m), 10.38 (1H, bs, NH); Due to low solubility of 4 instead of
standard '3C NMR spectra, heterocorrelation spectra gHSQC and gHMBC were recorded;
FTIR (ATR, cm™): 3647, 3433, 3079, 2938, 2907, 2869, 2838, 1589, 1578, 1544, 1488, 1470,
1454, 1429, 1399, 1383, 1353, 1308, 1281, 1263, 1254, 1230, 1218, 1177, 1159, 1132, 1114,
1073, 1053, 1041, 1030, 980, 939, 879, 856, 823, 759, 749, 722, 711, 688, 679, 643, 625, 605,
591, 574, 555, 543, 509, 479, 447, 418; UV-Vis (acetonitrile): Ai(g1) =319 (7.15x10%), Aa(e2) =
377 (9.80x10%), As(es) = 506 (1.52x10%); UV-Vis (acetonitrile:water 9:1): Ai(e1) = 320
(7.70%10%), Xa(e2) = 379 (1.02x10%), A3(e3) = 508 (1.60x10%); HRMS [EI]: 390.1796 calculated
for: C21H22N6O2 390.1804.

'H, 13C NMR, LR and HRMS, FT-IR (ATR) spectra of newly obtained compounds 1-4 are
shown in Supplementary Materials (Figures S1-S16).

Compounds 5-8 were synthesized analogously to previous protocol [5, 7] and the identity of
material was confirmed by comparison of TLC and spectral properties with original samples of

crowns deposited in our lab.
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Spectra
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Ambient temperature
INOVA-500

May 17 2023
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Fig. S1. "H NMR spectrum of 1 (acetone-ds).
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Fig. S2. *C NMR spectrum of 1 (chloroform-d).
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E. Wagner-Wysiecka AUTOSPEC 15-Dec-2022 16:29:09
EW49 Operator: Klara Nestorowicz
pg_ew3217 162 (13.206) Cm (152:165) Magnet El+
3622 3.05e3|
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 20.0 PPM / DBE: min =-1.5, max = 150.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons

103 formula(e) evaluated with 3 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 N:0-6 0:0-2

E. Wagner-Wysiecka AUTOSPEC 16-Dec-2022 115356
EwW49 Operator: Klara Nestorowicz
Pa_ews217h 228 (8.697) Om (222:232) Voltage El+
100 3621496 620

o]

363.1530
31,1360 366.1808 320.9760
R M2 oy ores 3549773 3 [ ‘ ||y 8IS 470850 a7BGBIT 386 9859
TTas0 | asbo | @860 | 3800 | 3880 | 8700 | 3750 | 8800 | 850 | 3900

Fig. S3. EI mass spectra LR (top) and HR (bottom) of 1.
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Fig. S4. FTIR (ATR) spectrum of 1.
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Fig. S5. 'H NMR spectrum of 2 (acetone-ds).
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[E. Wagner-Wysiecka AUTOSPEC 15-Dec-2022 16:60:39
EWS0

Operator: Klara Nestorowicz
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 20.0 PPM / DBE: min =-1.5, max = 150.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons
107 formula(e) evaluated with 3 results within limits (up to 50 best isotopic matches for each mass)

Elements Used:
C:0-100 H:0-200 N:0-6 0:0-2
E. Wagner-Wysiecka AUTOSPEC 16-Dec-2022 12:36:51
EWS50 Operator: Klara Nestorowicz
pg_ew3218h1 196 (7.475) Cm (195:205) Voltage El+
1 376.1655 170
78.1811380.1945
3504748 380.9760 392.97:;593 e 404.9698
3549764 362.1504 375.1282 3 405.9706
2.1889 366.9792 .S
foageen gsesres sz oz 7O L Mo L e | 2
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3500 355.0 360.0 365.0 3700 3750 380.0 3850 390.0 395.0 400.0 4050 4100

Fig. S7. EIl mass spectra LR (top) and HR (bottom) of 2.
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Fig. S8. FTIR (ATR) spectrum of 2.

EWB63_1H

Solvent: acetone
Ambient temperature
INOVA-500

May 17 2023

Total time 15 min

12 11 10 9 8 7 6 5 4 3 2 1 ppm
5 PEEEs % 5

INDEX FREQUENCY PPM HEIGHT INDEX FREQUENCY PPM
1 5251.8  10.508 7.0 38 2147.9  4.298
EWe5I_18 2 4018.0 8.040 181.1 39 2143.0 4.200
3 3919.2  7.842 71.4 40 1649.9  3.301
Solvent: acetons 4 3917.5  7.839 74.0 41 1417.7  2.837
Anbient temperaturs s 3511.5 7.827 70.9 42 1403.9 2.809
IHOVA-500 6 3509.5  7.823 77.9 43 1092.6  2.186
7 3884.0  7.772 76.2 44 1090.4  2.182
May 17 2023 8 3882.4  7.768 80.9 45 1088.2  2.177
Total time 15 min 9 3875.8 7.755 74.6 46 1086.0 2.173
10 3874.2 7,752 76.8 47 1083.8  2.169
1 3813.8  7.631 34.5 a8 1044.3  2.090
12 3812.1  7.628 36.6 49 1036.6  2.074
13 3805.0  7.613 77.4 50 1033.9 2,069
14 3803.3  7.610 57.3 51 1030.0  2.061
is 37%7.8 7.599 50.4 52 1027.8 2.057
16 3796.2  7.596 50.5 53 1025.6  2.052
17 3769.3  7.542 37.7 sS4 1024.0  2.049
18 3767.6  7.539 38.3 55 1021.8  2.044
19 3760.5  7.524 76.0 56 1008.6  2.018
20 3753.4  7.510 46.6 57 988.3  1.977
21 3751.7  7.507 48.6 58 982.8  1.966
22 3676.5  7.356 21.5 59 $77.9  1.957
23 3666.1  7.335  104.1 60 1.947
24 3657.8  7.319 89.7 61 1.934
25 3643.0  7.289  103.4 62 1.929
26 3634.8  7.273 87.0 63 1.925
27 3545.8  7.095 49.5 64 959.7  1.920
28 3538.7  7.081 92.2 65 957.5  1.916
29 3529.9  7.063 69.3 86 644.0  1.289
30 3528.8  7.061 58.7 67 65.3  0.131
3 3521.7  7.046 96.7
32 3514.5  7.032 49.4
33 3513.4  7.030 49.9
34 2170.4  4.343  111,3
35 2165.5  4.333  161.0
36 2160.5  4.323  114.5
a7 2152.9 308 112.2

Fig. S9. 'H NMR spectrum of 3 (acetone-ds).
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Fig. S10. '*C NMR spectrum of 3 (chloroform-d).
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 20.0 PPM / DBE: min =-1.5, max = 150.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons
107 formula(e) evaluated with 3 results within limits (up to 50 best isotopic matches for each mass)

Elements Used:

C:0-100 H:0-200 N:0-6 0:0-2

E. Wagner-Wysiecka AUTOSPEC 16-Dec-2022 12:21:57
EWS51 Operator: Klara Nestorowicz
Pg_ewa219h 115 (4.385) Cm (115:137) Voltage El+
1 376.1654 270

78.1795
380.9745 392.9749 404.9760
3549792 3629849 366.9756 3689770 J l?““”‘ 385.9814 L
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Fig. S11. EI mass spectra LR (top) and HR (bottom) of 3.
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Fig. S12. FTIR (ATR) spectrum of 3.
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Solvent: acetone
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Fig. S13. 'H NMR spectrum of 4 (acetone-ds).

covonawnnl

30.6

e .J. _J.‘“‘r"-'-"f'—fv-/h"'**‘h

2

3

2.89 1

HEIGHT
49.0
43.4

5.9
6.9
80.7



http://mostwiedzy.pl

MATERIALY DODATKOWE - P4

EWS53_dmso_1H

Solvent: dmso
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Fig. 14. Top: 'H NMR spectrum of 4 (DMSO-d); bottom: ROESY spectrum of 4 (DMSO-ds).
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 20.0 PPM / DBE: min =-1.5, max = 150.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons
110 formula(e) evaluated with 5 results within limits (up to 50 best isotopic matches for each mass)

Elements Used:
C:0-100 H:0-200 N:0-6 O:0-2
E. Wagner-Wysiecka AUTOSPEC 16-Dec-2022 1249:18
EWs2 Operator: Klara Nestorowicz
Pg_ew3220h 126 (4.805) Cm (119:134) Voltage El+
; 390.1796 149
92,1959,
3809714 Fa2e 4049760
3641819 395.2169
4169748
9740
366.9671.368.9689 376 1621 386.9815 h 396 4053
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Fig. S15. EI mass spectra LR (top) and HR (bottom) of 4.
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Fig. S16. FTIR (ATR) spectrum of 4.
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Other Supplementary data

Table S1. Determined values of lipophilicity (logPtic) of macrocyclic chromoionophores 1-8.

1

2

3

4

5

6

7

8

Ioan_c

7.62+0.03

8.39+0.04

7.734+0.05

8.54+0.03

5.36+0.03

6.41+0.03

5.4340.02

6.03+0.04

A

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

acetonitrile:water
acetonitrile (9:1)

A B

acetonitrile:water
acetonitrile (91)

A ot b

A —-TsOH, B-TBACOH

Fig. S17. Color changes of macrocyclic compounds 1-8 (¢ ~ 5.0x10-> mol/dm®) in the presence of TsOH and
TBAOH in acetonitrile and acetonitrile:water 9:1(v/v). In the pictures, in series of three, from left to right:
respective macrocycle, and its solution in the presence of TsOH and next TBAOH.
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Fig. S18. Changes in absorption spectra of macrocyclic compounds 1-4 during spectrophotometric titration with

TsOH solution in acetonitrile: a) 1 (c; = 4.97x10” M) (ctson = 0-6.40x1075 M); b) 2 (c2 = 4.96x103 M) (ctsom = 0-
7.70x10° M); ¢) 3 (c3 = 5.09%10-5 M) (cron = 0-5.13x10° M); d) 4 (ca = 4.91x10° M) (crson = 0-6.57x10° M).
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Fig. S19. Changes in absorption spectra of macrocyclic compounds 1-4 during spectrophotometric titration with
TBAOH solution in acetonitrile: a) 1 (c1 =4.97x10™ M) (ctaon = 0-5.48x107° M); b) 2 (c2 =4.96x10° M) (ctaaou
=0-1.01x10"* M); ¢) 3 (c3 = 5.09x1075 M)(creaon = 0-5.59x1075 M); d) 4 (c4 = 4.91x10° M) (ctBaon = 0-6.05x10-
4 M).

Table S2. Wavelengths corresponding to the maxima of 1-4 in the presence of TsOH (A) and TBAOH (B) and the
equilibrium constants (logK) in the macrocyclic compound:acid/base system.

1 2 3 4
A[nm] | 485 502 | 492 506
ALea [nm] | 530-610 | 540-630 | 520-620 | 540-650
s [nm]| 515 542 510 | 534

acetonitrile acetonitrile:water (9:1) acetonitrile acetonitrile:water (9:1)

Li Na K Mg Ca Sr Ba Li Na K Mg Ca Sr Ba

Fig. S20. Color changes of macrocyclic compounds 1-4 (left) and 5-8 (right) in the presence alkali and alkaline
earth metal perchlorates, in the acetonitrile and acetonitrile:water (9:1,v/v) solution.
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Fig. S21. Changes in absorption spectra of 1-4 during spectrophotometric titration with lead(Il) perchlorate in
acetonitrile: a) 1 (c; = 4.97x1075 M) (cpp = 0-9.46x1073 M); b) 2 (c2 = 4.96x107 M) (cpp = 0-9.93x10° M); ¢) 3 (c3
=5.09x10" M) (cpb = 0-6.17x1073 M); d) 4 (ca = 4.91x10”° M) (cpp= 0-7.11x1075 M).
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Fig. S22. Changes in absorption spectra of 5-8 during spectrophotometric titration with lead(Il) perchlorate in
acetonitrile a) 5 (cs= 4.97x10° M) (cpp= 0-5.54x10°M); b) 6 (co= 4.99x10° M) (cpp= 0-5.97x107 M);
¢) 7 (c7 = 4.90x10° M) (cpp = 0-5.12x10-5 M); d) 8 (cs = 5.00x10°5 M) (cpe= 0-5.97x10-° M).
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Fig. 23. Job’s plots for complexes of 1-4 with lead(Il) perchlorate: a) 1 (c;
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Fig. 24. Job’s plots for complexes of 1-4 with lead(Il) perchlorate: a) 1 (c; = 2.49x10 M), b) 2 (c2 = 2.48%x107
M), ¢) 3 (¢3=2.55x10° M) and d) 4 (c4 = 2.46x1075 M) in acetonitrile:water (9:1, v/v).

Table S3. Stability constants (log K) of complexes (3:2, crown:Pb(Il)) of macrocycles 1-8 with lead(Il) in
acetonitrile and acetonitrile:water (9:1, v/v).

1 2 3 4 5 6 7 8

acetonitrle 17.99+0.03 | 18.20+0.05 | 18.49+0.08 | 18.86+0.11 | 17.24+0.03 | 17.91+£0.06 | 19.66+0.10 | 20.184+0.12

?g?lto\/”/c;"e:water 16.94+0.12 | 17.3040.09 | 17.4120.14 | 17.48+0.18 | 16.45£0.11 | 16.99+0.12 | 18.07+0.16 | 18.22+0.20
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Fig. 25. Changes in the absorption spectra of compounds 1-4 during spectrophotometric titration with copper(II)

perchlorate solution in acetonitrile: a) 1 (c1 = 4.97x107 M) (ccy = 0-6.97x1073 M); b) 2 (c2 = 4.96x10° M) (ccy =
0-8.03x10-5 M); ¢) 3 (¢3 = 5.09x 105 M) (ccu = 0-7.50x10-5 M); d) 4 (cs = 4.91x10°5 M) (ccu= 0-6.92x10°5 M).
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Fig. 26. Changes in the absorption spectra of compounds 1-4 during spectrophotometric titration with copper(Il)
perchlorate solution in acetonitrile:water (9:1, v/v) mixture: a) 1 (c; = 4.97x10 M) (ccy = 0-4.42x10"* M); b) 2
(c2=4.96x10"° M) (ccu = 0-3.41x10™* M); ¢) 3 (c3 = 5.09%107° M) (ccy = 0-4.17x10"* M); d) 4 (ca = 4.91x10"° M)

(ccu= 0-5.36x10 M).

Table S4. Linear response range and detection limits for copper(Il) determined for sensor materials with

chromoionophores 3-8.

. . . 2 Linear response Cu(ll) LOD
Material with... Equation R M] M]

3 y =21.99 4+ 129.47 | 0.9970 1.0x10° - 1.0x10°° 1.49x10°6

4 y = 25.39 + 159.20 | 0.9946 1.0x10° - 1.0x10° | 6.23x107

5 y = 20.63 + 133.05 | 0.9962 1.0x10° - 1.0x10° | 4.17x107

6 y = 25.28 + 157.06 | 0.9942 1.0x10° - 1.0x10° | 7.02x107

7 y = 20.81 + 134.48 | 0.9984 1.0x10° - 1.0x10° | 4.09x107

8 y=18.86+121.17 | 0.9993 1.0x10° - 1.0x10° | 4.45x107

Table SS. Linear response range and detection limits for lead(II) determined for materials with

chromoionophores 3-8.

L . 2 Linear response Pb(ll) LOD
Material with... Equation R M] M]

3 y = 2840 + 156.28 | 0.9929 | 1.0x10°-1.0x10° | 3.51x10°®

4 y =30.49 + 185.70 | 0.9978 | 1.0x10%-1.0x10° | 9.20x107

5 y =29.54 + 180.25 | 0.9913 | 1.0x10°-1.0x10° | 8.85x107

6 y =27.37 +180.67 | 0.9992 | 1.0x10°-1.0x10° | 2.84x107

7 y =24.71+161.65 | 0.9978 | 1.0x10°-1.0x10° | 3.31x107

8 y =26.31+159.44 | 0.9956 | 1.0x10°-1.0x10° | 9.83x107
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18-membered diazomacrocycles with imidazole or 4-methylimidazole residue as a part of macrocycle were used
as chromoionophores in bismuth(Il) and lead(Il) dual selective optodes for the first time. Cellulose triacetate
membranes doped with macrocyclic chromoionophores are bismuth(III) and lead(Il) selective with color change
from orange/red to different shades of blue and violet, respectively. Results obtained for model and real samples
of bismuth(III) and lead(Il) showed that easily accessible and regenerable sensor materials can be used for
spectrophotometric and colorimetric detection and determination of bismuth(III) and lead(II). The obtained LOD
values for bismuth(Ill) are 1.63 x 10~7 M and 3.03 x 1077 M with spectrophotometric and colorimetric

detection, respectively, when using optode with imidazole residue. For sensing material with 4-methylimidazole
in macroring the lowest detection limits were obtained for lead(ID): 2.14 x 1077 M and 3.99 x 10~/ M with
spectrophotometric and digital color analysis detection mode, respectively.

1. Introduction

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

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

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

The expanding interest in the coordination chemistry of lead(II) and
bismuth(IIl) is connected, among the others, with the potential appli-
cations of the radioisotopes of these metal cations as radiopharmaceu-
ticals. Bismuth-212 and bismuth-213 have relatively short half-lives (61
and 46 min respectively). Therefore the usage of longer-lived radionu-
clides such as 2'?pb (half-life 10.6 h) can be proposed as an in situ
generator of 2!?Bi. Thanks to this, the half-life of radioactive bismuth-
212 can be extended to about 11 h [37,38]. Therefore the eventual
chelators should have high affinity towards both lead(II) and bismuth
(III). Acyclic azo derivative was found to form hypervalent bismuth(III)
compound in which a nitrogen of azo group and oxygen atoms were
engaged in coordination [15]. Authors reported that the binding con-
stant must be very low in the case of this acyclic derivative of azo-
benzene thus was not given. Macrocyclic compounds, providing the
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selectivity of the molecular recognition, are well known host molecules
for the metal cations. Suitably designed compounds, in terms of the type
and number of donor sites, can also be used for quantitative determi-
nation of metal ions through colorimetric detection. Among macrocyclic
ligands forming complexes with bismuth(III) and lead(II) a series of li-
gands was investigated, such as cyclens and others [39-41] acting as N,
O donor ligands. An excellent selectivity towards bismuth(III) was also
found for tetra-substituted benzimidazole zinc(II) phthalocyanine [42].
Several ideas of the application of optical sensors (Table 1 and Table 2)
for bismuth(III) [43-47] and/or lead(II) [48-59] determination were
also proposed. Various approaches can be used to achieve selective
materials. The most popular and longest-used optode design uses an
ionophore/chromophore system, as for example in the case of lead(II)
optical sensors with an acyclic [48,49] or a macrocyclic ionophore such
as crown ether [50,51] or calix[4]arene [55]. Reducing the number of
components in the detection layers is achieved by using a selective
chromogenic complexing reagents of the metallochromic indicator type.
Such solutions can be found for both lead(II) [56-58] and bismuth(III)
[46,47] optodes. Some attempts include the use of chromogenic mac-
rocycles as a more selective complexing reagents [59], but these are few
examples. Another option in metal cation optical sensor design is to
change the material used to immobilize the components of the sensing
layer. It is relatively common to use PVC [43,48-51,5355], CTA
[44-46,52,54,56,59] or others such as agarose [57] or, for example,
chitosan-silica matrix [58]. Porous glass in combination with macrocy-
clic chromoionophore was proposed as aluminum sensitive optical
sensor [60].

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

2. Materials and methods
2.1. Chemicals

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

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. The
complexation of metal cations was studied using appropriate nitrates:
NaNO3 (>99.8 %), KNO3 (>99.8 %), Mg(NO3)2 x 6 H20 (>99.0 %), Ca
(N03)2 x 4 Hzo (299.0 %), Ni(NO3)2 x 6 H20 (298.0 %), Zn(N03)2
x 6 HyO (>98.0 %), AI(NO3)3 x 9 H,0 (>98.0 %), Cr(NO3); x 9 Hy0
(>99.0 %), Fe(NO3)3 x 9Hz0 (>98.0 %) from POCh, Cu(NO3),
x 3 HyO (>99.5 %) from Merck, Pb(NO3), (>99.0 %) from Alfa Aesar

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

Optode  Ion Equation R? Dynamic LOD LOQ

range [M] M] M]

1 Bi y =32,530.50 0.9995 7.13x1077- 1.63 5.38
() xx + 0.0030 1.50 x 107 X x

107 107

Pb y =22,902.52 09990 891x1077- 231 7.62
(I xx - 0.0017 1.70 x 10°° x x

1077 1077

2 Bi y =27,465.62  0.9992 7.13x1077- 171 5.64
(1) xx + 0.0053 1.76 x 10 x X

107 1077

Pb y=21,95411 0.9987 891x107- 214 7.06
(I xx + 0.0138 2,02 x 107° X X

107 107
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Table 2
Colorimetric linear response with equations, LOD and LOQ values for optode 1
and 2 for bismuth(III) or lead(II).

Optode  Ton Equation R? Dynamic LOD LOQ

range [M] [M] [M]

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

107 10

Pb y =5,777,870  0.9972 891x107- 4.41 1.46
(1 xx + 2.3911 1.70 x 107> x X

107 1077

2 Bi y=7,304,100 09982 7.13x1077- 3.22 1.06
() xx + 0.0053 1.76 x 107° X X

107 10°

Pb y = 5,805,590  0.9975 891x107- 3,99 1.32
(1 xx - 1.0959 2.02 x 107° x X

107 107%

[

N H N
Il | I
N N
\ l(l 1.R=H
R 2.R=CHj,
Fig. 1. Chromoionophores 1 and 2 [61,62].

and Bi(NOg3)3 x 5 H20 (>98.0 %) from Sigma Aldrich. Dimethyl sulf-
oxide (DMSO), dichloromethane, acetone, 2-propanol, nitric acid, so-
dium hydroxide and disodium ethylenediaminetetraacetate dihydrate
(EDTA) were purchased from POCh. All aqueous solutions were pre-
pared using ultra-pure water obtained by the reverse osmosis (RO) from
Hydrolab Poland station (conductivity <1 pS/cm!). For recovery
studies Standard Reference Solution of bismuth(III) 1000 ppm and lead
(I1) 1000 ppm from Merck was used.

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

2.2. Instrumentation

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

2.3. Complexation studies

Considering the possible application of macrocycles for the deter-
mination of metal ions in aqueous media, we have chosen a mixture of
polar and protic solvent - water - with polar DMSO mixing freely with
water as solvent. The 1:1 (v/v) ratio of these solvents ensures the


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

PUBLIKACJA - P5S

B. Galinski and E. Wagner-Wysiecka

solubility of macrocyclic compounds, which are insoluble in water. The
use of a mixture of organic solvent and water also ensures the solubility
of bismuth salts. That’s why metal cation complexation studies were
carried out using UV-Vis titration in DMSO:water (v/v, 1:1) mixture. A
series of solutions of pH values ranging from 1 to 10 was fixed by
addition of small amounts of sodium hydroxide solution (0.1 M) or nitric
acid (0.1 M). The stock solutions of chromoionophores (~107* M) and
metal nitrates (~10~4 M) were prepared by weighting the respective
quantities of them and dissolving in the solvent system in volumetric
flasks. The values of binding constant (logK) were calculated with the
use of OPIUM [63] program on the basis of titration experiment data.
The stoichiometry of complexes was confirmed by Job’s method [64].

2.4. Membrane preparation

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

2.5. Absorbance measurements

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

Limits of detection (LOD) for bismuth(III) and lead(II) were calcu-
lated using relationship: LOD = 3o0/k, where o is the standard deviation
of the blank and k is the slope of the linear function A = f(molar con-
centration of analyte). Limits of quantitation (LOQ) were approximated
by multiplying the LOD by 3.3. The spectral response towards bismuth
(IIT) and lead(II) was expressed as AA = Ag;/p, — Ag, where A stands for
absorbance of optode with compound 1 or 2 and Ag;/pp, absorbance value
of optode in the presence of bismuth(III) or lead(II) salt. The influence of
interfering ions on spectrophotometric response towards bismuth(III) or
lead(II) was expressed as the absolute value of relative response RR% = |
[(A - Agi/pb)/Agi/ppl| X 100 %, where Ag;/pp, stands for absorbance of
optode with diazocrowns in the presence of bismuth(III) or lead(Il) ni-
trate and A is absorbance value of optode measured just after addition of
interfering metal nitrate in the 10-fold molar excess in relation to bis-
muth(III) or lead(Il) nitrate [59,65,66].

2.6. Digital color analysis

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

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

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

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

'H NMR spectra of 2 (Fig. 3 and full range spectra Fig. S1-S3)
registered in DMSO-dg, indicate that the formation of the complex with
bismuth(Ill), as expected, involves the coordination of metal ion by
oxygen atoms of the oligoether chain which is manifested by downfield
shift of signals labeled as a,a’ and b,b. When spectrum is registered for
1:1 molar ratio of complex components, a double set of oligoether
proton signals is observed pointing out that under measurement con-
ditions complex of higher stoichiometry can be formed. The position of
most signals of aromatic protons is unchanged, however an additional
signal of low intensity at ~8 ppm is present. Single set of signals (with
residual double set) is observed when the 10-fold excess of bismuth(III)
nitrate was used in experiment. The signal of methyl group protons shifts
+ 0.26 ppm in complex, which points to the engagement of the nitrogen
of the imidazole ring in complex formation (see Fig. S1-53).

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

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

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

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

3.2. UV-Vis spectral characterization of optodes

The spectral properties of the prepared sensing materials (optodes)
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Fig. 2. Changes in the absorption spectra of chromoionophores during spectrophotometric titration with a solution of bismuth(III) nitrate: a) 1 (¢; = 4.10 x10° M)

(epigm = 0 - 6.29 x 10°° M), b) 2 (¢5 = 4.11 x10° M) (cgiamy = 0 - 7.91 x 10"° M); and with solution of lead(Il) nitrate ¢) 1 (¢; = 4.10 x10™° M) (cppan= 0 —
7.35 x 10°° M) and d) 2 (c; = 4.11 10> M) (cppany = 0 - 7.83 x 10> M) in DMSO:water (1:1, v/v).
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Fig. 3. 'H NMR spectrum of 2 (cy = 3.64 %103 M) and its spectra recorded in the equimolar amount and ten-fold excess of bismuth(III) nitrate in DMSO-dg.
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based on the macrocycles 1 or 2 and cellulose triacetate as polymer
matrix have been studied. For preliminary studies the membranes were
obtained without the addition of the lipophilic salt. In Fig. 5 changes in
the absorption spectra of optodes in the presence of bismuth(III) and
lead(II) nitrates in water are shown. The maximum of absorption for
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optode with macrocycle 1 is located at 472 nm and for 2 at 502 nm. It
shifts towards 587 (for 1, A +115 nm) and 604 nm (for 2, A +102 nm),
when titrated with aqueous solution of bismuth(IlI) nitrate. Upon
titration with aqueous solution of lead(Il) nitrate the absorption bands
are located at 550 (for 1, A +78 nm) and 572 nm (for 2, A +70 nm). The
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Fig. 4. Comparison of the values of stability constants (logK) of bismuth(III)
and lead(II) complexes (3:2) of macrocycles 1 and 2 in DMSO:water (1:1, v/v)
solvent system.

nature of spectral changes for macrocycles entrapped in a polymeric
matrix is similar to those which are observed for the corresponding
systems in solution (Fig. 2), however it is worth to noting that the
spectral bathochromic shifts observed upon metal cation complexation

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

are higher for system entrapped in cellulose triacetate polymeric matrix
than in DMSO:water solvent mixture. It can be connected with the
competing interactions with the chemical environment, namely the
polarity and hydrogen bonding affinity of the components. It can be
assumed that the spectral changes observed for the optodes are the result
of the formation by bismuth(III)/lead(II) complexes with chromoiono-
phores 1 or 2 immobilized in the membranes.

3.2.1. The effect of lipophilic salt

The effect of the lipophilic salt - KTCIPB - and its amount (0.5 —
3.0 mg) on parameters like: the value of the generated signal AA, time of
response and the percentage of leaching of chromoinonophores from
membranes (after ten times usage) was investigated. As a model system,
optodes with macrocycle 1 were taken. Fig. S8a shows that the highest
increase of optical signal, defined as AA, is obtained for membranes
containing 2.0 mg of the KTCIPB. The lipophilic salt content also affects
the response time of optodes (Fig. S8b). In general, the response time is
lower for bismuth(III) than for lead(II). The response time increases
depending on the amount of lipophilic salt from 3 to 6 min for bismuth
(III) and from 10 to 16 min for lead(II). The presence of lipophilic salt
has also an effect on the stability of membranes regarding as leaching
out of chromoionophore from the membrane. If the content of lipophilic
salt is 1.5 or 2.0 mg the leaching percentage of chromoionophore from
membranes is less than 2 % (Fig. S8¢) after 10 regeneration cycles.
Having in mind the previously proposed model of the lead(Il) binding by
pyrrole macrocycles entrapped CTA membranes [59] we assume the
possible functioning mechanism of optodes for bismuth(III) (Eq.1) and
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Fig. 5. Change of absorption spectra for optodes with macrocyclic derivatives 1 or 2 as chromoionophores upon titration with bismuth(Il): a) 1 (egiqm =0 -
2.02 x 107° M) and b) 2 (cpigm = 0 - 2.14 x 10~° M); lead(I): ¢) 1 (cppan = 0 — 2.33 x 107> M) and d) 2 (cppar = 0 - 2.33 x 10°° M).
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lead(II) (Eq.2):

<34 . 3
2Bi(y) + 3LH(org) + 3R (3 2 (BizLia) gy + 3R

+3HY,) 6))

org)

zpbl . 2+

(aq) T 3LH(org) + 2R 2(PoLaH) () + 2R () + 2H} (2)

(org (aq)

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

3.2.2. Effect of pH

The influence of pH on the response of the optodes was tested by
immersing the membranes in previously prepared solutions of lead(II) or
bismuth(III) nitrates (1.05 x 10~ 8 M) of fixed pH, which were obtained
by diluting with small amounts of solution of nitric acid (1.0 M) or so-
dium hydroxide (0.1 M). The constant response of the optodes in the pH
5 — 9 range and pH 6 - 9, respectively for bismuth(III) and lead(II)
(Fig. 6)was found, thus pH 6 was chosen for further research. However,
it is worth mentioning that it is possible to detect and determine bismuth
(III) in the presence of lead(Il) in an acidic environment (below pH 1) in
which no spectral response for lead(II) is observed.

3.2.3. Response time of optodes

The response time tqgs of the optodes was determined as the change of
the generated signal (AA) over time (Fig. 59). The response time tos for
the optodes with compounds 1 and 2 at the bismuth(III) nitrate con-
centration of 1.05 x 10~° M is 5 min. Longer response time 15 min was
determined for optodes 1 and 2 after contact with solution of lead(II)
nitrate. Response time of 5 min was taken for further testing of bismuth
(I11) ions and 15 min for lead(II).

3.2.4. Reversibility

The possibility of regeneration of optodes after use - to make them
reusable - was checked using EDTA and HNO3 (0.1 M) as regeneration
solutions after contact with bismuth(IIl) or lead(II) salts (1.05 x 10~
M) at pH 6, respectively. Regeneration time for optodes with compounds
1 and 2 was 2 min, when using EDTA and 1 min when for regeneration

(a)
0.5

I Bi(n)
I Po(11)

0.4 4

PS - PUBLIKACJA
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HNOj3 was used. After regeneration, optodes were washed three times
with deionized water. In Fig. 510 regeneration of optodes is shown. After
ten cycles of immersion in bismuth(III) nitrate a drift of optical signal
was less than 1.5 % and 1.2 %, for optodes with macrocycles 1 and 2,
respectively, and less than 1.9 % and 1.4 % after ten cycles with lead(II)
salt for membranes with compound 1 and 2, respectively. It means that
optodes can be used without a loss of their properties at least ten times.

3.2.5. Repeatability and lifetime

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

The lifetime of all membranes was determined by immersing mem-
branes in water solution and measuring the value of AA over time, i.e.
after: 1, 2, 3, 7, 14, 21 and 28 days. No significant loss of signal was
found. Membranes were found to be insensitive to sunlight after 28 days.
Just prepared optodes and not used for measurements can be stored
safely for a period of at least 3 months in a dry and dark place (room
conditions) without losing their properties (Fig. 512).

3.2.6. Effect of interfering ions

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

(b)
0.5

I Bi(In)
[ Po(i)

0.4 -

Fig. 6. Influence of pH on the response of the optodes with chromoionophores: a) 1 and b) 2; towards bismuth(III) nitrate (1.05 x 10 5 M) and lead(Il) nitrate

(1.05 x 107> M) presence.
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Fig. 7. Interferences from several metal cations (used in 10-fold molar excess), expressed as RR%, to spectral response (AA) of optodes with chromoionophores 1 and

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

3.3. Linear response range of membranes

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

3.4. Digital image colorimetry

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

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

2.2x10°5 [M]
1.9%10° [M]
1.5%10°5 [M]
1.2%105 [M]
8.7%10 [M]
5.3%10 [M]
1.8%10 [M]

H20

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

3.5. Dual detection

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

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

1.4%10 [M]
4.2x10 [M]
7.0%10 [M]
9.7x10 [M]
1.2%105 [M]
1.5%105 [M]
1.8%10°5 [M]

Fig. 8. Color change of the optodes with the compound: a) 1 and b) 2; after contact with bismuth(III) and lead(II) nitrates of different concentrations in water.
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Fig. 9. Changes in the absorption spectra during spectrophotometric titration of 1 and 2 with bismuth(III) and lead(Il) mixture: a) 1 (¢; = 4.10 x10™° M) (cgicmy/pban
=0-1.71x10 5 M) and b) 2 ((‘2 =411 ><10"5 M) (cBl(lll)/Pb(ll) =0-1.97 x 10»5 M) in DMSO:water (1:1) mixture.
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Fig. 10. Change of absorption spectra for optodes: a) 1 and b) 2, in the presence of bismuth(III) and lead(I1) (cgicun,/pban = 0 ~1.09 x 10> M).

(II) and lead(Il) are comparable, which means that both ions can lead(II) complex. However, the absorption band covers a broader
effectively compete for binding sites of chromoionophores. During the spectral range - above 690 nm - which can correspond to the formation
titration, a new bathochromically shifted band is formed, the maximum of a complex with bismuth(III) in the presence of lead(II). Therefore it
y p p

of which is located at the wavelength corresponding to the maximum of can be assumed that the proposed system can be potentially regarded for
Table 3
Spectrophotometric linear response with equations, LOD and LOQ for optode 1 and 2 for dual detection of bismuth(III) and lead ().

Optode Ton Equation R? Dynamic range [M] LOD [M] LOQ [M]

1 Bi(1ID) y = 10,574.87 xx - 5.8280 0.9993 7.13 x 1077 - 1.50 x 10~° 5.00 x 1077 1.65 x 107

Pb(II) y = 15,248.56 xx + 8.1053 0.9982 891 x 1077 -1.70 x 10~ 3.47 x 1077 1.15x10°°
2 Bi(III) y =9604.91 xx - 1.1736 0.9991 7.13x 107 -1.76 x 10°° 4.88 x 1077 1.61 x 10°°
Ph(II) y = 15,998.31 xx - 5.1136 0.9981 8.91 x 1077 -2.02 x 10~° 2.93 x 1077 9.67 x 1077

Table 4
Comparison of obtained optodes selective to bismuth(III) with already existing ones.

Sensing material Support Method Dynamic range [M] LOD [M] LOQ [M] Response time [min]  Reference

(2E,4E)— 5-(2,4-dinitrophenylamino)penta-2,4- PVC Absorbance 9.6 x 1077 -29x 10" 45x107 15x10° 0.3 [43]

dienal

Methyltrioctylammonium chloride CTA Absorbance 3.4 x10°-48x10° 1.0x10° 33x10° 7 [44]

4-(4-nitrophenyl)— 1-naphthol CTA Absorbance  1.9x10°-17x10° 67x107 22x10° 05 [45]

Pyrocatechol violet CTA Absorbance 5.0 x 10°-48x10° 85x107 28x10° 10 [46]

Methyl thymol blue Cellulose  Colorimetric 24 x10°-24x 10" 14x10° 46x10° 10 [47]

1 CTA Absorbance  7.1x107-15%x10"° 16x107 53x107 5 This work

Colorimetric 3.0x107 1.0x10°°
2 CTA Absorbance 7.1 x107-1.8x10° 17x107 56x1077 5 This work
Colorimetric 32x10°7 1.1 %107
8
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dual detection bismuth(Ill) and lead(II) using the concentration
dependence at two different analytical wavelengths values. One wave-
length corresponds to the isosbestic point of the complex formed with
bismuth(III). At this wavelength there is an increase in absorbance only
in the presence of lead(Il), namely at 532 and 554 nm, while the second
one is 692 and 710 nm characteristic for bismuth(III) complex in the
range where two bands do not overlap, for optode with compound 1 and
2, respectively.

In Fig. S15 the range of linear response and comparison with the
change of absorbance during spectrophotometric titration with indi-
vidual ion salts at the wavelengths described above for a mixture of
bismuth(III) and lead(1I) is shown. These ranges overlap, which allows
to determine the ranges of linear response for the concentrations of both
analytes at the same time. Unfortunately, using colorimetric analysis, it
was not possible to quantify bismuth(III) and lead(II) side by side. The
dual sensing ranges of the linear response coincide with the ranges for
single analytes, however, due to the smaller slopes of the characteristics,
higher values of the detection limit are obtained (Table 3).
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3.6. Comparison of optodes with other sensing materials

3.2x 10712

N/D
1.0 x 1078

8.0 x 10°°
1.2x10°8

LOD [M]

6.9 x 1077
6.5 x 10°°
8.6 x 10°°
2.5 x 1078
7.3x1077
4.0 x 10°°
53x107
8.6 x 1077
2.3 x1077
4.4 x 107
2.1 %1077
4.0x 107

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

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

1.0x 107 -5.0 x 1072
1.0x10°%-50 x107°
1.0x10°-1.0x10*
1.0 x 10°°-5.0 x 107!
6.9x10°-1.1x1072
1.0x107-1.0x10"3
6.2x108-50x10"°
245%10°°-27% 10~
1.2x10%-24 x10°°
9.7x107-53 x10°°
81x10%-22x10"°
7:85¢107=2:1:%:10~*
89x107-17 x10"°
89x107-20x10"°

Dynamic range [M]
5.0x107°-5.0 x10™°

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

Comparison of recovery results obtained for optodes with chro-
moionophore 1 upon immersion of the sensor layer in Standard Refer-
ence Solution of bismuth(III) of different concentrations is collected in
Table 51 and for optode with compound 2 in Table 6. The recoveries are
at least about 98.92 — 101.56% for spectrophotometric detection (AA)
for bismuth(Il) in concentration range from 4.78 x 107 M to
9.57 x 10~® M. Colorimetric determination is possible at the same
concentration range with recovery 98.85 — 102.01 %. To evaluate the
influence of the sample matrix three different samples of tap water were
spiked with known concentration of bismuth(III). In this case recoveries
are within 98.61 — 100.75 % for spectrophotometric detection (AA) and
98.80 - 101.02 % for colorimetric attempt (AEpgg).

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

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

Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Absorbance
Colorimetric
Absorbance
Colorimetric
Absorbance
Colorimetric

Method

Support
PVC
PVC
PVC
PVC
CTA
PVC
CTA
PVC
CTA
Agarose
Chitosan-Silica

CTA
CTA
CTA

4. Conclusion

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

3,3,5',5-Tetrabromophenolphthalein ethyl ester potassium salt + Dibenzo-18-crown-6

2-amino-cyclopentene-1-dithiocarboxylic acid

Diphenylcarbazone

Lead ionophore IV + ETH 5294
18-membered diazocrown with pyrrole residue

Dithizone

Sensing material

ETH 5435 + ETH 5418

ETH 5493 + ETH 2439

PAN + Dibenzodiaza-18-crown-6
4-hydroxy salophen

Dithizone
Dithizone

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

Table 5
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Table 6
Determination of bismuth(III) by optodes with chromoionophore 2 in real samples and for commercial standard reference solution.
Added Bi (I11) [M] Found Bi (I1I)
AA Recovery RSD AEgGn Recovery RSD
Bi (I11) [M] % % Bi (II) [M] % %
Standard Reference Solution of bismuth(111) 4.78 x 1077 4.85 x 1077 101.56 4.40 4.88 x 1077 102.01 6.61
9.57 x 1077 9.47 x 1077 98.92 3.80 9.58 x 1077 100.07 2.86
4.78 x 10°° 4.77 x 107° 99.78 1.58 4.78 x 10°° 99,95 2.15
9.57 x 10°° 9.58 x 107° 100.06 0.76 9.46 x 10°° 98.85 1.72
Tap water 1 0 < LOD - - < LOD - -
4.78 x 1077 4.73 x 1077 99,02 7.62 4.78 x 1077 100.10 8.59
9.57 x 1077 9.59 x 1077 100.19 4.39 9.67 x 1077 101.02 3.30
4.78 x 10°° 4.79 x 107 100.29 1.76 4.80 x 10°° 100.33 2.32
9.57 x 10°° 9.60 x 10°° 100.31 0.88 9.48 x 10°° 99.04 1.66
Tap water 2 0 < LOD - - < LOD - -
4.78 x 1077 4.61 x 1077 96.48 4.40 4.74 x 1077 99.15 5.38
9.57 x 107 9.35 x 1077 97.65 2.20 9.53 x 107 99,59 4.19
4.78 x 10°° 4.76 x 10°° 99.53 1.16 4.77 x 107° 99.85 2.01
9.57 x 10°° 9.56 x 10°° 99.93 0.58 9.46 x 10°° 98.80 1.57
Tap water 3 0 < LOD - - < LOD - -
4.78 x 1077 4.73 x 1077 99.02 7.62 4.78 x 1077 100.10 7.73
9.57 x 1077 9.47 x 1077 98.92 6.59 9.58 x 1077 100.07 6.29
4.78 x 10°° 4.77 x 10°° 99.78 2.75 4.78 x 10°° 99,95 3.43
9.57 x 10°° 9.58 x 107° 100.06 1.32 9.46 x 10°° 98.85 2.50
Table 7
Determination of lead(II) by optodes with chromoionophore 2 in real samples and for commercial Standard Reference Solution.
Added Pb (I1) [M] Found Pb (II)
AA Recovery RSD AERrGe Recovery RSD
Pb (11) [M] % % Pb (I1) [M] % %
Standard Reference Solution of lead(II) 478 x 1077 471 x 1077 98.47 5.50 4,69 x 1077 98.18 5.42
9,57 x 1077 941 x 1077 98.37 2.75 9.44 x 1077 98.66 3.71
4.78 x 10°° 4.78 x 10°° 100.06 1.91 478 x 10°° 100.07 2.42
9.57 x 10°° 9.58 x 107° 100.11 0.73 9.57 x 10°° 99,96 1.34
Tap water 1 0 < LOD - - < LOD - -
4.78 x 1077 4.78 x 1077 100.06 8.25 4.75 x 1077 99.36 7.10
9.57 x 1077 9.57 x 1077 99.95 4.47 9.50 x 1077 99.25 5.32
4.78 x 10°° 4.80 x 10°° 100.37 1.88 4.81 x 10°° 100.54 2.64
9,57 x 10°° 9,60 x 10°° 100.27 1.10 9.58 x 10°° 100.08 1.54
Tap water 2 0 < LOD - - < LOD - -
478 x 1077 4.86 x 1077 101.64 4.40 4.86 x 1077 101.72 4.10
9,57 x 1077 9.72 x 1077 101.54 2.75 9,67 x 1077 101.03 3.07
4.78 x 10°° 4.75 x 107 99.42 2.20 4.77 x 107° 99.83 2.43
9.57 x 10°° 9.50 x 10°° 99.32 1.45 9.52 x 10°° 99.49 1.41
Tap water 3 0 < LOD - - < LOD - -
4.78 x 1077 4.86 x 1077 101.64 5.50 4.81 x 1077 100.54 5.42
9.57 x 1077 9.57 x 1077 99.59 4.76 9.56 x 1077 99.84 4.69
4.78 x 10°° 4.80 x 10°° 100.37 1.46 4.78 x 10°° 99,95 2.25
9,57 x 107° 9,61 x 10°° 100.43 0.48 9.59 x 10°° 100.20 1.82
o
< Tables
8 Dual determination of bismuth(IIl) and lead(II) by optodes with chromoionophore 2 in real samples and for commercial Standard Reference Solution (1:1).
E Added Bi (I11)/Pb (11) [M] Found Bi (II1) Found Pb (I1)
8 AA Recovery RSD AA Recovery RSD
e Bi (I1D) [M] % % Pb (I1) [M] % %
g Standard Reference Solution of bismuth(II)and lead(II) (1:1) 9.57 x 1077 9.14 x 107 95.56 6.28 9.49 x 107 99.13 3.77
c 4.78 x 10°° 4.80 x 10°° 100.45 4.36 4.78 x 10°° 100.05 2,62
© 9.57 x 10°° 9,59 x 10°° 100.22 1.73 9.60 x 10 °°© 100.27 1.31
8 Tap water 1 0 < 1LOD : : < LOD . :
o 9.57 x 1077 9.84 x 1077 102.81 6.28 9.70 x 1077 101.31 6.53
478 x 10°° 4.84 x 10°° 101.17 4.53 4.80 x 10°° 100.49 2,72
>' 9.57 x 107° 9.63 x 10°° 100.58 2.26 9.62 x 10°° 100.48 1.36
N Tap water 2 0 < LOD = : <1OD - :
Q 9.57 x 1077 9.14 x 1077 95.56 8.62 9.28 x 1077 96.96 877
[TT] 4.78 x 10°° 477 x 107 99,72 4.53 4.76 x 1077 99,62 2.72
— 9.57 x 107° 9.56 x 10°° 99.85 2.26 9.57 x 107°° 100.05 1.36
; Tap water 3 0 < LOD - - < LOD - -
9.57 x 1077 9.49 x 107 99,19 5.44 9.38 x 1077 98.04 3.27
= 4.78 x 107° 4.77 x 10°° 99.72 3.52 4.76 x 10°° 99.62 2.51
7, 9.57 x 107° 9.59 x 107° 100.22 2.88 9.60 x 10°° 100.27 2.13
@)
= "
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described in literature macrocyclic azo derivatives selectively binding
bismuth(IIl). Satisfactory linear relationship between the value of the
generated optical signal and the concentration of bismuth(III) and lead
(II) optodes at pH 6 was obtained (the range depends on the chro-
moionophore used). It was also found that it is possible to detect and
determine bismuth(III) and lead(II) ions using color measurement ap-
plications for mobile devices. Spectrophotometric measurements char-
acterize with lower values of the limit of detection compared to
colorimetric measurements based on the measurement of the color
change of photos. Membranes with compound 1 generate a greater
change in absorbance, and thus also a greater change in color in the
presence of bismuth(III) than in the case of compound 2, which trans-
lates into greater sensitivity in the detection and determination of this
analyte. The opposite situation takes place in the presence of lead(Il),
because in this case the optode with compound 2 generates a greater
change in absorbance and in color change.

Although the scope of the work in this manuscript does not include
studies of the potential use of the described macrocycles in nuclear
medicine, we believe they are worthy of such consideration (once the
toxicity of the ligands has been determined) by teams specializing in
such issues.
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Fig. S2. 'H NMR spectrum of 2 (3.64x1073 M) registered in the presence of equimolar amount of bismuth(III)
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Fig. S5. Job’s plots for bismuth(III) nitrate in DMSO-water (1:1, v/v) with compound: a) 1 and b) 2.
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Fig. S7. Job’s plots for lead(Il) nitrate in DMSO-water (1:
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1, v/v) with compound: a) 1 and b) 2.
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Fig. S8. Effect of the amount of KTCIPB on the parameters of optode with compound 1: a) the value of generated
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Fig. S9. Response time of the optodes: a) 1 and b) 2; for the presence of bismuth(Ill) and lead(Il) salts at
concentration 1.05x1075 M.
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Fig. S10. Regeneration cycles of optodes with compound 1 and 2 after contact with: a) bismuth(III)/EDTA and b)
lead(II) nitrates/nitric acid (0 — first time usage).
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Fig. S11. Reproducibility of optodes with: a) 1 and b) 2; after contact with bismuth(IIl) and lead(II) nitrates
(1.05x10° M).
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Fig. S12. Response of optodes with compound 1 and 2 after contact with: a) bismuth(III) and b) lead(II) nitrates;
storage in a dry and dark place for different time (weeks, 0 — first time usage)
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Fig. S13. Dependence of the change in the value of the generated signal (AA) of the optodes in the presence of
bismuth(III) (cpiam = 0 — 2.02x103 M): a) 1 and b) 2; and in the presence of lead(Il) (cpvan = 0 — 2.33x103 M):

¢) 1 and d) 2; with marking the range of the linear response.
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Fig. S14. Dependence of the color change (AErgs) of the optode with bismuth(Ill) (cgiqm = 0 — 2.02x10°5 M):
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Fig. S15. Dependence of the change in the value of the generated signal (AA) of the optodes in the presence of
bismuth(I11) and lead(IT) (ciamympoan = 0 — 1.13x10° M): a) 1 and b) 2 for bismuth(IlI); ¢) 1 and d) 2 for lead(I);
extended and superimposed on ranges of linear responses for single ions, with the range of the linear response
marked.
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Table S1. Determination of bismuth(III) by optodes with chromoionophore 1 in real samples and for commercial
Standard Reference Solution.

Added Found Bi(l11)
Bi(ll) [M] AA Recovery RSD  AEggs Recovery RSD
Bi(II) [M] % % Bi(Il) [M] % %

Standard 4.78x107 4.82x107 100.75 3.71  4.85x107 101.42 5.18
Reference 9.57x107 9.53x107 99.58 3.21  9.57x107 99.99 3.73
Solution 4.78x10® 4.80x10 100.32 1.29 4.78x10° 99.94 2.00
of bismuth(Ill)  9.57x10°  9.56x10°  99.90 0.64 9.57x10° 99.99 1.44
Tap water 1 0 <LOD <LOD

4.78x107 4.71x107 98.61 743  4.81x107 100.59 7.47
9.57x107 9.63x1077 100.65 341 9.65x107 100.81 4.87
4.78x10® 4.82x10° 100.75 149  4.79x10® 100.27 1.51
9.57x10® 9.58x10% 100.11 0.74 9.59x10° 100.20 1.57
Tap water 2 0 <LOD - - <LOD - -
4.78x107 4.71x107 98.61 3.91  4.77x107 99.76 4.98
9.57x107 9.63x1077 100.65 1.85 9.57x107 99.99 6.49
4.78x10® 4.79x10°® 100.11 0.98 4.77x10° 99.86 1.87
9.57x10® 9.55x108 99.79 0.49 9.57x10°% 100.03 1.62
Tap water 3 0 <LOD - - <LOD - -
4.78x107 4.82x107 100.75 6.43 4.81x107 100.59 7.80
9.57x107 9.53x107 99.58 5,56 9.53x107 99.57 3.90
4.78x10® 4.80x10° 100.32 2.23  4.78x10° 99.94 3.24
9.57x10® 9.56x108 99.90 111 9.57x10°® 100.03 1.50

Table S2. Determination of lead(Il) by optodes with chromoionophore 1 in real samples and for commercial
Standard Reference Solution.

Added Found Ph(I)
Pb(I) [M] AA Recovery RSD  AEgcs Recovery RSD
Pb(D)[M] % % Pb(IN[M] % %
Standard 4.78x107  4.73x107  98.96 465  4.81x107  100.54 5.53
Reference 9.57x107  9.75x107  101.90 263  9.55x107  100.85 4.18

Solution
6 6 5
of lead(l1) 4.78x10 4.80x10 100.48 1.83 4.78x10 99.97 2.45

9.57x10%  9.56x10°  99.92 091  9.57x10%  100.03 1.72
Tapwaterl O <LOD - - <LOD - -
4.78x107  4.80x107 100.48 9.13  4.86x107  101.74 7.24
9.57x107  9.61x107 100.19 456  9.54x107  99.65 5.43
4.78x10%  4.82x10® 100.79 190  4.80x10°  100.45 2.67
9.57x10%  9.59x10® 100.22 1.05  9.60x10°  100.27 1.84
Tapwater2 O <LOD - - <LOD - -
4.78x107  4.95x107 103.53 5.72  4.86x107  101.74 6.27
9.57x107  9.46x107  98.85 236 9.48x107  99.05 2.76
4.78x10°  4.77x10%  99.87 211 4.77x10%  99.85 2.27
9.57x10%  9.50x10®  99.31 1.39  9.51x10%  99.37 1.64
Tapwater3 O <LOD - - <LOD - -
4.78x107  4.73x107  98.44 465  4.81x107  100.54 5.53
9.57x107  9.61x107 100.38 456  9.54x107  99.65 3.62
4.78x10°%  4.79x10® 100.18 140  4.78x10%  99.97 1.81
9.57x10%  9.58x10® 100.07 071 9.57x10%  100.03 1.35

283


http://mostwiedzy.pl

PS5 - MATERIALY DODATKOWE

Table S3. Dual determination of bismuth(III) and lead(II) by optodes with chromoionophore 1 in real samples and
for commercial Standard Reference Solution (1:1).

Added Found Bi(ll1) Found Pb(I)

Bi(l1)/Pb(I1  AA Recovery RSD  AA Recovery RSD

) [M] Bi(llD [M] % % Pb(IN[M] % %
Standard Reference 9.57x107 9.38x107  97.99 5.70 9.52x107  99.52 3.96
Solution of bismuth(I1l)  4.78x106 4,78x10%  100.07 3.96 4.80x10°%  100.41 2.74
and lead(ll) (1:1) 9.57x10 9.61x10°%  100.38 1.98 9.59x10°  100.18 1.37
Tap water 1 0 <LOD <LOD

9.57x107 9.69x107  101.28 7.50 9.74x107  101.81 3.96

4.78x10 4.81x10%  100.73 4.12 4.82x10%  100.87 2.86

9.57x10% 9.64x10°%  100.71 2.06 9.61x10%  100.41 1.43
Tap water 2 0 <LOD - - <LOD - -

9.57x107 9.06x107  94.69 9.88 9.09x107  94.95 3.96

4.78x10 4.75x107  99.41 4.12 4.78x107  99.96 2.86

9.57x10 9.57x10%  100.05 2.06 9.57x10%  99.95 1.43
Tap water 3 0 <LOD <LOD

9.57x107 9.53x107  99.63 4.94 9.42x107  98.38 5.23

4.78x10° 4.75x10°  99.41 3.82 4.78<10°  99.96 2.58

9.57x10°® 9.64x10°  100.71 2.28 9.59x10°  100.18 2.19
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