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Streszczenie

W ramach niniejszej pracy, skupiono si¢ na syntezie, charakterystyce spektroskopowej oraz
wilasciwosciach optycznych: (1) wielodonorowych makrocyklicznych zasad Schiffa, (2)
pochodnych  benzimidazolowych modyfikowanych podstawnikami 0 réznych
wiasciwosciach elektronowych, a takze (3) makrocyklicznych kompleksow cynku(ll)

i miedzi(l1).

W wyniku przeprowadzonych badan otrzymano dwa ligandy makrocykliczne [2+2], dwa
ligandy makrocykliczne [3+3], pig¢ ligandow benzimidazolowych modyfikowanych
podstawnikami: -bromo, grupy: fenylowa, -metylowa, -tert-butylowa oraz naftoimidazol
jak rowniez dwa makrocykliczne kompleksy cynku(ll) i dwa makrocykliczne kompleksy
miedzi(ll). Przeprowadzono charakterystyke spektroskopowa i badania wiasciwosci
otrzymanych zwigzkow w roztworze 1 w ciele staltym za pomoca metod: NMR, IR,
UV-Vis, analizy elementarnej, analizy termicznej, rentgenowskiej analizy strukturalnej,
a odziatywania miedzyczasteczkowe okreslono poprzez analiz¢ powierzchni Hirshfelda.

Ponadto wykonano obliczenia DFT wiasciwosci strukturalnych i optycznych zwigzkow.

W celu uzyskania cienkich materialdw zastosowano metode powlekania wirowego na
mokro (spin coating) i termicznego osadzania z fazy gazowej, zoptymalizowano rowniez
parametry nanoszenia zwigzkow. Materiaty scharakteryzowano wykorzystujac metody
mikroskopowe tj. SEM/EDX, AFM oraz TEM. Przeprowadzono badania wiasciwosci

optycznych cienkich filmow.

Okreslono takze wlasciwosci fluorescencyjne otrzymanych zwigzkow w roztworze i ciele
statym w celu kwalifikacji materiatow, jako prekursorow diod OLED. Skonstruowano trzy
diody OLED, wykorzystujac ligandy benzimidazolowe, ktore pelnig rolg warstwy
emisyjnej powstalego urzadzenia optycznego. Wyznaczono parametry diody
tj. maksymalng dhugos¢ fali emisji elektroluminescencji, napigcie poczatkowe,
maksymalng jasnos¢, wydajnos$¢ pradowa oraz grubo$é warstwy aktywnej. Potwierdzono

wysokie parametry swiecenia, co Skutkuje mozliwoscig zastosowania ich w przemysle.



Summary

In this work, | focus on the synthesis, spectroscopic characterization, and optical properties
of: (1) multidonor macrocyclic Schiff bases, (2) benzimidazole derivatives modified with
substituents of different electronic properties, and (3) macrocyclic zinc(l1) and copper(ll)
complexes. As a result of the conducted studies, two macrocyclic ligands [2+2], two
macrocyclic ligands [3+3], five benzimidazole ligands modified with substituents: -bromo,
-phenyl, -methyl, -tert-butyl group and naphthoimidazole as well as two macrocyclic
zinc(ll) complexes and two macrocyclic copper(ll) complexes were obtained.
Spectroscopic characterization of the obtained compounds was carried out in solution and
the solid state using the following methods: NMR, IR, UV-Vis, elemental analysis, thermal
analysis, X-ray structural analysis, and intermolecular interactions were determined by
Hirshfeld surface analysis. In addition, DFT calculations of the structural and optical
properties of the compounds were performed.

The wet spin coating and thermal vapour deposition methods were used to obtain thin
materials, and the deposition parameters were optimised. The materials were characterized
using microscopic methods: SEM/EDX, AFM, and TEM. Optical properties of thin films

were studied.

The fluorescent properties of the obtained compounds in solution and the solid state were
also determined to qualify the materials as OLED precursors. Five OLEDs were
constructed using benzimidazole ligands, which act as the emission layer of the resulting
optical device. The diode parameters were determined, i.e., the maximum wavelength of
electroluminescence emission, initial voltage, maximum brightness, current efficiency, and
active layer thickness. High lighting parameters were confirmed, which results in the

possibility of their use in industry.
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Wykaz skrotow

AFM (ang. Atomic Force Microscope) Mikroskopia Sit Atomowych
CHEF (ang. Chelation Enhanced Fluorescence) Fluorescencja Wzmocniona Chelatacja

CIE (ang. Commission Internationale de I’Eclairage) Migdzynarodowa Komisja

Oswietleniowa

DFT (ang. Density Functional Theory) Teoria Funkcjonatu Gestosci

EDX (ang. Energy Dispersive X-Ray Analysis) Analiza rentgenowska z dyspersja energii
EML (ang. Emitting Layer) Warstwa emisyjna

ESIPT (ang. Excited State Intramolecular Proton Transfer) Wewnatrzczasteczkowe

przeniesienie protonu w stanie wzbudzonym

FTIR (ang. Fourier-Transform Infrared Spectroscopy) Spektroskopia w podczerwieni

z transformacjg Fouriera

HOMO (ang. Highest Occupied Molecular Orbital) Najwyzszy obsadzony orbital

molekularny

IAPS (ang. Institute of Atomic Physics and Spectroscopy) Instytut Fizyki Atomowej
i Spektroskopii

ICT (ang. Intramolecular Charge Transfer) Wewngtrzny transfer fadunku
ILCT (ang. Inter Ligand Charge Transfer) Wewnetrzny transfer tadunku
ITO (ang. Indium tin oxide) tlenek indowo cynowy

LUMO (ang. Lowest Unoccupied Molecular Orbital) Najnizszy nieobsadzony orbital

molekularny)

MLCT (ang. Metal-Ligand Charge Transfer) Transfer fadunku pomiedzy metalem

i ligandem

NMR (ang. Nuclear Magnetic Resonance) Spektroskopia magnetycznego rezonansu

jadrowego

OLED (ang. Organic Light-Emitting Diode) Organiczna Dioda Elektroluminescencyjna



PEDOT:PSS poli(3,4-etylenodioksytiofen) sulfonian polistyrenu

PET (ang. photoinduced electron transfer) Fotoindukowany transfer elektronéw
QE (ang. Quantum Efficiency) Wydajnos¢ kwantowa

RT(ang. Room Temperature) Temperatura pokojowa

SC (ang. Spin Coating) Metoda powlekania wirowego

SEM (ang. Scanning Electron Microscope) Skaningowa Mikroskopia Elektronowa
So, S1, S2— stany singletowe

TADF (ang. Thermally Activated Delayed Fluorescence) Termicznie aktywowana

opozniona fluorescencja

TEM (ang. Transmission Electron Microscope) Transmisyjna Mikroskopia Elektronowa
TVD (ang. Thermal Vapour Deposition) Termiczne Osadzanie z Fazy Gazowej

T1 —stan trypletowy

UL (ang. University of Latvia) Uniwersytet Lotewski

UV-Vis (ang. Ultraviolet and Visible) Promieniowanie ultrafioletowe oraz widzialne
VTE (ang. Vacuum Thermal Evaporation) Naparowywanie termiczne w prozni

XAS (ang. X-ray Absorption Spectroscopy) Spektroskopia absorpcyjna promieniowania

rentgenowskiego



1. Wprowadzenie

W dzisiejszych czasach, dobie ptaskich kolorowych wyswietlaczy, cienkich elastycznych
ekrandw urzadzenia elektroluminescencyjne nabieraja nowego, coraz to wigkszego
znaczenia. Naukowcy weciaz poszukuja idealnego materiatu charakteryzujacego sie
regulowanym widmem emisji, efektywnym wykorzystaniem energii, wysoka jasnoscia

i stabilnoscig termiczng.

Organiczne diody elektroluminescencyjne (OLED) maja kluczowe znaczenie w przemysle
optoelektronicznym. Materialy te posiadajg unikalne cechy tj. ultralekka wage, ultracienki
ksztalt, szeroki kat widzenia, szybki czas reakcji, wysoka jasnos¢, szerokag game kolorow,
a co wiecej sg nisko kosztowe oraz przyjazne dla srodowiska. Wspolcze$ni badacze nadal
daza do poprawy parametrow $wiecenia oraz parametrow technicznych diod poprzez
optymalizacje architektury urzadzenia.! Wydajno$¢ i zywotno$é diody determinuje
warstwa emisyjna (EML), dlatego tez skupiono si¢ na jej modyfikacji.>>*° Obecnie, jako
(EML) stosuje si¢ zwigzki chemiczne posiadajace wlasciwosci luminescencyjne, zaliczaja

® nieorganiczne’ jak i metaloorganiczne.®

si¢ do nich zarowno zwiazki organiczne,
Zasadniczg role w urzadzeniach elektroluminescencyjnych peinig zasady Schiffa, jak
rowniez zwigzki kompleksowe tych ligandow z metalami przejSciowymi oraz jonami
metali z grupy lantanowcow.>1° Kompleksy te posiadaja znaczacy potencijat aplikacyjny
jako materiaty luminescencyjne i magnetyczne.'! Kolejna grupa zwiazkow wykazujacych
istotne cechy strukturalne oraz optyczne, majacych zastosowanie jako warstwa emisyjna

w OLED sg pochodne benzimidazolu.*2*314

Modyfikacja diody zwigzana jest rowniez z odpowiednim doborem metody nanoszenia
cienkich warstw materiatu tworzacego (EML). Powszechna 1 szeroko stosowang metoda
nanoszenia jest metoda powlekania wirowego na mokro (spin coating). Metoda ta wzbudza
szczegOlne zainteresowanie ze wzgledu na swoje zalety: tatwos$¢ wykonania, mozliwo$¢

kontroli parametréw fizycznych cienkiej warstwy (gruboéci, wagi oraz jednorodnosci).™
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1.1 Fluorescencja

Uproszczony diagram Aleksandra Jablonskiego przedstawia zjawisko fotoluminescencji
[Rys. 1]. Odpowiednie oznaczenia: So, S1 i Sz przedstawiajg elektronowe stany singletowe,
T stan trypletowy, przejscia migdzy nimi symbolizujg pionowe linie. Fluorofory moga

wystepowac na kazdym z wielu poziomow energii wibracyjnej.

wn
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Rys. 1 Uproszczony diagram Jablonskiego.

W wyniku absorpcji promieniowania elektrony fluorofora sag wzbudzane ze stanu
So (podstawowego) na wyzsze poziomy singletowe. Mozliwa jest tez relaksacja czgsteczek
w fazie skondensowanej do stanu singletowego Si, proces ten nazywany jest konwersja
wewnetrzng (102s). Czasteczka fluorofora w stanie wzbudzonym ulega relaksacji na kilka

sposobow:

1) Powrdét ze stanu wibracyjnego o najnizszej energii o zrOwnowazonej temperaturze (S1)
bezposrednio na wyzszy poziom wzbudzony Stanu  podstawowego  (So).
W wyniku tego procesu, stan So osigga rOwnowage termiczng, towarzyszy temu emisja
kwantow promieniowania elektromagnetycznego (fotonéw). Przejscie jest spinowo
dozwolone i zachodzi stosunkowo szybko (czas zaniku 108 s). Zjawisko to nazywane jest

fluorescencja.

2) Kolejnym zjawiskiem w wyniku ktorego czasteczka ulega relaksacji pomigdzy stanami
z r6zng multipletowos$cig tj. poziomu singletowego Si: na poziom trypletowy T: jest
fosforescencja. Ze wzgledu na rdézng multipletowosé standéw, elektron w stanie

wzbudzonym oraz podstawowym posiada tak samo zorientowany spin. Jest to wigc
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przej$cie zabronione i w porownaniu do fluorescencji czas emisji fotonow jest o wiele

dhuzszy (milisekundy).

Maksimum emisji jest ,,lustrzanym odbiciem” maksimum pasma absorpcji, podobienstwo
to jest spowodowane niewiele roznigcymi si¢ odstepami poziomoéw wibracyjnych w stanie
podstawowym i wzbudzonym (wzbudzenie nie zmienia znaczaco geometrii jadrowej
czasteczki). Z powodu relaksacji wibracyjnej nastgpuje utrata energii w stanie
wzbudzonym, co skutkuje wyzszg wartoscig dtugosci fali emisji fluorescencji (nizszej
energii) w poréwnaniu do absorpcji. Odleglo$¢ pomiedzy maksimum emisji, @ maksimum
pasma absorpcji nazywane jest przesunigciem Stokesa 1 jest wyrazane

w liczbach falowych. 1%

1.1.1 Zwiazki wykazujace wlasciwosci fluorescencyjne

Zwigzki chemiczne wykazujace wysoka intensywno$¢ fluorescencji posiadajg okreslone
cechy strukturalne, a takze réznorodne podstawniki, ktore wplywaja na efektywna
absorpcje¢ oraz emisje promieniowania elektromagnetycznego. Do czynnikow majacych

wplyw na parametry emisji nalezg:
1. Cechy strukturalne:

- Sprzezone uklady wigzan podwojnych (zdelokalizowane elektrony =) oraz sztywna

struktura (ukiad planarny).

Zwigzki aromatyczne oraz heterocykliczne charakteryzujg sie¢ obecnoscig elektronow
zdelokalizowanych 7, w wyniku czego proces wzbudzenia nie wymaga naktadu duzej ilo$ci
energii. Powoduje to wzrost stopnia sprzezenia, a W konsekwencji wzrost wydajnosci
kwantowej. Zwiazki te charakteryzujg si¢ sztywna struktura, co zapobiega efektywnej
utracie energii przez elektrony. Czasteczka posiada wyzsza energi¢ niz granica konwersji
wewnetrznej, W Wyniku czego nastepuje utrata energii w postaci emitowanego fotonu.

Przykladami takich zwiazkow sg antracen oraz pirydyna.t81®
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2. Podstawniki elektronowe i ich wptyw na widmo emisji:
- Chromofory;

Chromofor to grupa funkcyjna absorbujaca promieniowanie elektromagnetyczne
w zakresie 180-800 nm, ktéra odpowiedzialna jest za nadawanie barwy; naleza do nich
m.in.  ugrupowania: —-C=C-, —-C=N-, -C=0, -N=N-22!  Qdziatywania
wewnatrzmolekularne podstawnikow majg znaczacy wplyw na widma elektronowe

czasteczki.
- Efekt cigzkiego atomu;

Duze prawdopodobienstwo przejScia migdzysystemowego wynikajace z obecnosci
ciezkich atoméw (-Br, -I) w czasteczce moze powodowaé wygaszanie emisji
fluorescencji. Jednak poprzez dominacj¢ zachodzacych procesow i wysokg wydajnosé
kwantowa fluorescencji podstawniki te finalnie mogg mie¢ jedynie niewielki wptyw

na emisjg.
- Podstawniki elektrodonorowe;

Do podstawnikow elektrodonorowych naleza: —OH, —OR, —NH»2. Obecnos¢ tych grup
w czasteczce Skutkuje wzrostem wspotczynnika absorpcji molowej oraz przesunigciem

potozenia maksimum pasma absorpcji i emisji.
- Podstawniki dezaktywujace;

Do podstawnikow dezaktywujacych nalezg grupy karbonylowe i nitrowe. Ze wzgledu na
nisko polozony stan wzbudzony n—m’, zwiazki zawierajace te grupy wykazuja niska

wydajnos¢ kwantowg fluorescencji.
3. Wplyw rozpuszczalnika:
- Polarnos¢ 1 lepkos¢ rozpuszczalnika.

Zasadniczy wplyw na widmo emisji ma polarno$¢ oraz zdolno$¢ rozpuszczalnika
do tworzenia wigzan wodorowych z fluoroforem. W miar¢ wzrostu tych efektow nastgpuje
inwersja standw n—m i m—m, co wynika ze stabilizacji stanu wzbudzonego czasteczki.
Dodatkowo po wzbudzeniu, dipole rozpuszczalnika zmieniajg orientacj¢ lub ulegaja
relaksacji wokél stanu wzbudzonego. W rezultacie nastepuje wzrost intensywnosci

fluorescencji oraz przesuniecie batochromowe. %’

13



Na widmo emisji ma wptyw szereg roznych efektow. Do najwazniejszych zalicza sig:

- budowa fluoroforu, obecne w nim grupy elektronowe oddziatuja z czasteczkami
rozpuszczalnika generujac procesy wewnatrzczasteczkowe tj. ICT — wewngtrzny transfer
tadunku oraz ESIPT - wewnatrzczasteczkowe przeniesienie protonu w stanie

wzbudzonym;
- polarno$¢ rozpuszczalnika;
- zmiany konformacyjne czgsteczki.

Wiele efektow moze wystepowac jednoczesnie, dlatego tez, czesto trudno jest okreslic,
ktory z nich jest dominujacy i ma najwigkszy wplyw na zmian¢ intensywnosci pasma

emisji.1®

1.1.2 Makrocykliczne zasady Schiffa

Makrocykliczne zasady Schiffa to zwigzki chemiczne o budowie cyklicznej posiadajgce
w swojej strukturze wigzanie azometinowe —C=N-. Zwigzki te znajduja wiele zastosowan
m.in. w chemii supramolekularnej,??® biologii,?*?® chemii materiatow,?® katalizie?” oraz
optyce.?® Co wiecej, ze wzgledu na fakt, iz makrocykliczne ligandy posiadaja strukture
planarng i duzg delokalizacje elektronows, moga by¢ wykorzystywane, w urzadzeniach

elektroluminescencyjnych jako warstwy emisyjne.?%%
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Rys. 2 Wybrane, potencjalne produkty reakcji kondensacji diamin z dialdehydami - uktady
makrocykliczne typu [2+2] oraz [3+3].

Proces makrocyklizacji zapewnia roznorodno$¢ strukturalng otrzymywanych ligandow.
Produktami reakcji moga by¢ ligandy typu [2+2], [3+3],...[n+m], gdzie indeksy n oraz
m oznaczaja odpowiednio liczbe¢ poszczegdlnych diamin i dialdehydow wiaczonych
do makrocyklu. [Rys. 2] Obecnos¢ oraz ulozenie atoméw donorowych, tj. O, —N, —S
W sposob zorganizowany, a tym samym konstrukcja supramolekularna zapewniaja
wystarczajagcg przestrzen W sferze koordynacyjnej, tworzac efekt ,rusztowania”.
Te odpowiednie warunki, wielko$¢, symetria oraz elastyczno$¢ ligandow przyczyniajg si¢
do mozliwosci kompleksowania réznego typu jondw metali, co prowadzi do powstania
-mono, -di oraz polijgdrowych zwigzkéw koordynacyjnych.332* Wneka wytworzona
w wyniku makrocyklizacji musi mie¢ odpowiednig wielkos¢ w celu dopasowania do niej
rozmiaru jonu centralnego metalu, co gwarantuje powodzenie syntezy oraz stabilizacje

kompleksu.

Makrocykliczne, wielodonorowe ligandy odgrywaja kluczowe znaczenie w chemii
koordynacyjnej. Maja wpltyw na wlasciwosci strukturalne, magnetyczne i optyczne

otrzymanych polgczen.®*

Zwiazki te mozna sfunkcjonalizowac, poprzez modyfikacje struktur substratow: diamin lub

dialdehydow, wprowadzajac do ukladu podstawniki o réznej wielkosSci, efektach
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sterycznych badz elektronowych. W ten sposob uzyskuje si¢ roznorodne supramolekularne

struktury o zaplanowanych wlasciwosciach strukturalnych oraz fotofizycznych.

Istotng grupe zwiazkow makrocyklicznych stanowia pofaczenia chiralne, ktore sa
stosowane zarowno w chemii supramolekularnej jak i katalizie.**%53" Pelig one role
chiralnych blokéw budulcowych o wlasciwosciach luminescencyjnych majacych
zastosowanie w selektywnej analizie jonow metali.®33%4° Dzieki specyficznej konformacji
stereogenicznej diamin zostaje zachowana stabilno$¢ konformacyjna oraz ksztalt
chiralnych  makrocykli.  Specyficzna  architektura makrocykli oraz  budowa
supramolekularna zapewniaja wystarczajacg przestrzen do tworzenia kompleksow

polijadrowych. 4142

1.1.3 Ligandy benzimidazolowe

Benzimidazole to klasa heterocyklicznych, aromatycznych zwigzkéw organicznych

zbudowanych z pier§cienia benzenowego skondensowanego z pierscieniem imidazolowym

[Rys. 3]

O 2-(1H-benzimidazol-2-ylo)anilina

1H-nafto[2,3-dlimidazol
1H-benzimidazol

Rys. 3 Pochodne 1H-imidazolu: 1H-benzimidazol, 1H-nafto[2,3-d]imidazol,
2-(1H-benzimidazol-2-ylo)anilina.

Ta nietypowa struktura umozliwia zastosowanie tych pofaczen m.in. jako materialow
elektroluminescencyjnych. W wyniku modyfikacji struktury zwigzku poprzez
wprowadzenie podstawnikow o rdéznorodnych wiasciwosciach sterycznych lub

elektronowych mozna w sposob kontrolowany wptywac¢ na cechy strukturalne i optyczne
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polaczen. Skutkiem tych modyfikacji jest mozliwo$¢ tworzenia wysokowydajnych
urzadzen elektrochemicznych, takich jak OLED-y, ogniwa sloneczne czy czujniki, jak

rowniez kontrola ich parametrow.[Rys. 4]4344:4546.47

Ponadto pochodne benzimidazolowe moga wykazywac intensywng emisj¢ w wyniku
procesu wewnatrzczasteczkowego transferu protonow w stanie wzbudzonym (ESIPT).
Zjawisko to zwigzane jest z duzym przesuni¢ciem Stokesa, dwupasmowymi widmami
emisyjnymi odpowiadajacymi dwom formom struktury czasteczkowej (dual emission) oraz
ultraszybkim procesem. Konsekwencjg tego jest zastosowanie fluoroforow ESIPT jako
warstw emisyjnych w organicznych diodach elektroluminescencyjnych (OLED)#8495051

jak rowniez, jako czujnikow sensorycznych selektywnie wrazliwych na jony metali.>

Rys. 4 Pochodna bezimidazolu jako niebieski emiter OLED.

Szczegdlng uwage naukowcoOw zwrocily kompleksy jondéw metali przejSciowych
z pochodnymi benzimidazolowymi. Przyktadem sg kompleksy z irydem(III), ktore tworza
wysoko wydajne emitery, o szerokiej gamie barw: czerwonej,>* zottej,> zielonej>®
i bialej.>” W literaturze pojawiaja sie rowniez wzmianki o kompleksach

benzimidazolowych z jonami boru, z ktoérych skonstruowano niebieskie emitery.>8>°
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1.1.4 Makrocykliczne kompleksy Zn(l1) i Cu(ll)

1. Otrzymywanie

Struktura makrocyklicznych komplekséw jonéw metali zalezy glownie od rodzaju uzytego
liganda oraz jonéw metali. Sterujac doborem ligandow i1 jonéw metali modyfikujemy
wlasciwosci spektroskopowe zwigzkow. Zwiagzki na bazie 2,6-dimetylo-4-R-fenolu oraz
X-aminy stanowig dobrg baz¢ do syntezy mono-, di- lub polijgdrowych kompleksow.
Posiadajac w swojej strukturze dwie mostkujace grupy fenolowe pofaczenia te sg zdolne

do tworzenia wielojadrowych kompleksow.

Na Rys.5 schematycznie zaprezentowano dwa sposoby otrzymywania homodijagdrowych
kompleksow. 1) Bezposrednia synteza wyizolowanego makrocyklicznego liganda
(w wyniku kondensacji diaminy i dialdehydu) z jonem metalu, 2) Synteza templatowa
(one pot), z pominieciem posredniego etapu izolowania liganda - otrzymuje sie

bezposrednio zaprojektowane kompleksy. %061

/
H,oN
R A
2

HoN
\ R
! i N| [ : |
/N /N /N N OH N
X X X X
X7 NS NS \ ’
OH N
| |

R

SO

Rys. 5 Schemat otrzymywania makrocyklicznych homodijadrowych kompleksow jonoéw
metali.
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2. Makrocykliczne kompleksy Zn(11) — wlasciwosci i zastosowanie

Makrocykliczne kompleksy cynku(Il) z zasadami Schiffa ze wzgledu na zrdéznicowang
strukture, topologie sieci, wlasciwosci optyczne®?, katalityczne®®®* oraz biologiczne od lat
przyciagaja znaczna i rosnaca uwage® ,wplywaja na rozwoj chemii supramolekularnej oraz

materialowe;. %

Jon cynku(11) o konfiguracji d*°, tworzy polaczenia o zmiennych liczbach koordynacyjnych
(od 4 do 6). Struktura zwigzku kompleksowego zalezy od liczby i charakteru atoméw
donorowych. W przypadku uktadéw makrocyklicznych typu N4O2, zawierajacych cztery
atomy donorowe azotu i dwa atomy donorowe tlenu definiujagce dwa miejsca wigzania,
otrzymuje si¢ dijadrowe homometaliczne kompleksy o budowie piramidy tetragonalnej lub
bipiramidy trygonalnej.®”%8%° [Rys.5] Zwiazki makrocykliczne typu NeO. posiadaja
struktury o silnie znieksztatconych geometriach oktaedrycznych.™

Reakcja kondensacji jest odwracalna, co skutkuje mozliwoscig tworzenia obszernej

biblioteki mono- i wielojadrowych komplekséw cynku(II)."%7?

Koordynacja jonu cynku(ll) z ligandami poprzez atomy donorowe zwigksza sztywnos¢
struktury molekularnej zwigzku oraz wptywa na zmniejszenie ilosci energii, ktora moze
by¢ tracona na skutek bezpromienistych drgan termicznych. Ze wzgledu na witasciwosci
fotofizyczne, w wyniku koordynacji ligandow z jonami metali kompleksy posiadajg
zdolno$¢ do wzmacniania, przesuwania badz wygaszania emisji luminescencji.”
Luminescencja kompleksow Zn(I) moze by¢ takze inicjowana przez przejscia

wewnatrzligandowe, co jest konsekwencja stabilnego stopnia utlenienia jonu cynku.’
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Cechg charakterystyczng komplekséw cynku(Il) z zasadami Schiffa jest rowniez wysoka
stabilno$¢ termiczna 1 stabilno§¢ na powietrzu oraz wiasciwosci luminescencyjne
(w roztworze oraz ciele staltym), co pozwala na zastosowanie ich w urzadzeniach
elektroluminescencyjnych (OLED).”>® Otrzymano niebieskie oraz zielone emitery,
uzywajac, jako warstwy emisyjnej komplekséw cynku(I) z zasadami Schiffa. Na Rys. 6
przedstawiono: zielone emitery dla pochodnej 2-aminofenolu’’, niebieskie emitery dla
pochodnej 1-fenylo-3-metylo-4-formylo-pirazolonu’®’® oraz z6lty emiter dla pochodnej

salicylaldehydu.®’ Diody charakteryzowaly wysokie parametry §wiecenia.

Rys. 6 Kompleksy Zn(Il) z zasadami Schiffa stosowane w diodach OLED jako zielone,

niebieskie oraz zotte emitery.

Ogromng zaleta zwigzkow cynku w porownaniu do soli platyny badz irydu jest ich niski

koszt, co implikuje wigksza dostepnos¢ oraz mozliwos¢ ich komercjalizaciji.
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3. Makrocykliczne kompleksy Cu(ll) — wlasciwosci i zastosowanie

Makrocykliczne kompleksy miedzi(Il) z zasadami Schiffa ze wzgledu na wilasciwosci
istotne w projektowaniu i syntezie oraz modyfikacji funkcjonalnych materiatow
molekularnych ciesza sie duzym zainteresowaniem badaczy,® wykazuja rowniez

aktywno$¢ biologiczng.®?

Jon miedzi(l1) o konfiguracji d® tworzy zwiazki chemiczne o budowie ptasko kwadratowej;
splaszczonej badz wydhizonej bipiramidy tetragonalnej lub zdeformowanego okatedru.
Odksztalcenie geometrii oktaedru wynika z wystepowania efektu Jahna-Tellera.®®
Ze wzgledu na paramagnetyczny charakter jondw miedzi(Il) homometaliczne

wielojadrowe kompleksy wykazuja wlasciwoéci magnetyczne.®

Kompleksy miedzi(ll) z zasadami Schiffa wyrdzniajg si¢ znaczaco wlasciwosciami
optycznymi, dzigki temu stosowane sg jako czujniki zwigzkéw organicznych 1 czujniki
kolorymetryczne. Charakteryzujg si¢ rowniez aktywnoscig katalityczng w wielu reakcjach
organicznych.858® Eswaran Chinnaraja i wspotautorzy opisali reakcje otrzymywania
makrocyklicznych komplekséw miedzi(I) z chiralnymi ligandami binaftylowymi
(zasadami Schiffa) poprzez synteze¢ templatowg (one pot) makrocyklicznych kompleksow
[2+2] pochodnych dialdehydu: 4-metylo-2,6-diformylofenolu lub 4-tert-butylo-2,6-
diformylofenolu i chiralnej binaftyloaminy, oraz soli miedzi(ll). W wyniku syntezy
otrzymano zwigzki enancjomerycznie czyste. Ponadto wyizolowane zwigzki wykazaty
wlasciwosci  chiralooptyczne, jak roéwniez pehlily role enancjoselektywnych

katalizatorow.®’
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1.2 Zastosowanie zwigzkow o wlasciwosciach fluorescencyjnych
w urzadzeniach optycznych

1.2.1 OLED (Organiczne diody elektroluminescencyjne)

Organiczne diody elektroluminescencyjne majg zastosowanie w wielu urzadzeniach, do
ktorych nalezg zar6wno male urzadzenia mobilne, ckrany telewizorow jak i sprzet
oswietleniowy. Na przestrzeni 50 lat, naukowcy opracowali szereg diod
elektroluminescencyjnych opartych na emiterach fluorescencyjnych (pierwszej generacji),
fosforescencyjnych (drugiej generacji); oraz emiterach TADF — opartych na termicznie
aktywowanej opoznionej fluorescencji (trzeciej generacji) i hiperfluorescencji (czwartej

generacji).88:89.9091

Zasada dziatania urzadzenia opiera si¢ na emisji promieniowania elektromagnetycznego
W zakresie widzialnym poprzez warstwe emisyjng (EML), nastepujaca w wyniku
przylozenia napigcia zewnetrznego do organicznej diody elektroluminescencyjne;
(OLED).

EML determinuje kolor oraz wydajnos¢ kwantowa (QE) materiatu, czyli zdolno$¢ diody
do przeksztalcania elektronow w fotony. Jesli wartos¢ QE jest wysoka, wskazuje
to na uzyskanie pozadanego materiatu elektroluminescencyjnego o wysokich parametrach
$wiecenia.®? Urzadzenie moze wyswietla¢ pelna game koloréow zdefiniowanych przez

Miedzynarodowa Komisje O$wietleniowa (CIE).%

KATODA
WARSTWA TRANSPORTUJACA Al
ELEKTRONY | EMITUJACA g
SWIATLO EML
ANODA
WARSTWA TRANSPORTUJACA " e
DZIURY
SZKLO SENLANE
PODLOZE

EMISJA FOTONOW -
ELEKTROLUMINESCENCJA

Rys. 7 Schemat diody OLED, podano skrétowe nazwy wzordw chemicznych, odpowiednio
zastosowanych jako materiaty konstrukcyjne.
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Budowe 1 strukturalny sktad przyktadowej organicznej diody elektroluminescencyjnej
(OLED) przedstawiono na Rys. 7. Wielowarstwowa struktura sklada si¢ z podltoza
szklanego wstepnie powleczonego tlenkiem indu i cyny (ITO) — ktory petni rolg anody,
kolejno warstwa transportujagca dziury — poli(3,4-etylenodioksytiofeno) sulfonian
polistyrenu (PEDOT:PSS), nast¢gpnie warstwa emisyjna (EML) i elektroda

aluminiowa (Al).%

Proces dziatania diody OLED opiera si¢ na zjawisku elektroluminescencji, czyli

wzbudzania czasteczki pod wplywem dziatania pola elektrycznego.

Po  przylozeniu  napigcia do  diody nastgpuje  przeptyw  elektronéw
z katody do anody. Poczatkowo elektrony z katody wedrujg do warstwy emisyjnej, w tym
samym czasie anoda pobiera elektrony z warstwy transportujacej elektrony. Powstaly
nadmiar dziur w warstwie transportujacej dziury, skutkuje tym, ze jest ona dodatnio
natadowana. Oddzialywania elektrostatyczne przyciagaja elektrony i dziury (w warstwie
emisyjnej) nastgpuje rekombinacja, w wyniku czego elektrony ulegaja wzbudzeniu
1 tworzag si¢ ekscytony. Elektron ze stanu wzbudzonego powraca na nizszy poziom

energetyczny emitujac promieniowanie elektromagnetyczne w postaci fotonu. %%

Na wydajnos$¢ swietlng diody ma wplyw szeroko$¢ pasmowa czyli roznica energii
pomiedzy najnizszym niezaj¢tym orbitalem molekularnym (LUMO) a najwyzszym
zajetym orbitalem (HOMO). Energia ta jest zalezna od struktury czasteczki, polarnosci,

wystepujacych odzialywan miedzyczasteczkowych oraz energii rezonansowej.%’

Diody OLED ulegajg roznego rodzaju modyfikacjom. Dobor oraz dodatek odpowiednich
materialow konstrukcyjnych jest kluczowy, umozliwia dostrajanie kolorow oraz
parametrow wydajnosci materiahu. %% Aby okre$li¢ parametry §wiecenia materiatu nalezy

przeprowadzi¢ szereg testow 1 obliczen.
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Ponizej przedstawiono najwazniejsze parametry optyczne diody

elektroluminescencyjnej:
1) Luminacja — okresla maksymalng jasno$é emitowanego $wiatta (Bmax) (cd/m?);

2) Wydajnos¢ pradowa (Max CE) (cd/A) — jest liczbg fotonéw emitowanych
na jednostke pradu;

3) Dhugos¢ fali emitowanego $wiatla dla maksymalnej wartosci natezenia
napromieniowania;

4) Dlugos¢ fali dominujacej. Poprzez dlugosé fali definiuje si¢ kolor diody, $wiatto:
fioletowe A=400-455 nm, niebieskie A=455-490 nm, cyjanowe A=490-515 nm,
zielone A= 515-570 nm, z6tte A=570-600 nm, pomaranczowe A=600-625 nm,
czerwone A=625-760 nm;

5) Rozktad katowy emitowanego promieniowania;

6) Kat $wiecenia;

7) Widmowa szeroko$¢ potowkowa.1%

Metoda nanoszenia cienkich warstw materiatu tworzacego (EML) to kluczowa kwestia
przy konstruowaniu wysoce wydajnej diody elektroluminescencyjnej. Do obecnie
powszechnie stosowanych technik nanoszenia nalezg: TVD (termiczne osadzanie z fazy
gazowej), w szczegolnosci VTE (naparowywanie termiczne w prozni) oraz mokre metody
nanoszenia (z uzyciem rozpuszczalnika), w tym: metoda powlekania wirowego na mokro
(spin coating) jak rowniez metody drukowania np. atramentowe (ink-jet printing), dyszowe

(nozzle printing), wypukte (relief printing) oraz natryskiwanie (spraying).0%:192

Zasada dzialania, zalety oraz wady dwéch powszechnie stosowanych metod

wytwarzania cienkich materialow:
1) Naparowywanie termiczne (Vacuum Thermal Evaporation)

Zasada dziatania: Proces nakladania odbywa si¢ w specjalnej komorze wypetnionej gazem
obojetnym, pod ci$nieniem. Zwigzek chemiczny umieszczony w ceramicznym tyglu jest
odparowywany poprzez ogrzewanie rezystancyjne. Szybko$¢ osadzania oraz grubo$¢
warstwy monitorowane sg na podstawie czestotliwosci oscylacji poprzez czujniki

kwarcowe.®® [Rys. 8]
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Rys. 8 Schemat procesu termicznego osadzania z fazy gazowej.

Zalety: Obecnie jest to najbardziej konwencjonalna metoda wytwarzania diod. Proces ten
gwarantuje otrzymanie warstw generujacych wysokie parametry $wiecenia. Ponadto

urzadzenia wytworzone tg technikg charakteryzuja si¢ dluzsza zywotnoscia.

Wady: Technika odparowania termicznego wykorzystuje tylko 20% stosowanych
materialdow oraz pochtania ogromng ilo$¢ energii, CO generuje ogromne straty. Kolejng
wada tej techniki jest trudno$¢ w kontrolowaniu domieszek emiterow, co hamuje produkcje
biatych emiterow. Dodatkowo metodg ta otrzymuje si¢ urzadzenia o mniejszych

rozmiarach, a jej ograniczeniem jest stabilno$¢ termiczna zwigzkéw organicznych.
2) Metoda powlekania wirowego na mokro (SC - ang. spin coating).

Zasada dzialania: Podloze (ptytka krzemowa), na ktére nakrapia si¢ okreslong ilo$¢
materiatu o danym stezeniu, zamocowane jest na szybkoobrotowym wirniku. Gdy wirnik
obraca si¢ z duzg szybkoscia, sita odsrodkowa powoduje rozprzestrzenienie si¢ roztworu
na catej powierzchni podloza tworzac cienkie warstwy materialu. Proces ten mozna
powtarza¢ wielokrotnie, do momentu wytworzenia si¢ warstwy o pozadanej grubos$ci

i jednorodnosci. [Rys. 9]

(RN

I&: 3

Rys. 9 Schemat procesu powlekania wirowego na mokro (spin coating).
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Zalety: Zaleta tej metody jest tatwos¢ jej wykonania, niski koszt produkcji. Wytwarzanie

warstw o kontrolowanych parametrach technicznych: grubosci i jednorodnosci.

Wady: Technika powlekania wirowego na mokro posiada ograniczenia w postaci trudnosci
uzyskania urzadzen wielowarstwowych. Podczas wielokrotnego osadzania kolejnych
warstw, material moze zosta¢ ponownie rozpuszczony €O moze skutkowac¢ mieszaniem lub
czedciowym usunigciem pierwotnej warstwy. W wyniku czego moga powstawac

niejednorodne powierzchnie, co prowadzi do stabszej wydajnosci urzadzenia.'®

1.2.2 Sondy fluorescencyjne

Sondy fluorescencyjne znajduja zastosowanie w chemii analitycznej i biologii.
Charakteryzujg si¢ potencjalnie wysoka czulo$cig, selektywnos$cig, szybkim czasem
reakcji, niskg zlozonoscig techniczng dzigki temu mogg by¢ stosowane W systemach
srodowiskowych. Sonda fluorescencyjna sktada si¢ z fluoroforu, przektadki oraz receptora.
Zasada dziatania sondy polega na selektywnej interakcji docelowego analitu z receptorem,
generujac zwiekszenie badz zmniejszenie wydajnosci emisji. Powszechnie stosowanymi
fluoroforami sg zasady Schiffa oraz zwigzki benzimidazolowe. Zwiazki te ciesza si¢
szczego6Inym zainteresowaniem ze wzgledu na silne powinowactwo do wybranych jonow
metali tj. Zn, Mg, Cu. Ponadto ligandy te poza czynnikiem kompleksujgcym mogg roéwniez
poprawia¢ rozpuszczalno$¢ sondy w wodzie. Dzigki temu stajg si¢ idealnymi kandydatami

do zastosowan w badaniach srodowiskowych.

Selektywna interakcja liganda z jonami metalu powoduje zmniejszenie efektow
izomeryzacji wigzan chemicznych (C=N, —-CH=N) co prowadzi do znacznego zwigckszenia
intensywnosci emisji. W wyniku reakcji kompleksowania zachodzi szereg mechanizmow:
fotoindukowany transfer elektronow (PET), wewnatrzczasteczkowe przeniesienie tadunku
(ICT), fluorescencja wzmocniona chelatacja (CHEF) oraz efekt wewnatrzczasteczkowego

przeniesienia protonu w stanie wzbudzonym (ESIPT),104.105.106

Aby uzyskaé wysoka czuto$¢ oraz selektywnos¢ sondy stosuje si¢ kompozyty na bazie
tlenku cynku(Il). ZnO to pélprzewodnik metalowo-tlenkowy typu n. Kompozyty
ZnO/zwigzek  organiczny  charakteryzuja  si¢  doskonatymi  wiasciwos$ciami

optoelektronicznymi, fizykochemiczny oraz elektrycznymi.'07.108
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2.

Cele pracy badawczej

Glowne cele pracy badawczej:

1)

2)

3)

4)

5)

6)

Synteza N,X-donorowych ligandow m.in. zasad Schiffa z réznymi atomami
donorowymi np. N, O, S; pochodnymi: o-fenylenodiaminy, 4-tert-butylo-2,6-
diformylofenolu, 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehydu,
2-(2-aminofenylo)-1H-benzimidazolu;

Synteza komplekséw miedzi(II) i cynku(Il) z wyizolowanymi ligandami
lub w drodze syntezy templatowej;

Charakterystyka strukturalna i fizykochemiczna zsyntetyzowanych zwigzkow
obejmujgca badanie ich wlasciwosci optycznych, magnetycznych oraz
nieliniowych wiasciwosci optycznych;

Uzyskanie cienkich warstw z otrzymanych zwigzkéw za pomocg metod spin-
coating oraz chemicznego osadzania z fazy gazowej (TVD), wraz z optymalizacja
warunkOw  nanoszenia (czas, predkos¢ wirowania, stezenie, Wybor
rozpuszczalnika);

Analiza morfologii 1 struktury cienkich warstw oraz ich wptywu na wtasciwosci
optyczne otrzymanych materialow;

Zastosowanie wybranych ligandow 1 kompleksow jako materialow aktywnych

w strukturach OLED oraz ocena ich wptywu na parametry pracy urzadzenia.

Na podstawie wylonionych celow gléwnych zaproponowano cele szczegétowe:

Zbadanie zaleznos$ci struktura—wlasciwos$ci, w tym dostrajanie procesow
przeniesienia tadunku poprzez wprowadzanie podstawnika o zrdéznicowanych
efektach elektronowych i sterycznych;

Ocena wplywu jonu metalu na stabilno$¢ i wiasciwosci fizykochemiczne
otrzymywanych kompleksow;

Obliczenia teoretyczne z wykorzystaniem metody DFT (Density Functional
Theory) w celu optymalizacji geometrii czasteczek, analizy poziomow

energetycznych HOMO/LUMO oraz symulacji widm;
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e Poprawa wydajnosci i stabilnosci OLED, w tym wydajnosci kwantowe;j
i przewodnosci, poprzez modyfikacje struktury zwiazkow z zastosowaniem

odpowiednich grup funkcyjnych.

Publikacje stanowigce podstawe rozprawy doktorskiej

Cele badawcze zrealizowano i opublikowano w pigciu wysoko punktowanych
czasopismach naukowych, dwie sa w recenzji.

Magdalena Barwiotek*, Dominika Jankowska, Mateusz Chorobinski, Anna

Kaczmarek-Kedziera, Iwona L.akomska, Stawomir Wojtulewski, Tadeusz M. Muziol, New
dinuclear zinc(Il1) complexes with Schiff bases obtained from o-phenylenediamine and
their application as fluorescent materials in spin coating deposition, RSC Adv. 2021, 11,
24515; doi:10.1039/d1ra03096e

Magdalena Barwiotek*, Dominika Jankowska*, Anna Kaczmarek-

Kedziera, Stawomir Wojtulewski, Lukasz Skowronski, Tomasz Rerek, Pawet Popielarski,
Tadeusz M. Muziot, Experimental and Theoretical Studies of the Optical Properties of
the Schiff Bases and Their Materials Obtained from o-Phenylenediamine, Molecules
2022, 27, 7396; https://doi.org/10.3390/molecules27217396

Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-

Kedziera, Tadeusz M. Muziot, Optical properties of the p-alkylated 2,6-
bis(benzimidazol)phenoles obtained from o-phenylenediamine and their sensitive
behavior  towards  zinc(ll) ions, Polyhedron 2022, 224, 116004;
doi.org/10.1016/j.poly.2022.116004

[4] Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-

Kedziera, Iwona Lakomska, Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski,
Joanna Masternak, Maciej Witwicki, Tadeusz M. Muziot, New Dinuclear Macrocyclic
Copper(11) Complexes as Potentially Fluorescent and Magnetic Materials, Int. J. Mol.
Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziot, L.ukasz Skowronski,

Tomasz Rerek, Pawet Popielarski*, Magdalena Barwiotek™, The optical properties of 3+3

macrocyclic Schiff base thin material obtained by the Molecular Beam Epitaxy method,
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Spectrochim  Acta A Mol Biomol Spectrosc. 2025, 326, 125229.
https://doi.org/10.1016/j.saa.2024.125229

Dominika Jankowska*, Tadeusz M. Muziol, Monika Pokladko-Kowar,

Ewa Gondek, Pawel Popielarski, Magdalena Barwioltek, New benzimidazole ligands

as Materials for Electroluminescent Applications, wystane do recenzji

[7] Dominika Jankowska, Tadeusz M. Muziot, Debleena Mandal, Anna Kaczmarek-

Kedziera, Iryna Tepliakova, Roman Viter, Magdalena Barwiotek*, ZnO-benzimidazole

composite for selective detection of Zn?* and Mg?* ions, wystane do recenzji

Badania zrealizowane w ramach trzech grantow Grants4dNCUStudents (IDUB):

Laureatka 1l Edycji Grants4NCUStudents (IDUB) na podstawie decyzji
27/2021/Grants4NCUStdents. Tytut projektu: ,, New zinc and copper compounds, their
characterization and application for obtaining new materials with fluorescent properties
obtained by wet methods.” 2021-2022

,|4] Laureatka IV Edycji Grants4NCUStudents (IDUB) na podstawie decyzji
20/2022/Grants4NCUStdents. Tytut projektu: ,, New macrocyclic multi-donor (2+2) and
(3+3) ligands, zinc(11) and copper(I1) complexes, their characterization such as fluorescent

and magnetic materials.” 2022-2023

Laureatka VII Edycji Grants4NCUStudents (IDUB) na podstawie decyzji
103/2023/Grants4NCUStdents. Tytut projektu: ,,New benzimidazole ligands and their
zinc(Il) complexes as fluorescence materials that can be used in OLEDs.” 2023-2024

Badania realizowane dzi¢ki wspolpracy miedzynarodowej z Instytutem Fizyki
Atomowej i Spektroskopii (IAPS) Uniwersytet Lotewski (UL):

[7] Uczestniczka grantu Horizon Europe Framework Programme (HORIZON) tytut
projektu: Novel optical nanocomposite sensors for analysis of micro and macro elements
in corn plants SENS4CORN. Grant ma charakter migdzynarodowy i przewiduje
wspolprace z naukowcami z Lotwy, Wiloch, Slowacji, Ukrainy, Francji i Litwy.

2022 — 2027

Laureatka projektu PROM Miedzynarodowa wymiana stypendialna doktorantow i kadry
akademickiej. 2022
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Ponadto w niniejszej pracy jako perspektywy przedstawiono badania, ktore nie zostaty
jeszcze opublikowane, dotycza skonstruowanych trzech diod OLED z ligandow
makrocyklicznych [2+2] oraz [3+3], jak rowniez wlasciwosci fluorescencyjnych

makrocyklicznych kompleksow cynku(Il) i miedzi(IT).

3. Czes¢ eksperymentalna

W wyniku przeprowadzonych syntez otrzymano:

> Dwa makrocykliczne ligandy typu [2+2];

> Dwa makrocykliczne ligandy typu [3+3];

> Pig¢ ligandow benzimidazolowych modyfikowanych podstawnikiem —bromu;
-fenylowym, -metylowym, -tert-butylowym oraz —naftoimidazolem;

> Dwa makrocykliczne kompleksy cynku(ll);

> Dwa makrocykliczne kompleksy miedzi(ll).

Wszystkie zwigzki zostaly scharakteryzowane z wykorzystaniem zaawansowanych metod

strukturalnych i spektroskopowych.

Zakres przeprowadzonych prac obejmowal:

1) Synteze makrocyklicznych i benzimidazolowych zwigzkow z zastosowaniem
zmodyfikowanych podstawnikéw. W charakterze substratow wykorzystano
pochodne: o-fenylenodiaminy, (1R,2R)-(+)-1,2-difenyloetylenodiaminy,
2-hydroksy-5-metylo-1,3-benzenodikarbaldehydu oraz 2-(2-aminofenylo)-1H-
benzimidazolu;

2) Synteze makrocyklicznych kompleksow cynku(Il) i miedzi(II) metoda
templatowa (one pot synthesis);

3) Obliczenia teoretyczne metoda DFT w celu okresSlenia wlasciwosei
elektronowych 1 optycznych zsyntetyzowanych zwiazkéw, w tym analizy
pozioméw energetycznych HOMO-LUMO; zrealizowane przy wspOlpracy
z dr hab. Anng Kaczmarek-Kedziera, prof. UMK;

4) Charakterystyke  wyizolowanych  zwiazkéw za  pomoca  metod
spektroskopowych: NMR, IR ATR, UV-Vis, analizy XAS, analizy CD,
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rentgenowskiej analizy strukturalnej, analizy powierzchni Hirshfelda oraz analizy
termicznej;

5) Analize wlasciwosci fluorescencyjnych otrzymanych zwiazkow w roztworze
i ciele stalym;

6) Opracowanie i optymalizacje warunkéw osadzania cienkich warstw metoda
spin-coating;

7) Wytworzenie cienkich warstw zwiazkéw na podlozu krzemowym Si(111)
metoda spin coating (SC), oraz ich szczegblowa charakterystyke
z wykorzystaniem skaningowej mikroskopii elektronowej (SEM/EDS),
mikroskopii sit atomowych (AFM) i spektroskopii fluorescencyjnej;

8) Klasyfikacje materialow, jako potencjalnych prekursorow do budowy diod
OLED;

9) Otrzymanie i scharakteryzowanie trzech diod OLED w wyniku wspolpracy
z grupa prof. dr hab. Ewy Gondek z Wydziatu Fizyki Politechniki Krakowskiej;
10) Depozycje cienkich warstw metoda termicznego osadzania z fazy gazowej
(TVD) oraz optymalizacje parametrow procesu, zrealizowang we wspotpracy z dr.
Pawlem Popielarskim (Instytut Fizyki, Uniwersytet Kazimierza Wielkiego

w Bydgoszczy);

11) Charakterystyka uzyskanych warstw z wykorzystaniem analizy mikroskopowej
(SEM/EDX, AFM) i spektroskopowej (fluorescencja);

12) Charakterystyke cienkich warstw (SC oraz TVD) za pomoca elipsometrii
spektroskopowej, wykonang we wspdlpracy z dr. hab. inz. Lukaszem
Skowronskim oraz mgr. Tomaszem Rerkiem (Wydziat Technologii i Inzynierii
Chemicznej, Politechnika Bydgoska);

13) Syntez¢ nowego materialu kompozytowego peligcego funkcje sondy
fluorescencyjnej selektywnie reagujacej na jony Zn** i Mg?" wykonano podczas
stazu w Instytucie Fizyki Atomowe;j i Spektroskopii, Uniwersytet Lotewski, Ryga),

we wspolpracy z zespotem dr. Romana Vitera.
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4. Wyniki oraz dyskusja

Badania wynikajace z zalozonych celow badawczych dotyczag syntezy wielodonorowych
zwiazkow makrocyklicznych oraz benzimidazolowych, jak réwniez makrocyklicznych
kompleksow cynku(ll) i miedzi(ll) o wlasciwosciach fluorescencyjnych. Otrzymane
polaczenia scharakteryzowano za pomocg roéznych technik spektroskopowych [1-7].
W niniejszej dysertacji opisano najwazniejsze wyniki oraz rezultaty przeprowadzonych
badan.

Przewodnik zostal podzielony na cze$¢ strukturalng i spektroskopowa oraz czesé

aplikacyjna.

CZESC STRUKTURALNA | SPEKTROSKOPOWA

4.1.Synteza, analiza strukturalna i spektroskopowa otrzymanych zwigzkow

4.1.1. Synteza — makrocyklicznych zasad Schiffa oraz ligandéw
benzimidazolowych

Ligandy otrzymano w wyniku reakcji kondensacji odpowiednich dialdehydow

z diaminami.

Jako dialdehydy wykorzystano: 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehyd lub
4-tert-butylo-2,6-diformylofenol. Substratami diaminowymi byty: o-fenylenodiamina, 2,3-
diaminonaftalen, 4-bromo-1,2-diaminobenzen, (1R,2R)-(+)-1,2-difenyloetylenodiamina,
(1S,29)-(-)-1,2-difenyloetylenodiamina, 2-(2-aminofenylo)-1H-benzimidazol. Syntezy

prowadzono pod refluksem.

W wyniku przeprowadzonych syntez otrzymano szereg zwigzkoOw o zrdznicowanej
strukturze 1 wilasciwosciach: ligandy makrocykliczne typu [2+2] [2], ligandy

makrocykliczne [3+3] |-, jak rowniez pochodne benzimidazolowe. [3], [6], [7] [Rys. 10]

W wyniku syntezy 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehydu i 4-tert-butylo-
2,6-diformylofenolu z diaminami pochodnymi fenylenodiaminy i diaminonaftalenu

otrzymano dwa rodzaje produktow: ligand makrocykliczny oraz ligand benzimidazolowy.
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Zwiazki oczyszczono przy pomocy chromatografii kolumnowej, wymywania
rozpuszczalnikiem oraz krystalizacji. Wydajnos¢ ligandow bezimidazolowych plasowata

si¢ na poziomie 30%, za$ ligandow makrocyklicznych na poziomie 50%. [Rys. 10]

[2] R [3116]

B b

NH OH N R N
~ -~
2)©: D/ + RZ NH  OH  NH R®
R IN OH HN

K;?) i CIE
4* SSUNS
0 g

Podstawniki: R'= - CHs, - C(CH3)s R?=-H, - Br

Rys. 10 Schemat reakcji syntezy otrzymanych zwigzkow.
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4.1.2. Synteza makrocyklicznych komplekséw Zn(II) oraz Cu(Il)

Dijadrowe homometaliczne makrocykliczne kompleksy cynku(ll) oraz miedzi(ll)
otrzymano w wyniku reakcji templatowej ,,one pot”. W procesie syntezy wykorzystano
dialdehydy: 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehyd lub  4-tert-butylo-
2,6diformylofenol, a takze diaminy: o-fenylenodiaming lub (R)-(+)-1,1-binaftaleno-2,2-
diaming, jak rowniez dwuwodny octan cynku(ll) i dwuwodny chlorek miedzi(ll). Syntezy
prowadzono pod refluksem, co pozwolito na otrzymanie czterech kompleksow: dwoch
dijadrowych homometalicznych makrocyklicznych kompleksow cynku(ll) | 1| oraz dwoch
analogicznych kompleksow miedzi(ll). [4] [Rys. 11]

R o
S eslngice
2O

Publikacja 1 4
K1-Zn K2-Zn K1-Cu K2-Cu
R - CH3 - C(CH3)3 - CHs - C(CH3)3
X - CH30/-OH - CH3COO - Cl - Cl

Rys. 11 Schemat syntezy otrzymanych makrocyklicznych kompleksow.
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4.1.3. Rentgenowska analiza strukturalna

Dla zwigzkow: ligandow makrocyklicznych [2+2], [3+3]; benzimidazolowych oraz
makrocyklicznych komplekséw miedzi(Il) 1 cynku(Il) dobrano metod¢ krystalizacji

1 otrzymano monokrysztaly odpowiednie do pomiaréw dyfraktometrycznych.

Struktury przeanalizowano i opisano poprzez uzycie takich programéw jak: Platon,

Mercury, Diamond, CrystalExplorer (analiza powierzchni Hirshfelda).10%110.111

W niniejszym rozdziale przedstawiono najwazniejsze informacje dotyczace odziatywan
wewnatrz- 1 miedzyczasteczkowych, jak rowniez wpltywu obecnosci rozpuszczalnika badz
pustych przestrzeni na sie¢ krystaliczng. Szczegdlowe dane przedstawiono w publikacjach

wchodzacych w sktad dysertacji.

1. Ligandy makrocykliczne
a) Makrocykliczne ligandy [2+2] — L1 L2

= Zuwagina obecnos¢ dwoch podstawnikow hydroksylowych oraz czterech atomow
azotu wewnatrz struktur makrocykli, rentgenowska analiza strukturalna wykazata
obecnos$¢ wewnatrzczasteczkowych wigzan wodorowych typu N-H..O oraz O-H..N
w strukturze liganda L1 oraz N-H...N oraz O-H...N w strukturze liganda L2;

= (Cztery pierScienie aromatyczne w  strukturze ligandow  generuja
migdzyczasteczkowe odzialywania C-H...n jak rowniez liczne stabe odziatywania
H...H (50.7%) L1 oraz (65.4%) w przypadku L2 potwierdzone analizg powierzchni
Hirshfelda. W wyniku obecnosci licznych niekowalencyjnych odziatywan
miedzyczasteczkowych, czasteczki ligandow L1 i L2 sg $cisle upakowane w sieci

krystalicznej.

b) Makrocykliczne ligandy [3+3] —S1 i Sla

= Rentgenowska analiza strukturalna (parametr Hoffa) potwierdzita czystos¢
enancjomeryczng makrocyklicznego liganda [3+3] Sla;

» Konformacja zasady Schiffa Sla jest stabilizowana przez wewnatrzczasteczkowe
wigzania wodorowe typu O-H..N oraz C-H...O ktorych obecno$¢ wynika

z struktury makrocyklu;

35



Struktura makrocyklu sktadajaca si¢ z dziewigciu pierscieni fenolowych warunkuje
tworzenie  odzialywan  migdzyczasteczkowych  pomigdzy  pier§cieniami
aromatycznymi C-H...xn oraz liczne stabe odzialywania H...H oraz C...H;

Whnetrze makrocyklu tworzy kanal o érednicy ok. 5.8 do 6.3 A ktory jest

wystarczajaco duzy do wigzania matych czasteczek np. acetonitrylu.

2. Ligandy benzimidazolowe

a) Ligandy benzimidazolowe - L1B i L2B

Z uwagi na budowe strukturalng liganda L1B, w ktérego sktad wchodza trzy
pierscienie fenolowe, dwa pierScienie imidazolowe, steryczny podstawnik
metylowy oraz grupa hydroksylowa rentgenowska analiza strukturalna wykazata
obecno$¢ wewnatrzczasteczkowych wigzan wodorowych typu O-H...N,
migdzyczasteczkowych wigzan wodorowych typu N-H...N, jak réwniez wigzan
N-H...O pochodzacych od obecnego w sieci krystalicznej rozpuszczalnika octanu
etylu oraz odziatywan C-H...mn, jak rowniez licznych odzialywan n-m;

Ligand L2B n-heksan krystalizuje w jednosko$nej grupie przestrzennej 12/a
z dwoma niezaleznymi czasteczkami w jednostce asymetrycznej oraz
rozpuszczalnikiem (n-heksan). Analiza Hirshfelda wykazata, Ze stabilno$¢
czgsteczek wynika z obecnosci miedzyczasteczkowych oddziatywan wodorowych
typu N-H...N oraz C-H...N, jak rowniez z odzialywan n-n wystajacych pomiedzy
pierscieniami aromatycznymi. Nie znaleziono odziatywan H...O, wskazuje to na
obecnosc¢ jedynie stabych odziatywan pomiedzy czasteczkami a rozpuszczalnikiem
tj. n-heksanem;

Ligand L2 metanol krystalizuje w jednoskosnej grupie przestrzennej P2i/c.
W czasteczce wystepuja wewnatrzczasteczkowe wigzania wodorowe typu:
O-H...N oraz N-H...O. Scile upakowane czasteczki tworza sie¢ krystaliczna
w ktorej kluczows role odgrywaja silne wigzania wodorowe typu N-H..O i O-H..N

miedzy czasteczka L2, a czasteczka metanolu.
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b) Ligandy benzimidazolowe - B1, B2i B3

Ligand B1 krystalizuje w chiralnej trygonalnej grupie przestrzennej P3:21.
Wewnatrz czasteczki zaobserwowano trzy wewnatrzczasteczkowe wigzania
wodorowe typu N-H...O, O-H...N i C-H...N, ktore stabilizujg utozenie czasteczki.
W upakowaniu wzdhiz osi ¢ obserwujemy dostgpne dla rozpuszczalnika puste
przestrzenie w strukturze o catkowitej potencjalnej objetosci wynoszacej 1522,5 A3
(51,1%). Czasteczki tworza kanaty; najdluzsza odleglto$¢ migdzy czasteczkami
w kanale wynosi okoto 21 A, a najkrétsza okolo 12 A. Réznica miedzy
odlegtosciami jest spowodowana obecnoscig grup metylowych skierowanych do
wnetrza kanalu, co ogranicza ilos¢ miejsca. Zaobserwowano odziatywania
migdzyczasteczkowe C(8)-H(8)...xn. oraz liczne odziatywania n-m;

Ligand B2 krystalizuje w jednosko$nej grupie przestrzennej P2i/n. Ulozenie
heterocykli w tej czasteczce jest stabilizowane przez wewnatrzczasteczkowe
wigzania wodorowe typu N-H...O, O-H...N, C-H...N;

W upakowaniu wzdhuz osi a obserwujemy puste przestrzenie w strukturze
o calkowitej objetosci wynoszacej 443.1 A% (16.9%). Sie¢ krystaliczna

utrzymywana jest przez przede wszystkim odzialywania n-n 1 C-Br... 7.

¢) Ligand benzimidazolowy - L1 [7]

Ligand L1 krystalizuje w jednoskos$nej grupie przestrzennej P21/n. Konformacja
czasteczki jest stabilizowana przez dwa wewnatrzczasteczkowe wigzania
wodorowe typu: C-H...N i C-H...O;

W upakowaniu wzdhiz kierunku [ 110] wykryto gesto upakowane czasteczki L1
z matymi wnekami sieci krystalicznej wypetionymi czasteczkami wody
krystalizacyjnej. Czasteczki te oddzialuja poprzez trzy migdzyczasteczkowe
wigzania wodorowe typu O-H...N, O-H...O. Analiza powierzchni Hirshfelda
wykazata szczeg6lng role czasteczki wody krystalizacyjnej ktéra jest
zaangazowana we wszystkie trzy wigzania wodorowe jako donor lub akceptor.
Pojawiaja si¢ liczne oddzialywania #w-m, a  wiekszo$¢  kontaktow

miedzyczasteczkowych jest zwiazana z kontaktami C...H 1 H...H.
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3. Kompleksy makrocykliczne

a) Makrocykliczne kompleksy cynku(ll) — K1-Zn i K2-Zn

Kompleks K1-Zn krystalizuje w trojskosnej grupie przestrzennej P1. Sfera
koordynacyjna sktada si¢ z dwoch atoméw tlenu i dwoch atoméw azotu oraz dwdch
kationow cynku(Il) znajdujacych si¢ w lekko znieksztalconym $rodowisku
piramidy kwadratowej. Analiza powierzchni Hirshfelda wykazata stabe
odziatywania mi¢dzyczasteczkowe H-H oraz C-H;

Kompleks K2-Zn krystalizuje w jednoskos$nej grupie przestrzennej P21/n. Oba
kationy cynku(II) znajduja si¢ w srodowisku pentakoordynacyjnym, wraz z dwoma
atomami tlenu 1 azotu tworzg lekko znieksztalcong piramide kwadratowa.
Odzialywania migdzyczasteczkowe s3 utrzymywane przez odzialywanie
pierScienia fenylowego 1 wigzania wodorowego miedzy dwoma anionami
octanowymi. Czasteczka etanolu znajdujaca si¢ w wnekach sieci krystalicznej jest
Kluczowym elementem stabilizacji szkieletu. Analiza powierzchni Hirshfela
wykazata, ze etanol jest =zaangazowany w = wewnatrzwarstwowe

1 miedzyczasteczkowe wigzanie wodorowe.

b) Makrocykliczne kompleksy miedzi(ll) - K1-Cu i K2-Cu

Kompleks K1-Cu i K2-Cu krystalizuje w rombowej grupie przestrzennej P21212;.
Kationy miedzi(Il) wystepuja w  silnie  znieksztalconym $rodowisku
pigciokoordynacyjnym. W obu kompleksach sfery koordynacyjne jonéw miedzi(II)
sktadajg si¢ z dwoch atomoéw azotu 1 dwoch atomoOw tlenu z pierScienia
makrocyklicznego 1 wierzchotkowego anionu chlorkowego. Obydwa wieloSciany
miedzi maja wspolne deprotonowane grupy hydroksylowe, taczace oba jony miedzi
(IT). Najdluzsze wigzania wystgpuja dla wierzchotkowych anionéw chlorkowych.
Pierscienie naftylowe narzucajg chiralno$¢ kompleksu. Parametr Flacka wskazuje

na uzyskanie czystego enancjomeru.
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4.1.4. Wilasciwosci fluorescencyjne otrzymanych zwigzkéw w roztworze
i w ciele stalym

Wiasciwosci fluorescencyjne makrocyklicznych ligandow [2+2] oraz [3+3]

w roztworze [2],

Widma fluorescencyjne otrzymanych makrocyklicznych zwigzkow [2+2] oraz [3+3]
zostaly zarejestrowane w temperaturze pokojowej (RT) w roztworach o zréznicowane;j
polarnosci: metanol, acetonitryl, chloroform, benzen. Otrzymane widma fluorescenciji, jak

réwniez struktury zwigzkdw wraz z oznaczeniami przedstawiono na Rys. 12.
» Widma emisji fluorescencji w roztworze - makrocykliczne ligandy [2+2]

Badania wiasciwosci fluorescencyjnych makrocyklicznych zwigzkow [2+2] w roztworze
wskazaly na wysoka intensywnos$¢ pasm emisji przy wzbudzeniu Aex=350 nm, prowadzac
do luminescencji w zakresie Aem=459-514 nm dla L1 oraz Aem=453-514 nm dla L2.
Sztywne, plaskie oraz rozbudowane uktady sprz¢zonych wigzan m L1 i L2 charakteryzuja
si¢ wysoka efektywnosécia emisji luminescencyjnej.’'? Zakresy pasm emisji L1 oraz L2
wykazuja duzg zbiezno$¢, co mozna przypisa¢ podobienstwu w budowie szkieletu
molekularnego oraz identycznym dlugosciom fal wzbudzenia. W przypadku obu ligandow
zaobserwowano hipsochromowe przesuni¢cie pasm emisyjnych wraz ze wzrostem
polarnosci rozpuszczalnika. Zjawisko to mozna przypisa¢ znieksztalceniu geometrii
czasteczki w stanie wzbudzonym, prowadzacemu do obnizenia energii rezonansowe;j.
Obecnos¢ réznych podstawnikow sterycznych przytaczonych do pierscienia fenylowego:
grupy metylowej w przypadku L1 oraz grupy tert-butylowej w przypadku L2, a takze
oddziatywan niekowalencyjnych (zar6wno wewnatrzczasteczkowych,
jak 1 miedzyczasteczkowych) wplywa istotnie na intensywno$¢ obserwowanych pasm
emisji.!* Analiza widm fluorescencji wykazala, Ze najwyzsza wydajnoéé kwantowa
fluorescencji obserwowano dla L1 w metanolu Q=0.70, a dla L2 w acetonitrylu Q=0.59.
Ponadto najnizsze wydajnosci dla obu zwigzkdéw zarejestrowano w rozpuszczalnikach
o najnizszej polarnosci. Wzrost wydajnosci kwantowej fluorescencji w przypadku L1,
obserwowany wraz ze wzrostem polarnos$ci srodowiska, wigze si¢ z mozliwoscig tworzenia
si¢ wigzan wodorowych pomig¢dzy rozpuszczalnikiem a fluoroforem, co znaczaco wptywa

na efektywno$¢ emisji.!*
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» Widma emisji fluorescencji w roztworze - makrocykliczne ligandy [3+3]

Badania witasciwosci fluorescencyjnych makrocyklicznych ligandow [3+3] S1 oraz Sla
w roztworze wykazaly, ze wzbudzenie przy Aex=330 nm, Ae=350 nm, Ae=370 nm
I Aex=400 nm prowadza do emisji w zakresie Aem=540-549 nm. Zaobserwowana zolta
emisja fluorescencji jest wynikiem przejscia n—n* w obrgbie grupy azometinowej.
Potozenie maksima emisji obu zwiazkow jest do siebie zblizone co wynika z ich znacznego
podobienstwa strukturalnego. Makrocykliczne ligandy [3+3] sa enancjomerami:
odpowiednio (R,R)-S1 oraz (S,S)-Sla. Istotnym jest, ze S1 (R,R) przy dlugosci fali
wzbudzenia Aex=350 nm wykazywal wyzsza intensywnos$¢ emisji fluorescencji
w poréwnaniu do liganda Sla (S,S).1*® Podobna, z61ta emisje W zakresie Aem=540-547 nm
zaobserwowano  réowniez w  przypadku  ligandow  [3+3],  pochodnych
(1R,2R)-cykloheksanodiaminy oraz (1S,2S)-cykloheksanodiaminy i 2,6-dimetylo-4-R-
fenolu (R=-ClI, -CH3).11

Wiasciwosci fluorescencyjne makrocyklicznych ligandéw [2+2] oraz [3+3] w ciele
stalym |7],

Zrejestrowano widma emisyjne makrocyklicznych ligandow [2+2] oraz [3+3] w ciele
statym. Widma emisji fluorescencji w ciele statym jak rowniez struktury zwigzkow wraz

Z 0znaczeniami przedstawiono na Rys. 12.
»  Widma emisji fluorescencji w ciele stalym - makrocykliczne ligandy [2+2]

Dla makrocyklicznych ligandow [2+2] zaobserwowano emisje w zakresie Aem=548-552 nm
dla L1 oraz Aem=549-561nm dla L2 przy wzbudzeniu Aex=295 nm oraz 350 nm. Z uwagi
na podobng strukture molekularng, maksima emisji mieszczg si¢ w zblizonych zakresach.
Natomiast intensywnos$¢ pasma emisji liganda L1 jest znacznie wyzsza w pordwnaniu do
emisji L2, co jest konsekwencja obecnosci roéznych podstawnikow sterycznych
w strukturach i zmian w upakowaniu czasteczek w ciele statym. Roznice w odziatywaniach
miedzyczasteczkowych, zmianach konformacji oraz sztywnosci struktury przekladaja sie

na batochromowe przesunigcie pasm emisji w poréwnaniu z roztworem.
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» Widma emisji fluorescencji w ciele stalym - makrocykliczne ligandy [3+3]

Dla ligandow S1 oraz Sla zaobserwowano emisj¢ W zakresie 550-557 nm przy
wzbudzeniach Aex =330 nm, 350 nm, 370 nm oraz 400 nm. Ligand Sla wykazuje wyzsza

intensywnos$¢ emisji w ciele statym w poréwnaniu do liganda S1.
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Rys. 12 Schemat przedstawiajacy widma emisji fluorescencji w roztworze oraz ciele
statym dla ligandow makrocyklicznych [2+2] L1 oraz L2, jak réwniez dla ligandow

makrocyklicznych [3+3] odpowiednio S1iSla 2],
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Wiasciwosci fluorescencyjne ligandéw benzimidazolowych w roztworze [3], (6], [7]

Widma emisji  fluorescencji  pochodnych  benzimidazolowych  zarejestrowano
w roztworze (L1B i L2B - DMSO, metanolu oraz acetonie; B1, B2 oraz L1 - DMSO)
w temperaturze pokojowej (RT). Widma emisyjne zarejestrowane w roztworze,

jak rowniez struktury zwigzkow wraz z oznaczeniami przedstawiono na Rys. 13.

» Widma emisji fluorescencji w roztworze - ligandy benzimidazolowe
L1B oraz L2B

Badania wlasciwosci fluorescencyjnych ligandow L1B oraz L2B wykazaly, ze przy
wzbudzeniu 2Ae=360 nm obserwuje si¢ wysokg intensywno$¢ pasm emisji
(Aem = 541-550 nm dla L1B i 2em=538-558 nm dla L2B) zalezng od polarnosci
rozpuszczalnika. Dla L1B odnotowano niewielkie przesunigcie hipsochromowe pasm
emisji wraz ze zmniejszajaca si¢ polarnoscig rozpuszczalnika. Polarne rozpuszczalniki
majace zdolno$¢ do asocjacji tworza wigzania wodorowe z substancjg rozpuszczona,
powodujgc batochromowe przesunigcie pasm. Kwantowa wydajnos$¢ fluorescencji Q we
wszystkich stosowanych rozpuszczalnikach dla obu badanych zwigzkéw pozostawata
na porownywalnym poziomie mieszczac si¢ W zakresie Q=0.28-0.32. Najwyzsza
kwantowg wydajnos¢ fluorescencji wykazywat L2B w metanolu (Q=0.39). Obserwowana
wysoka intensywno$¢ pasm emisji moze by¢ zwigzana mi¢dzy innymi z obecno$cig
w czasteczkach ugrupowania benzimidazolowego posiadajacego wiasciwosé transportu
elektronow, jak rowniez z obecno$cig dwoch atomoéw azotu (pochodzacych z jednostki
imidazolowej) i fenolowej grupy -OH, ktére mogg tworzy¢ wewnatrz-
i miedzyczasteczkowe wigzania wodorowe.!!” Stwierdzono, ze réznice w podstawnikach
sterycznych nie wptywaja istotnie na intensywno$¢ pasm emisji w roztworze. Duze
przesunigcie Stokesa ok. 200 nm, jak rowniez obliczenia DFT potwierdzaja
prawdopodobienistwo wystapienia procesu ESIPT. Dodatkowo na widmie emisyjnym
obserwowano dwa pasma, co wskazuje na obecnos¢ dwoch form: enolowej oraz ketonowe;j
ligandow. Analogiczng zalezno$¢ zaobserwowano wcze$niej dla zwiazkow z grupy
2,6-di(1H-imidazol-2-yl)fenoli, w ktorych odnotowano przesunigcie Stokesa pomiedzy
113 a 160 nm. 118
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» Widma emisji fluorescencji w roztworze - ligandy benzimidazolowe B1, B2 oraz
B3 (L1B)

Dla zwigzkéw Bl oraz B2 przy wzbudzeniu Ae=350 nm zarejestrowano wysoka
intensywno$¢ pasm emisji przy Aem=530 nm B1, Aem=513 nm B2 oraz, Aem=537 nm B3
(L1B). Wprowadzenie podstawnika elektronoakceptorowego (-Br) prowadzito
do przesunigcia hipsochromowego maksimum luminescencji. Jest to zjawisko odwrotne
do typowo obserwowanego przesuniecia batochromowego.!'® Obecno$¢ podstawnika
elektronoakceptorowego w pierscieniu fenylowym moze prowadzi¢ do zmiany
konformacji liganda, a takze wpltywa¢ na redystrybucje gestosci elektronowe;j
w czasteczce. Tego rodzaju modyfikacje strukturalne moga by¢ odpowiedzialne
za obserwowang wysoka wydajnos¢ kwantowg fluorescenc;ji.®
Najwyzsza wydajnos¢ kwantowg wykazywal ligand B2 Q=0.76, a najnizszg ligand Bl
Q=0.22. Zaobserwowane roznice w efektywnosci emisji mozna przypisa¢ zarO6wno
obecnosci réznorodnych podstawnikow elektronowych, jak i w przypadku liganda B2
zdolnosci do tworzenia migdzyczasteczkowych wigzan wodorowych, ktore mogg istotnie

wplywac na stabilizacje stanu wzbudzonego 1 tym samym zwigksza¢ wydajnos¢ emisji.

We wszystkich przypadkach odnotowano duze przesunigcie Stokesa 163-180 nm. Badania
emisji prowadzone zardwno w roztworach o zréznicowanej polarnosci, jak 1 w stanie
stalym, potwierdzily silng emisj¢ fotoluminescencyjng pochodnych benzimidazolowych
2,6-di(tiazol/oksazol/imidazol-2-yl)fenolu. Wyniki te sg3 zgodne =z pracami
przeprowadzonymi przez P. Chen wskazujgcymi na mozliwo$¢ uzyskania luminoforow
typu ESIPT o wysoce wydajnej emisji. Zwiazki te wykazuja znaczacy potencjat

aplikacyjny, zwlaszcza w zakresie obrazowania fluorescencyjnego in vitro.!?°

»  Widma emisji fluorescencji w roztworze - ligand benzimidazolowy L1

Ligand benzimidazolowy L1 przy wzbudzeniu Ae=360 nm wykazywal wysoka
intensywno$¢ emisji fluorescencji przy Aem= 423 nm z Q=0.26. Zblizone wiasciwosci
optyczne odnotowano dla zwigzku otrzymanego w wyniku reakcji 2,6-diformylo-4-
metylofenolu i 2-(2 aminofenylo)-1H-benzimidazolu, ktory wykazywat emisj¢ przy

Lem=425 nm oraz wiasciwosci sensoryczne wzgledem jonéw cynku.?:
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Wiasciwosci fluorescencyjne ligandéw benzimidazolowych w ciele statym [3], [6], [7]

Zarejestrowano widma emisyjne w ciele stalym dla zwigzkéw benzimidazolowych L1B,
L2B, B1, B2 oraz L1. Widma emisji fluorescencji w ciele stalym jak rowniez struktury

zwigzkoéw wraz z oznaczeniami przedstawiono na Rys. 13.

» Widma emisji fluorescencji w ciele stalym — 1B oraz L2B

L1B oraz L2B charakteryzuja si¢ wysoka intensywnos$cig fluorescencji w stanie stalym,
co czyni je interesujacymi z perspektywy zastosowan w technologii optoelektroniczne;.
Wzbudzenie zwiagzkéw w szerokim zakresie Aex=400-440 nm dla L1B i Aex=400-460 nm
dla L2B skutkowalo emisja przy Aem=520 nm dla L1B i Aem=505 nm dla L2B. Ro6znice
zarOwno w polozeniu maksimum pasma emisji, jak 1 w jego intensywnosci, mozna
przypisa¢ odmiennym efektom sterycznym wywolanym przez obecno$¢ roznych
podstawnikow alkilowych: grupy metylowej w przypadku L1B oraz grupy tert-butylowej
w przypadku L2B.

Zastosowanie grupy tert-butylowej prowadzi do zwigkszenia przeszkod sterycznych,
co ogranicza mozliwos$¢ tworzenia si¢ oddziatywan mig¢dzyczasteczkowych, zwilaszcza
typu m—m ,stacking” migdzy pierscieniami aromatycznymi sgsiadujagcych czasteczek.
Ograniczenie tych oddzialywan skutkuje ostabieniem agregacji molekularnej, co z kolei

wplywa na charakter i efektywno$¢ emisji fluorescencyjnej.>122:123

Dla obu badanych zwigzkéw zaobserwowano batochromowe przesuni¢cie pasm emisji
w stanie statym w poréwnaniu z ich widmem w roztworze. Przesuni¢cie maksimum emisji
w kierunku fal dluzszych jest prawdopodobnie wynikiem mi¢dzyczasteczkowych
oddzialywan, takich jak oddziatywania m—m pomiedzy plaskimi pier§cieniami
aromatycznymi w czasteczkach. Czasteczki L1B i L2B, dzigki swojej sztywnos$ci oraz
planarnemu charakterowi, wykazuja ograniczong mozliwo$¢ rotacji wewngtrznej,
co sprzyja efektywnym procesom emisyjnym i przekiada si¢ na ich stosunkowo wysoka
intensywno$¢ luminescencji w stanie statym. W zwiazku z powyzszym, badane zwiazki
mozna uzna¢ za obiecujace materialy dla zastosowan w nowoczesnych urzadzeniach
optoelektronicznych, takich jak organiczne diody elektroluminescencyjne (OLED) czy

sensory luminescencyjne.
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» Widma emisji fluorescencji w ciele stalym —B1, B2 oraz B3

Ligandy benzimidazolowe B2 oraz B3 charakteryzuja si¢ wysoka intensywnos$cia
fluorescencji w ciele statym, dzigki temu mogg pehié rol¢ warstwy emisyjnej w diodach
OLED. Widma emisyjne badanych zwigzkéw w stanie stalym wykazuja wyrazne rdznice
w intensywnosci fluorescencji pomigdzy ligandami B2 i B3, a ligandem B1. Ligandy
te roznig si¢ zarowno budowa strukturalng, jak i obecno$cig réznych podstawnikow,
co przeklada sie na zréznicowane wiasciwosci fotofizyczne.?* Wzbudzenie w szerokim
zakresie migdzy Aex=350, 370 i 400 nm dla B1l, B2 i B3 spowodowalo emisj¢ przy
Aem=544-548 nm dla B1 i Aem=517-520 nm dla B2 i B3. Zaobserwowano znaczace r6znice
w intensywno$ci pasm emisji dla B1l, co prawdopodobnie zwigzane jest ze Scistym
ulozeniem czasteczek, generujacym odzialywania warstwowe (stacking), ktore thumig
emisje fluorescencji. Dodatkowo, na wlasciwosci emisyjne czasteczek w stanie statym
wplywaja takze ich elastycznos$¢ konformacyjna oraz sposéb wzajemnego uporzadkowania
w sieci krystalicznej. Czynniki te w istotny sposob modulujg efektywnos$¢ emisji,
co w przypadku ligandu Bl moze tlumaczyé obserwowang obnizong intensywnosc¢

fluorescencji.*?®
» Widma emisji fluorescencji w ciele stalym —1_1

Dla zwigzku L1 zaobserwowano pasmo emisyjne przy Aem=487 nm (Aex=360 nm). Ponadto
zarejestrowano dodatkowe, mniej intensywne niewielkie pasmo przy Aem=428 nm
(Aex=360 nm) dla L1. Zwigzki charakteryzujgce si¢ szerokg emisjg znajduja potencjalne
zastosowanie w diodach OLED jak rowniez w urzadzeniach jonoselektywnych.
Zaobserwowano przesunigcie batochromowe pasma emisyjnego w poroOwnaniu
z roztworem. Tego rodzaju przesuniecie pasm emisji jest charakterystyczne dla wiekszosci
zwigzkow fluorescencyjnych w stanie statym i prawdopodobnie wynika z ufozenia

piercieni aromatycznych w czasteczkach zwickszajac iloéé oddziatywan n—m.1%
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Rys. 13 Schemat przedstawiajacy porownawcze widma emisji fluorescencji w roztworze

oraz ciele statym dla ligandéw benzimidazolowych. [3], [5], [6]
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Wiasciwosci fluorescencyjne makrocyklicznych kompleksow w roztworze || |, [4]

Widma emisji fluorescencji otrzymanych makrocyklicznych kompleksow Zn(II) i Cu(II)
zarejestrowano w roztworze w temperaturze pokojowej (RT) w rozpuszczalnikach o roznej
polarnosci: acetonitryl, chloroform, metanol i benzen — kompleksy Zn(ll); acetonitryl,
chloroform, metanol, aceton, DMSO — kompleksy Cu(ll). Widma emisji fluorescencji
W roztworze jak rowniez struktury zwigzkoOw wraz z oznaczeniami przedstawiono

na Rys. 14.
» Widma emisji fluorescencji w roztworze - makrocykliczne kompleksy Zn(I1)

Wzbudzenie kompleksow K1-Zn i K2-Zn przy Lex=420 nm, skutkowato emisjg w zakresie
Aem=556-573 nm dla K1-Zn i Aem=534-550 nm dla K2-Zn. Dla obu kompleksow
zarejestrowano batochromowe przesunigcie pasm emisji w rozpuszczalnikach o najnizsze;j
polarnosci. Podobne zakresy emisji obserwowano dla szeregu makrocyklicznych

dijadrowych kompleksow cynku(IT) opisywanych uprzednio w literaturze.?’

Luminescencja  komplekséw  cynku(Il)  przypisywana  jest = mechanizmowi
wewnatrzligandowego przeniesienia tadunku (ILCT, ang. intra-ligand charge transfer).
Ze wzgledu na stabilng konfiguracje elektronowa d'° jonow Zn(II), w tego typu
kompleksach nie obserwuje si¢ efektu wewngtrznego cigzkiego atomu w stanach
wzbudzonych. W konsekwencji wplyw sprz¢zenia spinowo-orbitalnego na przejscia

miedzysystemowe oraz na wygaszanie fluorescencji jest znikomy.’®

Zaobserwowane przesuni¢cia pasm emisyjnych wynikaja gtéwnie z réznic polarnosci
zastosowanych rozpuszczalnikéw. W przypadku kompleksu K2-Zn wykazano wyrazny
wzrost intensywno$ci fluorescencji wraz ze wzrostem polarnosci srodowiska. Jest
to najprawdopodobniej wynikiem tworzenia oddziatywan wodorowych miedzy
czasteczkami kompleksu a czasteczkami rozpuszczalnika, co ogranicza efektywnos¢
relaksacji nieradiacyjnej stanow wzbudzonych. Ponadto r6znice w maksimum emisji oraz
w intensywnos$ci fluorescencji (oraz w wydajnosci kwantowej) pomigdzy badanymi
kompleksami mozna przypisa¢ odmiennosciom w ich strukturze molekularnej. Obecnosé
réznych anionéw skoordynowanych z centrum metalu, MeO™ K1-Zn oraz OAc” w K2-Zn,
a takze roznych sterycznie rozbudowanych podstawnikow: grupa metylo w K1-Zn oraz

tert-butylo w K2-Zn prowadzi do wystepowania innej ciezki emisji. Istotne jest rowniez,
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ze obecnos¢ roznych chromoforéw w obrebie jednego centrum koordynacyjnego moze
umozliwia¢ modyfikacj¢ oddzialywan migdzyczasteczkowych, co sprzyja formowaniu si¢
agregatow o dynamicznych wlasciwosciach optycznych. W takich uktadach moga réwniez
zachodzi¢ procesy przenoszenia tadunku o charakterze miedzyligandowym (interligand

charge transfer, ILCT), co dodatkowo wplywa na obserwowana emisje.'?3
» Widma emisji fluorescencji w roztworze - makrocykliczne kompleksy Cu(l1)

Wzbudzenie zwigzkow przy Aex=360 nm generowalo niebieskg emisje dla K1-Cu
Aem=398-424 nm i K2-Cu Aem=392-424 nm. Zaobserwowano batochromowe przesunigcie
pasm emisji wraz ze wzrostem polarnosci rozpuszczalnika. Najwyzsza intensywno$é
fluorescencji zarejestrowano w rozpuszczalnikach o wigkszej polarnosci: DMSO i metanol.
Subtelne roznice w intensywnosci emisji wynikaja z obecnosci roznych grup sterycznych
o zrdéznicowanej objetosci przestrzennej. Z uwagi na odmienng budowe molekularng,
kompleks K1-Cu wykazywat brak rozpuszczalnosci w acetonirylu, co uniemozliwito
rejestracje widma i porownanie z widmem K2-Cu w tym rozpuszczalniku. Stwierdzono,
ze obecno$¢ grupy tert-butylowej wplywa istotnie na rozpuszczalno$¢ kompleksu,
co dodatkowo potwierdza wplyw efektow sterycznych na wiasciwosci fizykochemiczne
zwigzkow. 1?2 Z uwagi na obecno$é niezapetionej powloki d® jonu miedzi(ll) energia
wzbudzenia moze ulega¢ deekscytacji na drodze procesow bezpromienistych, co skutkuje
nasileniem emisji wibracyjnej i potencjalnym obnizeniem lub catkowitym wygaszeniem
fluorescencji. *?° Jednakze w przypadku K1-Cu oraz K2-Cu obserwuje si¢ znacznie
wickszg emisj¢ w porownaniu z kompleksami miedzi, ktore zostaty otrzymane uprzednio
przez badaczy. Powodem tego zjawiska moze by¢ dodatkowa liczba
miedzyczasteczkowych wigzan wodorowych wynikajgcych z obecnos$ci przeciwjonu,

co generuje inng $ciezke emisji.
Wiasciwosci fluorescencyjne makrocyklicznych komplekséw w ciele stalym ||, [4]

Dla kompleksow K1-Cu i K2-Cu oraz Kl1-Zn i K2-Zn zarejestrowano widma
fluorescencji w ciele statym. Widma emisji fluorescencji w ciele stalym jak rowniez

struktury zwigzkéw wraz z oznaczeniami przedstawiono na Rys. 14.
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> Widma emisji fluorescencji w ciele stalym - makrocykliczne kompleksy Zn(ll)

K1-Zn wykazal zielong emisje¢ przy Aem=573 nm, a K2-Zn przy Aiem=556 nm
po wzbudzeniu przy Ae=420 nm. W przypadku obu kompleksow odnotowano
batochromowe przesunigcie pasm emisji w poréwnaniu z roztworem. Podobne zjawisko
zostalo wczesniej opisane przez Charlotte K. Williams i wspolautorow dla serii
makrocyklicznych kompleksow cynku(Il) [2+2], ktore wykazaly emisje w zakresie
Aem=569-630 nm. Dla tych zwigzkéw rowniez stwierdzono batochromowe przesunigcia
pasm emisji oraz znaczny spadek intensywnos$ci sygnatu w stanie statym w porownaniu
z roztworami. ° Zaobserwowane zmiany w poloZeniu i intensywnosci pasm emisji
w zaleznosci od stanu skupienia mozna przypisa¢ oddzialywaniom migdzyczasteczkowym
pomiedzy sasiadujacymi czasteczkami, ktore ograniczaja obroty oraz drgania czasteczki,
co w konsekwencji prowadzi do zmiany $ciezki emisji i moze nastgpowaé zmniejszenie
konkurujacych przej$¢ nieradiacyjnych. Nalezy zaznaczy¢, ze kompleksy roznig si¢ pod
katem struktury molekularnej. W przypadku kompleksu K2-Zn obecno$¢ anionu
octanowego skoordynowanego z centrum metalu umozliwia powstanie Silnych

miedzyczasteczkowych odzialywan wodorowych, ktore wptywajg na emisjg.

Podsumowujac, otrzymane kompleksy wykazujg wilasciwosci luminescencyjne zaro6wno
w roztworze, jak 1 w stanie statym (w przypadku kompleksow cynku(Il)), co czyni
je interesujgcymi kandydatami do potencjalnych zastosowan w urzadzeniach

optoelektronicznych.
» Widma emisji fluorescencji w ciele stalym - makrocykliczne kompleksy Cu(ll)

W przypadku komplekséw miedzi(I) zaobserwowano wygaszenie intensywnosci
fluorescencji, co mozna przypisa¢é paramagnetycznej naturze jonow miedzi(Il),

w konsekwencji nie zaobserwowano emisji.*°
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——K1 =420 nm acetonitryl
——K1 ,,=420 nm chloroform 6:10"

——K2,,= 420 nm acetonitryl

——K2 ,,= 420 nm chioroform
——K23,,= 420 nm metanol
——K2 5= 420 nm benzen

——K1 A,,=420 nm metanol
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Rys. 14 Schemat przedstawiajacy widma emisji fluorescencji makrocyklicznych

kompleksow Zn(II) oraz Cu(Il) w roztworze oraz ciele statym. , [4]
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4.2 .Cienkie filmy otrzymane metoda ,,SC” oraz ,,TVD”

Cienkie warstwy badanych zwigzkow osadzono na ptytkach krzemowych Si(111) metoda

powlekania wirowego (SC) oraz metoda termicznego osadzania z fazy gazowej (TVD).

Depozycja cienkich warstw zwigzkow na podlozu krzemowym Si(111) metoda spin
coating (SC) oraz ich szczegdlowa charakterystyka z wykorzystaniem skaningowe;j
mikroskopii elektronowej (SEM/EDS), mikroskopii sit atomowych (AFM), spektroskopii
fluorescencyjnej. Depozycja cienkich warstw metodg termicznego osadzania z fazy
gazowej (TVD) oraz optymalizacja parametrow procesu zostata wykonana przez dr. Pawia

Popielarskiego (Instytut Fizyki, Uniwersytet Kazimierza Wielkiego w Bydgoszczy).

Morfologie i chropowato$¢ powierzchni cienkich warstw scharakteryzowano za pomoca:
mikroskopii elektronowej (SEM/EDS), mikroskopii sit atomowych (AFM), elipsometrii
spektroskopowej, jak rowniez spektroskopii fluorescencyjnej. Dane dotyczace whasciwosci

fluorescencyjnych cienkich warstw zaprezentowano w Tabeli 1.

Ponizej przedstawiono tylko najwazniejsze dane dotyczgce emisji fluorescencji warstw

wykonanych metodg SC oraz TVD. Opis podzielono na trzy czgsci.
1. Ligandy makrocykliczne

Cienkie warstwy makrocyklicznych zasad Schiffa [2+2] oraz [3+3] otrzymano metodg SC
oraz TVD. Z uwagi na uzyskanie optymalnej grubosci warstwy analiz¢ wiasciwosci
fluorescencyjnych wykonano dla warstw otrzymanych metodg TVD. Cienkie, jednorodne
materialty wykazywaly fluorescencj¢ w zakresie Aem=519-567 nm przy wzbudzeniu
w zakresie Aex=320-350 nm. Zarejestrowano batochromowe przesunigcie pasm emisji
warstw w porownaniu z roztworem. Obserwowana emisja wynika z obecno$ci
wewnatrzczasteczkowych przejs¢  elektronowych m—n* (ILCT) oraz odziatywan
migdzyczasteczkowych, zaleznych od upakowania w sieci krystalicznej m.in. odziatywan
C-H...m pomig¢dzy pier$cieniami aromatycznymi oraz wigzan wodorowych. Dodatkowo,
na wlasciwosci optyczne ciat statych ma wptyw stopien upakowania czgsteczkowego. 3!

Z uwagi na duzy sprz¢zony uktad m-elektronowy cienka warstwa makrocyklicznego

liganda [3+3] S1 generowata najwyzsza intensywnos¢ fluorescencji.
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2. Ligandy benzimidazolowe

Depozycje¢ cienkich warstw ligandow benzimidazolowych wykonano metoda SC. Cienkie
warstwy wykazywaly emisje w zakresie Aem=498-527 nm przy wzbudzeniu pomiedzy
Aex=290-400 nm. Obecno$¢ podstawnika elektronoakceptorowego w strukturze liganda B2
znaczaco wplyneta na emisje cienkiej warstwy generujac najwyzsza intensywnosé

fluorescencji spos$rod analizowanych warstw ligandow beznimidazolowych.

3. Makrocykliczne kompleksy cynku(ll) i miedzi(I1)

Makrocykliczne kompleksy Zn(II) naniesiono na krzemowa plytke metoda SC. Cienkie
warstwy kompleksow Zn, zaréwno K1-Zn jak i K2-Zn charakteryzuja si¢ wysoka
intensywnoscig fluorescencji w zakresie Aem=554-565 nm przy wzbudzeniu Ae=420 nm.
Obserwowane pasmo emisji spowodowane jest przeniesieniem fadunku ligand-metal
w kompleksie (MLCT). P.H. Amith Nayak i wspotautorzy wykorzystali dwa kompleksy
Zn(1l) z zasadami Schiffa do otrzymania cienkich fluorescencyjnych materialow poprzez
naparowywanie termiczne. Materialy te zastosowano jako warstweg emisyjng w diodach
OLED i zaobserwowano emisj¢ elektroluminescencji urzadzenia w zakresie 546-552 nm.
Przeprowadzone badania potwierdzity mozliwos¢ wykorzystania komplekséw cynku(II)
z zasadami  Schiffa w  projektowaniu  wysoce  wydajnych  urzadzen

elektroluminescencyjnych.’’

Cienkie warstwy wyizolowanych, makrocyklicznych kompleksow Cu(Il) wykonano
za pomoca metody SC oraz TVD. Scharakteryzowano wiasciwosci fluorescencyjne
cienkich warstw. Materiaty otrzymane metodg SC wykazywaly bardzo stabg emisje
fluorescencji w poréwnaniu do warstw wykonanych metoda TVD, dla ktérych
zaobserwowano emisje¢ w zakresie Aem=372-686 nm przy wzbudzeniu Aem=320 nm. Emisja
zwigzana jest z reakcjami migdzyczasteczkowego przeniesienia tadunku metal-ligand
(MLCT) w kompleksach. Znane sa cienkie warstwy kompleksu miedzi(ll) otrzymane
poprzez depozycje (TVD), ktore zastosowano jako warstwa emisyjna W diodzie OLED.

Maksymalng emisje urzadzenia zaobserwowano przy wartoéci Aem=510 nm.*32
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Tabela 1. Wybrane dane dotyczace wiasciwosci fluorescencyjnych cienkich warstw

ligandow  makrocyklicznych,

ligandow  benzimidazolowych

oraz

kompleksow

makrocyklicznych otrzymanych metoda powlekania wirowego (SC) lub termicznego

osadzania z fazy gazowej (TVD).

Int.
)\.ex kem -
Pub. | Zwigzek Wzér strukturalny fluorescencji
[nm] [nm]
[a.u]
LIGANDY MAKROCYKLICZNE
NH OH |N
L1 @: ]@ 350 567 85784
|N OH HN
™ figﬁ
|
L2 @ o j@ 350 519 101122
[
Q _ L g i 320 526 1005668
TVD S1 = N 330 523 955003
)ﬁj JEB% 350 | 528 877964
= AN
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Int.
Aex Aem .
Pub. | Zwigzek Wzor strukturalny fluorescencji
[nm] [nm]
[a.u]
LIGANDY BENZIMIDAZOLOWE
290 527 5485
L1B :/<”\ /”Z: 360 529 15780
NH OH NH
400 533 10100
[3]
SC
290 504 9290
L2B N, N 360 503 5060
@’”“ or "”@ 400 503 12095
350 o
a1 N N 370 Brak emisji
e NH fluorescencji
400
[6]
SC
350 498 64719
B2 N N 370 498 92134
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nm nm
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KOMPLEKSY MAKROCYKLICZNE
T
N\(\3/0\ /hI
n Zn
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CZESC APLIKACYJNA

4.3.Zastosowanie otrzymanych zwiazkéw w diodach OLED

Proces otrzymywania organicznych diod elektroluminescencyjnych (OLED), w ktorych
wykorzystano wyizolowane ligandy B1, B2 i B3 zostat szczeg6lowo opisany w publikacji
[6]. [Rys.15], [Tabela 2]. Do badan aplikacyjnych wybrano ligandy benzimidazolowe

charakteryzujace si¢ najwyzsza intensywnoscig emisji fluorescencji w ciele stalym.

[6]

———o U

EML*

SZKLO

2222

EMISJA FOTONOW -
ELEKTROLUMINESCENCJA

Rys. 15 Schemat  przedstawia  diode =~ OLED 0 konstrukcji:
ITO/PEDOT:PSS/B1/B3+PVKI/AI.
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Tabela 2. Wybrane parametry wytworzonych urzadzen OLED.

Struktura:
AELmax Uon Bmax Max CE d
ITO/PEDOT:PSS/warstwa  [nm] [V] [cd/m?] [cd/A] [nm]
aktywna/Al
OLED-B2 5.68 401 0.41 1124+1.1
OLED-B3 6.34 504 0.49 110.0+£1.2

Pochodne benzimidazolu B2 i B3 domieszkowane PVK wykazuja emisje w zakresie
Aem=528-531 nm. Rdznica pomigdzy wartoscig maksimum emisji (AAeLmax=4 nm) miedzy
OLED-B2 (528 nm) i OLED-B3 (531 nm) wynika z roznej struktury pochodnych
benzimidazolu. Wprowadzenie do ukladu podstawnikow o réznych efektach
elektronowych znaczaco wptywa na wilasciwosci elektroniczne, jak réwniez przerwe
energetyczng materialow emisyjnych. Przerwa energetyczna pomigedzy najnizszym stanem
wzbudzonym a stanem podstawowym determinuje czas zycia fotoluminescencji
i wydajnosci kwantowej. Obserwuje sic zalezno$¢ wykladnicza.***13% Pochodne
benzimidazolu podstawione grupami eclektrodonorowymi wykazujg nizsze wydajnosci
kwantowe fluorescencji w porownaniu do benzimidazoli podstawionych grupami
elektronoakceptorowymi.’® Na charakterystyke emisji ma réwniez wplyw: matryca
polimerowa (PVK) i stopien domieszkowania. Na przestrzeni lat otrzymano wiele diod
OLED wykorzystujagc pochodne imidazolu jako warstwe emisyjng. J.V. Grazulevicius
i wspolautorzy  skonstruowali  cztery diody OLED o  konstrukcji:
ITO/MoO3/NPB/EML/TSPO1/TPBi/LiF/Al emitujace niebieskie $wiatlo. Maksymalng
jasno$¢ diod zarejestrowano w zakresie: 418-437 nm, luminacja wynosita 840-1430 cd/m?

przy natezeniu pradu wynoszacym odpowiednio 0.38-0.43 V.1%

OLED-B2 wykazuje napiecie poczatkowe (Uon) wynoszace 5,68 V 1 maksymalng
luminancj¢ wynoszaca 401 cd/m?, podczas gdy OLED-B3 wykazuje 6,34 V 1 504 cd/m?.
Konfiguracja warstw, w tym anoda ITO/PEDOT i katoda Al, wraz ze specyficznym
luminoforem (B2 lub B3), wptywa na rownowagg wstrzykiwania fadunku i wydajnosé

rekombinacji, warunkujagc luminancje.
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Roznice w wydajnosci pradowej (Max CE) migdzy OLED-B2 (0,41 cd/A) i OLED-B3
(0,49 cd/A) mozna przypisa¢ roznym szybkosciom rekombinacji i wydajnosciom
kwantowym materialdéw emisyjnych. Wydajny bilans tadunkoéw (réwny wtrysk elektronow
i dziur) w warstwie aktywnej prowadzi do wyzszych szybkosci rekombinacji, a tym samym
do wyzszej jasnosci. Kazda nierownowaga w postaci: migracji wywotanych elektronami,
degradacji fotochemicznej, degradacji elektrochemicznej, awarii termomechanicznej,
rozpadu termicznego, rozpadu elektrycznego oraz obecno$ci zanieczyszczen Skutkuje

wygaszeniem i nizszg wydajnoécig urzadzenia.'®’

Maksymalna jasno$¢ (Bmax) osiaggnigta przez OLED-B3 (504 cd/m?) w poréwnaniu
do OLED-B2 (401 cd/m?) sugeruje, ze domieszkowany B3 PVK ma wyzszg wydajno$¢

kwantowg fotoluminescencji lub lepsze wtasciwosci transportu tadunku.

Grubos¢ warstwy aktywnej (d~110-112 nm) oraz wspotczynnik zatamania §wiatla rowniez
odgrywaja kluczowa role w wydajnosci urzadzenia wplywajac na dlugos¢ Sciezki
optycznej.%® Optymalna grubo$é¢ zapewnia wydajny transport tadunku i rekombinacje bez

znacznych strat.®
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4.4 Wlasciwosci sensoryczne — selektywna wrazliwos¢ na wybrane jony metali

Cykliczna pochodna benzimidazo[1,2-a]Jchinoliny L1 w roztworze DMSO wykazuje
wiasciwosci sensoryczne w stosunku do jonow Zn?* i Mg?* w zakresie stezen jondw Zn?*

C=0,01-14,65 uM i jonéw Mg?* C=0,01-59,43 uM.

Wspolczesne badania potwierdzaja zdolno$¢ do selektywnego wykrywania jonéw metali
przez ligandy benzimidazolowe. Xuan Zhang w swojej pracy opisal badania dotyczace
pochodnej benzimidazolu 2,6-dibenzoimidazolyl-4-metoksyfenolu (BBMP), prezentujac
ja jako nowoczesny fluorescencyjny czujnik chemiczny selektywnie wrazliwy na jony Cu?*
i Zn?*. Granica wykrywalno$ci wynosita odpowiednio 0—5 uM i 0,16 pM dla jonéw Cu?*,
a takze 0-10 uM i 0,1 pM dla jonow Zn?+ 139

Nowy kompozyt ZnOnf-L1 uzyskano w wyniku syntezy liganda beznimidazolowego L1
z nanowloknami tlenku cynku(ll) ZnO. Syntez¢ nowego materialu kompozytowego
wykonano podczas stazu w Instytucie Fizyki Atomowej 1 Spektroskopii, Uniwersytet

Lotewski, Ryga), we wspolpracy z zespotem dr. Romana Vitera.

Kompozyt ZnOnf-L1 selektywnie wykrywa jony Zn** w zakresie stezen C=0-4 uM.
W miare dodatku jonéw Zn®>* nastgpuje liniowe wygaszanie intensywnosci
fotoluminescencji oraz przesunigcie maksimum emisji z Aem=427 NM 0 Alem=4 nm.
Zarejestrowano rowniez wzrost intensywnos$ci fotoluminescencji oraz przesunigcie
maksimum Alem=2 nm w miare dodatku jonow Mg?* w zakresie stezen C=0-32 uM, przy

maksimum emisji Aem=427 nNmM.

Wykonano badania ktore wykazaly, ze kompozyt ZnOnf-L1 nie wykazuje wlasciwosci

sensorycznych wzgledem jonow AP*, Cu?*, Fe3*, Co?".

Zmiany intensywnosci emisji po dodaniu jonéw metali mogg wynika¢ z mechanizmu

fotoindukowanego przeniesienia tadunku (PCT).1%
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5. Uwagi koncowe i wnioski

Celem niniejszej pracy byla synteza, charakterystyka spektroskopowa oraz analiza
wlasciwosci optycznych wielodonorowych ligandow (zasad Schiffa), pochodnych
benzimidazolowych oraz komplekséw cynku(Il) i miedzi(II).

Osiagnigto zatozone cele, w wyniku, czego otrzymano dwa ligandy makrocykliczne [2+2]
L1 oraz L2, dwa ligandy makrocykliczne [3+3] S1 oraz Sla, pig¢ ligandow
benzimidazolowych modyfikowanych podstawnikami: -brom, -grupa fenylowa
-metylowa, -tert-butylowa oraz naftoimidazol L1B, L2B, B1, B2, L1, jak rowniez dwa
makrocykliczne kompleksy cynku(ll) K1-Zn, K2-Zn i dwa makrocykliczne kompleksy
miedzi(ll) K1-Cu, K2-Cu. Otrzymane zwigzki scharakteryzowano za pomocg metod
strukturalnych i spektroskopowych w roztworze i w ciele statym: NMR, IR, UV-Vis,
analizy elementarnej, analizy termicznej, rentgenowskiej analizy strukturalnej
a odziatywania miedzyczasteczkowe okreslono poprzez analiz¢ powierzchni Hirshfelda.
Waznym elementem niniejszej pracy byta analiza wiasciwos$ci optycznych zwigzkow przy
pomocy obliczen DFT. W wyniku zastosowania metody powlekania wirowego (SC) oraz
termicznego osadzania z fazy gazowej (TVD) otrzymano cienkie, jednorodne,

fluorescencyjne warstwy.

Wykonane analizy pozwolity okresli¢ strukture, czystos¢, wiasciwosci fluorescencyjne
otrzymanych zwigzkow w roztworze, ciele statym, cienkich materiatéw oraz jednorodno$¢
i morfologi¢ powierzchni cienkich warstw. Dzieki temu sklasyfikowano zwigzki majace
obiecujgce wlasciwosci optyczne, ktore moga mie¢ zastosowanie jako warstwa emisyjna

W urzadzeniach elektroluminescencyjnych.

Dzigki wspotpracy z grupg prof. dr hab. Ewy Gondek z Wydziatu Fizyki Politechniki
Krakowskiej skonstruowano i scharakteryzowano pi¢¢ diod OLED, i potwierdzono

wysokie parametry §wiecenia.
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Ponizej przedstawiono podsumowanie i wnioski sformulowane na podstawie

realizacji zamierzonych celow badawczych. Podzielono je na trzy gléwne grupy

obejmujace odpowiednio:

1) Ligandy makrocykliczne

a) Makrocykliczne ligandy [2+2] — L1 L2

W wyniku reakcji kondensacji dialdehydu i diaminy otrzymano dwa
makrocykliczne ligandy pochodne o-fenylenodiaminy i 2-hydroksy-5-metylo-1,3-
benzenodikarboksyaldehydu L1 lub 4-tert-butylo-2,6-diformylfenolu L2;

Z uwagi na struktur¢ makrocykli L1 i L2 rentgenowska analiza strukturalna
wykazata obecno$¢ licznych oddzialywan wewnatrz 1 miedzyczasteczkowych,
co implikuje $cisle upakowang sie¢ krystaliczng;

Na widmach elektronowych UV-Vis zaobserwowano pasma absorpcyjne
pochodzace od pierscieni aromatycznych, od przej$¢ m—n* grupy azometinowej
336-350 nm dla L1 i 338-346 nm dla L2 oraz pasm zwigzanych z przej$ciami
wewnatrzligadowymi IL w zakresie 382-390 nm;

Ligandy L1 oraz L2 to duze sprz¢zone uklady n-elektronowe charakteryzujace si¢
plaska 1 sztywng strukturg, poprzez co wykazuja wysokag intensywnos¢ emisji
fluorescencji w roztworze 1 ciele statym;

Obecnos¢ roznych podstawnikéw sterycznych przytaczonych do pierScienia
fenylowego, ligand L1 (metylo), ligand L2 (tert-butylo) oraz odziatywan
z rozpuszczalnikiem o réznej polarnosci powoduje znaczne rdznice
w intensywnosSci oraz przesuni¢ciach pasm emisji;

W wyniku tworzenia si¢ wigzan wodorowych pomiedzy rozpuszczalnikiem,
a fluoroforem (L1) nastgpuje wzrost intensywnosci emisji fluorescencji w miarg
wzrostu polarnosci rozpuszczalnika,;

Intensywnos$¢ pasma emisji liganda L1 znacznie przewyzsza wartos$ci emisji
liganda L2 przy wzbudzeniach Aex=295 nm oraz 350 nm. Powodem r6znic moze
by¢ obecno$¢ réznych podstawnikoOw sterycznych, co generuje zmiany
w upakowaniu czasteczek w ciele statym;

Scisle upakowana struktura liganda L1 oraz liganda L2 prowadzi

do batochromowego przesunigcia pasm emisyjnych w poréwnaniu z roztworem.
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b) Makrocykliczne ligandy [3+3] —S1i Sla

W wyniku reakcji kondensacji 4-tert-butylo-2,6-diformylofenolu z (1R,2R)-(+)-1,2
difenyloetylenodiaming S1 lub (1S,2S)-(-)-1,2-difenyloetylenodiaming Sla
otrzymano dwa makrocykliczne ligandy [3+3];

Struktura makrocyklu sktadajaca si¢ z dziewigciu pierscieni fenolowych warunkuje
tworzenie  odzialywan  miedzyczasteczkowych  pomiedzy  pierScieniami
aromatycznymi C-H...n oraz liczne stabe odziatywania H...H oraz C...H,
co w konsekwencji przektada si¢ na geste upakowanie w sieci krystalicznej;
Widma elektronowe UV-Vis z uwagi na budowg strukturalng ligandow S1 i Sla
posiadaly pasma zwigzane =z przejSciami elektrondw m—m* pierScieni
aromatycznych, przejSciami —r* grupy azometinowej w zakresie 345-346 nm oraz
pasmo zwigzane z przejsciami wewnatrzligandowymi przy 451 nm;

Przej$cia m—n* w obrgbie chromoforu ugrupowania azometinowego warunkuja
761tg emisje fluorescencji ligandow S1 i Sla w zakresie Aem=540-549 nm;
Wykazano wyzsza intensywno$¢ pasm emisji w ciele stalym liganda Sla
w poroéwnaniu do liganda S1. R6znica moze by¢ uwarunkowana 27 czlonowa
wewnetrzng strukturg makrocyklu, ktora generuje obecno$¢ pustych przestrzeni,
CO pozwala na umiejscowienie w jej wnetrzu czasteczki rozpuszcezalnika. Z uwagi
na tworzenie si¢ migdzyczasteczkowych wigzan wodorowych, moga nastepowac
roznice emisyjne;

Zwiazek Sla wykazywatl wydluzony czas zaniku luminescencji (2.24 ns)

w porownaniu do zwigzku S1 (1.02 ns), co wskazuje na inng $ciezke emisji.

2) Ligandy benzimidazolowe

a) Ligandy benzimidazolowe - L1B i L2B

W wyniku reakcji kondensacji otrzymano dwa ligandy benzimidazolowe pochodne
o-fenylenodiaminy i 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehydu L1B
oraz 4-tert-butylo-2,6-diformylofenolu L2B;

Wykonano analiz¢ rentgenostrukturalng ligandow L1B oraz L2B, r6znigcych si¢
podstawnikiem sterycznym, L1B -—metylo, L2B -tert-butylo, oraz rodzajem

rozpuszczalnika obecnego w sieci krystalicznej. Obecno$¢ rozpuszczalnika
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polarnego (octan etylu badz metanol) w sieci krystalicznej przyczynia si¢ do
powstawania mig¢dzyczasteczkowych wigzan wodorowych. W przypadku
rozpuszczalnika niepolarnego (n-heksanu) nie zaobserwowano tego rodzaju
wigzan;

Polarno$¢ rozpuszczalnika wplywa na upakowanie czasteczek
w sieci krystalicznej 1 wlasciwosci optyczne czasteczki, gdyz ma znaczacy wpltyw
na tworzenie wigzan wodorowych;

Obecnos¢ pierscienia benzimidazolowego oraz grupy fenolowej —OH wptywa
na wilasciwosci transportowe elektrondéw, czasteczki sg zdolne do wielokrotnych
procesOw szybkiej wymiany protondw, co w konsekwencji sprawia, ze ligandy L1B
oraz L2B wykazuja wysoka intensywnos¢ fluorescencji;

Wiasciwosci luminescencyjne ligandow L1B oraz L2B (Aem=541-550 nmdla L1B
i Aem=538-558 nm dla L2B) zaleza od polarnosci rozpuszczalnika. Wzrost
polarnosci rozpuszczalnika, zwigksza zdolnos¢ zwigzkow do tworzenia wigzan
wodorowych z substancja rozpuszczong, powoduje batochromowe przesunigcie
pasm emisji;

Dla ligandow L1B oraz L2B obserwuje si¢ proces ESIPT, okreslony na podstawie
obliczen DFT, wystepowanie tautomerii ketonowo-enolowej oraz duzego
przesunigcia Stokesa ok. 200 nm i rozdzielenia pasm emisji;

Analiza DFT wlasciwos$ci optycznych L1B oraz L2B wykazala, ze absorpcja
zwigzkéw wynika glownie z dominujgcej w podstawowym stanie elektronowym
formy enolowej tautomeru, a emisja wystepuje gldwnie z formy ketonowej
generowanej po przeniesieniu protonu ze stanu wzbudzonego;

Ligandy L1B oraz L2B wykazuja wysoka intensywnos¢ fluorescencji w ciele
statym w szerokim zakresie wzbudzen Aex=350-460 nm. Roéznice pomigdzy
maksimum emisji liganda L1B Aem=520 nm oraz liganda L2B Aem=505 nm sg
wynikiem obecnosci podstawnikoOw o rdznej zawadzie sterycznej: L1B —metyl,
L2B —tert-butyl. Grupa tert-butylowa redukuje ilos¢ miedzyczasteczkowych
odzialywan pomigdzy pier§cieniami aromatycznymi -, tym samym wplywajac na
Sciezke emisji;

Maksima emisji ligandow L1B i L2B ulegaja batochromowemu przesunigciu
w ciele stalym w porownaniu do roztworu, co wynika z obecnosci

miedzyczasteczkowych odzialywan - pomiedzy pierscieniami aromatycznymi;
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= Zaobserwowane wysokie intensywnosci emisji zarowno w roztworze jak i ciele
stalym wskazuja na nie jako na idealnych kandydatéw na czujniki
fluorescencyjne lub komponenty organicznych diod
elektroluminescencyjnych;

» Ligandy L1B oraz L2B wykazuja selektywne wlasciwos$ci sensoryczne wzglgdem
jonu Zn?* poprzez obecnosé atomoéw donorowych tlenu oraz azotu w strukturze oraz

tatwos¢ koordynacji.

b) Ligandy benzimidazolowe - B1, B2i B3

= W wyniku reakcji kondensacji otrzymano dwa nowe ligandy benzimidazolowe
pochodne 2-hydroksy-5-metylo-1,3-benzenodikarboksyaldehydu
i 2,3 diaminonaftalenu Bl oraz  4-tert-butylo-2,6-diformylofenolu
i 4-bromo-1,2-diaminobenzenu B2;

= Rentgenowska analiza strukturalna ligandow Bl i B2 wykazata obecno$é trzech
wewnatrzczasteczkowych wigzan wodorowych typu N-H...O, O-H..N i C-H...N
stabilizujacych czasteczke;

= W sieci krystalicznej ligandow B1 oraz B2 zaobserwowano kanaty o calkowite]
potencjalnej objetosci wynoszacej 1522.5 A® (51.1%) — ligand B1; 443.1 A3
(16.9%) — ligand B2, co wskazuje na potencjalne wiasciwosci sensoryczne tych
zwigzkow w stosunku do czasteczek np. rozpuszczalnikow;

= Obserwowane réznice w wydajnosci kwantowej emisji fluorescencji pomi¢dzy
ligandami B2 Q=0.76, B1 Q=0.22, jak réwniez w polozeniu maksimum emisji
em=530 nm B1, Aem=513 nm B2, Aem=537 nm B3 wynikaja z obecnosci
w strukturze podstawnikow o roznych  wlasciwosciach  sterycznych
i elektronowych;

* Dlaligandéw B1, B2 i B3 odnotowano duze przesunigcie Stokesa 163-180 nm oraz
dwupasmowe widma emisyjne odpowiadajace dwoém formom  struktury
czasteczkowej bedace wynikiem tautomerii ketonowo-enolowej i procesu ESIPT,;

= Na widmach elektronowych UV-Vis B1, B2 i B3 obserwowano pasma przej$c¢
n — 7* ugrupowania benzimidazolowego w zakresie 310-352 nm i 362-375 nm.
Pasma wynikajace z obecnosci tautomerycznych form keto-enolowych zwiazkow

pojawily sie w zakresie 436-454 nm dla B1 i przy 421 nm dla B3;
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Roznice w budowie strukturalnej pomigdzy ligandami B1, B2 oraz B3 implikuja
odmienne polozenia pasm emisji fluorescencji w ciele statym. Wzbudzenie
w szerokim zakresie przy Ae=350, 370 i 400 nm dla B1, B2 i B3 spowodowato
emisj¢ pomiedzy Aem=544-548 nm dla Bl i Aem=517-520 nm dla B2 i B3. Niska
intensywnos$¢ fluorescencji liganda Bl zwigzana jest z ulozeniem i obecnoscia
pierscieni naftalenowych w sieci, migdzy ktorymi wystepuja migdzyczgsteczkowe
oddziatywania typu n-n. Ponadto ulozenie pier§cieni rownolegle wzgledem siebie
(ring stacking) moze tlumi¢ emisje fluorescencji;

Skonstruowano dwa urzadzenia OLED (OLED-B2 i OLED-B3) z warstwa
aktywna (B1/B2/B3 + PVK) o konfiguracji ITO/PEDOT:PSS/warstwa aktywna/Al;
Zmierzona wicksza maksymalna jasno$¢ (Bmax) dla OLED-B3 (504 cd/m?)
w porownaniu do OLED-B2 (401 cd/m?) sugeruje, ze domieszkowany B3+PVK
ma wyzszg wydajno$¢ kwantowa fotoluminescencji lub lepsze wlasciwosci
transportu fadunku. Dodatkowo stwierdzono, ze na wilasciwosci spektroskopowe
diod wptywa steryczny i elektronowy charakter podstawnikow bazujac
na obserwowanych roznicach w oddziatywaniach migdzyczasteczkowych;
Maksimum emisji diod zaobserwowano przy 535 nmdla B2 1 530 nmdla B3, ktére
sg zwigzane z przejSciami n—* pier§cienia benzimidazolowego. Pomiar wykonano
przy pomocy spektroskopii luminescencyjnej o rozdzielczoSci czasowej przy
wzbudzeniu impulsowym promieniowaniem synchrotronowym (SR);

Ligandy B2 oraz B3 wykazujg podobny czas zaniku luminescencji ok. 1.7 ns.

Szybki czas rozpadu podkresla znaczenie procesow hieradiacyjnych.

¢) Ligand benzimidazolowy - L1 [7]

W wyniku reakcji kondensacji otrzymano nowy ligand benzimidazolowy
L1 pochodng 4-tert-butylo-2,6-diformylofenolu i 2-(2-aminofenylo)-1H-
benzimidazolu;

Na widmach elektronowych UV-Vis L1 wystepuja szerokie pasma absorpcji przy
269 i 303 nm, zwigzane z przej$ciami n—m* pierscieni aromatycznych. Ponadto
zarejestrowano pasmo przejs¢ CH-N pierscienia benzimidazolowego przy 357 nm;
Wysoka intensywno$¢ fluorescencji (Q=0.26) zarejestrowana w roztworze przy
emisji 423 nm oraz przesuni¢cie Stokesa (66 nm) wynikaja z obecnosci wielu

oddziatywan = elektronowych warunkujacych dang $ciezkg emisji;
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Obserwowana wysoka intensywnos$¢ luminescencji liganda L1 w ciele statym oraz
batochromowe przesunigcie pasma emisyjnego w porownaniu do roztworu wynika
m.in. ze Scistego upakowania czasteczek w ciele stalym i zwigzanych z tym
oddzialywan miedzyczasteczkowych;

Ligand L1 wykazywat jonoselektywno$¢ wzgledem jonéw Zn?* i Mg?* w zakresie
stezen: odpowiednio 0.01-14.65 uM dla jonéow Zn?>" i 0.01-59.43 uM dla
jonow Mg?*;

Otrzymano nowy kompozyt ZnOnf-L1, gdzie ZnOnf - nanowldkna tlenku
cynku(ll) i badano jego wilasciwosci jonoselektywne w stosunku do jondéw
Zn?* i Mg?*:

ZnOnf-L1 selektywnie wykrywa jony Zn?* przy Aem=427 nm (przesuniecie
maksimum emisji Akem=4 nm, C=0-4 pM) oraz jon Mg?* przy Aem=427 nm
(przesunigcie makSimum emisji AAem=2 NM, C=0-32 uM) w wyniku mechanizmu

fotoindukowanego przeniesienia fadunku (PCT).

3). Kompleksy makrocykliczne [2+2]

a) Makrocykliczne kompleksy cynku(ll) — K1-Zn i K2-Zn

W wyniku syntezy templatowej uzyskano dwa nowe makrocykliczne
wielodonorowe kompleksy Zn(ll), otrzymane w wyniku reakcji dwuwodnego
octanu  cynku(ll) z  o-fenylenodiaming i  2-hydroksy-5-metylo-1,3-
benzenodikarboksyaldehydem (K1-Zn) lub 4-tert-butylo-2,6-diformylofenolem
(K2-Zn);

Na widmach elektronowych UV-Vis kompleksow Zn(Il) zarejestrowano pasma
w zakresie 324-360 nm dla K1-Zn i 310-340 nm dla K2-Zn zwigzane
z charakterystycznymi przejsciami elektronow n—7m* grupy azometinowe;j.
W zakresie 408-425 nm K1-Zn i K2-Zn zarejestrowano pasma MLCT;

Obecnos¢ roznych anionéow skoordynowanych z centrum metalu, MeO/OH"
K1-Zn oraz AcO” w K2-Zn, a takze podstawnikéw o rdznej zawadzie sterycznej,
metyl K1-Zn oraz tert-butyl K2-Zn prowadzi do pojawienia si¢ odmiennych
odziatywan migdzyczasteczkowych co skutkuje inng $ciezkg emisji Aem=556-573
nm dla K1-Zn i 2em=534-550 nm dla K2-Zn. Luminescencja w kompleksach
cynku(Il) powigzana jest z wewnatrzligandowym przeniesieniem tadunku. Z uwagi

na stabilng konfiguracje d'° jonu Zn(I1I) w kompleksach cynku(II) nie obserwuje sie
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efektu wewngtrznego cigzkiego atomu w stanach wzbudzonych i wplywu
sprz¢zenia spinowo-orbitalnego na przejscia migdzysystemowe i wygaszenie
fluorescencji;

W przypadku K2-Zn zarejestrowano batochromowe przesunigcie pasm emisji oraz
wzrost intensywnosci fluorescencji w zaleznosci od polarnosci rozpuszczalnika,
co wynika z tworzenia si¢ oddziatywan wodorowych pomiedzy polarnym

rozpuszczalnikiem, a zwigzkiem;

Anion octanowy skoordynowany z jonem metalu, generuje powstawanie
miedzyczasteczkowych wigzan wodorowych, ograniczajacych rotacje oraz drgania
czasteczki, co zmniejsza nieradiacyjny kanat rozpadu w stanie wzbudzonym
i modyfikuje s$ciezk¢ emisji. Roznice w budowie strukturalnej kompleksow
przekladaja si¢ na wyzsza intensywno$¢ luminescencji w ciele statym

kompleksu K2-Zn.

b) Makrocykliczne kompleksy miedzi(ll) - K1-Cu i K2-Cu

W wyniku syntezy templatowej otrzymano dwa nowe makrocykliczne dijagdrowe
kompleksy miedzi(ll), (R)-(+)-1,1-binaftaleno-2,2-diaminy i 2-hydroksy-5-metylo-
1,3-benzenodikarboksyaldehydu K1-Cu lub 4-tert-butylo-2,6-diformylofenolu
K2-Cu z dihydratem chlorku miedzi(ll);

Badania wilasciwosci magnetycznych K1-Cu i K2-Cu wykazaly bardzo silne
oddzialywania wymiany antyferromagnetycznej Cu'-Cu" na co wskazuje wartoéé
calki Jey-cu = -305,66 +/-0,05 cm? dla K1-Cu i Jeucu = -328,45 +/-0,16 cm*
dla K2-Cu;

Odziatywania spin—spin pomi¢dzy jonami Cu(II) w dimerach w obu kompleksach
spowodowaly poszerzenie widm EPR i brak wystapienia anizotropii dla
czynnika g;

Na widmie elektronowym UV-Vis komplekséw miedzi(Il) zarejestrowano pasma
w zakresie 272-290 nm zwigzane Z przejSciami elektrondw m—m* pierScieni
aromatycznych, przej$¢ n—n* ugrupowania azometinowego w zakresie 322-324 nm
dla K1-Cu oraz 322-328 nm dla K2-Cu. Dodatkowo obserwowano pasma
zwigzane z przejsciem ligand-metal (LMCT) w zakresie 388-408 nm;

Na widmie elektronowym UV-Vis zarejestrowano rowniez pasma absorpcji przejsé¢

d-d przy 660 nm dla K1-Cu i 664 nm dla K2-Cu, na ktorych potozenie ma wptyw
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geometria zwigzkoéw: piramida kwadratowa (K1-Cu) lub bipiramida-trygonalna
(K2-Cu), gdzie jony miedzi(ll) sg przesuniete w kierunku wierzchotkowego anionu
chlorkowego;

Subtelne roznice w intensywnosci pasm emisji K1-Cu Aem=398-424 nm
i K2-Cu 2em=392-424 nm, wynikajg z obecnosci roznych podstawnikow, -metylo
K1-Cu oraz -tert-butylo K2-Cu, ktore wptywajg na upakowanie sieci;
Odzialywania wodorowe pomigdzy kompleksami, a rozpuszczalnikiem powoduja
batochromowe przesunigcie pasm emisji wraz ze wzrostem polarnosci

rozpuszczalnika.

Ponizej przedstawiono podsumowanie i wnioski sformulowane na podstawie

realizacji zamierzonych celow badawczych dotyczace cienkich warstw otrzymanych

metoda SC oraz TVD. Podzielono je na trzy gldwne grupy obejmujace odpowiednio:

1) Ligandy makrocykliczne

a) Makrocykliczne ligandy [2+2] —L1i L2

Emisja cienkich warstw otrzymanych metoda TVD L1/Si i L2/Si wynika z rodzaju
upakowania czgsteczek na poziomie molekularnym, a dobranie odpowiedniej
metody nanoszenia (TVD) pozwalato na otrzymanie warstw o optymalnej grubosci
1 jednorodnosci;

Odziatywania wewnatrzczasteczkowe IL oraz miedzyczasteczkowe m—m*
wystepujace w cienkich warstwach materiatu L1/Si i L2/Si generuja wysoka
intensywnos$¢ emisji filmow Aem=560 nm przy wzbudzeniu Aex=350 nm;

Obecnos¢  oddziatywan  miedzyczasteczkowych — pomigdzy  pierScieniami
aromatycznymi ulatwia przeptyw elektronow, 1 warunkuje wlasciwosci

poitprzewodnikowe obu materiatow.

68



b) Makrocykliczne ligandy [3+3] —S1 i Sla

Wilasciwosci optyczne, potprzewodnikowe oraz wielko$¢ przerwy energetycznej
(3.46 £ 0.01 eV) cienkiego jednorodnego materialu otrzymanego metodg TVD
S1/Si, wynikaja z obecnosci dziewigciu pierscieni aromatycznych w strukturze
liganda S1, sprawiajac, ze jest to duzy m elektronowy uklad o duzej gestosci
elektronowej;

Materiat S1/Si wykazuje emisj¢ przy Aem=518nm i Aem=528 nm przy dhugosciach
fali wzbudzenia Aex=320-400 nm, a takze hipsochromowe przesunigcie maksimum
emisji w poréwnaniu z roztworem, CO jest prawdopodobnie rezultatem S$cistego
upakowania czasteczek w ciele stalym, ograniczajacym swobodny przeptyw

elektronow.

2) Ligandy benzimidazolowe

a) Ligandy benzimidazolowe - L1B i L2B

Odmienne drogi rozpraszania energii w roztworze i w ciele staltym powoduja
znacznie nizsza intensywno$¢ pasm emisyjnych cienkich warstw L1/Si i L2/Si

otrzymanych metodg SC, ktore wykazuja emisje w zakresie 503-533 nm.

b) Zwiazki benzimidazolowe - B1, B2i B3

Maksimum 1 intensywno$¢ emisji cienkiej warstwy zwigzku B2 naniesionej
za pomocg metody powlekania wirowego (SC) jest poréwnywalna z emisjg B2
w ciele statym, co wskazuje na odpowiedni dobér parametrow nanoszenia,

a w konsekwencji uzyskanie pozadanej grubosci i jednorodnosci materiahu.

3) Kompleksy makrocykliczne [2+2]

a) Makrocykliczne kompleksy cynku(ll) — K1-Zn i K2-Zn

Wartosci parametréw chropowatosci Ra=53.5-194 nm i Rg=59.9-121 nm dla K1/Si
oraz Rs=6.02-12.3 i Rq=7.10-9.66 nm dla K2/Si wskazuja na uzyskanie cienkich,
jednorodnych filmoéw kompleksow cynku(Il) metodg SC. Wykorzystanie polimeru

jako $rodka stabilizujacego, powoduje powstanie grubszych i bardziej szorstkich
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warstw. Ponadto, zastosowanie PS w materiatach moze ograniczy¢ ruch czasteczek
w stalej matrycy, co zmniejsza mozliwo$¢ nieradiacyjnego procesu rozpadu stanow
wzbudzonych i wptywa na emisje¢ fluorescencji;

Obecnos¢ przejs¢ wewnatrzligandowych oraz utozenie czagsteczek w sieci ciata
statego spowodowalo emisj¢ cienkich warstw kompleksow K1-Zn oraz K2-Zn
w zakresie Aem=554-655 nm.

b) Makrocykliczne kompleksy miedzi(ll) - K1-Cu i K2-Cu

Wysokos$¢ (grubos¢) materiatdéw powlekanych wirowo byta dwa razy mniejsza od
grubo$ci warstw osadzanych TVD, wptywajac na wielkos¢ emisji fluorescencji;

Obecnos¢ odzialywan migdzyczgsteczkowych w ciele statym oraz ograniczenia
narzucone przez powierzchni¢ podloza emisja fluorescencji w zakresie
Aem=318-531 nm dla K1/Si i Aem=326-472 nm dla materiatu K2/Si (TVD) byta

znacznie nizsza w porownaniu z roztworem.
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1)

2)

3)

4)

5)

6)

Najwazniejsze osiagnie¢cia

Opracowanie warunkow syntezy 1 oczyszczania dwoéch makrocyklicznych
wielodonorowych ligandéw (zasad Schiffa) [2+2], dwoch makrocyklicznych
wielodonorowych ligandow [3+3], pieciu ligandow benzimidazolowych
posiadajacych w swojej strukturze podstawniki o roznych efektach elektronowych
i sterycznych;

Opracowanie warunkow syntezy i oczyszczania dwoch makrocyklicznych
homodijadrowych kompleksoéw miedzi(ll) oraz dwoch makrocyklicznych
homodijgdrowych kompleksow cynku(ll);

Dobor metody krystalizacji oraz otrzymanie monokrysztaldow odpowiednich
do rentgenowskiej analizy strukturalnej;

Opracowanie 1 optymalizacja warunkow osadzania cienkich warstw metoda spin-
coating (SC) w celu uzyskania cienkich jednorodnych materiatow;
Skonstruowanie pieciu diod OLED o wysokich parametrach swiecenia, w ktorych
jako warstwa emisyjna zastosowano ligandy benzimidazolowe i makrocykliczne;
Synteza kompozytu majacego zastosowanie jako sonda fluorescencyjna, ktora

w przyszto$ci moze by¢ zastosowana jako czujnik srodowiskowy.

71



7. Perspektywy — rozwoj badan

7.1.Modyfikacja zwiazkow w celu otrzymania wydajnych diod
elektroluminescencyjnych

Badania przedstawione w niniejszym rozdziale nie zostaty opublikowane, prace naukowe
oraz analiza sa w trakcie realizacji. Ponizej przedstawiono tylko najwazniejsze wyniki

badan, ktore sg obiecujace i kontynuowane.

7.1.1. Ligandy makrocykliczne modyfikowane podstawnikami o réznych
wlasciwosciach elektronowych majace zastosowanie w diodach OLED

Na podstawie przeprowadzonych badan wilasciwosci fluorescencyjnych otrzymanych
zwigzkow wytypowano trzy makrocykliczne ligandy, ktére wykazywaly wysoka
intensywnos$¢ fluorescencji w roztworze oraz w ciele statym do zastosowania w diodach
OLED.

Skonstruowano trzy diody OLED o nastepujacej konstrukcji ITO/PEDOT:PSS/warstwa
emisyjna/Al. Zsyntezowany nowy makrocykliczny ligand [2+2] S2 oraz uprzednio
opublikowane ligandy makrocykliczne [2+2] L1 oraz ligand [3+3]

S1 domieszkowano PVK i zastosowano, jako warstwy emisyjne. Makrocykliczne ligandy
[2+2] L1/S2+PVK wykazywaly emisje w zakresie: 538-543 nm. W przypadku
makrocyklicznego liganda [3+3] S1+PVK zaobserwowano emisje przy wartosci: 574 nm.
Roznice w strukturze czgsteczkowej, chiralno$¢ badz obecno$¢ podstawnikéw o roznych
efektach elektronowych powodujg znaczacg rdznice pomiedzy warto$cig maksimum emisji
pomigdzy OLED-L1 (543 nm) i OLED-S2 (538 nm), a OLED-S1 (574 nm). OLED-S2
wykazuje najwyzsza maksymalng luminancje wynoszaca 219 cd/m? przy napigciu
poczatkowym (Uon) wynoszacym 9.90 V. Wyniki analiz przedstawiono w Tabeli 3.
[Rys. 16]
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Tabela 3. Wybrane wlasciwosci wytworzonych urzadzen OLED.

Structure:
ITO/PEDOT:PSS/warstwa AeLmax [NM] | Uon [V] Bmax [cd/m?]
emisyjna/Al
OLED-L1 543 9.49 115
OLED-S1 574 9.87 108
OLED-S2 538 9.90 219
L1 S2
' |
©:NH OH Nj@ NH OH N Br
|N OH HN Br©:IN OH HND/
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Rys. 16 Schemat przedstawia struktury zwigzkéw uzytych jako warstwa emisyjna
w diodach OLED o konstrukcji: ITO/PEDOT:PSS/L1/S2/S3+PVK/AI, widma emisji

elektroluminescencji oraz zalezno$¢ luminacji od przytozonego napiecia poczatkowego.
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Wyszczegolniono najwazniejsze wnioski z przeprowadzonych badan:

1)

2)

3)

Roznice w strukturze molekularnej makrocyklicznych ligandow [2+2] tj. rézny
podstawnik steryczny: ligand L1 -metylo, ligand S2 -tert-butylo oraz obecnos¢
podstawnika elektronoakceptorowego -Br implikuje ilo$¢ odziatywan
miedzyczasteczkowych wywolujacych réznice w parametrach emisyjnych diod
OLED,;

Ligand S1 wykazuje maksimum emisji w zO6ltym zakresie, z uwagi na obecno$¢
w strukturze duzego m-elektronowego uktadu podsiadajacego w strukturze: trzy
pierScienie aromatyczne, trzy ugrupowania difenylowe, a takze sze$¢ ugrupowan
azometinowych CH=N;

OLED-S2 wykazuje najwyzsza maksymalng luminancje wynoszacg 219 cd/m?
ktora ponad dwukrotnie przewyzsza luminacje OLED-L1, jest to wynikiem
obecnosci podstawnika elektronoakceptorowego utatwiajgcego swobodny transport

elektronow 1 dziur w materiale emisyjnym.
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7.1.2. Kompleksy cynku(ll) i miedzi(l1) z makrocyklicznymi zasadami Schiffa

Poszukujac zwigzkow kompleksowych o wiasciwosciach fluorescencyjnych (zwiazki
cynku(1l)) oraz magnetycznych (zwiazki miedzi(ll)) wykonano reakcje syntezy polaczen
przedstawionych na [Rys.17] W wyniku syntezy makrocyklicznego liganda [3+3]
Sla z uwodnionym chlorkiem cynku(ll), dwuwodnym octanem cynku(ll) oraz
szesciowodnym azotanem(V) cynku(Il) otrzymano trzy makrocykliczne homodijadrowe
kompleksy [2+2] K47, K48 oraz K49. Kolejno w wyniku syntezy liganda Sla
z dwuwodnym chlorkiem miedzi(ll) wyizolowano monojadrowy kompleks miedzi(IT)
K31.

Przeprowadzono charakterystyke strukturalng i spektroskopowsa otrzymanych zwigzkow
w roztworze 1 w ciele statym za pomoca metod: NMR (dla komplekséw cynku(II)), IR,
UV-Vis analizy elementarna, termiczna oraz rentgenostrukturalna. Okreslono wlasciwosci
fluorescencyjne otrzymanych zwigzkow w roztworze i ciele statym w celu klasyfikacji

materiatlow, jako prekursoréw diod OLED. [Rys.18], [Tabela 4]
Najwazniejsze obserwacje i wnioski z przeprowadzonych badan:

1) Reakcja makrocyklu [3+3] z jonami cynku(ll) powoduje przegrupowanie ukladu
i powstanie dijadrowych kompleksow [2+2]; 140116

2) Kompleksy cynku(IT) maja r6zng budowe strukturalng, obecnos¢ réznych anionow
(K47 - anion chlorkowy, K48- anion octanowy, K49 - anion azotanowy)
skoordynowanych z centrum metalu implikuje obecno$¢ roznych odziatywan
migdzyczasteczkowych, co znaczaco wplywa na S$ciezke emisji. Najwyzsza
intensywno$¢ fluorescencji w roztworze wykazywal kompleks K48 przy
Aem=464 nm z uwagi na tworzenie silnych odziatywan migdzyczasteczkowych;

3) Roznice strukturalne sa powodem batochromowego przesuniecia pasm emisji
w ciele staltym w pordwnaniu z roztworem. Z uwagi na obecno$¢ anionu octanowego
i mozliwos$ci tworzenia migdzyczasteczkowych wigzan wodorowych kompleks K49
wykazywat najwyzsza intensywnos$¢ fluorescencji Aem=527 nm;

4) Dijadrowe makrocykliczne kompleksy cynku(Il) wykazuja wysoka intensywnos¢
fluorescencji w roztworze oraz w ciele stalym, co wskazuje na ich potencjalne

zastosowanie w urzadzeniach elektroluminescencyjnych;
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5) Ze wzgledu na paramagnetyczny charakter jonu miedzi(ll) monojadrowy kompleks
miedzi(Il) wykazywat bardzo staba emisj¢ w roztworze oraz wygaszenie emisji

w ciele statym.

K47

Mo K49

Rys. 17 Schemat otrzymywania makrocyklicznych komplekséw cynku(Il) oraz kompleksu
miedzi(ll).
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Rys. 18 (a) Widma emisyjne roztworéw kompleksow K47, K48, K49, K3l
(CHCls, 9.09x10°% mol/dm® RT), Aex=400nm; (b) Widma emisyjne ciata stalego
kompleksow K47, K48, K49, K31 Ae=400 nm.

Tabela 4. Tabela przedstawia dane fotofizyczne badanych zwiazkow, (Aem, Aex [nM]). Bp=8

Zwigzek | hex [NM] hem [NM] Intensywnos¢ fluorescencji a.u.

Analiza roztworu (chloroform, RT)

K47 400 497 1610179
K48 400 464 6880278
K49 400 461 2766917
K31 400 452 208213
Analiza ciala stalego

K47 400 530 364372

K48 400 533 310584

K49 400 527 805568

K31 400 | - e
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,,Rola odziatywan niekowalencyjnych w organizacji uktadow supramolekularnych
i fenomen transformacji strukturalnych w monokrysztatach”, Wydzial Chemii
UMK”

Zakres prac: Opracowanie sciezek syntezy kompleksow metali przejsciowych na
bazie multipodalnych ligandow heterocyklicznych.
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11.03-10.04.2024 Staz w Instytucie Fizyki Atomowej i Spektroskopii (IAPS)
Uniwersytet Lotewski (UL)

26.03-15.04.2022 Staz w Instytucie Fizyki Atomowej i Spektroskopii (IAPS)
Uniwersytet Lotewski (UL)

13.07-11.08.2020 Staz w Boryszew Automotive Plastics S.A. w Toruniu - projekt
MOTOR UMK

02.07-30.09.2018 Staz PKN ORLEN S.A. Plock, ORLEN Laboratorium S.A.
Laboratorium Chromatograficzne — projekt AsKier UMK

01-31.07.2016 Staz PKN Orlen Plock, ORLEN Laboratorium S.A. - Laboratorium
Paliw i Aromatow — praktyki studenckie

01-03.07.2014 Staz w Dziale Edukacji i Szkolen Narodowego Centrum Badan
Jadrowych w Swierku

Kursy

Certyfikat ukonczenia praktycznego i teoretycznego szkolenia: ,,Jana2020 —
introduction and application in crystalography”  13-14.05.2025,
organizowanego przez Institute of Physic of the Czech Academy of Science

Certyfikat ukonczenia szkolenia: ,Jednoczesna analiza termiczna (STA) na
systemie STA9 w badaniach substancji chemicznych” 22.11.2024

Certyfikat ukonczenia szkolenia: ,,Zastosowanie systemu ATR FTIR Spectrum
Two w niskich i wysokich temperaturach w analityce nowych materiatoéw”
20.11.2024

Zaswiadczenie uczestnictwa w serii wyktadow dydaktycznych prowadzonej przez
Sekcje Miodych Polskiego Towarzystwa Krystalograficznego. 01.01-30.06.2024

Udziat w szkoleniu: ABC Canva, czyli jak tatwo stworzy¢ grafike w Internecie
organizowanym przez Dziat Promocji 1 Komunikacji UMK, 23.03.2023

Uczestnictwo w szkoleniu: Mendeley i Sciencedirect — przydatne narzedzia w
pracy naukowca, organizowane przez Elsevier, Uniwersytet Mikolaja Kopernika

w Toruniu, 08.12.2022

Certyfikat ukonczenia kursu jezyka angielskiego na poziomie zaawansowanym
B2+, Certyfikat wydany przez Akademi¢ Jezykow Obcych im. Kasi Lewickiej
15.10.2020 — 30.06.2021 oraz 15.10.2021 — 30.06.2022

Certyfikat udziatu w wirtualnych warsztatach organizowanych przez Rigaku Europ
SE. 23.06.2021
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» Zaswiadczenie ukonczenia 10-godzinnych warsztatow ,My first Article in
English”, prowadzonych przez SPNJO UMK w ramach projektu ,Inicjatywa
Doskonato$ci Uczelnia Badawcza (IDUB) — 21.06.2021

» Certyfikat uczestnictwa w webinarium: ,,Punkty, listy, indeksy, cytowania, o co w
tym chodzi? —prof. Krzysztof Roszkowski” — 27.04.2021

» Certyfikat Kursu online: Nature Masterclasses in Scientific Writing and Publishing,
Part 1: Writing a research paper, Part 2: Publishing a research paper, Part 3: Writing
and publishing a review paper, 21.04.2021

» Certyfikat Uczestnictwa w Szkoleniu ,Efektywne wykorzystanie czasu”
organizowanego przez Uniwersytet Mikotaja Kopernika w Toruniu - 20.04.2021 r.

» Certyfikat Uczestnictwa w Szkoleniu uzytkownikéw Reaxys & Reaxys Medicinal
Chemistry, Zimowe e-Spotkanie SSPTChem - 18.12.2020 r.

» Certyfikat ukonczenia szkolenia: Spektroskopia w podczerwieni w rutynowych
badaniach laboratoryjnych, szkolenie prowadzone przez Pro-Environment, Poland
Sp. zo.o.

Konferencje

» Udzial w V Ogélnopolskim forum Chemii Nieorganicznej, 20-22 marca 2025
roku, Warszawa, poster z badan wlasnych:

 Nowe zwiqzki cynku(ll) i miedzi(Il), ich charakterystyka oraz otrzymywanie
nowych materiatow o witasciwosciach fluorescencyjnych.”

» Uczestnictwo w migdzynarodowej Konferencji 9th EuChemS Chemistry Congress
(ECC9), Dublin, Irlandia, 7-11.07.2024 — poster z badan wlasnych:

,, New benzimidazole ligands and their application in OLEDS. ”

» Uczestnictwo w 65 Zjezdzie Naukowym Polskiego Towarzystwa Chemicznego,
18-22.09.2023 - komunikat ustny i poster z badan wlasnych:

,,Nowe fluorescencyjne materialy cynku(ll) i miedzi(ll) otrzymane metodq
powlekania wirowego i termicznego osadzania z fazy gazowej.”

,,Nowe makrocykliczne kompleksy cynku(ll) jako prekursory materiatow
fluorescencyjnych otrzymywanych metodq spin coating.” - Wyroznienie za
poster z badan wlasnych
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Uczestnictwo w mi¢dzynarodowej Konferencji 6th EuChemS Inorganic Chemistry
Conference, TU Wien/Austria, 3-7.09.2023 — poster z badan wlasnych:

., New macrocyclic zinc(Il) complexes as new fluorescent materials obtained by spin
coating method”

Uczestnictwo w miedzynarodowej Konferencji ,,5th International Conference on
Functional Molecular Materials”, Krakow, Polska, 29-31 marca 2023, poster
z badan wlasnych:

»New fluorescent materials obtained by spin coating and thermal vapour
deposition methods as materials of the future.”

Uczestnictwo w migdzynarodowej Konferencji ,, 44 th International Conference on
Coordination Chemistry”, Rimini, Wiochy, 28 sierpnia - 02 wrze$nia 2022, poster
z badan wlasnych:

,,New zinc and copper compounds, their characterisation and application
as precursors of new fluorescent materials obtained by wet methods.”

Uczestnictwo w  Migdzynarodowej Konferencji Chemii Koordynacyjnej
i Bionieorganicznej - XXVIII International conference on coordination and
bioinorganic chemistry (ICCBIC), Smolenice, Stowacja, 5-10 czerwca 2022 roku,
komunikat ustny z badan wlasnych:

, New zinc and copper complexes with mulidonor 2+2 and 3+3 macrocyclic
ligands, their characterization and application for obtaining new materials
obtained by spin coating methods.”

Uczestnictwo w 63. Zjezdzie Naukowym Polskiego Towarzystwa Chemicznego,
13-17 wrzesnia 2021 roku, poster z badan wlasnych:

2

., Wilasciwosci sensoryczne nowych kompozytow ZnO NF/zasada Schiffa.

Uczestnictwo w IV Ogo6lnopolskim Forum Chemii Nieorganicznej, 7-9 wrzesnia
2021 roku, poster z badan wlasnych:

,Synteza i badania spektroskopowe nowych zwigzkow iminowych wykazujgcych
wlasciwosci fluorescencyjne i chemosensoryczne.”

Uczestnictwo w 62 Konserwatorium Krystalograficznym, Polish Crystallographic
Meeting, Edycja on-line, 24-25 czerwca 2021 roku, poster z badan wlasnych:

,Structural and spectroscopic studies of new macrocyclic zinc(Il) complexes
differing in counter ion.”

Uczestnictwo w e-Zjezdzie Wiosennym Sekcji Studenckiej Polskiego Towarzystwa
Chemicznego, 27-29 maja 2021 roku, komunikat ustny z badan wlasnych:

,, Cienkie fluorescencyjne materiaty kompleksow cynku(Il) i miedzi(Il) otrzymane
metodq spin coating.”
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Uczestnictwo w 11 Pomorskim Studenckim Sympozjum Chemicznym w dniach 20-
21 marca 2021 roku, poster z badan wlasnych:

. Nowe kompleksy cynku(ll) z wielodonorowymi zasadami Schiffa oraz ich
zastosowanie, jako materialy fluorescencyjne otrzymane metodq spin coating.”

Uczestnictwo w Webinarium organizowanym przez Studenckie Kolo Naukowe
Chemikow ,,Orbital” Uniwersytetu Lodzkiego, 25 lutego 2021 roku, komunikat
ustny z badan wlasnych:

,Synteza, badania spektroskopowe i strukturalne nowych makrocyklicznych
kompleksow cynku(ll) z wielodonorowymi zasadami Schiffa. ”

Uczestnictwo w e-Zjezdzie Zimowym Sekcji Studenckiej Polskiego Towarzystwa
Chemicznego, 19 grudnia 2020 roku, komunikat ustny z badan wlasnych:

,Synteza i badania spektroskopowe nowych makrocyklicznych kompleksow
cynku(ll) z wielodonorowymi zasadami Schiffa oraz ich zastosowanie do
otrzymania cienkich filmow o wilasciwosciach fluorescencyjnych.”

XLVIIL, L, 51. Ogoélnopolska Szkota Chemii w dniach 28.04-02.05.2018,
Karczowiska; 30.04-04.05.2019, Smardzewice; 8.11-10.11.2019, Wroclaw —
postery z badan wlasnych

,Synteza, badania spektroskopowe i strukturalne nowych kompleksow srebra
zZ optycznie czynnymi zasadami Schiffa. ”

,Synteza, badania strukturalne i spektroskopowe nowych kompleksow palladu(Il)
z ligandami pochodnymi otro-fenylenodiaminy. ”

,Badania wiasciwosci  fluorescencyjnych nowych kompleksow cynku(Il)
z wielodonorowymi zasadami Schiffa. ”

Wspoétautorstwo w dwoch posterach konferencyjnych, oraz w dwoch komunikatach
ustnych.
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Granty

Laureat o$miu Minigrantow — Szkola Doktorska Nauk Scistych i
Przyrodniczych ~ Academia Scientiarum Thoruniensis (AST) 2020-2025.
Dofinansowanie kosztow udzialu w czterech konferencjach mi¢dzynarodowych,
dwoch  konferencjach  krajowych, sprzetu laboratoryjnego oraz analiz
spektroskopowych.

Laczna kwota dofinansowania: 27 501 PLN

Uczestnik grantu Horizon Europe Framework Programme (HORIZON)
tytul projektu: Novel optical nanocomposite sensors for analysis of micro and
macro elements in corn plants SENS4CORN 2022 — 2027

Finansowanie na realizacj¢ stazu w zagranicznej jednostce: Instytut FizykKi
Atomowej i Spektroskopii (IAPS) Uniwersytet Lotewski (UL) w dniach: 11.03-
10.04.2024 (Ryga).

Laureat grantow pomiarowych MX-222-00349 ST, MX-221-00303 ST. Udzial
w pomiarach na liniach synchrotronowych linii MX 14, Synchrotron BESSY
I, Helmholtz Zentrum Berlin (HZB). 29-30.09.2021, 20-21.04.2022,
07-08.02.2024.

Laureatka grantu: V11 Edycji Grants4NCUStudents (IDUB) na podstawie decyzji
103/2023/Grants4NCUStdents. Dofinansowanie na realizacj¢ projektu naukowego:

,New benzimidazole ligands and their zinc(ll) complexes as fluorescence
materials that can be used in OLEDs”.

Laureatka grantu: VI Edycji Grants4NCUStudents (IDUB) na podstawie decyzji
48/2023/Grants4NCUStdents. Dofinansowanie kosztow udzialu
w mi¢dzynarodowej Konferencji: 6th EuChemS Inorganic Chemistry
Conference — Wieden/Austria, 3-7.09.2023

Laureatka IV Edycji Konkursu Grants4NCUStudents w ramach projektu
»Inicjatywa Doskonatosci Uczelnia Badawcza (IDUB). Na podstawie decyzji
20/2022/Grants4NCUStdents. Finansowanie na realizacj¢ tematu:

,,New macrocyclic multi-donor (2+2) and (3+3) ligands, zinc(1l) and copper(ll)
complexes, their characterization such as fluorescent and magnetic materials”.

Laureatka programu PROM - miedzynarodowej wymiany stypendialnej
doktorantéw 1 kadry akademickiej na UMK. Finansowanie na realizacj¢ stazu w
zagranicznej jednostce: Instytut Fizyki Atomowej i Spektroskopii (IAPS)
Uniwersytet Lotewski (UL) w dniach: 26.03 - 15.04. 2022 (Ryga).
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» Laureatka Il Edycji Konkursu Grants4dNCUStudents w ramach projektu
,Inicjatywa Doskonatosci Uczelnia Badawcza (IDUB). Na podstawie decyzji
27/2021/Grants4NCUStdents. Finansowanie na realizacj¢ projektu:

,,New zinc and copper copounds, their characterization and application for
obtaining new materials with fluorescent properties obtained by wet methods. ”

> Laureatka Konkursu GRANT MLODYCH dla uczestnikoéw studiow
doktoranckich z zakresu chemii oraz szkoly doktorskiej nauk $cistych
i przyrodniczych ufundowanego przez Wydziat Chemii UMK. Finansowanie na
realizacje tematu:

,Nowe zwigzki cynku(ll) i miedzi(ll), ich charakterystyka oraz otrzymywanie
nowych materiatow o wlasciwosciach fluorescencyjnych metodqg spin coating.”

Programy doszkalajace

> Udziat w 1T edycji Projektu MOTOR 2019-2020, UMK w Toruniu

Udziat w szkoleniu dotyczacym rozwoju kompetencji kluczowych studentéw
kierunkow $cistych i technicznych KLUCZ, 2017-2018, UMK w Toruniu
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Lista publikacji

Laczna liczba: 6 prac opublikowanych, 2 prace w recenzji
Suma IF (6 prac opublikowanych) : 26.36

Dominika Jankowska, Tadeusz M. Muziot, Debleena Mandal, Anna Kaczmarek-
Kedziera, Iryna Tepliakova, Roman Viter, Magdalena Barwiolek*, ZnO-
benzimidazole composite for selective detection of Zn?* and Mg?* ions,
wystane do recenzji

Dominika Jankowska*, Tadeusz M. Muziol, Monika Poktadko-Kowar, Ewa
Gondek, Pawet Popielarski, Magdalena Barwiotek*, New benzimidazole ligands
as Materials for Electroluminescent Applications, wystane do recenzji

Dominika Jankowska, Iwona ¥Iakomska, Tadeusz M. Muziol, Lukasz
Skowronski, Tomasz Rerek, Pawel Popielarski*, Magdalena Barwiotek*, The
optical properties of 3+3 macrocyclic Schiff base thin material obtained by the
Molecular Beam Epitaxy method, Spectrochim Acta A Mol Biomol Spectrosc.
2025, 326, 125229; https://doi.org/10.1016/j.saa.2024.125229

Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski,
Joanna Masternak, Maciej Witwicki, Tadeusz M. Muziot, New Dinuclear
Macrocyclic Copper(ll) Complexes as Potentially Fluorescent and Magnetic
Materials, Int. J. Mol. Sci. 2023, 24, 3017; https://doi.org/10.3390/ijms24033017

Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-Kedziera,
Tadeusz M. Muziot, Optical properties of the p-alkylated 2,6-
bis(benzimidazol)phenoles obtained from o-phenylenediamine and their sensitive
behavior towards zinc(ll) ions, Polyhedron 2022, 224, 116004,
https://doi.org/10.1016/j.poly.2022.116004

Magdalena Barwiotek*, Dominika Jankowska*, Anna Kaczmarek-Kedziera,
Stawomir Wojtulewski, Lukasz Skowronski, Tomasz Rerek, Pawet Popielarski,
Tadeusz M. Muziol, Experimental and Theoretical Studies of the Optical
Properties of the Schiff Bases and Their Materials Obtained from o-
Phenylenediamine, Molecules, 2022, 217, 7396;
https://doi.org/10.3390/molecules27217396

Magdalena Barwiotek*, Dominika Jankowska, Mateusz Chorobinski, Anna
Kaczmarek-Kedziera, Iwona Lakomska, Stawomir Wojtulewski, Tadeusz M.
Muziot, New dinuclear zinc(ll) complexes with Schiff bases obtained from o-
phenylenediamine and their application as fluorescent materials in spin coating
deposition, RSC Adv., 2021, 11, 24515; https://doi.org/10.1039/d1ra03096e
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Magdalena Barwiolek*, Anna Kaczmarek-Kedziera, Tadeusz M. Muziol,
Dominika Jankowska, Julia Jezierska, Alina Bienko, Dinuclear Copper(Il)
Complexes with Schiff Bases Derived from 2-Hydroxy-5
Methylisophthalaldehyde and Histamine or 2- (2-Aminoethyl) pyridine and Their
Application as Magnetic and Fluorescent Materials in Thin Film Deposition, Int.
J. Mol. Sci. 2020, 21, 4587; https://doi.org/10.3390/ijms21134587

Organizacja

Pomoc w organizacji XX VII Zjazdu Absolwentow UMK — Jesienne Powroty 2024,
14.09.2024

Wspotorganizacja XXII Torunskiego Festiwalu Nauki 1 Sztuki, udziat
w wydarzeniu 22.04.2024

Wspodlorganizacja Dnia na UMK dla uczniow szkoét srednich ,,Dzien na UMK —
stad trafisz wszedzie”. 06.03.2024

Wspoélorganizacja Dnia Otwartego Wydziatu Chemii UMK dla uczniow szkét
srednich. 15.12.2023

Pomoc przy organizacji XVI Kopernikanskiego Seminarium Doktoranckiego.
Konferencja organizowana przez Wydziat Chemii UMK w Toruniu.
29-30.06.2023

Wspoélorganizacja 65. Zjazdu Naukowego Polskiego Towarzystwa Chemicznego
18-22.09.2023; praca w biurze Zjazdu

Wspodlorganizacja IV~ Ogodlnopolskiego Forum Chemii  Nieorganicznej
7-9.09.2021; praca w biurze Forum

Wspolorganizacja I, II, III, IV edycji Ogodlnopolskiego Festiwalu Pokazow
Chemicznych organizowanego przez Studenckie Koto Naukowe Chemikow
Uniwersytetu Mikolaja Kopernika w Toruniu

Organizacja, przygotowanie oraz prowadzenie warsztatow i pokazow chemicznych
z chemii organicznej i nieorganicznej dla szk6t ponadpodstawowych 2016-2020
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Wolontariat

> XVI, XVII, XVIII, XIX, XXI, XXIll - Torunski Festiwal Nauki i1 Sztuki, udziat
w wydarzeniu — 2016, 2017, 2018, 2019, 2023, 2025

» 01.02.2023 — 31.09.2024 - Powolanie do Zespolu ds. Promocji i Popularyzacji
Nauki dziatajacym na Wydziale Chemii UMK.

Opracowywanie graficzne materialow (filmow oraz postdow) powigzane z Dzialalnoscia
popularyzatorskg Wydzialu Chemii UMK. Przygotowywanie informacji na temat:
wydarzen, ktére majg miejsce na Wydziale Chemii tj. konferencje naukowe, festiwale
naukowe, drzwi otwarte, warsztaty dla uczniow szkét podstawowych 1 srednich, pokazy
chemiczne oraz promocja kierunkow ksztalcenia.

Czlonkostwo

» Polskie Towarzystwo Chemiczne 2020-obecnie
» Zespotl ds. Promocji i Popularyzacji Nauki 2023-2024
» Studenckie Kolo Naukowe Chemikow UMK 2016-2020
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New dinuclear zinc(in) complexes with Schiff bases
obtained from o-phenylenediamine and their
application as fluorescent materials in spin coating
depositiony

i '.) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 24515

Magdalena Barwiolek, 2 *@ Dominika Jankowska,? Mateusz Chorobinski,”
Anna Kaczmarek-Kedziera,® Iwona takomska, (22 Slawomir Wojtulewski®
and Tadeusz M. Muziot?

Two Zn(i) complexes, K1 and K2, obtained from the template reaction of zinc(i) acetate dihydrate with o-
phenylenediamine and 2-hydroxy-5-methylisophthalaldehyde (K1) or 2-hydroxy-5-tert-butyl-1,3-
benzenedicarboxaldehyde (K2), respectively, were characterized by X-ray crystallography, spectroscopic
(UV-vis, fluorescence and IR), and thermal methods. In the complex [Zn,(MeO); 4(OH)g 6(L1)]-2H,0 K1,
there are two binding sites in the macrocyclic ligand and they are occupied by zinc(i) cations found in
slightly distorted square pyramidal environment. The zinc(i) cations are connected by slightly asymmetric
oxo bridges with a Zn1-0O14-Znll-x, -y + 1, —z + 1 angle of 104.8(2)°. In the dimer
[Zn,(CH3COO),(L2)]-2EtOH K2, there are two crystallographically independent binding sites both
occupied by zinc(i) cations. There is a significant difference between both complexes, since in K1 only
one site is independent and the second is occupied due to the application of symmetry rules, and the
geometry of both sites is identical. Thin layers of the obtained Zn(i) complexes were deposited on Si(111)
by the spin coating method and studied by scanning electron microscopy (SEM/EDS), atomic force
microscopy (AFM), fluorescence spectroscopy and ellipsometry. In the non-absorbing range, the value of
the refractive index exhibits normal dispersion between 1.8 and 2.1 for K1_1-K1_3; and between 2.3 and
2.6 for the K2 series of samples established for long wavelengths (longer than 500 nm). The Zn(i)

complexes and their thin layers exhibited fluorescence between 534-573 nm and 495-572 nm for the

Received 20th April 2021 ) . . .
Accepted 5th July 2021 compounds and the layers, respectively. The highest quantum yield of fluorescence was achieved for K2

in benzene and in the solid state ¢ = 0.78 and 0.58, respectively. The influence of the solvent polarity on
DOI: 10.1035/d1ra03096e the fluorescence properties of the obtained complexes was studied. Additionally, DFT calculations were

rsc.li/rsc-advances performed to explain the structures and electronic spectral properties of the complexes.
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T Electronic supplementary information (ESI) available: Table S1: Crystal data and
structure refinement for K1 and K2. Fig. S1: '"H NMR spectrum of K1 (500 MHZ,
CDCly), Fig. $2: "H NMR spectrum of K2 (700 MHZ, CDCl;), Fig. S3: *C NMR
spectrum of K2 (700 MHZ, CDCl;), KBr, Fig. S4: IR spectrum of K1, KBr, Fig. S5:
IR spectrum of K2, KBr, Fig. S6: TG-DTA traces of K1, Fig. S7: XRD analysis —
compliance of the sample K2 composition with ZnO, Fig. S8: TG-DTA traces of K2,
Fig. S9: XRD analysis — compliance of the sample K2 composition with ZnO, Table
S2: Selected bond length [A] and bond angles [°] for the complex K1, Fig. S10:
Structure of K1 with square pyramids sharing the edge, Table S3: Bond angles in
the reported complexes K1 and K2, Table S4: Selected bond length [A] and bond
angles [°] for the complex K2, Table S5: Relevant photophysical data of K1 and K2

© 2021 The Author(s). Published by the Royal Society of Chemistry

compounds (Aem, Aex NM, total fluorescence quantum yield ¢, A [nm] (¢ [dm®
mol " em™" ])), Fig. S11: Frontier molecular orbitals of K1 for the most intensive
transitions (PBE0/6-311++G(d,p)/PCM(acetonitrile)), Fig. S12: Frontier molecular
orbitals of K2 for the most intensive transitions (PBE0/6-311++G(d,p)/
PCM(acetonitrile)), Table S6: Theoretical PBE0/6-311++G(d,p)/PCM(ACN) vertical
excitation wavelengths A [nm] for most intensive transitions together with the
corresponding oscillator strengths f and the orbital contributions for investigated
species, Table S7: Relevant fluorescent data of studied complexes in solid state
(Aems Aex [Nm]), Fig. S13: Scanning images, magn. 20kx for: (a) K1, magn. 10kx,
(b) K2_2, (c) EDX K2_1, Fig. S14: ¥ and 4 ellipsometric azimuths measured
(dashed lines) and their model fits (red solid lines) for the complex K1_1. The
value of x> was 2.27, Fig. S15: (a) The real part of the complex refractive index ()
for the examined films of Zn complexes (K1). (b) The extinction coefficient (k) for
the examined films of Zn complexes (K1), Fig. S16: (a) The real part of the
complex refractive index (n) for the examined films of Zn complexes (K2). (b) The
extinction coefficient (k) for the examined films of Zn complexes (K2). CCDC
2046260 and 2047049. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d1ra03096e
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Introduction

The synthesis and development of new emitters for organic
light emitting diodes (OLED) is one of the most important
problems of modern materials science.

The luminescent complexes represent an important class of
luminescent materials because they possess both organic dyes
(tunable and intense emission) and transition-metal-based
emitters (high photostability and large Stokes shifts).*™*

The metal complexes with Schiff bases can be used as
organic layers in OLEDs and other emissive organic devices
since they can exhibit luminescence and they are energy
efficient.””

The polynuclear metal complexes with Schiff base ligands,
shown strong fluorescence, are low cost, can exhibit good
thermal and morphological stability, easy color tuning and were
applied by material chemists as emissive materials, which
makes them a subject of interest for scientists.>'® Especially
Zn(u) complexes bearing salicylaldiminato ligands have been
employed as blue, greenish white and red emitters in organic
optoelectronics presenting higher stability and efficiency.™ Zinc
precursors are cheaper than platinum or iridium salts, which
can lead to cheap emitters. Moreover, zinc complexes may have
good electron transporting capability.”” It is also known, that
the d'° configuration of the zinc(n) cation results of the occur-
rence only MLCT, LMCT or ® — w* ligand based transitions
regarding the spectroscopy and photochemistry of zinc(u)
compounds.’*” Moreover, the type of an amine used® and
significance of the first coordination sphere of the central atom
are responsible for the emission properties of the isolated
compounds.*®* Therefore the main factor, which allows to
control the luminescence properties of complexes can be design
of the Schiff bases part of the complexes. The relatively easy
synthesis, and the possibility of using various amines and
substituents placed at the salicylaldehyde rings make the
polynuclear salicylaldehyde derivatives Schiff bases complexes
as the promising electroluminescent materials.® It was also
noted that the several Zn(u) with Schiff base complexes are weak
or non-emissive in the solution, but, they emit efficiently in the
solid state. The enhancement in the luminescence properties in
solid state was observed. It is important to find a new group of
complexes, which will be emissive in the solution, and, what is
even more important from the point of view of the latter
applications, in the solid state.

Additionally, the transition metal complexes with Schiff
bases form thin films, and some, which exhibited luminescence
were also used in optoelectronic devices.>'®**** Thin films can
be obtained by a wide range of methods, from wet to gaseous
ones, e.g. chemical vapor deposition, Langmuir Blodgett, or
spin and dip coating.>***® Apart from the low cost of the
synthesized compounds also the low cost and fast deposition
methods are looking for. As far as we know spin coating can be
used as a technique which allows for the fast deposition of the
thin luminescence films, so we chose this method as the most
sufficient to get the desired materials.

24516 | RSC Adv, 2021, 1, 24515-24525

View Article Online

Paper

Fig.1 Structural formula for K1 and K2, X = OCHs, R = CHs (K1) or X =
CH3COO; R = Bu (K2).

In the present work we report the template synthesis of the
two new binuclear Zn(un) complexes obtained in the reaction of
zinc(u) acetate dihydrate with o-phenylenediamine and 2-
hydroxy-5-methylisophthalaldehyde K1 or 2-hydroxy-5-tert-
butyl-1,3-benzenedicarboxaldehyde K2 (Fig. 1).

In addition, the influence of substituents in the organic
ligands (and other ligands present in the coordination sphere of
the zinc complexes) on the structural formation of Zn(u) Schiff
bases complexes, and the way they affect the optical properties,
were investigated. DFT calculations were carried out to support
the interpretation of the results concerning the optical proper-
ties of the studied complexes. The new emissive zinc(m)
complexes were used as precursors for thin layers in the spin
coating technique. The morphology of the layers was analyzed
by AFM and SEM microscopy, ellipsometry; the fluorescence
properties of the films were also studied. With insightful
molecular design the bis-Zn(u)-salen complexes can exhibit
high emission with high quantum yields. This research should
give some significant clues for bis-Zn(u)-salen complexes as
emitters.

Materials and methods

2-Hydroxy-5-methylisophthalaldehyde (97%), o-phenylenedi-
amine (analytical grade), and 2-hydroxy-5-tert-butyl-1,3-
benzenedicarboxaldehyde (97%), were purchased from Aldrich
and used without further purification. Zinc(u) acetate dihydrate
(analytical grade), was supplied by POCH (Gliwice Poland).

Methods and instrumentation

'H, ®C, C{'H} hmqc and hmbc NMR spectra of the K2
samples were recorded on a Bruker Avance III 700 MHz or
a Bruker Avance 500 MHz spectrometer for K1 samples in
CDCl;. UV-vis absorption spectra were recorded on a Hitachi
spectrophotometer in CH;CN, MeOH, chloroform or benzene (1
x 10~* M) solutions. The fluorescence spectra were recorded on
a spectrofluorometer Gildenpotonics 700 in the range 900-
200 nm (grating 1, bandpass 4 or 8, integration time 100 ms,
MeCN, chloroform, methanol and benzene solutions of
compounds the same as in the case of the UV-vis studies or
silicon slides). The elemental analysis was carried out using
a Vario EL III Elemental analyzer. The thermal analysis (TG,
DTG, DTA) was performed on an SDT 2960 TA analyzer under
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air, heating rate 10 °C min ', and heating range up to 1000 °C.
The residue of the sample after combustion was analyzed by an
XRD analysis performed with a Philips X'Pert equipped with
a X'Celerator Scientific detector. The IR spectra were recorded
on a Spectrum 2000 Perkin/Elmer FT IR using KBr discs in the
range 400-4000 cm ™.

Layers of the complexes were deposited on Si(111) wafers
(10 nm x 10 mm) ~500 nm thick using the spin coating tech-
nique. Precursors were dissolved in acetonitrile and deposited on
Si using a spin coater (Laurell 650 SZ). PMMA (poly(methyl-2-
methylpropenoate)) or PS (polystyrene) were used to improve
adhesion to the silicon surface. The spin speed was varied from
1500 rpm to 3000 rpm, the coating time was 5 or 10 s. The
morphology and composition of the obtained films were
analyzed with a scanning electron microscope (SEM), LEO Elec-
tron Microscopy Ltd, England, the 21430 VP model equipped
with secondary electrons (SE) detectors and an energy dispersive
X-ray spectrometer (EDX) Quantax with a XFlash 4010 detector
(Bruker AXS microanalysis GmbH). The layers morphology was
also studied using SEM/FIB (scanning electron microscope/
focused ion beam) Quanta 3D FEG equipped with gold and
palladium splutter SC7620. The atomic force microscopy (AFM)
images were performed in the tapping mode with a Multi Mode
Nano Scope Illa (Veeco Digital Instrument) microscope. The V-
VASE device from J.A. Woollam Co., Inc. was used to record
ellipsometric ¥ and 4 azimuths. The ¥ and 4 quantities were
measured for three angles of incidence (65°, 70° and 75°) in the
spectral range from 0.62 eV to 6.5 eV (191-2000 nm).

Crystallography

The diffraction data of the studied compounds were collected
for the single crystal at 100 K on BL14.2 beamline (Helmholtz
Zentrum Berlin, Bessy II) operating at A = 0.7999 A for K1, and
on Oxford Diffraction SuperNova DualSource diffractometer
with monochromated Cu Ko X-ray source (A = 1.54184 A) for K2.
For K1, a preliminary data reduction and space group deter-
mination was performed with the xdsapp®*® software, and
subsequently, the numerical absorption correction was applied
in CrysAlis Pro.>® Both structures were solved by direct methods
and refined with the full-matrix least-squares procedure on F
(SHELX-97 (ref. 30)). All the heavy atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were
located at calculated positions with the thermal displacement
parameters fixed to a value of 20% or 50% higher than those of
the corresponding carbon atoms. Hydrogen atoms attached to
nitrogen and oxygen atoms were found from the difference
electron density synthesis. In K1, 021 and 022 water molecules
were found with partial occupancy (0.5), and 021 molecule is
located very closely to the inversion centre. In this final model,
hydrogen atoms from 022 water molecule are missing. In K1 to
assure stable refinement, geometrical restraints (DFIX and
DANG) were applied for 021 water molecule and thermal
displacement parameters of O17 methanolate were restrained.
All the figures were prepared in DIAMOND?*' and ORTEP-3.*
The results of the data collections and refinement are summa-
rized in Table S1.}
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CCDC 2046260 and 2047049 contain the supplementary
crystallographic data for K1 and K2, respectively.t

Computational details

Theoretical calculations were performed for the crystal struc-
tures of K1 and K2. The absorption spectra for all the systems
were calculated in vacuum and in solvents (acetonitrile, meth-
anol and chloroform) described within the polarizable
continuum model in the linear response formalism. For the
vertical absorption, the PBE0/6-311++G(d,p) approach was
applied. In the main text of the manuscript, only the graphical
representation of the UV results are given. The complete
numerical data for a vacuum and acetonitrile including the
wavelengths and oscillator strengths, together with the corre-
sponding molecular orbitals involved in the most intensive
transitions, are available in ESL{ All the calculations were
carried out in the Gaussian 16 program.*

Ellipsometry

The ellipsometric ¥ and 4 azimuths were measured for three
angles of incidence (65°, 70° and 75°) by means of the V-VASE
device (J.LA. Woollam Co., Inc) in the spectral range from
0.62 eV to 6.5 eV (191-2000 nm).

The fit procedure was performed using the WASE32 software
(J. A. Woollam Co., Inc.).**

Experimental

Synthesis of complexes

K1. 0.0675 g (0.0004 mol) of 2-hydroxy-5-methyl-1,3-
benzenedicarboxaldehyde and 0.00882 g (0.0004 mol) (CH;-
C00),Zn-2H,0 were added to 0.0432 g (0.0004 mol) of o-phe-
nylenediamine dissolved in 100 cm® of methanol. The synthesis
was carried out under reflux for 1.5 hour, the product was
filtered off. A bright orange precipitate was obtained (yield:
28.6%). Mp > 350 °C. C3,H3,N406Zn, (calc./found %): C 54.58/
54.69, N 8.11/8.11, H 4.49/4.99.

The obtained product has thermochromic properties and
changes its color from orange to red under the influence of
increased temperature.

'H [ppm]: 2.29 (s, 6H) (H1), CHj;, 8.84 (m, 4H) -N=CH-,
7.37-7.41 (m, 4H) Ar-H (9), 7.72 (m, 4H) Ar-H (8), 7.99 (m, 4H)

Fig. 2 Structural formula and atomic numbering scheme for K1.
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Fig. 3 Structural formula and atomic numbering scheme for K2.

Ar-H (3), 3.45 (m, 6H) OCH; (Fig. 2). Selected FT-IR (data
reflectance, crystal) (cm™"), 3024, 2920 vc_tiar, 1614 vc—y, 1530
Vo—cra, 1479, 1382 vo—car, 1326 Veonma, 1309 vph_o. UV-vis
(MeCN, 1 x 10~* mol dm?): /nm 324 (¢/dm*® mol " em™*
1430), 418 (1240), 588 (500), (chloroform, 1 x 10~* mol dm?):
A/nm 245 (¢/dm® mol ™" em ™" 13 710), 295 (20 210), 360 (10 210),
425 (10 210), 585 (1010), (MeOH, 1 x 10 * mol dm): A/nm 328
(e/dm® mol ™" em ™" 4270), 408 (3720), 584 (510), (benzene, 1 x
10" mol dm™): //nm 336 (¢/dm® mol~' em™" 600), 586 (510);
UV-vis solid state: A/nm 272, 328, 410, 510.

K2. 0.2060 g (0.001 mol) of 2-hydroxy-5-tert-butyl-1,3-
benzenedicarboxaldehyde and 0.2190 g (0.001 mol) Zn(u)(CH;-
COO0),-2H,0 were added to 0.1080 g (0.001 mol) of o-phenyl-
enediamine dissolved in 100 cm® of methanol. The synthesis
was carried out under reflux for 1.5 hours, the product was
filtered off. A bright crystal yellow precipitate was obtained
(vield 30.9%). Mp > 350 °C. C44H5,N,05Zn, (calc./found %): C
59.00/58.93, N 6.26/6.11, H 5.85/6.02.

The obtained product has thermochromic properties and
changes its color from yellow to orange under the influence of
increased temperature.

"H [ppm]: 1.40 (s, 9H) (H1) CH3, 8.98 (s, 4H) -N=CH-, 7.44~-
7.46 (dd, 4H, ] = 11,3 Hz) Ar-H (10), 7.67 (d, 4H, ] = 4.8 Hz) Ar-H
(9), 7.82-7.83 (dd, 4H, J = 8.7 Hz) Ar-H (4), ">C{"H} [ppm]: 31.39
(C1), 34.05 (C2), 116.32 (C5), 122.97 (C10), 128.75 (C9), 137.30
(C4), 138.81 (C8), 139.92 (C3), 159.87 (C6), 166.99 (C7) (Fig. 3).
Selected FT-IR (data reflectance, crystal) (cm™ '), 2949 vc_yar
1606 ve—n;, 1525 vo—cua, 1475, 1392 vo—car, 1332 Vo nwa, 1310
Vpho- UV-vis (MeCN, 1 x 10~* mol dm?): A/nm 290 (¢/dm?
mol™" em™" 17 700), 414 (6320), 588 (70), (chloroform, 1 x
10™* mol dm™>): A/nm 290 (¢/dm® mol ' cm ™" 23 510), 340
(118 020), 420 (19 450), 585 (100) (MeOH, 1 x 10~* mol dm—>):
A/nm 310 (e/dm® mol™" em™" 11 690), 414 (7710), 436 (6420),
436 (6420), 586 (110), (benzene, 1 x 10~* mol dm*): //nm 302
(e/dm® mol™" em™" 7070), 424 (5040), 588 (450). UV-vis solid
state: A/nm 270, 394, 487.

Results and discussion
Di-nuclear zinc(u) complexes: synthesis and characterization

The template synthesis of the corresponding aldehyde and
primary amine with zinc(u) acetate dihydrate in the molar ratio
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Fig. 4 Structure of [Zn,(MeO);4(OH)oe(LD]-2H,O K1 with
a numbering scheme and thermal ellipsoids at 30% probability.

1:1:1, resulted in the formation of di-nuclear zinc(u)
complexes. 'H, *C, *C{'"H} NMR spectra of the complexes show
that the symmetry is consistent with the formation of binuclear
complexes of the tetra-imine ligands, and unlike the situation
in the solid state for complex K2, in solution the two Zn sites are
equivalent (Fig. S1-S31). The IR spectra exhibited the -C=N-
stretching bands, characteristic for the Schiff bases (Fig. S4 and
S51). The elemental analysis and X-ray studies confirmed the
purity of the obtained compounds.

The TGA shows that complexes are stable up to 505 °C (K1)
and 513 °C (K2). The final decomposition product was zinc
oxide which was confirmed by XRD analysis (Fig. S6-S97).

Crystal structure description

Structure of [Zn,(MeO); 4,(OH),6(L1)]-2H,O0 K1. [Zn,(-
MeO), 4(OH)o¢(L1)]-2H,0 K1 crystallizes in the triclinic P1
space group, with half of the formula given in the asymmetric
unit (Fig. 4). Hence, it consists of one zinc(u) cation, half of the
macrocyclic Schiff base, and one water molecule split over two
positions with 0.5 occupancy. The charge is balanced by posi-
tionally disordered MeO /OH anions with occupancies 0.7/
0.3. All these atoms are found in general positions.

CH CHy
HaC CH,
| |
N OH N : |N OH |N: :
: :N OH N: : |N oH |N
| |
HaC CH,
CH, CH,

Fig. 5 Structural formula scheme for L1 and L2.
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Fig. 6 Packing of K1 along a axis shows ab layers of dimers separated
by partially occupying crystallization water molecules.

There are two binding sites in this macrocyclic ligand (Fig. 5)
and in the reported structure, both occupied by zinc(u) cations
found in a slightly distorted square pyramidal environment (z5
= 0.092 (ref. 35)).

The coordination sphere consists of two oxygen atoms
(2.014(5) and 2.029(5) A) from deprotonated hydroxyl groups
and two nitrogen atoms (2.075(5) and 2.059(6) A) with bond
angles ranging from 75.1(2) to 85.4(2) and 131.3(2) to 136.9(2)°.
The apical position is occupied by the 017 (2.022(9) A) atom
from the methanolate anion forming an angle from 110.5(3) to
116.4(3)° with the basal atoms (Table S27) or semi-coordinating
019 hydroxyl group in the minor population.

Similar bonds were found for [Zn,(L)(OAc),]-2CHCI; (Zn-O:
2.010 to 2.035, Zn-N: 2.046 and 2.058 A).** The observed
deformation of the square pyramid results from a shift of Zn1
atom by 0.796(2) A from the basal plane towards the apical
position. In K1, the square pyramids of both zinc(i) share the
common edge (014-014[—x, —y + 1, —z + 1]), and their basal
planes are ideally coplanar (Fig. S107). The zinc(u) cations are
connected by slightly asymmetric oxo bridges with Zn1-0O14-
Zni[—x, —y + 1, —z + 1] angle being 104.8(2)°. The Zn-Zn
distance inside the dimer is 3.203 A and significantly shorter
than any other intermetallic distances (Zn-Zn[—x, 2 — y, 1 — 2]
6.472 and Zn-Zn[—1 — x,2 — y, 1 — 2] 7.891 A). They are similar
to the values reported elsewhere.***”

In the crystal network, there are ab layers composed of
dimers and separated by water molecules of crystallization
(Fig. 6). In the layer, -7 interactions dominate due to the
structure of the macrocyclic ligand, forcing all the aromatic
rings to adopt a coplanar orientation (Fig. S117). These stacking
interactions are formed between C2 and C14[—x, 2 —y, 1 — 2],
C2and C14[-1 —x,2 —y,1 —z]aswellas C2 and C2[-1 — x, 2 —
¥, 1 — z] of phenyl rings. They form either the 2.7° angle or, in
the latter case, 0.0° with a moderate shift (1.506 A) between both
rings involved. In addition, weak van der Waals interactions
occur mainly due to the position of the C18 methyl group
pointing towards an adjacent dimer macrocyclic ligand. The
Hirshfeld surface analysis performed in Crystal Explorer®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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showed that weak H:--H and H---C contacts form the vast
majority of interactions (including also the shortest, Fig. S127).
The full hydrogen bonds cannot be discussed since hydrogen
atoms are missing in the final model for the 022 water mole-
cule. Hence, only one C15-H15B---022[—x, 2 — y, 1 — Z]
hydrogen bond between the C15 methyl group and the water of
crystallization, assures that interactions between the adjacent
layers were detected.

Structure of [Zn,(CH3;COO0),(L2)]-2EtOH K2. For [Zn,(CH;-
COO0),(L2)]-2EtOH K2, two crystal forms were obtained. The
first one, [Zn,(CH;COO),(L2)], was obtained from a mixture of
methanol and chloroform after recrystallization. These crystals
were very fragile and diffracted poorly. Nevertheless, the struc-
ture was determined, and the dimer unit with acetate anions
coordinated in the apical positions, was clearly visible. Unfor-
tunately, the refinement stopped at ca. 24%. Therefore, this
sample was recrystallized using ethanol, and the reported
[Zn,(CH3COO0),(L2)]-2EtOH K2 was prepared. For these crystals,
a fully successful diffraction experiment was performed. [Zn,(-
CH;COO0),(L2)]-2EtOH K2 crystallized in a monoclinic P2,/n
space group with all the atoms in the general positions and the
whole block given by the formula in the asymmetric unit
(Fig. 7).

Contrary to K1 in K2, there are two crystallographically
independent binding sites, both occupied by zinc(u) cations. In
K2, both the zinc(u) cations are found in pentacoordinated
environment with 7 values being 0.037 and 0.085 for Zn1 and
Zn2, respectively, indicating a slightly distorted square pyra-
midal coordination sphere. They consist of two nitrogen atoms
and two oxygen atoms from the macrocyclic ring and apical
oxygen atom from the acetate anions. In both the coordination
spheres, Zn-O bonds (1.9925(18)-2.0384(17) A for Zn1 and
1.9944(18)-2.0368(17) A for Zn2) are shorter than Zn-N
(2.048(2)-2.069(2) A for Zn1 and 2.0506(19)-2.072(2) A for Zn2)
bonds. The shortest bonds are created by the apical oxygen
atoms (1.9482(18) and 1.9516(18) A for Zn1 and Zn2, respec-
tively) (Table S37). These distances are very similar to those in
K1 apart from the apical ligand which formed the longest bonds

Fig. 7 Structure of [Zn,(CH3COO),(L2)]-2EtOH K2 with a numbering
scheme and thermal ellipsoids at 30% probability.
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in K1. It should be noted that there is a very similar structure
given by the formula [Zn,(L2")(CH3COO),]- 2EtOH (FOVGAZ?*"*°)
but with significantly elongated Zn-N bonds (2.100(5) and
2.104(5) A). In K2 the angles in the basal planes range from
75.28(7)-86.80(7) and 133.81(8)-136.03(8)° for Zn1 and from
75.28(7)-86.44(8) and 132.07(8)-137.16(8)° for Zn2, with the
smallest value corresponding to the O14-Zn-034 angle. The
apical ligand forms angles from 105.63(8) to 117.55(8)° and
108.68(8) to 117.23(8)° for 041 and 046, respectively. Both Zn1-
O-Zn2 bridges (104.76(8) and 104.63(8)° for 014 and 034,
respectively) between two zinc(u) cations are slightly asym-
metric with a distance difference of 0.04 A.

In the reported structure, both the Zn(u) ions are shifted by
0.778(1) and —0.784(1) A from the basal plane toward the apical
ligand, indicating that both square pyramids share a common
edge, but apical ligands point in opposite directions. The
conformational analysis (Table S41) shows also the similarity
between both complexes. Hence, we can conclude that the
geometry of the macrocycle depends on its type, a number of
involved atoms, and kind of bonds (these features are common
in both complexes), whereas substituents and even packing
seem to be of minor importance.

In K2, the rms deviation of the atoms involved in the
macrocyclic ring formation is 0.076 A, being slightly lower than
the value observed in K1.

In packing, we observe ab layers composed of translationally
repeating dimers (along the a axis) (Fig. 8). The shortest inter-
metallic distance was found inside the dimer (3.192 A), with
a value very similar to that for K1. It is much shorter than any
other Zn-Zn contact created between adjacent macrocycles, e.g.
8.446-8.703 A between the adjacent moieties, translated along
the a axis with the -7 interactions created between slightly
inclined (up to 10.6°) aromatic rings. Apart from that, these
molecules interact via C-H---m forces between methyl groups
and aromatic rings, and C-H---O/N hydrogen bonds between
C-H groups from the macrocyclic ligand and oxygen atoms
from the acetate anions, or the N8 nitrogen atom from the
macrocycle (Fig. S13%1). Interlayer interactions are maintained
by C53-H53B---C29 phenyl ring interactions and hydrogen
bonds between the two acetate anions (C48-H48A---046[1 — x, 1

b « j g g 5 g ¢
# S < 909U SJUE SJUL 3
WPLS DAoes S AN SASS o YA Y SALLS 3‘/):)) o
A P v y YY Y'Y YY) -1 - La
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Fig. 8 Packing of K2 shows ab layers with acetate anions pointing
towards to the adjacent layer (left). Dimers creating the layer form the
translationally repeating motif (right). Ethanol molecules are located in
the crystal structure cavity.
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—,1 —2]), as well as an acetate and an ethanol molecule (C52-
H52B:--041[1 — x, 1 — y, 2 — 2]) (Fig. S14%). Acetate anions
coordinated in the apical positions point toward adjacent layers
and assure interlayer separation as well as interactions between
them. The ethanol molecule located in the crystal network
cavities, seems to be crucial for the stabilization of the frame-
work. As mentioned, it significantly improved the quality of the
crystal. Now, we can account for its impact. Ethanol is involved
in several intralayer and interlayer hydrogen bonds. Apart from
weak C-H---Ogon hydrogen bonds, there are two strong Ogon—
H-- Ogcetate (0O distances: 2.815 and 2.825 A) interactions
between linearly aligned atoms (red spots on Hirshfeld surface
are related to those short interactions, Fig. S151). Hence, we can
conclude that there are significant differences in K1 and K2
networks because in K1 weak H---H and H---C interactions
prevail (these contacts are the most frequent and the shortest),
whereas in K2 also H---H are the most numerous but it seems
that H---O interactions are very important as they form the
shortest interactions - the hydrogen bonds.

UV-vis and fluorescence spectroscopy

The UV-vis absorption and fluorescence spectra of the zinc(u)
complexes, were recorded at room temperature in various
solvents of different polarity, i.e. MeCN, chloroform, methanol
and benzene (Fig. 9, Table S51).

In the UV-vis spectra of the Zn(u) complexes, the bands in the
range of 324-360 nm for K1 and 310-340 nm for K2 as a func-
tion of the solvent used, associated with the characteristic 7 —

16000
a)
12000 K1 - chloroform
E —— K1 - methanol
©
K] 8000 —— K1 - benzene
£
e ——K1 - acetonitrile
=
w
0o \\\\\\\\\—///F\\\\\\\\\\\;
0
320 370 420 470 520 570
A [nm]
b)
20000
K2 - chloroform
— 15000
g ——K2 - methanol
*
g ==K2 - benzene
< 10000
“e —K2 - acetonitrile
R=A
w
5000
0

320 370 420 470 520 570

A[nm]

Fig. 9 Solution absorption spectra of complexes (a) K1, (b) K2 in
chloroform, acetonitrile, methanol and benzene (1 x 10~* mol dm~3,
RT).
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Fig.10 The theoretical estimation of the vertical absorption spectrum
for K1 and K2 obtained with the PBE0/6-311++G(d.p) approach in
vacuum, chloroform, methanol and acetonitrile (PCM, linear
response).

7* transitions in the -C=N-— group, were recorded (Fig. 9).>*
The value of these shifts in the case of K1 and K2 decreases with
the increasing solvent polarity (except for benzene). Between
408-425 nm in K1 and 414-436 nm in K2 spectra, the MLCT
bands were registered.*’ The solvent effect on the band position
is minor, e.g., 8 nm in different solvents. The same was observed
for from bis(4-aminophenyl) ether and 3-methox-
ysalicylaldehyde.®® In addition, the band associated with the
metal to ligand charge transfer transition (MLCT d — )
recorded in the range 584-588 nm for the two complexes, K1
and K2, was observed.” In the absorption spectra of the
complexes in the solid state and their thin films, three group of
bands were noted: 270-272 nm, 394-410 nm (w—T,) and
487-510 nm (MLCT). The bathochromic shift of the absorbance
bands, in comparison to the solution spectra, was observed. The
influence of molecular packing in the solid phase on the optical
properties, can therefore be concluded. This shift is the result of
the larger rigidity of the complexes in the solid state, than in
solution.

The computational estimation of the vertical absorption for
K1 in acetonitrile, leads to the long wavelength maximum
intensity signal at 407 nm (Fig. 10). The maximum absorption of
K2 appears at 408 nm. The corresponding frontier orbitals
determining the character of these transitions for both
complexes, are depicted in Fig. S16 and S17.7 The numerical
values of the absorption wavelength, along with the oscillator
strength, are given in Table S6.7

The excitation of K1 and K2 in all the solvents at 420 nm,
resulted in blue emission in the range of 556-573 nm for K1 and
534-550 nm for K2, respectively. The emission can be related to
the w — 7v* intraligand transitions as it is known that emission
from metal-centered excited states is highly unlikely for Zn(u)
complexes, since the ion is in its stable d'® configuration.*> For
both complexes K1 and K2 the bathochromic shift of the
emission bands (Aex = 420 nm) and bands related to MLCT
transitions in the UV-vis spectra (403-421 nm) in the non-polar
solvents, was noted (Fig. 9-11), what is quite similar to the
helicate dinuclear Zn(u) compounds with Schiff base obtained
from bis(4-aminophenyl) ether and 3-methoxysalicylaldehyde.**

In the case of K2, an increase in fluorescence intensity with
increasing solvent polarity, was observed. The increase of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 Solution emission spectra of complexes K1 and K2. (a) K1 (b) K2
lex = 420 nm (MeCN, chloroform, methanol and benzene 1 x
10~* mol dm~3, RT).

solvent intensity in polar solvents can be connected with weak
solvent-solute interactions, that makes difficult effective non-
radiative relaxation.’® Both complexes showed higher intensity
bands in the chloroform.

The Stokes shifts of the bands for K1 ranges from 5703 to
6327 cm ™' and from 5202 to 5737 cm ™' for K2. For both
complexes the highest value of the Stokes parameter was noted
in polar MeOH, what can be a results of the different way of
dissipation energy and possibility of the hydrogen bond
formation. The broad band at the emissive spectra are con-
nected with energy transfer between the highest occupied and
the lowest unoccupied molecular orbitals.

In the case of K2, the quantum yield of the fluorescence in
benzene is the highest (¢ = 0.78) (Table S51). In the remaining
solvents, it stayed at the same level in the range of 0.1-0.2.
Moreover, ¢ values in all solvents except benzene are compa-
rable to ¢ values, which were noted for K1. The values of fluo-
rescence quantum yields for K1 and K2 are higher in
comparison with the series of zinc(ir) complexes with symmet-
rical and asymmetrical Schiff bases (Aey, = 427-500 nm, ¢ = 3-
14.3%),” or with several zinc(u) complexes with Schiff base
derived from 4-ethyl-2,6-diformylphenol and 2,2’-dimethyl-1,3-
diaminopropane (¢ = 0.0048-0.02576, Aepy = 436 NM, A =
370 nm).** The higher ¢ values for K1 and K2 can be connected
with the structures of the complexes (presence of various group
at the zinc(u) ions: OMe in K1 and AcO in K2) and in
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consequence different way of energy dissipation. It is known
that the presence of various chromophores at the coordination
centre can lead to secondary interactions between chromo-
phores 7 system and produce aggregates with dynamic optical
properties and interligand charge-transfer processes.** We also
observed different behaviors of our compounds in dependence
on the type of anion coordinated to the metal centre and also on
the groups connected to the salicylaldehyde rings.

As we mentioned before the Zn(u) complexes can be
a promising emissive materials for OLED applications. There-
fore, the solid luminescence properties of the isolated
complexes in the solid state at room temperature were investi-
gated. K1 showed green emission at 573 nm and K2 - at 556 nm
after excitation at 420 nm. These values are red shifted in
relation to the position of the emission bands in the solution
(Fig. 12, Table S71) as it was noted for the series of Zn(u)
complexes derived from 4-methyl-2,6-diformylphenol and 1,2-
diaminobenzene'® or bis-Zn(u) salphen complexes bearing pyr-
idyl ligands.® The values of this shift (0-17 nm for K1, and 6-
22 nm for K2) depend on the solvent (Table S77). The difference
between emission spectra in solution and in the solid state, lies
in the intensity of the emission bands that are lower in the solid
state with quantum yields of ¢ = 0.28 for K1 and ¢ = 0.58 for K2.
K1 and K2 exhibited higher quantum efficiency of the fluores-
cence in the solid state in comparison to the similar complexes
reported previously.” Despite the lower fluorescence intensity
in the solid state, the values of ¢ are high enough (¢ = 0.58 K2)
to consider these compounds as promising candidates for
optical devices. The lower intensity value can be connected with
intermolecular interactions between adjacent molecules and, as
a consequence, a different emission pathway. The both
complexes showed in the solid state large Stokes shift
6997 cm ™' in the case of K1 and 7524 cm ™ * for K2. The value of
Stokes shifts in solid states are higher for those obtained in the
different solvents.

Generally, the values of the fluorescence quantum yields for
K1 and K2 complexes in solution and in the solid state, are
higher than ¢ values reported previously for many macrocyclic
Zn(u) compounds.
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Fig. 12 Solid state emission spectra of complexes K1 and K2 A =
420 nm.
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The differences in the coordination sphere of the both
complexes (OMe in K1 and AcO in K2), various coordination
bonds resulted in their distinct spectroscopic behaviour.
Finally, the complexes are high emissive, both in solution and
in the solid state, the large Stokes shifts was noted, which could
be of significance in search for new optical materials.

Thin films of zinc(u) complexes

The morphology and surface roughness of thin films were
investigated by SEM and AFM techniques. In order to study the
chemical composition of the films, EDS analyses were con-
ducted for all the samples. The optimum parameters of the
layers (roughness, thickness, and homogeneity) were obtained
in the multistage spin coating process, at the spin speed
2000 rpm, 1500 rpm; time of coating 5 s for K1, and 1500 rpm
and 5 s, 3000 rpm and 5 s or 10 s for K2. In some cases, thin and
homogeneous films of complexes were obtained on silicon
surfaces first immobilized with PS (polystyrene) or PMMA
(polymethyl methacrylate).

The two-dimensional (2D) and three-dimensional (3D) AFM
images scanned over a surface area of 1 x 1 um” are shown in
Fig. 13. The root-mean square (RMS) parameters were calcu-
lated from the AFM images. The AFM images of the films
indicate thin, amorphous layers of both the zinc(i) complexes
deposited on the silicon surfaces with roughness parameters (of
the deposited film) in the range R, = 53.5-194 nm and Ry =
59.9-121 nm for K1 in the case of films obtained with the use of
PS, and R, = 0.98-3.83 nm and R; = 0.83-1.50 nm for the
samples prepared without PS. For a series of K2 materials, the
roughness parameters equaled R, = 6.02-12.3 nm and Ry =
7.10-9.66 nm. The values of the roughness parameters indicate
the achievement of smooth films of zinc(u) complexes. This led
us to conclude that using a polymer as a stabilizing agent,
results in the development of thicker and rougher layers. This is
important because the layers which can be used e.g. in OLEDs
have to be smooth and thin. The same was observed previously
by us in the case of copper(i) complexes films.>*** Moreover, the
use of the PS in materials can constrained the molecular motion
in a solid matrix to reduce the possibility of a non-radiative
decay process of their excited states and affect the fluores-
cence.® In some cases, round structures on the surface were
noted. The films have a uniform and dense morphology
constituting structures ~ which  are

quasi-spherical

Fig. 13 AFM of [Zn;(MeO); 4(OH)o 6(L1)]-2H,0 K1, PMMA/Si; PMMA +
[Zn;(MeQ); 4(OH)g 6(L1)]-2H,O K1 2000 rpm, 5 s, PMMA + [Zny(-
MeO); 4(OH).6(L1)]-2H,0 K1 1500 rpm 5's x 3, scan size 10 um, height
(thickness) 31.6 nm, R, = 9.03 nm, R, = 3.92 nm. Phase image map of
layer properties including mechanical, chemical, and viscoelastic
properties. Amplitude — the image of height, in which the dimension of
z axis was reduced.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 SEM of Ki_1 (a) [Znx(MeO);4(OH)o6(L1)]-2H,O K1, Si PS
2000 rpm 55, 3000 rpm x 2, PS+ complex K1 x 3. (b) EDS mapping of
K1_1 [Zn;(MeO); 4(OH)g 6(L1)]-2H,O K1, Si PS 2000 rpm 5's, 3000 rpm
x 2, PS + complex K1 x 3, scan size 1 pm.
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Fig. 15 Solid state emission spectra of (a) K1_2 material, (b) K2_2
material; Aey = 420 NM, Aerm = 554 Nm (K1_2), Aemy = 565 nm (K2_2).

homogeneously distributed. The depth of the films was between
31.6 and 300 nm.

The EDS results indicate the presence of a zinc content
between 2.63 and 2.83 percent in mass. Moreover, the EDS
mapping confirmed the presence of the zinc(i) compounds over
the entire silicon surface (Fig. 14 and S18t).

Fluorescence properties of the materials

The layers obtained by spin coating are thin, homogeneous,
smooth fluorescent materials, which exhibited fluorescence in
the range of 495-572 nm for the materials K1_1-K1_3 and
between 517-566 nm for K2_1-K2_3 (Fig. 15). The intensity of
the emission bands is similar in the case of thin films in
comparison with the solid state. Moreover, the luminescence of
the K1_1, K1_3 materials is significantly lower than of the K2
series. The same difference in the emission of the K1 and K2 in
the solid state was observed. The high green emission of the
luminescence of K2 and K1_2 materials make them good
candidates for applications in optoelectronic devices.

Ellipsometric analysis of the thin films

The thicknesses of the prepared thin layers were established to

be 9.5 + 0.2 nm, 14.8 &+ 0.3 nm and 1.28 & 0.06 nm for K1_1,

K1_2 and K1_3 samples, respectively. The thicknesses of the Zn

complex films for the K2 series of samples were found to be 5.8

£ 0.2 nm (K2_1), 6.6 £ 0.5 nm (K2_2) and 5.5 + 1.8 nm (K2_3).
The legend for the samples is reported under ESL}

Conclusions

Two Zn(u) complexes, K1 and K2, with tetradentate Schiff bases
derived from o-phenylenediamine and  2-hydroxy-5-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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methylisophthalaldehyde L1 or 2-hydroxy-5-tert-butyl-1,3-
benzenedicarboxaldehyde L2, respectively, were obtained in
template synthesis. The X-ray structures for all the compounds
were resolved. In both the complexes, the zinc(n) ions were
found in a slightly distorted square pyramidal environment. In
spite of the fact that the synthesis reaction was carried out
under the same conditions, there is a difference in the coordi-
nation spheres of the isolated complexes. In both the
complexes, the apical position of the zinc ion is occupied by an
oxygen atom of methanolate or a larger acetate ion in K1 or K2,
respectively. These groups are on the opposite sides of the basal
plane in both complexes. Comparison of the complexes K1 and
K2 leads to the conclusion that the geometry of the macrocycle
depends on its type, number of involved atoms and kind of
bonds, whereas substituents and even packing seem to be of
minor importance.

Finally, the complexes are luminescent, both in solution and
in the solid state, which could be of significance in search for
new LEDs. The new complexes exhibited emission in the range
of 556-573 nm for K1 and 534-550 nm for K2 in solutions of
different polarities and, was is very important for potential
using them as emissive organic layers, in the solid state.
Moreover, the quantum yield of fluorescence is the highest in
non-polar benzene for K2 (Ax = 420 nm, ¢ = 0.78) and also in
the solid state (Ax = 420 nm, ¢ = 0.58). The influence of the
geometry of the coordination center (the presence of the various
anions in the Zn(u) coordination sphere) on the luminescence
properties of the complexes was noticed. The obtained spin
coating materials, exhibited fluorescence in the range of 495-
572 nm for K1 and between 517-599 nm (with the higher
intensity of fluorescence) for K2. The emission of complexes is
connected with LMCT and MLCT transitions. The high
quantum yield and large Stokes shift observed for complexes in
solution, solid state and thin materials makes them good
candidates as emitting materials in OLED. The employed
computational procedure allowed the prediction of the relative
tendencies in the absorption spectra for all the compounds, and
determination of the character of the transitions in the spectra
of all the isolated compounds.
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Table S2. Selected bond length [A] and valence angles [°] for the complex K1.

Figure S10. Structure of K1 with square pyramids sharing the edge.

Figure S11. Stacking interactions between aromatic rings of complex molecules forming ab layer with labeled
atoms mentioned the structure description.

Table S3. Selected bond length [A] and valence angles [°] for the complex K2.
Table S4. Torsion angles in the reported complexes K1 and K2.

Figure S12. Selected (the most frequent and the closest) interactions projected onto Hirshfeld surfaces (a. H...H
contacts 51.1%, b. H...O 15.7%, c. H...C 16.8, d. C...C 9.1%) for [Zn,(MeO), 4(OH),¢L1)]-2H,0 K1.

Figure S13. n-w interactions between complex molecules translated along a axis with marked in green C-H...O/N
hydrogen bonds.

Figure S14. Hydrogen bond (marked in green) network formed by acetate anions and ethanol molecules.

Figure S15. Selected (the most frequent and the closest) interactions projected onto Hirshfeld surfaces (a. H...H
contacts 53.2%, b. H...O 15.7%, c. H...C 23.3%, g. H...N 4.7%) for [Zn,(CH;COO),(L2)]-2EtOH K2.

Table S5. Relevant photophysical data of K1 and K2 compounds, (Aem, Aex N, total fluorescence quantum yield
¢, A[nm] (& [dm3 mol! cm™ )).

Figure S16. Frontier molecular orbitals of K1 for the most intensive transitions (PBE0/6-
311++G(d,p)/PCM(acetonitrile)).
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Figure S17. Frontier molecular orbitals of K2 for the most intensive transitions (PBE0/6-

311++G(d,p)/PCM(acetonitrile)).

Table S6: Theoretical PBE0/6-311++G(d,p)/PCM(ACN) vertical excitation wavelengths A [nm] for most
intensive transitions together with the corresponding oscillator strengths f and the orbital contributions for

investigated species.

Table S7. Relevant fluorescent data of studied complexes in solid state (Aem, Aex [nM]).

Figure S18. Scanning images, magn. 20kx for: a) K1, magn.10kx b) K2 2, ¢) EDX K2-1

Figure S19. ¥ and A ellipsometric azimuths measured (dashed lines) and their model fits (red solid lines) for the

complex K1_1. The value of > was 2.27.

Figure S20. a) The real part of the complex refractive index (n) for the examined films of Zn complexes (K1). b)

The extinction coefficient (k) for the examined films of Zn complexes (K1).

Figure S21. a) The real part of the complex refractive index (n) for the examined films of Zn complexes (K2). b)

The extinction coefficient (k) for the examined films of Zn complexes (K2).

Table S1. Crystal data and structure refinement for K1 and K2.

Identification code K1 K2

Empirical formula Cs1.40 H3o.80 Na Og Zn, Cy4 Hsy Ny Og Zny
Formula weight 690.94 895.63
Temperature [K] 100(2) 100(2)
Wavelength [A] 0.7999 1.54184

Crystal system, space group

Triclinic, P-1

Monoclinic, P2/n

a=284210(17) a=84.53(3) a=8.44590(10) o= 90
Unit cell dimensions [A]and ["]  |b=38.7490(17) B=88.28(3) b=23.8241(3) B=91.4230(10)
c=10.713(2) y=65.61(3) ¢=20.1246(3) y=90
Volume [A3] 715.5(3)
4048.14(9)
Z, Calculated density [Mgm] 1, 1.603 4,1.470
Absorption coefficient [mm™] 2.301 1.946
F(000) 355 1872
Crystal size [mm] 0.060 x 0.030x 0.015 0.210 x 0.040 x 0.020

Theta range for data collection [°]

2.149 t0 29.992

2.875 to 74.500




Limiting indices

-10<=h<=10
-10<=k<=10

-13<=I<=13

-10<=h<=10
-29<=k<=29

25<=1<=24

Reflections collected/unique

8721/2601 [R(int) = 0.0591]

37479 / 8285 [R(int) = 0.0541]

Completeness to theta 29.732° [%]

89.6

100.0

Max. and min. transmission

0.966 and 0.874

0.961 and 0.750

Refinement method

Full-matrix least-squares on F2

Full-matrix least-squares on F2

Data/restraints/parameters

2601 /11/217

8285/0/535

Goodness-of-fit on F2

1.054

1.044

Final R Indices [[>2sigma(I)]

R; 2=10.0592, wR, *=0.1518

R, 2=10.0495, wR, ®=0.1246

R indices (all data)

R; #=10.0956, wR, ®=0.1805

R; 2=10.0608, wR, ®=0.1339

Largest diff. peak and hole [eA3]

0.947 and -0.527

1.423 and -0.764

aR1=2||FJ = EJ| /=] Ey|

b WwR2 = [Ew(Fg? — F2)Y/S(W(ER2)2)] 2

k7.001.esp
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Figure S1. "H NMR spectrum of K1 (500 MHZ, CDCly).
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Figure S2. "H NMR spectrum of K2 (700 MHZ, CDCly).
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Figure S3. BC{1H} NMR spectrum of K2 (700 MHZ, CDCl;).
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Thermal analysis

For both complexes the thermal decomposition studies were performed in the presence of air.

The thermogram of K1 (Figure S6) presents one DTG peaks with maximum at 424°C, the sample mass loss amount
to 65 %. The mass change begins at temperature 30°C and ends at temperature 505 °C.

The thermogram of K2 reveals one decomposition peak on the DTG curve with maximum at 424°C, the
sample mass loss amount to 76 % (Figure S8). The mass change begins at temperature 36°C and ends at
temperature 513°C. The residue of the sample after combustion was analyzed by calculation and XRD
analysis (Figures S7, S9). The obtained data show that the final product of decomposition is ZnO.
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Figure S7. XRD analysis - Compliance of the sample K1 composition with ZnO.
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Figure S8. TG-DTA traces of K2.

Figure S9. XRD analysis - Compliance of the sample K2 composition with ZnO.

Table S2. Selected bond length [A] and bond angles [°] for the complex K1.

K1
Zn1-014 2.014(5) Znl1-N8 2.059(6)
Znl-014i 2.029(5) Znl-N1 2.075(5)
Znl-017 2.022(9) Znl-Znl! 3.203(2)
N1-C1 1.283(9) C8-N8 1.278(9)
NI1-C2 1.406(8) C7-N8 1.421(7)
C1-C13i 1.458(9) C8-C9 1.469(9)
bond angles [°]

014-Znl1-014i 75.2(2) N8-Znl-N1 80.7(2)
014-Zn1-N8 85.4(2) 014-Zn1-017 112.6(2)
0O14-Zn1-N8 131.3(2) 014-Zn1-017 116.4(3)
014-Zn1-N1 136.8(2) N8-Znl1-O17 112.2(3)
014i-Zn1-N1 83.9(2) N1-Zn1-O17 110.5(3)

Zn1-014-Znli 104.8(2)
CI-N1-C2 124.6(5) C8-N8-C7 123.8(6)
N1-CI1-C13i 124.9(6) N8-C8-C9 126.2(6)

(K1) ! -x,-y+1,-z+1,



Figure S10. Structure of K1 with square pyramids sharing the edge.

Figure S11. Stacking interactions between aromatic rings of complex molecules forming ab layer with labeled
atoms mentioned the structure description (K1).

Table S3. Selected bond length [A] and bond angles [°] for the complex K2

bond length [A]
Zn(1)-0(41) 1.9482(18) Zn(1)-N(8) 2.048(2)
Zn(1)-0(14) 1.9925(18) Zn(1)-N(1) 2.069(2)
Zn(1)-0(34) 2.0384(17)
C(1)-N(1) 1.290(3) N(8)-C(8) 1.290(3)
N(1)-C(2) 1.4223) C(7)-N(8) 1.412(3)
C(1)-C(33) 1.467(3) C(8)-C(9) 1.456(3)
Zn(2)-0(46) 1.9516(18) Zn(2)-N21) 2.072(2)
Zn(2)-0(14) 2.0368(17) Zn(2)-N(28) 2.0506(19)
Zn(2)-0(34) 1.9944(18) Zn(1)-Zn(2) 3.192




N(28)-C(28) 1.288(3) N(8)-C(8) 1.290(3)
C(27)-N(28) 1.423(3) C(7)-N(8) 1.412(3)
C(28)-C(29) 1.464(3) C(8)-C(9) 1.456(3)
bond angles [°]
0O(14)-Zn(1)-0(34) 75.28(7) N(8)-Zn(1)-N(1) 81.17(8)
O(14)-Zn(1)-N(8) 86.80(7) 0(41)-Zn(1)-0(14) 117.55(8)
0(34)-Zn(1)-N(8) 133.81(8) 0(41)-Zn(1)-0(34) 109.72(8)
0(14)-Zn(1)-N(1) 136.03(8) O(41)-Zn(1)-N(8) 116.30(8)
0(34)-Zn(1)-N(1) 83.15(8) O(41)-Zn(1)-N(1) 105.63(8)
Zn(1)-0(14)-Zn(2) 104.76(8) C(8)-N(®)-C(7) 124.52)
C(H-N(1)-C(2) 124.2(2) N(8)-C(8)-C(9) 125.5(2)
N(1)-C(1)-C(33) 124.0(2)
0(34)-Zn(2)-0(14) 75.28(7) N(28)-Zn(2)-N(21) 81.04(8)
0(14)-Zn(2)-N(21) 83.29(8) 0(46)-Zn(2)-0(14) 110.67(8)
0(34)-Zn(2)-N(21) 137.16(8) 0(46)-Zn(2)-0(34) 113.47(8)
O(14)-Zn(2)-N(28) 132.09(8) 0(46)-Zn(2)-N(28) 117.23(8)
0(34)-Zn(2)-N(28) 86.44(8) 0(46)-Zn(2)-N(21) 108.68(8)
Zn(2)-0(34)-Zn(1) 104.63(8) C(21)-N(21)-C(22) 123.3(2)
C(28)-N(28)-C(27) 123.902) N@21D-C(21)-C(13) 124.2(2)
N(28)-C(28)-C(29) 125.3(2)
Table S4. Bond angles in the reported complexes K1 and K2.
Torsion angle [°] complex K1 Complex K2*
C13'-C1-N1-C2 178.6(6) -178.3(2), 177.1(2)
C1-N1-C2-C7 -163.4(6) 174.1(2), -166.2(2
N1-C2-C7-N8 -1.5(8) -3.2(3), 0.9(3)
C2-C7-N8-C8 163.5(6) -164.2(2), 167.1(2)
C7-N8-C8-C9 -176.5(6) 173.6(2), -173.7(2)
N8-C8-C9-C14 15.3(10) -11.4(4), 9.9(4)
C8-C9-C14-C13 177.5(6) -178.0(2), 175.8(2)
C1'-C13-C14-C9 179.6(6) -174.8(2), 177.6(2)
C14 -C13 -C1! -N1! 20.2(1.0) -20.2(4), 17.6(4)

K1 i -x,-y+1,-z+1, in K2* contrary to K1 the whole ring is found in the asymmetric unit and hence, the similar angles
can differ. However, this column proves that they remained almost identical.




Figure S12. Selected (the most frequent and the closest) interactions projected onto Hirshfeld surfaces (a. H...H
contacts 51.1%, b. H...O 15.7%, c. H...C 16.8, d. C...C 9.1%) for [Zny(MeO); 4(OH),(L1)]-2H,0 K1.
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Figure S13. -7 interactions between complex molecules translated along a axis with marked in green C-H...O/N
hydrogen bonds K2.




Figure S15. Selected (the most frequent and the closest) interactions projected onto Hirshfeld surfaces (a. H...H
contacts 53.2%, b. H...O 15.7%, c. H...C 23.3%, d. H...N 4.7%) for [Zn,(CH;COO),(L2)]-2EtOH K2.

Table S5. Relevant photophysical data of K1 and K2, (Aem, 4ex nm, total fluorescence quantum yield @, A[nm] (e
[dm3 mol! cm™]).

Compound  Solvent hex [nm]  Aep, [nm] 0 Alnm] (¢ [dm? mol' em]) A2 (cm)
324 (1430)
acetonitrile 420 556 418 (1240) 5937
0.07
588 (500)

245 (13710)
295 (20210)

chloroform 420 561 0.3 360 (10210) 5703
425 (12870)
585 (1010)

K1

328 (4270)
methanol 420 550 021 408 (3720) 6327
584 (510)

336 (600)
benzene 420 573 0.05
586 (510)




acetonitrile 420 534

290 (17700)
414 (6320)
588 (70)

5427

chloroform 420 550

K2

290 (23510)
340 (18020)
420 (19450)
585 (100)

methanol 420 543

benzene 420 544

310 (11690)
414 (7710)
0.15 436 (6420)

586 (110)
302 (7070)
424 (5040)
588(450)

0.78

5628

5737

5202

a Stokes shifts

A. Hens, P. Mondal, K. K. Rajak, Dalton Trans., 2013, 42, 14905
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Figure S16. Frontier molecular orbitals of

311++G(d,p)/PCM(acetonitrile)).
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Figure S17. Frontier molecular orbitals of K2 for
311++G(d,p)/PCM(acetonitrile)).
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Table S6. Theoretical PBE0/6-311++G(d,p)/PCM(ACN) vertical excitation wavelengths A [nm] for most intensive
transitions together with the corresponding oscillator strengths f and the orbital contributions for investigated

species.
K1
A [nm] f Orbitals (contribution)
403.00| 0.3805 HOMO-5->LUMO (91%)
371.19|  0.2697 | HOMO-4->LUMO+1 (92%)
355.64| 0.1871 | HOMO-4->LUMO+2 (75%)
340.08| 0.1479 | HOMO-6->LUMO (43%)
336.31 0.4682 | HOMO-6->LUMO (42%)
HOMO-5->LUMO+3 (41%)
307.44| 0.4664| HOMO-6->LUMO+3 (86%)
K2
408.27| 0.4708  HOMO-1->LUMO (87%)
HOMO->LUMO+1 (9%)
384.42| 0.2113| HOMO->L+1 (89%)
HOMO-1->LUMO (8%)




367.33 0.2356 | HOMO->LUMO+2 (91%)

355.70 0.5862 | HOMO-2->LUMO (85%)

315.25|  0.2274| HOMO-3->LUMO+2 (29%), HOMO-
2->LUMO+3 (33%)

314.82 0.2846 | HOMO-2->LUMO+3 (55%)

Table S7. Relevant fluorescent and UV-Vis data of studied complexes in the solid state (em, dex [NM].

Compound dex [NM] Aem [nm)] ¢ A[nm]

0.28 256

332

409

482

0.58 267

K2 420 556 392
473

K1 420 573

Determination of the fluorescence quantum yield

The quantum yield was calculated by using following equation:

I OD, 7
(DXZCDSTX(_ X X_z)
I, OD 17,

®, - fluorescence quantum yield

OD —fluorescence intensity

I absorption

n refractive index of solvent

R- reference fluorophore of known quantum yield here chinine

CDST: 054

2
T_—1021
Mg

[1] M.W. Allen, Thermo Scientific, technical note 52019.
[2] J. N. Demas, G. A. Crosby, The Measurement of Photoluminescence Quantum Yields.1 A Review?2.
J. Phys. Chem., 1971, 75(8), 991-1024.
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Figure S18. Scanning images, magn. 20kx for: a) K1, magn.10kx b) K2_2, ¢c) EDX K2-1

Ellipsometric analysis of the thin films

The thickness and optical constants (h - the complex refractive index) of the prepared thin films were determined
based on a four medium optical model of the sample (substrate — Si\native SiO, film\Zn complex film\ambient).
The optical constants of the complex film were described as a sum of Gaussian oscillators [1]:

m
fu= illa'\i + ﬁ Gauss(Aj, Ej, BTj)

j=1 ,eq. 1

where € is the complex dielectric function (€ = n2=(n+ik)2, n — the real part of the complex dielectric function, k
— the extinction coefficient). In Eq.1, €, is the high frequency dielectric constant, while 4;, E; and Br; are the
amplitude, energy and broadening of the j-th absorption band, respectively. Mathematical formulas used to
describe particular line shapes can be found in[1,2]. Optical constants of Si and SiO, were taken from the database
of optical constants [2].

The model quantities were varied to minimize the reduced mean squared error () [1,2]:

5 1 Lp_mod _q_;]?XP 2 A]mod _AjeXP 2
xXo = mzj +
J J

eq. 2

In Eq.2, N and P are the total number of data points and the number of fitted model parameters, respectively. The
WP and AP are experimental ellipsometric azimuths, while the  ¥jm°d and Aj™¢ are values obtained during the

fitting procedure. Quantities ;¥ and ;* are standard deviations of ¥ and A data. The fit procedure was performed
using the WASE32 software from J. A. Woollam Co., Inc.
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Figure S19. ¥ and A ellipsometric azimuths measured (dashed lines) and their model fits (red solid lines) for the
complex K1_1. The value of > was 2.27.
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Figure S20. a) The real part of the complex refractive index (n) for the examined films of Zn complexes (K1). b)
The extinction coefficient (k) for the examined films of Zn complexes (K1).

Figure S19 shows the experimental ¥ and A azimuths for the Zn complex K1_1. The real part of the complex
refractive index (n) and the extinction coefficient (k) for the examined films of Zn complexes are presented in
Figures S20a and S20b. In the non-absorbing range, the value of the refractive index exhibits normal dispersion
and is about 1.8 for the K1_1 Zn complex and about 2.1 for the other Zn complex layers. The absorption threshold
for K1_1 and K1_3 specimens is about 400-410 nm (see Figure S20b). For the K1_2 Zn complex, the absorption
threshold is shifted towards longer wavelengths; however, its value cannot be precisely determined (see the curve
K1_2 in Figure S20a). For short wavelengths (generally below 500 nm for K1_1 and K1_3 complexes and below
about 700 nm for K1_2 layer), the absorption bands are visible (see Figures S20a and S20b), and they were
reproduced using the sum of Gaussian oscillators (see Eq.1). Absorption bands related to the n=—n* transitions are
described as a series of Gausssian oscillators with the maximum at 360 nm and 280 nm (for K1_1 and K1_3
samples) and at 280 nm (for K1_2 Zn complex). The vibronic coupling between n—n* transitions is observed at
230 nm for all the K1 Zn complexes.

5.0

el 40
= 4.0 —kK23 4 —
x K23
5. [ - 30- - i
B 3.0+ B 5
g - _ e
o} r e ——
& 20 — 820 / ,
° 5
ag L 9
210 | % 100 ]
0.0! L L L 0.0 \ |
0 500 1000 1500 2000 0 1000 1500 2000
Wavelength (nm) Wavelength (nm)
a) b)

Figure S21. a) The real part of the complex refractive index (n) for the examined films of Zn complexes (K2).
b) The extinction coefficient (k) for the examined films of Zn complexes (K2).



The refractive index values for the K2 series of samples established for long wavelengths (longer than 500 nm)
are between 2.3 and 2.6 (see Figure 21a) and are larger than those obtained for the K1_1, K1_2 and K1_3 samples.
The threshold wavelength is about 400 nm for all the films prepared (see Figure 21b) however, non-zero absorption
can be observed for longer wavelengths. The peaks observed in the k spectra are associated with t—n* (280 nm)
and n—7* (360 nm) transitions in the aromatic ring.

Figure S14 shows the experimental ¥ and A azimuths for the Zn complex K1_1.

The legend of the obtained samples:

K1_1 [Zny(MeO); 4(OH),(L1)]-2H,0 K1, PS/Si: PS 2000 rpm, 5s x2, [Zn,(MeO); 4(OH)o6(L1)]-2H,0 K1 2000
rpm 5s x3

K1_2 [Zn,(MeO),; 4(OH)o6(L1)]-2H,0 K1, PS/Si: PS 2000 rpm, 5s x1, [Zn,(MeO); 4(OH)o6(L1)]-2H,0 K11500
rpm 5s x2

K1_3 [Zny(MeO), o(OH)4(L1)]-2H,0 2H,0 K1, PS/Si: [Zny(MeO), 4(OH)o4(L1)]-2H,0 K1 1500 rpm 5s x4

K2 1 [Zny(CH;COO),(L2")]-2EtOH K2, PS/Si: PS+[Zn,(CH;COO0),(L2")]-2EtOH K2 3000 rpm 5s x5,
[Zny(CH3COO0),(L2)]-2EtOH K2 3000 rpm 5s x8, [Zn,(CH;COO0),(L2")]-2EtOH K2 3000 rpm Ss x8, suspension
of [Zn,(CH3COO0),(L2°)]-2EtOH K2 1500 rpm 5s x10

K2 2 [Zny(CH;COO),(L2°)]-2EtOH K2, PS/Si: PS+[Zny(CH3CO0),(L2°)]-2EtOH K2 3000 rpm 10s x6,
suspension of [Zn,(CH;COO0),(L2”)]-2EtOH 3000 rpm 10s x6,

K2 3 [Zny(CH3COO0),(L2)]-2EtOH K2, PS/Si: PS+[Zn,(CH;COO0),(L2’)]-2EtOH K2 2500 rpm 5s x7,
[Zny(CH3COO0),(L27)]-2EtOH K2 2500 rpm 5s x8, suspension of [Zn,(CH;CO0),(L2")]-2EtOH K2 1500 rpm
5s x10.

1. H. Fujiwara, Spectroscopic Ellipsometry. Principles and Applications, John Wiley & Sons Ltd, Chichester, UK,
2009.

2. J.A. Woollam Co., Inc, Guide to Using WVASE32®, Wextech Systems Inc., 310 Madison Avenue, Suite 905,
New York, NY 10017, 2010.
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Abstract: Two macrocyclic Schiff bases derived from o-phenylenediamine and 2-hydroxy-5-methyliso-
phthalaldehyde L1 or 2-hydroxy-5-tert-butyl-1,3-benzenedicarboxaldehyde L2, respectively, were
obtained and characterized by X-ray crystallography and spectroscopy (UV-vis, fluorescence and IR).
X-ray crystal structure determination and DFT calculations for compounds confirmed their geometry
in solution and in the solid phase. Moreover, intermolecular interactions in the crystal structure
of L1 and L2 were analyzed using 3D Hirshfeld surfaces and the related 2D fingerprint plots. The
3D Hirschfeld analyses show that the most numerous interactions were found between hydrogen
atoms. A considerable number of such interactions are justified by the presence of bulk tert-butyl
groups in L2. The luminescence of L1 and L2 in various solvents and in the solid state was studied.
In general, the quantum efficiency between 0.14 and 0.70 was noted. The increase in the quantum
efficiency with the solvent polarity in the case of L1 was observed (Aex = 350 nm). For L2, this trend is
similar, except for the chloroform. In the solid state, emission was registered at 552 nm and 561 nm
(Aex = 350 nm) for L1 and L2, respectively. Thin layers of the studied compounds were deposited
on Si(111) by the spin coating method or by thermal vapor deposition and studied by scanning
electron microscopy (SEM/EDS), atomic force microscopy (AFM), spectroscopic ellipsometry and
fluorescence spectroscopy. The ellipsometric analysis of thin materials obtained by thermal vapor
deposition showed that the band-gap energy was 3.45 £ 0.02 eV (359 &+ 2 nm) and 3.29 + 0.02 eV
(377 £ 2 nm) for L1/Si and L2/Si samples, respectively. Furthermore, the materials of the L1/Si and
L2/Si exhibited broad emission. This feature can allow for using these compounds in LED diodes.

Keywords: Schiff bases; ellipsometry; DFT; fluorescence; X-ray; thin layer; Hirshfeld analysis

1. Introduction

Schiff base ligands reveal a broad variety of coordination architectures and struc-
tural differentiation. The presence and position of the azomethine group in macrocyclic
compounds allow the formation of multi-donor ligands. Macrocyclization processes are
ensured by the diversity of the structures of the resulting ligand. Thus, they give stable
metal complexes with many metal ions. Macrocyclic Schiff bases are used in the fields
of biochemistry [1-3], supramolecular chemistry [4,5], materials science [6], molecular
recognition [7,8], and catalysis [9,10].

The multi-donor macrocyclic Schiff bases (e.g., S, N, O) can form compounds of various
structures, which are crucial in coordination chemistry, as they can influence the structural,
magnetic, or optical properties of the obtained complexes [11-17]. The isolation of mono-, bi-,
and polynuclear complexes is possible [18,19]. Moreover, it is well known that Schiff base
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ligands containing S, N, O donor groups and chromophores, such as the azomethine group,
are the basis for the formation of the high luminescence compounds [20-26]. The multi-donor
macrocyclic Schiff bases combine the chemical, electronic and optical properties with those of
the organic materials. So, even the subtle changes in the electronic or structural properties
of the Schiff bases can result in obtaining a new group of interesting compounds, which
can be used as new functional materials with applicable mechanical, thermal, chemical and
optoelectronic properties [11,14. In inorganic as well as coordination chemistry, a considerable
part of compounds not only have a wide variety of possible donor atoms but can also tune
their properties through possible modification of their molecular structures. The introduction
of various substituents or rings into the macrocyclic skeleton allows for the modification of
the structural and spectroscopic properties of the isolated new compounds [27-30].

It has been intimately researched that Schiff base ligands are also organic sensors
with selectivity for the different metal ions; they detect both anions and cations [31-34].
Two zinc(II) complexes obtained from differently O-substituted imidazole based homolo-
gous Schiff bases: 2-((E)-(3-(1H-imidazole-1-yl)propylimino)methyl)-6-ethoxyphenol) and
2-((E)-(3-(1H-imidazole-1-yl)propylimino)methyl)-6-methoxyphenol) were synthesized.
Their sensitivity and selectivity toward arsenate were checked [33]. Interestingly, despite
the small structural differences, the various sensitive fluorescence behavior toward ar-
senic was noted. It was a consequence of the presence of ethoxy and methoxy groups
in the Schiff base rings; hence, due to the steric crowding in 2-((E)-(3-(1H-imidazole-1-
yl)propylimino)methyl)-6-ethoxyphenol) no fluorescence changing were noted.

Additionally, Schiff bases could create thin fluorescent films using the spin, dip coat-
ing, Langmuir-Blodgett or organic vapor methods [35]. Films can provide thin design
and high luminescence and improve numerous parameters devices such as OLED and
photovoltaic [36]. Fluorescent organic materials are attracting interest in optoelectronics
and cellular imaging. Moreover, organic materials give emission at a specific wavelength,
and certain materials exhibit solvatochromism, which is the change in the optical properties
of the material upon a change of the solvent polarity. The choice of a suitable compound
for designing new materials is one of the most important challenges in the synthesis and
application of new units with different and unusual properties are facing. There are still
many questions regarding the fluorescence properties of compounds and thin films. The
appropriate methods of establishing new materials should also be developed. New films
can improve key parameters such as high luminescence, thin designs, and provide new
unique characteristics of the new devices such as smartphones, OLEDS or solar batteries.

In the present work, we report the synthesis of the two macrocyclic ligands obtained
in the reaction of o-phenylenediamine and 2-hydroxy-5-methylisophthalaldehyde L1 or
2-hydroxy-5-tertbutyl-1,3-benzenedicarboxaldehyde L2 (Figure 1).

|N OH HN |
ﬂ @ @
CHs HaC CHg
CHg

Figure 1. Structural formulas of L1 (left) and L2 (right) ligands with the numbering scheme.

DEFT calculations were carried out to support the interpretation of the results concern-
ing the optical properties of the studied ligands. Hirshfeld analysis extensively shows
intramolecular interactions like it was observed for other compounds [37,38]. The emissive
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ligands cover by the spin coating and thermal vapor methods create thin fluorescent films.
The morphology of the layers was analyzed by AFM and SEM microscopy.

2. Results and Discussion
2.1. Ligand Synthesis and Characterization

The 1:1 reaction of the corresponding aldehyde and primary amine forms the L1
and L2 ligands in yields ranging between 50% and 60% (Figure 1). The ligands were
characterized by Iy, 3¢, 1H 13C hmgqc and hmbc NMR, UV-vis, IR and the elemental
analysis. 'H, 13C NMR spectra are presented in Supplementary Figures S1-S4. On the 'H
NMR spectra of both ligands, signals from azomethine hydrogen bonds between 8.55 and
8.65 ppm appeared. Moreover, signals from OH at 13.50 pm and 13.57 ppm for L1 and
L2, respectively, were noted. Resonances from aromatic rings were observed in the range
of 6.31-7.18 ppm for L1 and 6.81-7.45 ppm for L2, as expected. Additionally, at 'H NMR
spectra, signals from -NH-CH,-(6) (Figure S1) at 4.40 ppm for L1 and from -NH-CH,-(7) at
4.48 ppm (Figure S3) for L2 were registered. Moreover, at 3C NMR spectrum, signals are
observed at 46.91 ppm (C6) for L1 as well as at 47.37 ppm (C7) for L2 (Figures S2 and 5S4,
respectively). The same was observed previously [27,28]. The presence of the signals of
both -N=CH- and -NH-CHj,- groups confirmed obtaining partially reduced macrocycles in
which two C=N groups have been reduced to -CH,-NH ones.

The ligands are stable in air and soluble in several solvents, such as chloroform, methanol,
acetonitrile, and benzene. The IR spectra displayed in Supplementary Figures S5 and S6 ex-
hibit peaks at 1600 and 1587 cm~! from stretching vibrations of the azomethine group.
A sharp band at 3405 cm~! for L1 and 3423 cm ™! for L2, can be ascribed to the vyy
groups [11,29]. The peaks at 3405, 3423 cm ! also are attributed to the OH group vibra-
tions [29]. Additionally, bands from Ph-O stretching vibrations in the range of 1289-1288 cm !
were noted. The elemental analysis confirmed the purity of the obtained compounds.

2.2. Crystal Structure Description—Hirshfeld Analysis
221.11

In packing along the b axis, we observe columns composed solely of O14 or O34
molecules (Figure 2 and Figure S7). Motifs from adjacent columns form a zipper of 7-
7 interactions between rings coming from two different molecules. There were found
only intramolecular N-H ... O and O-H ... N hydrogen bonding. Hence, tightly packed
molecules form mainly weak interactions (packing index 69.3%) [39]. The most numerous
interactions were found between hydrogen atoms, whereas the shortest contacts were
created between hydrogen and carbon atoms (Figure 3 and Figure S8). In the case of 014
molecule, the red spots on the Hirshfeld surface are related to C ... H interactions, whereas
for O34 molecule they come from the complementary H ... C interactions proving that
mainly O14 ... O34 interactions are observed.

Y ¥
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Figure 2. Packing of L1 along b axis. O14 atoms are marked in red and O34 in orange to indicate
motifs observed in the crystal network.
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Figure 3. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network
of L1: (a) Hirshfeld surface for H ... H; (b) fingerprint for H ... H (50.7%); (c) Hirshfeld surface for
C ... H (red markers correspond to the large spike at 1.5; 0.9); (d) fingerprint for C ... H (19.9%);
(e) Hirshfeld surface for H ... C; (f) fingerprint for H ... C (15.1%) for O14 molecule In brackets,
there is given surface area included as a percentage of the total surface area.
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222.12

In packing along c axis, we observe a column composed of alternately arranged O14
and O34 molecules rotated by 46° (Figure 4 and Figure S9). Stacking interactions between
aromatic rings coming from two different superposed molecules were detected, whereas
N-H ... Nand O-H ... N hydrogen bonds are solely intramolecular. Hence, in the crystal
network, tightly packed molecules (packing index 69.8%) form mainly weak interactions
(Figure 4).

~

)

531

2L
RN

\,w”.l,,
J&n
e A B

Figure 4. Perspective view of L2 along c axis shows a column composed of alternately arranged 014
and O34 molecules rotated by ca. 46°.

The most numerous interactions were found between hydrogen atoms, whereas the
shortest contacts were created between hydrogen and carbon atoms. In the former case, a
huge number of such interactions (even greater than for L1) is justified by the presence of
bulk tert-butyl groups. H ... H contacts occur as spikes on the fingerprints (Figure 5 and
Figure 510). These groups assure separation between adjacent molecules in the column
as well as are involved in numerous weak contacts. In the latter case, red spots on the
Hirshfeld surface are related to wings observed on the corresponding fingerprints. It should
be noted that significantly different fingerprints for O14 and O34 molecules prove that both
moieties form different interaction patterns.

2.3. UV-Vis and Fluorescence Spectroscopy

The absorption of the UV-Vis spectra and the fluorescence of the ligands were recorded
at room temperature in various solvents showing polar and non-polar properties, succes-
sively MeCN, chloroform, methanol and benzene. (Figure 6, Table S3).

The UV-Vis spectra of the L1 and L2 compounds showed bands in the range of
336-350 nm for L1 and 338-346 nm for L2, from the t—7* transitions of the azomethine
group (Figure 6, Table S3), which was confirmed by DFT data (see below). In the L1 and
L2 spectra between 382 and 390 nm in all solvents except methanol, bands related to the
intra-ligand transitions appeared. The bands are attributed based on extinction coefficients.

The absorption UV-Vis spectra of the ligands were also recorded in the solid state
at room temperature. (Figure 7). At the spectra, the one broad band divided into three
components can be noted. They are connected with m—7*, IL charge transfer transitions in
the azomethine, -NH-CH,- bonds and aromatic rings. In comparison with the solutions
spectra, the bathochromic shift of the absorption bands (250, 344, 482, 506 nm) in the solid
state like it was previously observed by us [30]. It is connected with the highest rigidity of
the molecular skeleton of the cyclic molecule.
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Figure 5. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of
L2: (a) Hirshfeld surface for H... H (red markers correspond to the spike at 1.15, 1.1); (b) fingerprint
for H... H (65.4%); (c) Hirshfeld surface for C ... H (red markers correspond to the spike at 1.7,
1.1); (d) fingerprint for C ... H (12.4%); (e) Hirshfeld surface for H ... C (red markers correspond to
the spike at 1.1, 1.7); (f) fingerprint for H ... C (10.6%) for O14 molecule In brackets, there is given
surface area included as a percentage of the total surface area.
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Figure 6. Solution absorption spectra of (a) L1 (b) L2 in chloroform, acetonitrile, benzene
(1.7 x 105 mol/dm3, RT) and methanol (2 x 10~° mol/dm3, RT) for L1, (1,4 x 10~ mol/dm3,
RT) for L2.
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Figure 7. Solid state absorption spectra od (a) L1 and (b) L2.

The interpretation of the experimental spectra of both Schiff bases was additionally
confirmed by the DFT calculations (Table 54, Figures S11-513). Theoretical results indicate
that the absorption spectra for L1 and L2 are comparable to each other due to a similar
structure of the molecular skeleton of both molecules and the nature of the consequent
excitations. L1 exhibits the longest wavelength signal at 420 nm. This transition corresponds
to the HOMO—LUMO excitation of the m—m* character (compare the orbital shapes in
Figure S11). In the shorter wavelength range, additional multiple transitions are present,
contributing to the intensive band below 320 nm (Figure S12). For L2, the most intensive
band is hypsochromically shifted with respect to the L1 spectrum and appears at 403 nm.
The frontier molecular orbitals for L2 are presented in Figure S13.

The studies of the fluorescence properties of the compounds showed that the exci-
tation of L1 at 295 nm leads to the emission in the range of 454-516 nm, and of L2 to the
emission between 452 and 517 nm in dependence on the solvent polarity. However, when
excitation was set at Aem = 350 nm, the stronger intensity of the emission bands was noted
(Aem = 459-514 nm for L1 and Aem = 453-514 nm for L2). (Figure 8 and Table S3). In the
L1 and L2, hypsochromic shifts of the emission bands, together with the increase in the
solvent polarity, were recorded. It can be related to the geometry distortion in the excited
state, which implies a decrease in the resonance energy. This feature is important, because
the tailored emission can lead to potential applications as optical sensors. Similar behavior
was noted for the ligands obtained also from o-phenylenediamine [30].
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Figure 8. Solution emission spectra of L1and L2. (a) L1 (b) L2 Aex =295 nm, (c) L1 (d) L2 Aex = 350 nm,
(chloroform, acetonitrile, benzene (1.7 x 10~> mol/dm?, RT) and methanol (2 x 10~> mol/dm?, RT)
for L1, (1,4 x 10~ mol/dm?, RT) for L2.

The emission bands in L2 spectrum registered after excitation at 350 nm were split
into two components in benzene.

The quantum yields of studied ligands are high or very high: 0.70 for L1 in MeOH
and 0.59 L2 in acetonitrile. In general, the quantum efficiency is between 0.14 and 0.70. The
lowest values of ¢ in MeOH for L1 and benzene for L2 were registered. The increase in the
quantum efficiency with the solvent polarity in the case of L1 was noted (Aex = 350 nm).
For L2, this trend is similar, except for the chloroform. The opposite trend was observed by
us in the series of complexes obtained from o-phenylenediamine and a series of various
aldehydes. This tendency was connected with the loss of planarity in the excited state in
polar solvent owing to an increase in the non-radiative processes [40]. The emission spectra
of the ligands in the solid state exhibited emission bands at 548 nm for L1 and 549 nm for
L2 (Aex = 295 nm). Moreover, excitation at 350 nm led to the emission band at 552 nm for
L1 and 561 nm for L2, respectively. For both ligands, a bathochromic shift of the emission
bands in comparison with the solution was registered. (Figure 9, Table S5). Red shifting
of emission maxima was observed for many fluorescent compounds in the solid state due
to 7—mt stacking of the aromatic rings in the molecules [41]. When the emission spectra
registered in a solution and in the solid state are compared, it is possible to infer that the
solvent destroys the r— interactions, so the transition energy is increased in the solution.
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Figure 9. Solid state emission spectra of ligands L1 and L2; Aex = 295 nm, Aex = 350 nm.

Finally, the compounds are luminescent, both in the solution and in the solid state,
which could be of significance in the search for new LEDs and can be considered as
candidates for optical devices.

2.4. Thin Materials of Macrocyclic Ligands

The thin materials were obtained in two ways: by spin coating and by thermal evapo-
ration. The morphology and the surface roughness of the thin films were investigated by
SEM and AFM techniques. In order to study the chemical composition of the films, EDS
analyses were conducted for all the samples.

2.4.1. Thin Layers Obtained by Spin Coating

The optimum parameters of the layers (roughness, thickness, and homogeneity)
obtained in the multistage spin coating process, were as follows: the spin speed 3000 rpm,
time of coating 5 s for L1, (Figure 10) and 2500 rpm and 10 s for L2. (Figure 11) The
two-dimensional (2D) and three-dimensional (3D) AFM images scanned over a surface area
of 1 x 1 um? are shown in Figures 10 and 11. The root-mean-square (RMS) parameters were
calculated from the AFM images. The AFM images of the films indicate thin, amorphous
layers of compounds deposited on the silicon surfaces with roughness parameters (of
the deposited film) in the range R, = 0.62-5.14 nm and Rq = 0.99-6.50 nm for L1/Si,
and R, = 0.39-3.76 nm and Rq = 1.70-6.36 nm for L2/Si. Occasionally, small crystallites
appeared in the layer of L2/Si.

(a) Height (b) Phase ¢) Amplitude

Figure 10. AFM of L1/Si; 3000 rpm, 5s x 10, scan size 1 um, R, = 0.62 nm, Rq = 0.99 nm.
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(a) Height (b) Phase (c) Amplitude

Figure 11. AFM of L2/Si; 2500 rpm, 10s x 15, scan size 10 um, R, = 1.75 nm, Rq = 2.22 nm.

The EDS mapping confirmed the presence of the carbon, hydrogen, and oxygen on
the entire silicon surface. (Figure 12—L1/Si and Figure 13—L2/5i).

(b)

Figure 12. SEM of L1/Si (a) L1/Si; 3000 rpm 5s x 10 (b) EDS and (c) mapping of L1/5i, 3000 rpm
5s x 10, scan size 1 um.

(b) (c)

Figure 13. SEM of L2/Si spin coating (a) L2/5i, 2500 rpm 10s x 15 (b) EDS and (c) mapping of L2/Si,
2500 rpm 10s x 15, scan size 1 pm.

2.4.2. Thin Layers Obtained by Thermal Vapor Method

Materials obtained by thermal evaporation were thicker than those acquired by the
spin coating technique. (Figures 14-16) Results of SEM/EDS and AFM analysis reveal the
presence of regular, thin, homogenous Schiff base materials, with height in the range of
5.8 and 6.5 nm. Moreover, SEM/EDS analysis showed the presence of carbon, nitrogen,
and oxygen in the layer. (Figure 16 and Figure S14) SEM/EDS, together with mapping
analysis, confirmed the composition of the material.
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(a) Height (b) Phase (c) Amplitude

Figure 14. AFM of L1/Si, R, = 1.32 nm, Rq = 1.78 nm, thermal vapor deposition, scan size 5 um.

(a) Height (b) Phase (c) Amplitude

Figure 15. AFM of L2/Si, Rq =4.87 nm, R, = 3.63 nm, thermal vapor deposition, scan size 10 pm.

W c

L2_D 280 PP 307_1000%_map
MAG: 1000 x HV:20.0 KV WD: 25.0.mm

(b) (c)

Figure 16. (a) SEM of L2/Si from thermal vapor deposition; (b) EDS and (c) mapping.

1.2_D 280 PP 307_1000x
SE_MAG: 1000 X HV: 20.0 KV WD: 25.0 mm

The new films were also characterized by IR DRIFT (Figure S15). The analysis of the
IR DRIFT data showed the presence of the characteristic for the Schiff bases peaks between
1600 and 1594 cm ™! from stretching frequencies of the azomethine group, and bands from
Vph-o in the range of 1300-1275 cm 1. Moreover, the bands from stretching vibrations of
aromatic rings vc=cay in the region 1525-1425 cm~! were registered. The above-described
bands confirmed the presence of the deposited compounds in the obtained materials.

2.4.3. Spectroscopic Ellipsometry Results of the Thin Materials

The optical constants and thicknesses of the deposited films were determined based on
spectroscopic ellipsometry measurements using a four medium, optical model of a sample
(from bottom to top): Si/native S5iO;, /layer (L1 or L2) / ambient. The refractive index (1)
is a complex quantity nl = n-ik. Quantities n and k are the real part of nl and the extinction
coefficient, respectively. Optical constants of silicon and silicon dioxide were taken from
the database of optical constants [42].
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The complex refractive index of the layer was parameterized using the sum of Gaussian
oscillators [42,43]:
2 = e+ ) _Gauss(Aj, Bj, Brj) (1)
]
In Equation (1) e is a high-frequency dielectric constant, while Ay, Ey, and Bay
are the amplitude, energy and broadening of an oscillator. The model parameters were
adjusted to minimise the mean squared error (x2), which is defined as [42,43]:

1 2 2
2 _ mod __ peXP mod __ exp
2 = N_PZ].(( nod _ ! ) + (Al ¥ATY ) > ?)

where N and P are the total number of data points and the number of fitted model parameters,
mod exp A mod exp
Y i Y i A J and A J

respectively, while the quantities are experimental (the quantities with superscript “exp”)
and calculated (the quantities with superscript “mod”) ellipsometric azimuths.

An example of measured ¥ and A ellipsometric azimuths (for the L1 sample) with
model fits is presented in Figure 17a. The x? value was calculated to be 2.65. The determined
thickness of the L1 layer is 437 &+ 2 nm, while for the L2 film 772 4+ 6 nm.
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Figure 17. (a) Experimental and calculated ¥ and A azimuths for the L1 sample; (b) The refractive
index (n); (c) the extinction coefficient (k); (d) the absorption coefficient of evaporated L1 and L2
layers (inset: the Tauc plot).

The optical constants (1 and k) determined for the L1 and L2 films exhibit semiconduct-
ing behaviour (see Figure 17b,c). We did not observe such kind of feature in the materials
obtained previously by us. For longer wavelengths (IR and partially vis), the extinction
coefficient is equal to 0. The abundant absorption features are visible in the UV spectral
range (see Figure 17c,d). In the non-absorbing spectral range, the refractive index shows
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normal dispersion relation. The band-gap energy (Eg) was determined using the Tauc
plot [44]. According to the following relation:

(ahv) = B(hv — Eg)™ ®3)

to obtain the value of Eg, the quantity («hv) o should be plotted as a function of hv. The
exponent m depends on the type of transition and equals m = 1/2 for direct allowed
transition, m = 3/2 for direct forbidden transition, m = 2 for indirect allowed transition and
m = 3 for indirect forbidden transition [44]. The values of the absorption coefficient at the
level of 10° cm™! suggest the direct transition [45] (m = 1/2). The Tauc plot for the obtained
films is presented in Figure 17d. The band-gap energy is 3.45 & 0.02 eV (359 £ 2 nm) and
3.29 £0.02 eV (377 £ 2 nm) for L1 and L2 samples, respectively. It should be noted that the
absorption coefficient (and the extinction coefficient) for energies smaller than the value
of E; exhibits relatively low or non-zero values (intra-ligand transitions). Considering
this fact, the value of the band-gap energy should be treated as a value above, which a
significant increase in the absorption coefficient takes place. The absorption features at
about 340-350 nm (see Figure 17c,d) are bands related to the m—7* transitions associated
with the azomethine group. The bands for wavelengths below 300 nm are T—7t* transitions
from the aromatic rings.

2.4.4. Fluorescence of Thin Materials

The fluorescence properties of the L1/Si and L2/Si films were also studied. The
observed emission at 560 nm (Aex = 350 nm) was connected to the IL transitions (Figure 18)
and m—7* stacking interactions. The bathochromic shift of the fluorescence bands of the
films in comparison to the solution was registered. Therefore, an influence of molecular
packing in the solid phase on the optical properties can be concluded. The same was noted
for the previous series of other compounds synthesized by us. The ligand layers L1/Si and
L2/Si exhibited high fluorescence intensity.
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Figure 18. Fluorescence of L1 and L2 materials obtained via thermal vapor deposition.

Furthermore, the materials of the L1/Si and L2/Si exhibited broad emission. This
feature can allow for using these compounds in LED diodes.

3. Materials and Methods

2-hydroxy-5-methylisophthalaldehyde (97%), o-phenylenediamine (analytical grade),
2-hydroxy-5-tert-butyl-1,3-benzenedicarboxaldehyde (97%) were purchased from Aldrich,
Poland and used without further purification.
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3.1. Methods and Instrumentation

H, 13C, 'H 13C hmqc and hmbc NMR spectra of the Schiff bases were collected with
a Bruker Avance III 400 MHz, Fallanden, Switzerland (L2) or a Bruker Avance 500 MHz
spectrometer MA, USA (L1) in CDCl3. UV-vis absorption spectra were recorded on a
Hitachi spectrophotometer, Fallanden, Switzerland in chloroform, acetonitrile, benzene
(1.7 x 107° mol/dm3) and methanol (2 x 10> mol/dm?3 and 1.4 x 10~° mol/dm?) (grating
1, bandpass 8, integration time 100 ms). The fluorescence spectra were recorded on a
spectrofluorometer GildenpAotonics 700, Dublin, Ireland, in the range 700-200 nm (MeCN,
chloroform, methanol and benzene solutions of compounds the same as in the case of
UV-vis studies or silicon slides). The IR spectra were performed on the Bruker, MA, USA,
using the ATR technique in the range of 400-4000 cm .

3.2. Crystal Structure Determination

The diffraction data of the studied compounds were collected for the single crystal at
room temperature using an Oxford Sapphire CCD diffractometer, Oxford, UK, MoK« radi-
ation A = 0.71073 A for L1 and on Oxford Diffraction SuperNova DualSource diffractometer
with monochromated Cu K& X-ray source Oxford, UK, (A = 1.54184 A) for L2. For L1, the
twinned data were processed with two domains using CrysAlis Pro [46]. Subsequently,
the refinement cycles for L1 were performed using HKLF 5 flag to take into account both
domains. CCDC 2046259 and 2047048 contain the supplementary crystallographic data for
L1 and L2, respectively.

3.3. Computational Details

The theoretical calculations have been performed for the crystal structures, for L1 and
L2. The absorption spectra for all the systems have been calculated in a vacuum and in
solvents (acetonitrile, methanol and chloroform) described with the polarizable continuum
model in the linear response formalism. The B3LYP/6-311++G(d,p) approach has been
applied for the geometry optimization, while for the vertical absorption calculations, the
PBEO functional has been applied. In the main text of the manuscript, only the results
obtained in acetonitrile are given. The remaining results, together with corresponding
numerical values of absorption wavelengths and oscillator strengths, are available in
Supplementary Materials. All the calculations were performed with Gaussian16 program
(Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A_; Cheeseman, J.R,;
Scalmani, G.; Barone, V.; Petersson, G.A.; Nakatsuji, H.; et al Revision B.01; Gaussian, Inc.:
Wallingford, UK, 2016). [47].

3.4. Thin Materials
3.4.1. Spin Coating

Layers of the compounds L1 and L2 were deposited on Si(111) wafers (10 nm x 10 mm)
~500 nm thick using the spin coating technique. Precursors were dissolved in DMSO and
deposited on Si using a spin coater (Laurell 650 SZ, USA). The spin speed varied from
2500 rpm to 3000 rpm, the coating time was 5 or 10 s.

3.4.2. Thermal Vapor Deposition

The thin layer of L1 and L2 was deposited on n-type silicon substrate. The orientation
of the silicon substrate was (100) with electrical resistivity (p) equal to 6.2 x 1073 Q cm. The
silicon wafer was first degreased in acetone, ethanol, and finally in deionized water using
an ultrasonic bath. On the front side (polished side) of the silicon wafer, a L1 and L2 layer of
4-5 nm thickness were deposited in a vacuum (p =2 x 10~* Pa) by a thermal evaporation
method, with an evaporation rate of 0.2 nm/s, without heating of the substrate.

3.5. Spectroscopic Ellipsometry

Ellipsometric measurements were performed using the V-VASE device (from J.A.Woollam
Co., Inc.; Lincoln, NE, USA). Ellipsometric azimuths (¥ and A) were recorded in the spectral
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range from 0.6 eV (2000 nm) to 6.0 eV (225 nm) for three angles of incidence (65 °C, 70 °C
and 75 °C).

3.6. Morphology and Composition of the Materials

The morphology and composition of the obtained films were analyzed with a scan-
ning electron microscope (SEM), LEO Electron Microscopy Ltd., England, the 21430 VP
model equipped with secondary electrons (SE) detectors and an energy dispersive X-ray
spectrometer (EDX) Quantax with an XFlash 4010 detector (Bruker AXS microanalysis
GmbH, England). The layers morphology was also studied using SEM/FIB (scanning elec-
tron microscope/focused ion beam) Quanta 3D FEG equipped with gold and palladium
splutter SC7620, Czechoslovakia. The atomic force microscopy (AFM) images were taken
in the tapping mode with a Multi Mode Nano Scope Illa (Veeco Digital Instrument, SB,
USA) microscope.

3.7. Synthesis of Compounds
371. 11

0.1636 g (0.001 mol) of 2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde was added
to 0.1083 g (0.001 mol) of o-phenylenediamine dissolved in 50 cm® of methanol. The
synthesis was carried out under reflux for 2 h; the product was filtered off. The product was
dried under air; orange single crystals were received, and the yield of the synthesis was 50%.
The melting point of the obtained product was 270-273 °C. C30HpgN4O; (calc./found %):
C75.61/75.64, N 11.76/11.52, H 5.92/5.95.

'H [ppm]: 2.30 (s, 6H) (H1), CHj, 4.40 (s, 4H) (H6), CH,, 6.31 (s, 2H) Ar-H (3),
6.75-6.78 (td, 2H, ] = 1.16 Hz, ] = 7.5 Hz) Ar-H (9), 6.92-6.94 (dd, 2H, J= 8.2 Hz, 1 Hz)
Ar-H (10), 7.01-7.03 (dd, 2H, | = 8 Hz, 1.5 Hz) Ar-H (8), 7.13-7.14 (d, 2H, | = 1,5 Hz)
Ar-H (15), 7.17-7.18 (d, 2H, ] = 1.9 Hz) Ar-H (11), 8.55 (s, 2H) -N=CH-, 13.5 (s, 2H) -
OH, (Figure S1) 13C [ppm]: 20.36 (C1), 46.91 (C6), 111.78 (C8), 117.44 (C14), 117.99 (C9),
119.55 (C10), 125.33 (C4), 128.18 (C11), 128.30 (C3), 131.57 (C15), 134.28 (C7), 136.11 (C12)
143.49 (C2) 157.36 (C5) 161.76 (C13) [33,34] (Figure S2). Selected FI-IR (data reflectance, crys-
tal) (cm™~1) 3405 vop, 3070, 2634 Vc.par, 1600, 1587 veon, 1508 Veocha, 1467, 1367 Veocar,
1323 venHA, 1288 Vph.o- (Figure S5) UV-vis (MeCN, 1.7 x 1075 mol/dm?): 338 (16,176),
346 (16,294), 382 (16,353) (chloroform, 1.7 x 107> mol/dm?3): A /nm 338 (¢/dm3 mol~! cm ™!
16,765), 350 (17,117), 382 (15,823), (MeOH, 2 x 10~° mol/dm?): A /nm 342 (¢/dm3 mol ! ecm !
16,800), (benzene, 1.7 x 107> mol/dm?3): A/nm 336 (¢/dm> mol~! ecm~! 14,529), 350 (14,765),
390 (14,412).

3.7.2. L2

0.1080 g (0.001 mol) of o-phenylenediamine was added to 0.2055 g (0.001 mol) of
2-hydroxy-5-tert-butyl-1,3-benzenedicarboxaldehyde dissolved in 50 cm® of methanol. The
synthesis was carried out under reflux for 2 h, the product was filtered off. The product was
dried under the air. Brown single crystals were received. (Yield: 60%). m.p.: 275-280 °C.
C36H4oN4O; (cale./found %): C77.11/77.26, N 9.99/10.31, H7.19/7.29.

'H [ppm]: 1.35 (s, 18H) (H1), CH3, 4.48 (s, 4H) (H7), CH,, 6.81-6.82 (t, 2H, | = 7.2 Hz)
Ar-H (4),7.00-7.01 (d, 2H, ] = 7.7 Hz) Ar-H (11), 7.08-7.09 (dd, 2H, ] = 7.6 Hz, 1.3 Hz)) Ar-H
(10), 7.27-7.28 (dd, 2H, ] = 15.5 Hz, 1.6 Hz) Ar-H (9), 7.37 (d, 2H, ] = 2.4 Hz) Ar-H (12),7.45 (d,
2H, ] = 2.4 Hz) Ar-H (16), 8.65 (s, 2H) -N=CH-, 13.57 (s, 2H) -OH, (Figure S3) 13C [ppm]:
31.42 (C1), 34.05 (C2), 47.37 (C7), 111.90 (C9), 117.56 (C15), 117.98 (C10), 119.21 (C11),
124.99 (C16), 128.05 (C4, C6, C5), 128.24 (C12), 130.88 (C8), 136.24 (C13), 141.89 (C3),
157.26 (C6), 162.15 (C14) (Figure S4) [33,34].

Selected FT-IR (data reflectance, crystal) (cm™1) 3423 vy, 2958, 2861 Ve_piar, 1600,
1587 VYC=N/, 1508 VC=CHA, 1455, 1364 VC=CAr,s 1333 VC-NHA, 1289 VPh-O- (Figure 86) UV-
vis (MeCN, 1.7 x 107 mol/dm?): A/nm 340 (¢/dm3 mol~! ecm~! 19,529), 382 (20,882),
(chloroform, 1.7 x 1075 mol/dm?): A/nm 338 (¢/dm> mol~! cm~! 27,882), 346 (28,471),
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380 (27,176), (MeOH, 1.4 x 107> mol/dm?3): A/nm 342 (¢/dm3 mol~! ecm~! 22,214), (ben-
zene, 1.7 x 107> mol/dm?): A/nm 342 (¢/dm3 mol~! cm~! 16,941), 390 (16,176).

4. Conclusions

Two macrocyclic Schiff bases, L1 and L2, derived from o-phenylenediamine and 2-
hydroxy-5-methylisophthalaldehyde L1 or 2-hydroxy-5-tert-butyl-1,3-benzenedicarboxald-
ehyde L2, respectively, were obtained. The X-ray structures for the compounds were isolated.

The studies of the fluorescence properties of the compounds showed that the exci-
tation of L1 at 295 nm leads to the emission in the range of 454-516 nm, and of L2 to the
emission between 452 and 517 nm in dependence on the solvent polarity. In the L1 and
L2, hypsochromic shifts of the emission bands, together with the increase in the solvent
polarity, were recorded.

For both compounds, the bathochromic shift of the emission bands in the solid state
compared to the solution was registered. The materials obtained by thermal vapor exhibited
fluorescence at 560 nm (Aex = 350 nm), which was connected to the IL transitions.

The high intensity of the fluorescence indicated L1/5i and L2/Si materials, which can
be used in the optical devices. The ellipsometric analysis of the new materials obtained
by the thermal vapor technique showed that the band-gap energy was 3.45 £ 0.02 eV
(359 £ 2 nm) and 3.29 £ 0.02 eV (377 & 2 nm) for L1 and L2 samples, respectively. Moreover,
the L1 and L2 films exhibited semiconducting behaviour. The values of the roughness
parameters indicate the achievement of smooth films of macrocyclic Schiff bases L1/Si and
L2/Si. This is important because the layers which can be used, e.g., in OLEDs have to be
smooth and thin. Our materials can be also used as semiconductors.

The computational procedure used allowed for the prediction of the relative tendencies
in the absorption spectra for all the compounds and the determination of the character of
the transitions in the spectra of all the isolated compounds.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/molecules27217396/s1. Figure S1: IH NMR spectrum of L1 (500 MHZ, CDCl3),
Figure S2: 13C NMR spectrum of L1 (500 MHZ, CDCly), Figure S3: 'H NMR spectrum of L2 (700 MHZ,
CDCl3), Figure S4: 13C NMR spectrum of L2 (700 MHZ, CDCl3), Figure S5: IR spectrum of L1, KBr,
Figure S6: IR spectrum of L2, Figure S7: Structure of L1 with two crystallographically independent
molecules resulting from two halves of the macrocyclic compound found in the asymmetric unit.
There is given a numbering scheme and thermal ellipsoids at 30% probability, Figure S8: Hirshfeld
surfaces and fingerprints of selected interactions created in the crystal network of L1: a. Hirshfeld
surface for H ... H (red markers correspond to the shortest H ... H interactions at 1.15, 1.1),
b. fingerprint for H ... H (51.1%), c. Hirshfeld surface for C ... H, d. fingerprint for C ... H
(19.3%), e. Hirshfeld surface for H... C (red markers correspond mainly to the spike at 0.95; 1.5),
f. fingerprint for H... C (15.2%) for O34 molecule. In brackets, there is given surface area included
as a percentage of the total surface area. Figure S9: Structure of L2 with a numbering scheme and
thermal ellipsoids at 30% probability, Figure 510: Hirshfeld surfaces and fingerprints of selected
interactions created in the crystal network of L2: a. Hirshfeld surface for H ... H (red markers
correspond to the large spike at 1.1; 1.15), b. fingerprint for H ... H (65.4%), c. Hirshfeld surface
for C ... H, d. fingerprint for C ... H (12.4%), e. Hirshfeld surface for H ... C, f. fingerprint for
H ... C(10.5%) for O34 molecule. In brackets, there is given surface area included as a percentage of
the total surface area. Figure S11: Frontier molecular orbitals of L1 for the most intensive transitions
(PBE0/6-311++G(d,p)/PCM(acetonitrile)), Figure S12: Absorption spectrum of L1, L2 calculated
with PBE0/6-311++G(d,p) approach in vacuum and in solvents, Figure S13: Frontier molecular
orbitals of L2 for the most intensive transitions (PBE0/6-311++G(d,p)/PCM(acetonitrile)), Figure S14:
SEM images of L1/Si mapping scanning size 100 ym, Figure S15: (a), (b) and (c) DRIFT spectra of
L1 and L2 samples and L1/Si and L2/Si. Table S1: Crystal data and structure refinement for L1
and L2, Table S2: Selected bond length [A] and valence angles [°] for the L1. Table S3: Relevant
photophysical data of studied compounds, (Aem, Aex NM, A[nm] (e [dm3 mol~1 em~1]), bp =8,
Table S4: Theoretical PBE0/6-311++G(d,p)/ PCM(ACN) vertical excitation wavelengths A [nm] for
most intensive transitions together with the corresponding oscillator strengths f and the orbital
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contributions for investigated species, Table S5: Relevant fluorescent data of studied compounds in
the solid state (Aem, Aex) [nm].
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interactions at 1.15, 1.1), b. fingerprint for H...H (51.1%), c. Hirshfeld surface for C...H, d.
fingerprint for C...H (19.3%), e. Hirshfeld surface for H...C (red markers correspond mainly to
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Figure S9. Structure of L2 with a numbering scheme and thermal ellipsoids at
30% probability.
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Figure S13. Frontier molecular orbitals of L2 for the most intensive transitions (PBE0/6-
311++G(d,p)/PCM(acetonitrile)).

Table S1. Crystal data and structure refinement for L1 and L2.

Identification code L1 L2
Empirical formula Cso Has N4 Oz Cas Hao N4 O,
476.56 560.72

Formula weight

293(2) 100(2)
Temperature [K]
Wavelength [A] 0.71073 1.54184
Crystal system, space Monoclinic, P21/c Orthorhombic, Pbam

group




Unit cell dimensions [A]
and [°]

a=11.911(2) o=90

b = 8.9920(15) p=
93.153(19)

c=22463(5) =90

a=28.2607(7) o= 90
b=15.2760(3) B=90

C=6.7643(2) =90

Volume [A3] 2402.3(8) 2920.22(13)
Z, Calculated density
’ 3 4,1.275
[Mg-m-] 4,1.318 Mg/m
Absorption coefficient 0.084 0.625
[mm-]
F(000) 1008 1200
Crystal size [mm] 0.630 x 0.210 x 0.080 0.160 x 0.070 x 0.040
Theta range for data 2 497 to 26364 3.989 to 74.463
collection [°]
-14<=h<=14 -35<=h<=34
Limiting indices -11<=k<=11 -19<=k<=19
-28<=1<=28 esle=
Reflections 5698 / 5698 [R(int) = 16898 / 3256 [R(int) =
collected/unique 0.1042] 0.0416]
Completeness to theta = 99.9 100.0
29.732° [%]
Max. and min. 0.993 and 0.949 0.975 and 0.907

transmission

Refinement method

Full-matrix least-squares
on F2

Full-matrix least-squares

on F2

Data/restraints/parameters

5698 /2 /335

3256 /2/251

Goodness-of-fit on F?

0.887

0.987

Final R Indices
[I>2sigma(I)]

R12=0.0746, wR2? =
0.1856

R12=0.0538, wR, ° =
0.1507




R indices (all data)

R12=0.1788, wR2? =
0.2247

R12=0.0657, WR,® =
0.1622

Largest diff. peak and hole
[eA~]

0.318 and -0.241

0.366 and -0.361

aR1==x|| Fd -1 Ed| /5] Fol

b WR2 = [Ew(Fe? — F2)Y/X(w(F?)?)]1”2

Table S2. Selected bond length [A] and valence angles [°] for the L1.

L1
C1-N1 1.282(7) N8-C8 1.455(7)
N1-C2 1.436(8) C7-N8 1.362(8)
C1-C13i 1.460(9) C8-C9 1.501(9)
C21-N21 1.295(7) N28-C28 1.442(7)
N21-C22 1.416(7) C27-N28 1.371(7)
C21-C33i 1.464(9) C28-C29 1.508(9)
Valence angles [°]
C1-N1-C2 118.4(6) C21-N21-C22 119.3(6)
N1-C1-C13i 124.2(7) N21-C21-C33i 124.1(7)
(L1) t-x+1,-y+1,-z i -x+2,-y+2,-Z

Table S3. Relevant photophysical data of studied compounds, (Aem, Aex nm, A[nm] (& [dm?3

mol’ cm]). Bp=8

A A Fluor n Alnm] (e
Compound Solvent -~ o ° e.sce ce [dm? mol?! A C
[nm] [nm] Intensity a. u.
cm1])
338(16176) 0,275
295 454 1491630
acetonitrile 346(16294) 0,277 1,710
350 459 1349115
382(16353) 0,278
L1
338(16765)R 0,285
295 498 1939430
chloroform 350(17117) 0,291 1,7%10°
350 500 2957245
382(15823) 0,269




295 497 2792725
methanol 342(16800 0,336 2*10°°
350 498 4940850 ( )
968195 336(14529) 0,247
295 516
benzene 350(14765) 0,251 1,7%10°
350 514 2100280
390(14412) 0,245
295 452 3270265 340(19529) 0,332
acetonitrile 1,7%10°
350 453 2621965 382(20882) 0,355
338(27882) 0,474
295 492 5620800
chloroform 346(28471) 0,484 1,7%10°
- 350 494 6858510
380(27176) 0,462
295 493 2646015
methanol 342(22214 0,311 1,4*10°
350 495 3994280 ( )
295 517 3085945 342(16941) 0,288
benzene 1,7%10°
350 514 5024360 390(16176) 0,275

Table S4. Theoretical PBE0/6-311++G(d,p)/PCM(ACN) vertical excitation wavelengths A [nm]
for most intensive transitions together with the corresponding oscillator strengths f and the
orbital contributions for investigated species.

L1
A [nm] f Orbitals (contribution)
419.73|  0.4374 | HOMO->LUMO (63%)
302.15|  0.4114|HOMO-3->LUMO (47%)
HOMO-2->LUMO+1 (40%)
L2
403.14|  0.5140| HOMO-1->LUMO (63%)
325.87 0.1753|HOMO-2->LUMO (67%)




Table S5. Relevant fluorescent data of studied compounds in the solid state (Aem, Aex)

[nm].
Compound Aex[nm] Aem [nm]
295 548
L1
350 552
295 549
L2
350 561
I 0 ’ L P P

MAG: 500 x HV: 20.0 KV WD: 25.0 mm

Figure S14. SEM images of L1/Si maping scanning size 100 pm.
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ARTICLE INFO ABSTRACT

Keywords: Two compounds, 2-hydroxy-5-methylisophthalaldehyde (L1) and 2-hydroxy-5-tert-butyl-1,3-benzenedicarboxal-
2,6-bis(benzimidazol)phenoles dehyde (L2), were obtained in the reaction between o-phenylenediamine and aldehydes. The X-ray crystal
ESIPT . structure determination and DFT calculations aimed at the confirmation of the geometry of L1 and L2 in a so-
Eleut ;’;:::elnt:;mmensm lution and in the solid state were performed. The intermolecular interactions in the crystal structure of L1-0.5
DET CH3COOC;3Hs, L2-MeOH and L2-0.25 n-hexane were analyzed using the 3D Hirshfeld surfaces and related 2D

fingerprint plots. The x-ray and 3D Hirschfeld analyses show the importance of the presence of the solvent in the
crystal lattice. In L2-0.25 n-hexane, the solvent is only weakly bound, and only a robust network of N—H...N
and C—H...N hydrogen bonds that stabilise channels was noted. On the other hand, in the L2-MeOH, methanol
forms a robust network of hydrogen bonds. The luminescence of L1 and L2 in various solvents and in the solid
state was studied. In the solid state, emission was registered at 520 nm and 506 nm for L1 and L2, respectively.
DFT calculations of the fluorescence spectra indicate green luminescence of the keto form of the compounds.
Thin layers of the obtained compounds were deposited on Si(111) by the spin coating method and examined
with scanning electron microscopy (SEM/EDS), atomic force microscopy (AFM) and fluorescence spectroscopy.
The fluorescence sensing abilities of the compounds towards Zn?* ions were evaluated. The experimental results
showed that L1 and L2 could sensitively and efficiently detect Zn?" ions (increase or decrease in the emission
band at 443 nm for L1 or 434 nm for L2 (Aexy = 290) was observed).

1. Introduction [3,4].

In inorganic and coordination chemistry, a considerable part of

Benzimidazole derivatives have attracted great interest among sci-
entists dealing with luminescent materials, sensitized solar cells, and
organic absorption in biology and pharmacology [1,2].

Within the variety of synthetic compounds, benzimidazoles are
regarded as one of the most important groups of organic compounds as
they contain both benzene and imidazole rings.

The benzimidazole derivatives combine the chemical, electronic, and
optical properties with those of the organic materials. Hence, even
subtle changes in the electronic or structural properties of benzimid-
azoles can result in obtaining a new group of interesting compounds
which can be used as new functional materials with applicable me-
chanical, catalytic, thermal, chemical, and optoelectronic properties

compounds not only has a wide variety of possible donor atoms but can
also tune their properties through possible modification of their mo-
lecular structures. The introduction of various substituents or rings into
the benzimidazole skeleton allows for the modification of the structural
and spectroscopic properties of the newly synthesized compounds [5].
Moreover, some of the compounds exhibit the ESIPT mechanism of
the luminescence [6,7]. Proton transfers are one of the simplest and
fundamental reactions, significant for many biological and chemical
processes [8-10]. The migration of a hydrogen atom causes different
structures to create a tautomeric equilibrium that plays an essential role
in many organic and biochemical reactions. It influences the biological
and chemical behaviors of several compounds [11,12]. The recognition
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of their geometrical and electronic structures and the stability of their
tautomeric forms leads to understanding their properties [13]. The
excited-state intramolecular proton transfer (ESIPT) mechanism also
provides an attractive material platform for the fabrication of opto-
electronic devices [14-17].

Some of the benzimidazole derivatives exhibit various types of the
tautomeric equilibrium, e.g., keto-enol; enamine-imine; acinitro-nitro,
nitroso-oxime; and the transformations of the amide-iminole [18], thi-
one, and thiol [19,20]. In the case of 2, 6-bis(benzothiazol-2-yl)phenol
ESIPT fluorophore, modification with alkoxy groups at the 4-position
was performed to obtain the OMe, OEt, OBt and OPr derivatives [21].
It was observed that they exhibit the same fluorescence spectra in the
solvent, but in the solid state, a significant difference was noticeable
(deeper red color for OMe and OEt derivatives, and orange - for OPr and
OBt molecules).

Additionally, the design and synthesis of new sensors for the efficient
detection of trace metal ions are among the most important research
topics in environmental chemistry and biology [22]. On the one hand, it
is commonly known that zinc is an abundant transition metal which
exhibits catalytic, structural or redox properties. On the other hand,
Zn?* may contribute to developing neurological disorders such as Par-
kinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
epileptic seizures. Therefore, the detection of Zn?* in biological samples
is essential.

The series of 2,6-di(1H-imidazol-2-yl)phenols with different struc-
tural and electronic properties were ESIPT capable and additionally
selective towards Cr’", Zn?* and Cd>" ions [23]. Considering Zn®" ions,
the blue shift of the emission band was noted.

There are several applicable methods for Zn?* ions detection, such as
atomic absorption spectrometry, electrochemistry, potentiometry, and
fluorescence spectroscopy [24-26]. For practical applications, it is
necessary to develop Zn>"-specific sensors that will present selectivity
and sensitivity towards Zn?".

A thin film of organic luminescence compounds can be obtained in
several ways, such as chemical vapour deposition, Langmuir Blodgett or
spin and dip coating method [27]. Obviously, the use of wet coating
methods leads to the formation of thin materials. Studies of their optical
properties proved that they exhibit luminescence [28]. Choosing a
suitable compound for designing new materials is one of the most
important challenges in synthesising and applying new units with
different and unusual properties. Herein, the synthesis, structure, and
spectroscopic properties of two compounds derived from o-phenyl-
enediamine and 2-hydroxy-5-methylisophthalaldehyde L1 or 2-hy-
droxy-5-tert-butyl-1,3-benzenedicarboxaldehyde L2 are reported. We
were able to obtain new compounds containing both nitrogen and ox-
ygen groups, which were luminescent and sensitive towards metal ions.
DFT calculations have been carried out to support the interpretation of
the results concerning the optical properties of the studied molecules.
The new compounds were used as precursors of thin layers deposited
with the use of the spin coating technique. The morphology of the layers
was analyzed by AFM, SEM microscopy, and ellipsometry; the fluores-
cence properties of the layers were also studied. Additionally, the sen-
sory properties towards Zn?* ions of the new compounds were studied.

2. Experimental
2.1. Materials

2-hydroxy-5-methylisophthalaldehyde (97%), o-phenylenediamine
(analytical grade) and 2-hydroxy-5-tert-butyl-1,3-benzenedicarbox-
aldehyde (97%) were purchased from Aldrich and used without further
purification. Zn(CH3COO),-2H,0 was purchased from POCH Gliwice.

2.2. Methods and instrumentation

lH, 13C, Iy 3¢ hmgqc and 'H 13C hmbe NMR spectra of L1 and L2
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samples were recorded on a Bruker Avance III 400 MHz spectrometer in
acetone-dg, methanol-d4, DMSO-dg. UV-vis absorption spectra were
recorded on a Hitachi spectrophotometer in DMSO (1.18 x 107> mol/
dm3), MeOH (1.43 x 107° mol/dm3), acetone (1.7 x 10~° mol/dm®)
solutions. The fluorescence spectra were measured on a GildenpAotonics
700 spectrofluorometer in the range 900-200 nm (grating 1, bandpass 8,
integration time 100 ms, solutions of compounds the same as in the case
of the UV-vis studies or silicon slides). Antracene (Q = 0,27) was used as
a standard to calculate quantum yield. The IR spectra were performed on
the FT-IR Vertex 70 V spectrometer using the ATR technique in the range
70-4000 cm ™. The elemental analysis was carried out using a Vario EL
III Elemental analyzer. Layers of the complexes were deposited on Si
(111) wafers (10 nm x 10 mm) ~ 500 nm thick using the spin coating
technique. Precursors were dissolved in DMSO and deposited on Si(111)
using a spin coater (Laurell 650 SZ). The spin speed varied from 2500
rpm to 3000 rpm, the coating time was 5 or 10 s. The morphology and
composition of the obtained films were analyzed with a scanning elec-
tron microscope (SEM), LEO Electron Microscopy Ltd, England, the
21,430 VP model equipped with secondary electrons (SE) detectors and
an energy dispersive X-ray spectrometer (EDX) Quantax with an XFlash
4010 detector (Bruker AXS microanalysis GmbH). The layers
morphology was also studied using SEM/FIB (scanning electron micro-
scope/focused ion beam) Quanta 3D FEG equipped with gold and
palladium splutter SC7620. The atomic force microscopy (AFM) images
were taken in the tapping mode with a Multi Mode Nano Scope IIla
(Veeco Digital Instrument) microscope. The absorption spectra of the L1
and L2 solid samples were recorded on the Jasco V-750 spectropho-
tometer in the range of 200-800 nm (bandwidth 1.0 nm, data interval
0.2 nm).

2.3. Crystal structure determination

The diffraction data of the studied compounds were collected for a
single crystal at 100 K on a BL14.2 beamline (Helmholtz Zentrum Berlin,
Bessy II) operating at A = 0.85506 A for L1-0.5 CH3COOC,Hs, and on a
Rigaku XtaLAB Synergy (Dualflex) diffractometer with HyPix detector
with a monochromated CuKa X-ray source (A = 1.54184 f\) for L2-n-
hexane and L2-MeOH. For L1-0.5 CH3COOC,H5, data reduction and
space group determination were performed with the xdsapp [29,30]
software, and subsequently, the numerical absorption correction was
applied in CrysAlis Pro [31]. All the structures were solved by direct
methods and refined with the full-matrix least-squares procedure on F>
(SHELX-97 [32]). All the heavy atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were located at the calcu-
lated positions with the thermal displacement parameters fixed to a
value of 20% or 50% higher than those of the corresponding carbon
atoms. Hydrogen atoms attached to nitrogen and oxygen atoms were
found from the difference electron density synthesis. In L2-n-hexane,
two methyl groups from the tert-butyl group show a disorder with partial
occupancy (0.6/0.4). To assure stable refinement in L1-0.5
CH3COOC,Hs, DFIX geometrical restraints were imposed onto O—H
distances for both hydroxyl groups, whereas in L2-n-hexane also, DFIX
restraint was applied for the C26-C28 bond. All the figures were pre-
pared in DIAMOND [33] and ORTEP-3 [34]. The results of the data
collection and refinement are summarized in Table S1.

CCDC 2161027, 2161028 and 2161031 contain the supplementary
crystallographic data for L1-0.5 CH3COOC3Hs, L2:n hexane and
L2-MeOH, respectively. These data are available free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

2.4. Computational details
The full geometry optimization was carried out for several tauto-

meric forms of L1 and L2 within the ®B97X-D/def2-TZVP approach.
Solvent effects were included within the PCM model for the following
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solvents: acetone, DMSO, and methanol. The nature of the stationary
points on the potential energy surface was confirmed by the harmonic
frequency analysis. The transition state structures were verified with the
reaction path calculations in the intrinsic reaction coordinate approach.
The composition of the reaction mixture was estimated with the Boltz-
mann distribution. Absorption and emission spectra of the investigated
systems were estimated in the state-specific approach for the continuum
solvent model. Chemical shifts for the 'H, 13C and >N NMR spectra were
calculated with the Gauge-Independent Atomic Orbital Method. All the
calculations were performed with the Gaussianl6 program.

2.5. Measurements of the spectroscopic sensing properties

Typically, a 10~* (M) methanol solution of L1 or L2 and a 10~* (M)
methanol solution of a Zn(Il) salt were prepared. The ligands solutions
were placed in a quartz optical cell of the 1.0 cm optical path length, and
emission spectra were measured. Then, the methanol solution of Zn?*
ions was added gradually to the methanolic solutions of L1 or L2 with a
micropipette. The volume ratios of ligand:zinc(II) salt solvent were as
follows: 02;10, 04:10, 06:10, 08:10 and 09:10 for L1, and 06:10, 07:10,
08:10, 09;10, 10:10 for L2).

2.6. Synthesis of ligands

2.6.1. L1 2,6-bis(1H-benzo[d]imidazol-2-yl)-4-(methyl)phenol

1.64 mg (0.001 mol) of 2-hydroxy-5-methyl-1,3-benzenedicarboxal-
dehyde was added to 1.08 mg (0.001 mol) of o-phenylenediamine dis-
solved in 80 cm® of methanol. The synthesis was carried out under reflux
for 2 h. Then, the yellow product was isolated in chloroform. Yield 30 %.
m. p. 310-315 °C. C21H;6N40 - CH3Cl (calc./found %): C% 67.60/67.40,
N% 14.33/13.98.

Single yellow crystals suitable for x-ray analysis were received by the
column chromatographic method on silica gel using the AcOEt/n-hex-
ane mixture as the eluent.

1 NMR (Acetone-dg) [ppm]: 2.44 (s, 3H) (H1) CHgs, 7.27-7.30 (dd,
4H, J = 4 Hz, 8 Hz) (H9, H10), 7.70-7.72 (dd, 4H, J = 4 Hz, 8 Hz) (HS,
H11), 8.21 (s, 2H)(H3) (Fig. S1). (numbering scheme Fig. 1).

13C NMR (Acetone-ds) [ppm]: 19.58 (C1), 114.94 (C11), 115.57
(C4), 122.68 (C8), 128.57 (C3), 129.71 (C9, C10), 150.56 (C2), 150.57
(C7), 150.59 (C12), 154.56 (C6), 171.08 (C5) (Figs. S2, S3).

'H NMR (DMSO- dg) [ppm]: 2.46 (s, 3H) (H1) CHs, 7.27-7.30 (dd,
4H, J =4 Hz, 8 Hz) (H9, H10), 7.68-7.72 (4H, J = 4 Hz, 8 Hz) (H8, H11),
8.14-8.18 (s, 2H)(H3) (Fig. S4).

13C NMR (DMSO- dg) [ppm]: 20.74 (C1), 115.89 (C11,nbC4), 123.07
(C8), 128.53 (C3), 130.29 (C9), 138.18 (C10), 150.58 (C2), 154.61 (C7,
C12), 163.50 (C6), 206.98 (C5) (Figs. S5, S6).

'H NMR (MeOH-d4) [ppm]: 2.43 (s, 3H) (H1) CHs, 7.26-7.29 (dd,
4H, J = 4 Hz, 8 Hz) (H9, H10), 7.61-7.64 (4H, J = 4 Hz, 8 Hz) (H8, H11),

N N
8 7 ~ —
12
10 1

Fig. 1. Structural formula of the L1 ligand with numbering scheme -
enol tautomer.

"CH,
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7.97 (s, 2H)(H3) (Fig. S7).

13¢ NMR (MeOH-d.4) [ppm]: 19.26 (C1), 114.31 (C11), 114.64 (C4),
122.85 (C8), 128.45 (C3), 129.52 (C9), 136.94 (C10), 150.26 (C2),
150.27 (C7), 150.29 (C12), 155.27 (C5,C6) (Figs. S8, S9).[35].

Selected FT-IR (data reflectance, crystal) (ecm~1) 3397 VOH+VNH, 2925
VC-HAr» 1560 S(in plane NH)» 1416, 1311VC:CAD 1347 VC-NHA» 1265 Vph-0O-
(Fig. S10).

UV-vis (DMSO, 1.18 x 107> mol/dm®): A/nm 294 (¢/L mol * em ™!
60884), 306 (44813), 352 (32483), 364 (28827), 418 (5612) (Table S2).

UV-vis (MeOH, 1.43 x 107> mol/dm®): A/nm 292 (¢/L mol * em !
55353), 302 (42337), 344 (33870), 360 (30721) (Table S2).

UV-vis (Acetone, 1.7 x 107° mol/dm®): 4/nm 346 (¢/L mol~! em™!
38471), 358 (35176) (Table S2).

2.6.2. L2 2,6-bis(1H-benzo[d]imidazol-2-yl)-4-(tert-butyl)phenol

1.08 mg (0.001 mol) of o-phenylenediamine was added to 2.06 mg
(0.001 mol) of 2-hydroxy-5-tert-butyl-1,3-benzenedicarboxaldehyde
dissolved in 80 em® of methanol. The synthesis was carried out under
reflux for 2 h. Then, the yellow product of L2 was isolated in chloroform
and dried under air. Yield 30 %. m. p. >340 °C. Ca4H22N40 - CH3Cl
(calc./found %): C 69.35/69.88, N 12.94/13.45. Single yellow crystals
suitable for an x-ray analysis were received by the column chromato-
graphic method on silica gel using the AcOEt/n-hexane mixture as the
eluent.

TH NMR (Acetone-dg) [ppm]: 1.44 (s, 9H) (H1) -C(CH3y)s3, 7.27-7.30
(dd, 4H, J = 4 Hz, 8 Hz) (H10, H11), 7.70-7.72 (dd, 4H, J = 4 Hz, 8 Hz)
(H9, H12), 8.49 (s, 2H) (H4) (Fig. S11). (numbering scheme Fig. 2).

13C NMR (Acetone-dg) [ppm]: 30.88 (C1), 34.27 (C2), 122.66 (C5,
C12), 122.67 (C9), 126.44 (C4), 126.47 (C10), 126.50 (C11), 142.18
(C8, C13), 150.88 (C3, C7), 154.55 (C6) (Figs. S12, S13).

'H NMR (DMSO- dg) [ppm]: 1.42 (s, 9H) (H1) -C(CHg)s, 7.27-7.29
(dd, 4H, J = 4 Hz, 8 Hz) (H10, H11), 7.69-7.71 (dd, 4H, J = 4 Hz, 8 Hz)
(H9, H12), 8.37 (s, 2H)(H4) (Fig. S14).

13C NMR (DMSO- dg) [ppm]: 31.78 (C1), 34.83 (C2), 115.20 (C5,
C12), 123.19 (C9), 127.05 (C4), 137.74 (C10, C11), 142.13 (C8, C13),
150.78 (C3), 154.75 (C7), 189.61 (C6) keto form (Figs. S15, S16).

'H NMR (MeOH-d4) [ppm]: 1.47 (s, 9H) (H1) -C(CH3)3, 7.27-7.39
(dd, 4H, J = 4 Hz, 8 Hz) (H10, H11), 7.63-7.65 (dd, 4H, J = 4 Hz, 8 Hz)
(H9, H12), 8.27 (s, 2H) (H4) (Fig. S17).

13C NMR (MeOH-d,) [ppm]: 30.48 (C1), 34.19 (C2), 114.28 (C5,
C12), 122.93 (C9), 126.57 (C4), 136.81 (C10, C11), 142.16 (C8, C13),
142.17 (C3), 150.57 (C7), 155.22 (C6) (Figs. S18, S19, S21) [35].

Selected FT-IR (data reflectance, crystal) (cm~1) 3399 VOH-+VNH, 2957
VC-HAr 1618 VC=N» 1664 Vc=0, 1630 vc=G» 1522 VC=CHA» 1365,
1313VC:CAr’ 1418 VC-NHA» 1203 VPh-O (Fig. 520).

UV-vis (DMSO, 1.18 x 107> mol/dm®): i/nm 294 (¢/L mol~* cm™!

1 CH3

N N
9 8 ~ —
13
1 12

Fig. 2. Structural formula of L2 ligand with numbering scheme -
enol tautomer.
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66412), 306 (50085), 350 (35969), 360 (32483), 418 (5017) (Table S2).
UV-vis (MeOH, 1.43 x 10~> mol/dm®): A/nm 292 (¢/L mol ! cm ™!
44857), 304 (34500), 348 (28341), 358 (26382) (Table S2).
UV-vis (Acetone, 1.7 x 107° rnol/dm?'): A/nm 344 (e/L mol ! em™!
42941), 356 (38647) (Table S2).

3. Results and discussion
3.1. Tautomeric equilibrium

Considering the keto-enol tautomerism of the investigated systems in
a solution, the four neutral isomeric forms were analyzed theoretically
for both L1 and L2, namely, one keto tautomer and three enol tautomers
differing in the placement of the protons in the heterocyclic rings. The
optimized structures in the ground electronic state and the corre-
sponding relative energies are presented in Fig. 3 for the acetone solu-
tion. The lowest energy is exhibited in all the solvents for the both
ligands by the enol tautomer, with the two intramolecular hydrogen
bonds stabilizing the structure (see Fig. 3, S22). This structure is
consistent with the one found in the crystal (see section 3.2 - Crystal
structure description). The keto tautomer with the relative energy of
about 2 kcal/mol can be achieved by crossing the energy barrier of 4.63

(a)
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kcal/mol for L1 or 4.73 kcal/mol for L2. According to the Boltzmann
distribution, these two tautomers constitute more than 99% of the re-
action mixture at room temperature for both L1 and L2 in acetone. The
rotation of the benzimidazole moiety around the C—C bond leads to
another enol tautomer, exhibiting the strong destabilizing effect arising
from the mutual repulsion of the lone pairs on the enolic oxygen atom
and the neighboring nitrogen from the heterocyclic ring. Thus, the en-
ergy of this enol form is of the order of 4.7 kcal/mol and can be obtained
by crossing the barrier of almost 5 kcal/mol. The rotation of the OH
group in this enol tautomer produces its mirror image by transferring the
high energy barrier of 15 kcal/mol. An additional enol form arising from
the proton transfer between the nitrogen and oxygen in the keto
tautomer is possible; however, it generates the tautomer of a zwitter-
ionic character — unlikely to occur due to the similar pKa values for all
the involved groups, and thus, of significantly higher relative energy
(more than 12 kcal/mol) Fig. 4. Therefore, from this systematic inves-
tigation, one can conclude that under standard conditions, only the
lowest energy enol form will be present in a significant amount in the
ground state and traces of keto tautomer can occur, though they will be
hardly detectable experimentally. Similar conclusions can be drawn for
the equilibrium of L1 and L2 in DMSO and methanol.

5.0
5 45
g 40
§ 35 |
= 3.0 |
b 25 -
S 20
QL 151
S 10
C 05}
0.0 - :
-4 -3 2 -1 0 1 2 3 4 5

Reaction coordinate

Relative energy [kcal/mol]

-2 -1

0

1 2 3 4 5

Reaction coordinate

Fig. 3. Tautomeric forms present in acetone solution and the corresponding transition states: (a) L1, (b) L2 (relative energy in kcal/mol estimated within the ®B97X-

D/def2-TZVP/PCM(acetone) approach).
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Keto-enol tautomerism
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H
N

NH O NH

Fig. 4. Multipole-derived electrostatic potential for (a) enol and (b) keto tautomer of L1 and (c) enol and (d) keto tautomer of L2, estimated with the omega-B97X-D/

def2-TZVP/PCM(acetone) approach.

3.2. Crystal structure description — Hirshfeld analysis

3.2.1. Description of L1-0.5 CH3COOCH;5

L1 crystallizes in a monoclinic P2;/n space group with two inde-
pendent molecules in the asymmetric unit completed by one molecule of
ethyl acetate. The dihedral angles between the central phenyl ring and
the benzimidazole moieties inside the molecule are 12.3 and 5.1° for the
024 molecule and 4.0 and 10.5° for the 054 molecule (Fig. 5). Hence,
these rings are almost coplanar, and bigger angles are observed for rings
involved in intramolecular O—H...N hydrogen bonds. It should be noted
that all the rings are planar, with the biggest esd being 0.010 A. The
molecules forming the crystal network are maintained by some inter-
molecular N—H...N, N—H...0 and C—H...N hydrogen bonds, C—H...n
interactions, and numerous n-n interactions (Fig. 6). In packing along
the b axis, layers of molecules connected by N—H...N hydrogen bonds
and n-n interactions are observed, whereas interlayer contacts are
mainly assured by n-n interactions. The intermolecular interactions
projected onto the Hirshfeld surface show that both molecules from the
asymmetric unit form substantially different interactions [36,37] (Fig. 6,
$23). In the 024 molecule, there are three significant spikes in the
fingerprint corresponding to N...H (1.15, 0.75), H...N (0.75, 1.15) and
H...0 (0.9, 1.2) interactions related to red spots on the Hirshfeld surface

[38]. The H...O spike results from interactions between the 024 mole-
cule and ethyl acetate present in the crystal network. Hence, the solvent
molecules are involved in intermolecular interactions stabilizing the
crystal network. On the contrary, the 054 molecule forms very weak
H...O interactions, and two spikes come from H...N and N...H in-
teractions. For the both molecules, H...H and H...C contacts are most
numerous.

3.2.2. Description of L2-0.25n-hexane

L2-0.25n-hexane crystallizes in a monoclinic 12/a space group with
two independent molecules in the asymmetric unit completed by half of
the n-hexane in the extended conformation. The dihedral angles be-
tween the central phenyl ring and the benzimidazole moieties inside the
molecule are 14.5 and 2.9° for the 025 molecule and 8.7 and 6.6° for the
054 molecule (Fig. 7). Hence, in contrast to L1, smaller angles are
observed for rings involved in an intramolecular O—H...N hydrogen
bond. In the reported structure with ethanol as a solvent crystallizing in
the monoclinic P2;/n space group, these angles are 4.2 and 7.5° [39].
Hence, these molecules in all the three structures adopt the same
conformation due to N—H..O and O—H...N intramolecular hydrogen
bonds showing the coplanar arrangement of aromatic rings. It should be
noted that in L2-0.25n-hexane, all rings are planar, with the biggest esd
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b)

Fig. 5. The structure of L1 with ellipsoids at the level of 30% probability. a) The crystal network of L1 along the b axis shows layers connected by n-n interactions. b).

being 0.018 A. In packing along the a axis, we observe empty voids
accounting for 1440 A3/cell volume (15.3%) (Fig. 7). However, the
electron density map does not show any additional features bigger than
0.66e/A°%. Therefore, any additional n-hexane could not be located in
those voids. For this reason, also the Hirshfeld surface spans far from the
molecule (Fig. 8., S24a,g). The molecules forming the crystal network
are maintained by a few intermolecular N—H...N and C—H...N
hydrogen bonds, C33-H33...n interactions with the C2 phenyl ring, and
numerous 7-T interactions. The intermolecular interactions projected
onto the Hirshfeld surface show that each molecule from the asymmetric
unit forms different interactions. In 025 and 055 molecules, there are
two significant spikes in the fingerprint corresponding to N...H and H...
N, whereas there no short H...O interactions are found (Fig. S24). It
shows the meaning of the solvent for crystal network creation. In
L2.-0.25n-hexane, the organic solvent is only weakly bound. It seems to
be conceivable that some molecules can be easily evacuated without a
collapse of the crystal structure due to a robust network of N—H...N and
C—H...N hydrogen bonds stabilizing channels. It results in the empty
cavities observed in the packing. For the both molecules, H...H and H...
C contacts are most numerous.

3.2.3. Description of L2-MeOH

L2-MeOH crystallizes in the monoclinic P2;/c space group with all
the atoms in the asymmetric unit. The dihedral angle between the
phenyl ring and the benzimidazole moiety involved in the intra-
molecular O—H...N hydrogen bond is 5.2°, and between the phenyl ring
and the N1 ring, it is 10.4°. Hence, these hydrogen bonds (O—H...N and
N—H...N) impose some rigidity on the ring system. It results in the
coplanar arrangement of these flat rings, with esd being 0.006, 0.008
and 0.006 A for C14, N1 and N16 rings, respectively (Fig. 9). The crystal
network is composed of densely packed L2 moieties with methanol
molecules involved in strong N—H...O and O—H...N hydrogen bonds
located in the crystal network cavities. They can be observed as red spots

on the Hirshfeld surface (Fig. 10 ac) and spikes on fingerprint plots
(Fig. 10 bd). It shows that, in contrast to the usually observed features (e.
g. in (L2-0.25 hexane), the fingerprint is not symmetrical along the
diagonal and the both spikes are related to distinct interactions. These
interactions are the only intermolecular hydrogen bonds found in this
structure. Hence, two important features should be noted: (i) benz-
imidazole aromatic ring molecules interact solely via numerous n-x in-
teractions between slightly inclined aromatic rings and C—H...n
interactions created by tertbutyl groups and (ii) the methanol molecule
is an important part of the crystal network forming the robust network of
hydrogen bonds. In the former case, it can be observed by numerous H...
H and H...C contacts (Figure S25 abcd).

3.3. UV-Vis and fluorescence spectroscopy

The UV-Vis and fluorescence spectra of the compounds were recor-
ded at room temperature in DMSO, MeOH, and acetone (Fig. 11,
Tables S2, S3).

The UV-Vis spectra of the L1 and L2 showed bands in the range of
292-294 nm with the shoulder between 302 and 306, from the & — ©*
transitions of the aromatic rings. This band was not observed in acetone.
The bands registered at higher wavelengths in the range of 344-352 nm
with the shoulder between 356 and 364 nm were assigned to the 1 — ©*
transitions from the phenyl to the benzimidazole moiety, as it was
observed previously [28] (Fig. 11, Table S2). The presence of the
shoulders can be ascribed to the keto-enol tautomeric forms of the
compounds. To estimate the molecular basis of the observed absorbance
and fluorescence, the DFT calculations were performed (see chapter
3.4). The polarity of the solvents had a subtle influence on the position of
the bands (2-8 nm).

Additionally, the UV-Vis spectra of the ligands were recorded at
room temperature in the solid state (Fig. 12, Table S3). The presence of
the bands from the © — n* transitions of the aromatic group in the range
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Ae

Fig. 6. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of L1: a. Hirshfeld surface for O...H, b. fingerprint for O...H (3.6%),
c. Hirshfeld surface for O...H, d. fingerprint for O...H (4.6%). In brackets, there is a given surface area included as a percentage of the total surface area.

of 252-300 nm was noted, whereas the bands from the &1 — n* transitions
from the phenyl to the benzimidazole moiety between 341 and 358 nm
were registered (Fig. 12, Table S3) [28]. Moreover, in the range of
442-461 nm, the long wavelength bands related to the intra-ligand
transitions, which were not observed in the solutions, appeared. This
appearance can be connected with the increase in the rigidity of the
molecules skeleton and different way of energy absorption. The bands
were attributed based on the extinction coefficients.

The studies of the ligands fluorescence properties showed that the
excitation at 290 nm leads to the emission in the range of 500-505 nm or
491-507 nm in dependence on the solvent polarity for L1 and L2,
respectively. However, when excitation was set at Ae;, = 360 nm, the
stronger intensity of the luminescence bands was noted (Aep, = 541-550
nm for L1 and Aepy = 538-558 nm for L2). (Figs. 13-15, Table S2). In the
case of L1, a slight hypsochromic shift of the emission bands together
with the decrease in the solvent polarity was recorded. It can be related
to the geometry distortion in the excited state, which implies a decrease
in the resonance energy. Additionally, the emission bands registered
after excitation at 360 nm were split into two parts for both L1 and L2 in
all the solvents. In the case of L2, the quantum yield of the fluorescence
in methanol was highest (¢ = 0.39) (Table S2). In the remaining sol-
vents, it stayed at the same level in the range of 0.28-0.32. Moreover,
the ¢ values in all the solvents were comparable to the ¢ values noted for
L1. The large Stokes shift around 200 nm (Aex = 290 nm) for the both
compounds, together with the DFT results, confirms the probability of
the ESIPT process occurrence. Similarly, like it was observed for the
series of 2,6-di(1H-imidazol-2-yl)phenols, in which Stokes shift between
113 and 160 nm was noted [23].

Moreover, the presence of active protons (two from the NH of im-
idazoles and one from the phenolic OH) influences the fluorescence

properties of the studied compounds by multiple fast proton exchange
processes [28]. The difference between emission spectra in the intensity
of the emission bands (lower in the solid state) registered in a solution
and in the solid state was observed. Despite the lower fluorescence in-
tensity in the solid state, the values are very high, so the compounds can
be considered as promising candidates for use in the optical devices.

The lower intensity value can be connected with the intermolecular
interactions between the adjacent molecules and, consequently, a
different emission pathway. Interestingly, the excitation in the broad
range between 400 and 440 nm for L1 and 400-460 nm for L2 resulted
in the emission at 520 nm for L1 and 505 nm for L2. The compounds
with a broad emission can be used in LEDs. For the both ligands, a
bathochromic shift of the emission bands in comparison with the solu-
tion was registered. (Fig. 16, Table S4). The red shift of the emission
maxima was observed for most fluorescent compounds in the solid state,
probably due to the n—x stacking of the aromatic rings in the molecules
[40,41]. When the emission spectra registered in a solution and in the
solid state are compared, it is possible to infer that the solvent destroys
the n—r interactions, so the transition energy is increased in the solution,
as it was observed previously [41].

3.4. Theoretical absorption and emission spectra

For the investigated tautomers of L1 a) and L2 b), the absorption and
emission spectra were estimated in the state-specific approach for
acetone, DMSO, and methanol. The full optimization of the singlet
excited state geometry for the both ligands unequivocally shows the
greater stability of the keto tautomer, which is obtained by the bar-
rierless transition from the enol form. Thus, one can assume that while
the absorption of the sample arises mainly from the enol tautomer
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Fig. 7. The structure of L2 0.25 n-hexane with ellipsoids at the 30% probability level. For the 025 molecule, a rotational disorder of tert-butyl group is presented

with two atom sets (0.6/0.4). a) The crystal network of L2 0.25 n-hexane.

dominating in the ground electronic state, the emission will occur
mainly from the keto form generated upon the excited state proton
transfer. The absorption spectrum for L1 isomers in acetone is presented
in Fig. 17. The most intensive transitions for both L1 and L2 in the enolic
form occur at 306-308 nm in acetone. Their © — n* character is deter-
mined by the shape of the HOMO and LUMO orbitals presented in the
insets of Fig. 17. HOMO for the ligands is localized mostly on the
benzimidazole moiety, which plays the role of a donor in the intra-
molecular hydrogen bond, while the LUMO orbital features the more
symmetric electron density distribution, condensed predominantly on
the central phenyl ring. The contribution from the corresponding
occupied orbitals centered on the benzimidazole, which acts as a
hydrogen bond acceptor can be noticed in the short wavelength range, at
277 nm for the both ligands.

3.5. Spectrofluorometric titration sensitivity of the compounds to the zinc
(II) ions

To further investigate the sensing properties of the L1 and L2 com-
pounds, the fluorescence titration with the Zn(Il) salt was performed.
Various volumes of the zinc(II) salts were added to the methanolic so-
lutions of 2,6-bis(benzimidazol)phenoles. The position of the fluores-
cence emission peaks for each compound did not change in methanol,
but the fluorescence intensity varied with different volumes of the zinc
(I) salt. Therefore, we could conclude that in the Zn?*-ligand species the
ESIPT possibility was preserved as evidenced by the existence of a large
Stoke’s shift after the addition of Zn®* (144-153 nm) [28]. The further
addition of Zn?* resulted in a gradual reduction of intensity of L2
emission band registered at 443 nm (Aex = 290 nm). The successive
addition of the Zn(II) salt in the volume ratio from 06:10 to 10:10

decreased the intensity of the emission band at 443 nm of the L2. Sur-
prisingly, in the case of L1, the opposite behavior was observed. The
intensity of the emission band at 434 nm increased (volume ratio L1:
Zn?*=02:10 to 09:10) (Fig. 18). Also, the linear dependence of the
emission intensity on the volume ratio of compound: zinc(II) salt was
noted (Fig. S26).

Therefore, the preliminary studies of the emission properties of L1
and L2 showed that they can be applicable as sensitive fluorescent Zn?*
ions sensors. The formation of a rigid structure between 2,6-bis(benzimi-
dazol)phenoles and Zn%" inhibits the isomerization and ESIPT mecha-
nism, thus leading to fluorescence enhancement.

3.6. Thin materials of 2,6-bis(benzimidazol)phenoles

The morphology and surface roughness of thin films were investi-
gated by SEM and AFM techniques. In order to study the chemical
composition of the films, EDS analyses were conducted for all the
samples. The optimum parameters of the layers (roughness, thickness,
and homogeneity) were obtained in the multistage spin coating process,
at the spin speed 2500 rpm to 3000 rpm, and the coating time 5 or 10 s.

The two-dimensional (2D) and three-dimensional (3D) AFM images
scanned over a surface area of 1 x 1 um? are shown in Fig. 19. The root-
mean-square (RMS) parameters were calculated from the AFM images.
The AFM images of the films indicate thin, amorphous layers of com-
pounds deposited on the silicon surfaces with roughness parameters (of
the deposited film) in the range R, = 0.562-21.3 nm and Rq =
0.452-121 nm for L1 (Fig. 19). For a series of L2 materials, the rough-
ness parameters equaled R, = 0.372-2.18 nm and Ry = 0.52-3.09 nm.
The values of the roughness parameters indicate the achievement of
smooth films of 2,6-bis(benzimidazol)phenoles.
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Fig. 8. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of L2-0.25 n-hexane: a. Hirshfeld surface for O...H, b. fingerprint
for O...H (2.8%), c. Hirshfeld surface for O...H, d. fingerprint for O...H (2.1%). In brackets, there is a given surface area included as a percentage of the total

surface area.

The films have a uniform and dense morphology with the depth of
the films between 2.61 and 67 nm. The EDS results indicate the presence
of the compound on the silicon substrate. Moreover, the EDS mapping
confirmed the presence of the 2,6-bis(benzimidazol)phenoles over the
entire silicon surface (Figs. 19, S27).

3.7. Fluorescence properties of the materials

The thin, homogeneous, fluorescent layers obtained by spin coating
can be used as optical materials in the future. The thin materials exhibit
fluorescence in the range of 503-533 nm for the L1/Si and L2/Si ma-
terials (Fig. 20, Table S5). The intensity of the emission bands is much
lower in the case of thin films in comparison with solutions as well as the
solid samples. This can result from different ways of energy dissipation
in a solution and in the solid state. The solid powder samples are highly
emissive, but in the case of thin materials, the emission bands intensity is
much lower. It, in turn, can result from a much lower amount of the
compound in the thin material in comparison with that in the solid
powder.

4. Conclusions

Two compounds, L1 and L2, derived from o-phenylenediamine and
2-hydroxy-5-methylisophthalaldehyde L1 or 2-hydroxy-5-tert-butyl-1,3-
benzenedicarboxaldehyde L2, respectively, were obtained and fully
characterized. The X-ray structures for all the compounds were isolated.
In all the molecules, the dependence of the crystal network on the sol-
vent present in the crystal structure was noted.

Finally, the compounds are luminescent, both in the solution and in
the solid state, which could be of significance in search for new LEDs.
2,6-bis(benzimidazol)phenols exhibit enol-keto tautomerism, which
determines their emission properties. For the both ligands, the bath-
ochromic shift of the emission bands in the solid state in comparison
with the solution was registered. The results of DFT calculations, dual
emission bands, large Stokes shift and the observed dependence of the
emission bands on the solvent polarity suggest that the luminescence is
connected with the ESIPT mechanism. Therefore due to the above ob-
servations, our compounds can be considered as very promising candi-
dates as fluorescence sensors or components of the organic light emitting
diodes. Using a spin coating process thin layers of the 2,6-bis(benzimida-
zol)phenols were obtained. The thin materials exhibit fluorescence in
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a) b)

Fig. 9. The structure of L2-MeOH with the numbering scheme and ellipsoids at the 30% probability level a). The packing of L2-MeOH along the a axis shows
stacking interactions between the aromatic rings in L2 units. Methanol molecules are located in the crystal network cavities b).
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Fig. 10. The Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of L2-MeOH: a. the Hirshfeld surface for O...H, b. fingerprint
for O...H (4.3%), c. the Hirshfeld surface for N...H, d. fingerprint for N...H (9.3%). The surface area included as the percentage of the total surface area is given in
brackets. The tips of the spikes observed at the fingerprint are marked as red arrows on the Hirshfeld surface.
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Fig. 11. Solution absorption spectra of a) L1 b) L2 in (MeOH, 1.43 x 107° mol/dmg'), (Acetone, 1.7 x 107> mol/dm3), (DMSO, 1.18 x 107° mol/dms), RT.
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Fig. 13. Solution emission spectra of a) L1 and b) L2. Aex = 295 nm, 360 nm, 400 nm (DMSO, 1.18 x 10> mol/dm® RT).
the range of 503-533 nm. Moreover, the preliminary studies showed Author contributions
that L1 and L2 are sensitive towards Zn>" ions from the Zn(II) salt. The
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Fig. 17. Vertical absorption spectrum of L1 and L2 isomers within the ®B97X-D/def2-TZVP/PCM-SS(acetone): cyan line for the lowest energy enol tautomer, which
is most abundant, blue for keto and grey for higher energy enol forms. The corresponding HOMO and LUMO orbitals for keto and enol tautomers, most important for

the intensive transitions, are presented in the insets.
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Figure S1. *H NMR spectrum of L1 (400 MHZ, acetone-ds).
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Figure S13. *H*C NMR spectrum of L2 (400 MHZ, acetone-ds).
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Figure S20. IR spectrum of L2.
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Figure S21. NMR chemical shift [ppm] estimated with the omega-B97X-D/def2-TZVP/PCM (acetone) approach
for (a) keto and (b) enol tautomer of L1 and (c) keto and (d) enol tautomer of L2.
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Figure S22. Tautomeric forms of L1 together with corresponding transition states, optimized with the omega-
B97X-D/def2-TZVP/PCM(acetone) approach. In blue - the lowest energy tautomer. The relative energy and
relative Gibbs free energy is given in kcal/mol.
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Figure S23. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of L1:
a. Hirshfeld surface for H...H, b. fingerprint for H...H (47.2%), c. Hirshfeld surface for C...H, d. fingerprint
for C...H (19.0%), e. Hirshfeld surface for N...H, f. fingerprint for N...H (9.6%) for 024 molecule and h.
Hirshfeld surface for H...H, h. fingerprint for H...H (48.9%), 1. Hirshfeld surface for C...H, j. fingerprint for
C...H (28.5%), k. Hirshfeld surface for N...H, 1. fingerprint for N...H (9.3%) for O54 molecule. In brackets
there is given surface area included as percentage of the total surface area.
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Figure S24. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of L2:
a. Hirshfeld surface for H...H, b. fingerprint for H...H (59.2%), c. Hirshfeld surface for C...H, d. fingerprint
for C...H (22.6%), e. Hirshfeld surface for N...H, f. fingerprint for N...H (9.1%) for O25 molecule and g.
Hirshfeld surface for H...H, h. fingerprint for H...H (58.7%), i. Hirshfeld surface for C...H, j. fingerprint for
C...H (24.1%), k. Hirshfeld surface for N...H, lh. fingerprint for N...H (8.1%) for O55 molecule. In brackets
there is given surface area included as percentage of the total surface area.
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Figure S25. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of (3): a.
Hirshfeld surface for H...H, b. fingerprint for H...H (58.0%), c. Hirshfeld surface for C...H, d. fingerprint for
C...H (18.0). In brackets there is given surface area included as percentage of the total surface area. Tips of the
spikes observed at the fingerprint are marked as red arrows on the Hirshfeld surface.
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Figure S26. The dependence of the intensity of the fluorescence on the volume of Zn?* ions. (volume ratio:
02;10, 04:10, 06:10, 08:10 and 09:10 for L1, and : 06:10, 07:10, 08:10, 09;10, 10:10 for L2).

EDS mapping of L2/Si, d) .

d)

Figure S27. SEM of L2/Si, a)-b) L2—15 x 3000 rpm, 20 x 2500 rpm, time 5s, DMSO, scan size | pm, c)

Table S1. The results of the data collections and refinement for L1-:0.5 CHzCOOC:Hs, L2-0.25 n-hexane and

L2-MeOH.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength [A]

Crystal system, space
group

Unit cell dimensions [A]

and [°]

Volume [A%]

Z, calculated density
[Mg/m®]

Absorption coefficient
[mm~]

F(000)

Crystal size [mm?]
Theta range for data

collection

L1-0.5 CHsCOOC:Hs
Ca23 Hao N4 O3

384.43

100(2) K

0.85506

Monaclinic P2(1)/n

a=12.481(3) o=90°

b=14.624(3) PB=
100.00(3)
c=21.370(4) y=90°
3841.3(14)

8,1.329

0.095

1616

0.150 x 0.100 x 0.040
2.040 to 32.303°.

L2-0.25 n-hexane
Cas50 Hs50 Na O
404.00

100(2) K

1.54184

Monoclinic 12/a

a = 25.6995(10) o= 90°

b=12.4625(5) PB=
96.385(4)°

¢ =30.1592(13) y=90°
9599.4(7)

16, 1.118

0.551

3432

0.200 x 0.140 x 0.080
2.949 to 74.495°.

L2-MeOH

Cas Has N4 O3
414.50

100(2) K

1.54184
Monoclinic P2(1)/c

a = 6.49880(10) o= 90°

b=2209431(3) B=
92.3330(10)°
c=14.4603(2) y =90°
2154.28(5)

4,1.278

0.662

880

0.120 x 0.050 x 0.030
3.615 to 74.487°




Index ranges

Reflections
collected/unique
Completeness [%] to
theta [°]

Absorption correction
Max. and min.
transmission

Refinement method

Data / restraints /
parameters
Goodness-of-fit on F2
Final R indices
[I>2sigma(l)]

R indices (all data)

Extinction coefficient
Largest diff. peak and
hole [eA~®]

-15<=h<=15
-17<=k<=17
-26<=1<=26

48302, 7527 [R(int) =
0.0165]

30.866° 96.3 %

numerical
1.00000 and 0.35210

Full-matrix least-squares
on F2
7527121529

1.019

R1=0.0383, wR2 =
0.1057

R1 =0.0387, wR2 =
0.1060

n/a

0.264 and -0.269

-25<=h<=31
-14<=k<=15
-36<=1<=37

35630, 9364 [R(int) =
0.0333]

67.684 99.6 %

numerical

0.784 and 0.528

Full-matrix least-squares
on F2
9364/ 1/568

0.873
R1 = 0.0495, WR2 =
0.1417

R1 = 0.0550, WR2 =
0.1479

0.00013(2)

0.660 and -0.406

-8<=h<=5
-27<=k<=28
-18<=I<=17

17444, 4373 [R(int) =
0.0382%

67.684° 100.0 %

numerical

0.802 and 0.662

Full-matrix least-squares
on F2
4373/0/287

1.069
R1 = 0.0413, WR2 =
0.1044

R1 = 0.0502, WR2 =
0.1090

0.0009(2)

0.297 and -0.312

Table S2. Relevant photophysical data of studied compounds, (Lem, Aex nm, A[nm] (& [dm® mol* cm™], Q).

Compans sl e Preme et
290 504 9799210 294 (60884) 0,716 0,11
360 488 10218650 306 (44813) 0,527 0,31
L1 DMSO 547 10321555 352 (32483) 0,382
400 451 2646765 364 (28827) 0,339
503 4902320 418 (5612) 0,066




200 507 8117200 294 (66412) 0,781 0,16
360 485 10175465 306 (50085) 0,589 0,32
L2 DMSO 538 10191620 350 (35969) 0,413
400 461 3866945 360 (32483) 0,382
492 4245070 418 (5017) 0,059
200 500 9993055 292 (55353) 0,791 0,13
360 476 10086570 302 (42337) 0,605 0,37
H MeOH 550 10148625 344 (33870) 0,484
400 479 7352955 360 (30721) 0,439
200 423 3209845 202 (44857) 0,641 0,18
491 9986650 304 (34500) 0,493
L2 MeOH 360 469 10154915 348 (28341) 0,405 0,39
542 10187390 358 (26382) 0,377
400 465 7540800
200 505 203330 346 (38471) 0,654
360 481 10140915 358 (35176) 0,598
L1 Acetone 541 10163785 0.2
400 454 3594355
494 4392615
200 507 254705 344 (42941) 0,730
360 428 5486785 356 (38647) 0,657 0,28
476 10171535
L2 Acetone 400 558 10152205
453 3320390
498 5044440

Table S3. Relevant photophysical data of studied compounds in the solid state, (A\[nm], A).

Compound

A[nm]

L1

252

0,273



358 0,519

461 0,532
300 0,395
L2 341 0,608
442 0,628

Table S4. Relevant fluorescent data of studied compounds in the solid state (Zem, 4ex) [NM].

Fluorescence

Compound hex [NM] hem [NmM] )
Intensity a. u.
350 517 1867085
400 520 2540000
L1 420 519 2262960
440 520 2402445
460 519 2693770
350 506 2365875
400 506 3335740
L2 420 505 3104460
440 505 4428030
460 506 4927600

Table S5. Relevant fluorescent data of thin materials (em, Aex) [NM].

Fluorescence

Compound hex [NM] hem [NM] .
Intensity a. u.
290 527 5485
L1 360 529 15780
400 533 10100
290 504 9290
L2 360 503 5060

400 503 12095
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Abstract: Two dinuclear copper(I) complexes with macrocyclic Schiff bases K1 and K2 were pre-
pared by the template reaction of (R)-(+)-1,1’-binaphthalene-2,2’-diamine and 2-hydroxy-5-methyl-
1,3-benzenedicarboxaldehyde K1, or 4-tert-butyl-2,6-diformylphenol K2 with copper(II) chloride
dihydrate. The compounds were characterized by spectroscopic methods. X-ray crystal structure
determination and DFT calculations confirmed their geometry in solution and in the solid phase.
Moreover, intermolecular interactions in the crystal structure of K2 were analyzed using 3D Hirshfeld
surfaces and the related 2D fingerprint plots. The magnetic study revealed very strong antiferro-
magnetic Cu'l-Cul! exchange interactions, which were supported by magneto-structural correlation
and DFT calculations conducted within a broken symmetry (BS) framework. Complexes K1 and K2
exhibited luminescent properties that may be of great importance in the search for new OLEDs. Both
K1 and K2 complexes showed emissions in the range of 392-424 nm in solutions at various polarities.
Thin materials of the studied compounds were deposited on Si(111) by the spin-coating method or by
thermal vapor deposition and studied by scanning electron microscopy (SEM/EDS), atomic force
microscopy (AFM), and fluorescence spectroscopy. The thermally deposited K1 and K2 materials
showed high fluorescence intensity in the range of 318-531 nm for K1/Si and 326-472 nm for the
K2/Si material, indicating that they could be used in optical devices.

Keywords: oligonuclear complexes; magnetic properties; fluorescence; DFT; Hirshfeld analysis; EPR

1. Introduction

Macrocyclic metal complexes with Schiff bases are of great interest to researchers,
thanks to various properties of importance in design and synthesis of functional molecular
materials [1-7]. Complexes with optically active Schiff bases, particularly binaphthyl-
based macrocycles, stand out significantly, revealing optical properties to find applications
as organic compound sensors, colourimetric sensors, or fluorescent sensors for chiral
recognition [8-12]. One of the greatest applications of these compounds is catalytic activity
in various organic reactions [13,14]. Moreover, the Schiff bases and their complexes exhibit
biological properties, e.g., anticancer and antibacterial activity [15,16].

A large number of donor atoms, such as O, N, S, P, and supramolecular construction,
afford sufficient space for coordination atoms to create mono-, di-, and polynuclear com-
plexes [17-19]. Macrocycle architecture consisting of a combination of binaphthyl groups
can also show fluorescent properties. 1,1’-Binaphthyl units can be functionalized at the
2- and 2’-positions and are often chiral due to restricted rotation about the transannular

Int. . Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24033017
https://doi.org/10.3390/ijms24033017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-6616-337X
https://orcid.org/0000-0002-4931-8701
https://orcid.org/0000-0002-1745-3562
https://orcid.org/0000-0001-7457-6799
https://orcid.org/0000-0003-1868-3690
https://orcid.org/0000-0002-9347-2538
https://orcid.org/0000-0002-5220-4430
https://doi.org/10.3390/ijms24033017
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24033017?type=check_update&version=2

Int. J. Mol. Sci. 2023, 24, 3017

2 of 24

bond [20]. Thus, their role in asymmetric synthesis and as a ligand in supramolecular chem-
istry is not to be underestimated [21]. The number of donor atoms can be changed, and
thus various types of complexes can be achieved. Recently, E. Chinnaraja et al. reported the
one-pot synthesis of a series the macrocyclic complexes [2+2] consisting of dialdehyde: 4-
methyl-2,6-diformylphenol or 4-tert-butyl-2,6-diformylphenol and chiral binaphthyl amine
as building blocks. Cu(Il) metal salt was used in these syntheses. The obtained compounds
were enantiomerically pure, showed chiroptical properties, and exhibited catalytic activity
in many reactions of organic transformations [22-24]. Great interest was shown in the
design, synthesis, and modification of complexes due to their possible impact on the field
of molecular magnetism [25,26]. The study of magnetic interaction between the central
Cu(Il) ions in multinuclear complexes is the main purpose of magneto-structural investi-
gations [27,28]. Considering magnetic properties, dinuclear macrocyclic complexes with
Cu(Il) deserve to be recognized [29-31]. Consequently, new compounds with fluorescent
and magnetic properties that could be used in thin films are still sought for. It is also known
that Schiff base complexes could create thin materials by using wet methods, e.g., dip or
spin coating, as well as vapor deposition techniques. The properties of the materials depend
on the presence of substituents, their electronic nature, or the presence and size of the
aromatic rings. The choice of suitable substrates for designing new materials is one of the
most important factors that can determine the unusual properties of the received films and
their application. There are still many questions regarding the fluorescence and magnetic
properties of the compounds and thin materials. The appropriate methods for creating new
films should also be developed. New materials can improve crucial parameters such as life
and durability of the new films, high luminescence, and designs, as well as provide new
unique characteristics of the new devices such as smartphones, OLEDS, or solar batteries.
Therefore, we report the synthesis, structure, and magnetic and spectroscopic properties
of binuclear macrocyclic Cu(II) complexes obtained in the one-pot reaction of (R)-(+)-1,1'-
binaphthalene-2,2'-diamine and 2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde K1,
or 4-tert-butyl-2,6-diformylphenol K2 with copper(Il) chloride dihydrate. DFT calcula-
tions were also carried out to support the magnetic behavior and optical properties of the
complexes. Hirshfeld analysis extensively shows intramolecular interactions. The new cop-
per(Il) complexes were used as precursors of thin layers in the spin coating technique and
thermal vapor deposition. The morphology and composition of layers were analyzed by
AFM and SEM/EDX microscopy, and the fluorescence properties of the thin materials were
also studied. Both of the presented copper(II) complexes exhibited strong antiferromagnetic
Cu'l-Cu'" exchange interactions.

2. Results and Discussion
2.1. Dinuclear Copper(Il) Complexes: Synthesis and Characterization

Reactions of template synthesis in a molar ratio of 1:1:1 resulted in dinuclear macro-
cyclic copper(Il) complex formation (Figure 1). The IR spectra exhibited the -C=N- stretch-
ing bands, characteristic for the Schiff bases (Figures S1 and S2). The elemental analysis and
X-ray studies confirmed the purity of the obtained compounds (Figures 2-5). The thermal
stability of K1 and K2 complexes was studied by thermogravimetric analysis from ambient
temperature to 1000 °C under air (Figures S3-55). The final decomposition product was
a mixture of copper(Il) oxide and copper(l) oxide that was additionally confirmed by the
XRD analysis (Figures S6 and S7).

2.2. Crystal Structure Description
2.2.1. Crystal Structure Description of [CuyCl,(L")] K1

The structure of the [CuyClo(L)] (K1) (L' = (R)-(+)-1,1"-binaphthalene-2,2’-diamine and
2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde) complex crystallized in the orthorhom-
bic space group P272;2; with all atoms in the general positions. Copper(Il) cations are
found in a heavily distorted pentacoordinated environment (75 = 0.47 and 0.51 for Cul and
Cu2, respectively [32]) (Figure 2). The analysis of polyhedra carried out in SHAPE [33]
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showed that for Cul, we cannot discriminate between trigonal bipyramid (Stgpy =3.224)
and square pyramid (Sgpy = 3.522), whereas for Cu2, trigonal bipyramid (Stgpy =1.882, Sspy
= 2.859) should be selected. Coordination spheres of both copper(ll) ions consist of two
nitrogen atoms and two oxygen atoms from the macrocyclic ring and apical chloride anion.
Both copper polyhedra share the common edge (022 — O49) with deprotonated hydroxyl
groups bridging both copper(Il) ions separated by 3.109 A. The longest bonds occurred
for apical chloride anions (2.495(3) and 2.363(2) A) (Table 1). Cu-N/O bonds ranged from
1.917(11) to 2.034(10) and from 1.923(7) to 2.069(9) A for Cul and Cu2, respectively. They
were similar to those found in the polymorph (1.916(2)-2.078(4) A) with significantly larger
cells and lower density [24]. This is the only structural report for copper complexed in
binaphthyl macrocyclic system. Mutual orientation of C1 and C11 (69.1°) as well as C28
and C38 (75.1°) naphthyl rings imposes the chirality of the complex. The Flack parameter
shows that pure enantiomer was obtained. The dihedral angle between C22a and C49a
phenyl rings was 33.1°.

0
H + NH, | CuCl, 12BN
x2H, O
OH NH Reflux N/ - ”\
C‘ ‘ CH,OH \o g ‘
07 H

R= - CH: (K1), - C(CHz)s (K2).

Figure 1. Scheme of the copper(II) complex K1 and K2 synthesis.
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Figure 3. The crystal network of K1 showed channels running along the ¢ axis. The unit cell is given

in blue box.
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C74

1
8 A &
C46 C45

Figure 4. Structure of [Cu,Cl,(L)]-H,O K2 with a numbering scheme and thermal ellipsoids at
30% probability.

Figure 5. The crystal network of K2 showing channels running along the b axis filled with water
molecules. The unit cell is given in blue box.

Table 1. Selected bond length (A) and valence angles (°) for the complex K1.

(K1)
Cu(1)-N(1) 1.917(11) Cu(2)-0(49) 2.053(8)
Cu(1)-0(22) 1.944(8) Cu(2)-N(28) 2.069(9)
Cu(1)-0(49) 1.974(6) Cu(2)-Cl(2) 2.363(2)
Cu(1)-N(20) 2.034(10)
Cu(1)-Cl(1) 2.495(3)
Cu(2)-0(22) 1.923(7)

Cu(2)-N(47) 1.954(9)
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Table 1. Cont.

(K1)
Valence angles (°)

N(1)-Cu(1)-O(22) 168.5(3) 0(49)-Cu(1)-Cl(1) 121.48(18)
N(1)-Cu(1)-0(49) 92.4(3) N(20)-Cu(1)-Cl(1) 95.0(3)
0(22)-Cu(1)-0O(49) 76.2(3) 0(22)-Cu(2)-N(47) 165.5(3)
N(1)-Cu(1)-N(20) 101.8(4) 0(22)-Cu(2)-0(49) 74.8(3)
0(22)-Cu(1)-N(20) 87.5(4) N(47)-Cu(2)-O(49) 91.0(3)
0(49)-Cu(1)-N(20) 140.3(3) 0(22)-Cu(2)-N(28) 89.3(3)
N(1)-Cu(1)-CI1(1) 92.7(2) N(47)-Cu(2)-N(28) 98.8(3)
0(22)-Cu(1)-Cl1(1) 93.2(2) 0(49)-Cu(2)-N(28) 134.7(3)

In the crystal network, there are voids accounting for 1231.5 A% (22.7% of the volume
cell) (Figure 3). The solvent density was poorly defined, and hence the bypass procedure
was performed in Olex2 [34], resulting in a much better model. Nevertheless, the interaction
model suffered from missing complex—solvent interactions. Therefore, we did not apply
the Hirshfeld approach for intermolecular interactions. We limited our description only to
complex—complex contacts. They were assured mainly by m—rand C-H ... 7tinteractions.
The pore structure was also stabilized by a C71-H71B ... Cl1[-x, 1-y, z] hydrogen bond.

2.2.2. Crystal Structure Description of [CuyCly(L)]-HoO K2

The structure of the [CuyCly(L”)]-H,0 K2 (L” = (R)-(+)-1,1’-binaphthalene-2,2'-diamine
and 4-tert-butyl-2,6-diformylphenol) complex crystallized in the chiral orthorhombic P2;2;2;
space group with all atoms in general positions and the whole molecule given by the for-
mula in the asymmetric unit. Copper(Il) cations were found in a pentacoordinated environ-
ment with geometrical indices pointing at a very significantly distorted coordination sphere
(t5 = 0.61 and 0.46 [32] for Cul and Cu2, respectively) (Figure 4). The analysis performed in
SHAPE [33] software indicated that Cul should rather be described as a trigonal bipyramid
(StepY = 1.542, Sgpy = 3.424), but for Cu2, it did not discriminate unequivocally between
the trigonal bipyramid (Stgpy 2.255) and square pyramid (Sgpy = 2.236). Both coordination
polyhedra shared the common edge due to bridging 022 and 049 oxygen atoms, with
Cul-Cu2 separation (3.090 A) being even slightly shorter than in K1. Hence, both for K1
and K2 we can expect significant magnetic interactions. The coordination spheres consisted
of two nitrogen atoms and two oxygen atoms from the macrocyclic ring and an apical
chloride anion. Cu-N bond lengths ranged from 1.951(6) to 2.077(5) A, Cu-O bonds were
from 1.903(5) to 2.045(5) A, and Cu-Cl were from 2.302(3) to 2.370(2) A (Table 2). The naph-
thyl rings were inclined by 68.1 and 77.5° for C1/C11 and C28/C38 angles, respectively,
whereas the angle between C22a and C49a moieties was 30.0°. The mutual orientation of
these systems imposed the chirality, and the Flack parameter indicated a pure enantiomer.

The packing show channels running along the b axis accounted for 461.2 A (8.3% of
the cell volume) (Figure 5). They were filled with water molecules forming C52-H52 ...
0O81[1-x, -1/2+y, 1/2-z] hydrogen bonds. However, there were still some voids (319.1 A3,
5.8%), indicating that only the O81 water molecule was well defined, whereas there was
probably disordered solvent filling those cavities. Hence, fingerprints spanned high di
and d. values (Figure 6). The wall of the cavity was formed by two complex molecules.
In the network, weak dispersion interactions (H ... H and C ... H) prevailed due to
C-H ... mand n ... 7 interactions between strongly inclined aromatic rings (Figure 6).
The interaction landscape was completed by CI ... H interactions, with chloride being
involved in intermolecular C6-H6 ... CI1[-1/2+x, 1/2-y, 1-z] and C32-H32 ... CI2[1+x,y,
z] hydrogen bonds (red spot on the Hirshfeld surface).
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Figure 6. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of
K2: Hirshfeld surface (a) and fingerprint (b) for H ... H (54.2%), Hirshfeld surface (c) and fingerprint
(d) for H... C (28.4%), Hirshfeld surface (e) and fingerprint (f) for H ... Cl (9.0%), and Hirshfeld
surface (g) and fingerprint (h) for H... O (3.6%). In brackets, there is a given surface area included
as a percentage of the total surface area.
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Table 2. Selected bond length (A) and valence angles (°) for the complex K2.

K2
Cu(1)-0(22) 1.920(5) Cu(2)-0O(49) 1.989(5)
Cu(1)-N(1) 1.953(6) Cu(2)-N(28) 2.061(6)
Cu(1)-O(49) 2.047(5) Cu(2)-Cl1(2) 2.370(3)
Cu(1)-N(20) 2.078(5)
Cu(1)-CI(1) 2.302(3)
Cu(2)-0(22) 1.900(5)
Cu(2)-N(47) 1.954(7)
Valence angles (°)
0(22)-Cu(1)-N(1) 165.2(2) 0O(49)-Cu(1)-C1(1) 115.4(2)
0(22)-Cu(1)-O(49) 751(2)  N(20)-Cu(1)-Cl(1) 113.60(19)
N(1)-Cu(1)-O(49) 90.4(2) 0(22)-Cu(2)-N(47) 165.0(3)
0(22)-Cu(1)-N(20) 87.7(2) 0(22)-Cu(2)-0O(49) 77.0(2)
N(1)-Cu(1)-N(20) 99.3(2) N(47)-Cu(2)-O(49) 89.5(3)
O(49)-Cu(1)-N(20) 1287(3)  O(22)-Cu(2)-N(28) 87.4(2)
0(22)-Cu(1)-Cl1(1) 93.74(19) N(47)-Cu(2)-N(28) 98.5(3)
N(1)-Cu(1)-CI(1) 95.4(2) 0(49)-Cu(2)-N(28) 137.4(3)

2.3. DC Magnetic Measurements, BS DFT Computations, and EPR Spectra

The xymT and M(H) curves for compounds K1 and K2 are presented in Figure 7. At
T =300 K, the xmT product for both compounds was close to 0.17 cm® K mol ™}, being a
value around five times smaller than the 0.867 cm® K mol™ expected for two uncoupled
Cu(Il) centers assuming gcy = 2.15 within the range typical for 5-coordinative Cu(II) com-
plexes. With the temperature decreasing to around 100 K, the x/T products decreased to
reach a steady value of 0.044 and 0.047 cm® K mol™! for K1 and K2, respectively. Below 10K,
both curves decreased afresh to reach values slightly above 0.040 cm® K mol ™. The shapes
of xymT were interpreted in terms of very strong magnetic exchange coupling between
the Cu(Il) centers in the Cuy;O; coordination cores through the phenoxo-bridges. The
low-temperature part of )T, visibly larger than 0, indicated the presence of paramagnetic
contribution, which was also confirmed by the M(H) curves.

) o O K2
o Ki 020 i 012{ @K 0.12 000000¢
E 0.10 0.101 2
J =-305.6610.05 cm’! 0.15 1 ‘ o
g = 2.0200.001 J=-328.45:0.16 cm’ — 0.08 0.08 o}
IMP =0.1174 g =2.18710.002 =0 .
IMP = 0.1246 =
0.101 = 006 0.06 o
o)
004{ O
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0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
T/IK TIK H1kOe H!kOe
(a) (b)

Figure 7. Magnetic properties of K1 and K2: (a) xpyT plots at Hy. = 5 kOe together with the PHI fits
and values of Jcy-cu and gcuavg; (b) M(H) plotsat T =1.8 K.
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The xmT versus T curves were fitted in the 1.8-300 K temperature range using the
latest PHI software (version 3.1.6, simplex method) [35] and the following Hamiltonian:

A= _2]Cquu (gCul'§C112) + VBHgCu,uvg(gCul'éCu2)

where only the magnetic exchange constant between Cu(Il) centers, Jcy-cy, and the average
gcu,avg factor for both Cu sites were fitted. The additional magnetic impurities, IMP,
were included, employing analytical expression for the temperature-dependent magnetic
susceptibility, assuming the mononuclear Cu?* complex with g = 2.0. The impurity value
represents the fraction of the measured sample K1 or K2, x = (1-IMP) xsampie + (IMP) x1vp-
The obtained values are presented in Table 3.

Table 3. Fitted values of Jcy.cu, §Cu,avg, and IMP contribution. The J(SUP) # was extracted from the
broken symmetry and spin-flip DFT results (for details, see SI section).

Compound K1 K2
Jeucu/cm ™1 —305.66 + 0.05 —328.45+0.16
J(SUP) 2 —337.0 —346.5
SCu,avg 2.020 + 0.001 2.187 + 0.002
IMP® /% 11.74 12.46
Residual © 6.35+107% 3.79 £10*

2 Spin-unprojected approximation. P Paramagnetic contribution represented by the option of “impurities” in PHI
software. ¢ The value of the fit quality test function embedded in PHI software.

The obtained Jcy.cy values were in line with the Cu-O-Cu angles, 101.12 and 107.28 deg
(av. 104.20 deg) for K1, and 99.92 and 107.96 deg (av. 103.94 deg) for K2 according to
archetypal magneto-structural correlation for rhombus CuyO, cores involving hydroxo-,
alkoxo-, and phenoxo-bridges [36]. Rather a minor difference of around 25 cm™ between
Jcu-cu values of K1 and K2 (according to the frames of the above correlation) might con-
veniently be interpreted in terms of minute differences in the Cu-O distances, Cu-O-Cu
angles, and torsion angles within the CuyO; cores (see crystallographic tables). These
results were further nicely supported by the broken symmetry and spin flip DFT computa-
tional data (Tables 3 and S1), wherein the J(SUP) [37] values close to —337.0 cm ™! (K1) and
—346.5 cm~! (K2) estimated according to the spin unprojected (SUP) approach, recommended
for the strong coupling regime, provided the best illustration of the Jcy.cy convergence.

The presence of paramagnetic contribution was confirmed by EPR experiments. The
powder spectra recorded for K1 and K2 at 77 K, shown in Figure S8, were characteristic for
paramagnetic Cu(Il) centers. They were successfully simulated with g, = 2.230, g, = 2.072,
gx =2.072,and A; =177 x 107* cm™! for K1 and g = 2.232, g, = 2.091, gx = 2.052, and
Az =173 x 10~% em ™! for K2. The parameters observed for the two complexes were similar
and indicated the axial N,O, coordination environment, which was far less distorted in
comparison with dinuclear units, as well as the unpaired electron occupying the molecular
orbital with strong contribution from dyo.y» [38-40]. Thus, it is suggested that the paramag-
netic contribution was due to the fractional incorporation of the monometallic complex of
the CuH[CunvacanCy]Lz or CuIICI[Cullvacancy]L(LH) composition in the crystal, represented
by the IMP contribution to the simulation of x);T(T) data. In comparison to the full model
Cu'",Cl,L, complex, such a moiety might contain one empty N,O, pocket, denoted as
[Cuyacancy]- Such a solution relies on the incorporation of around one monometallic com-
plex per eight to nine Cu'',Cl,L, moieties, and is pretty plausible, considering the fact that
topological shapes of both moieties are sufficiently similar to each other to accommodate the
resultant structural defects without the loss of the crystal stability. The above assumption
is supported by the fact that optical inspection of the crystals of K1 and K2 did not indicate
the presence of a separate phase, other than the examined crystals. Moreover, crystal
structure solution and refinement allow for the presence of some level of such defects
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without the loss or even with a minute increase in the solution and refinement quality. The
presence of paramagnetic “impurities” was previously observed in dinuclear S(* /5)-S(* /5)
Cujy systems [41-43].

The powder EPR spectra of the K1 and K2 complexes recorded at 350 K, at which
temperature the S = 1 state is highly populated, showed broad, nearly isotropic lines
centered at go¢ = 2.14 and 2.13, respectively. The peak-to-peak line widths were about
360 G for K1 and 340 G for K2 (Figure S9). The broadening of EPR spectra and lack of
the resolved g tensor anisotropy were caused by spin—spin interactions between relatively
close Cu(ll) ions arranged in dimeric units in both complexes. Because the spectra did
not undergo the resolution of the signals resulting from the resonance transition between
the spin states AMg = £1.0, neither the tensor g components nor the zero-field splitting D
parameter can be determined.

2.4. UV-VIS and Fluorescence Spectroscopy

The UV-VIS absorption and fluorescence spectra of the copper(Il) complexes were
recorded at room temperature in solvents of different polarities: chloroform (e; = 4.9),
acetone (&; = 20.6), methanol (e, = 32.7), acetonitrile (¢; = 35.9), and DMSO (¢, = 46.5) [44]
(Figure 8, Table S2). Due to the limited solubility of K1 in acetonitrile, we were unable to
record the UV-VIS spectrum in MeCN.

3
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40,000+ R = 40,0004
§ 2
2 g
£ 30,000 £ 30,0004
% £
£
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Figure 8. Absorption spectra (a) of K1 and (b) K2 complexes in solvents: chloroform (red), acetone
(blue), methanol (black), acetonitrile (green), and DMSO (purple) (3.323 x 10~® mol/dm?, RT).

In the UV-VIS spectra of the K1 and K2 complexes, bands in the range of 272-290 nm
connected with 1 — 7* transitions in the aromatic rings and the bands from the n — m*
transitions of the azomethine group between 322 and 324 nm for K1 and 322 and 328 nm
for K2 were recorded. Bands originating from m — 7* transitions in the aromatic rings
are typical for this kind of compound and were present in the ligand expected range, and
thus we do not show them in Figure 7; only the bands from the charge transfer and d-d
transitions are shown.

Band maxima related to the ligand-to-metal charge transfer transition (LMCT) were
observed in the range of 388 - 408 nm in a solvent at different polarity: methanol (388 nm),
DMSO (398 nm), acetone (402 nm), and chloroform (408 nm) for K1, and methanol (388 nm),
acetonitrile (392 nm), DMSO (394 nm), acetone (400 nm), and chloroform (404 nm) for
K2 [30]. For both compounds, the bathochromic shift of the LMCT band with a decrease in
the solvent polarity (except methanol) was noted (Figure 8, Table S2). This can be connected
with the polar character of methanol, which is a protic solvent and causes a different type
of interaction with compounds in comparison with the rest of the aprotic solvents [32,45].
Moreover, this can also originate from the distortion of the molecule geometry in the excited
state, which implies an increase in the resonance energy and bathochromic shifts.
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Additionally, in the absorption spectra, the presence of low-intensity bands at 660 nm
for K1 and 664 nm for K2 absorption bands from d-d transitions [46] only in the less polar
solvent chloroform were noted. This results from the square pyramidal or trigonal bipyra-
mid environment of the copper atoms shifted towards the apical chloride anion [23,47].
The same was observed previously for similar copper(Il) compounds [41,48].

Furthermore, the UV-VIS spectra of the compounds were also registered at room
temperature in the solid state (Figure 9). The spectra show band maxima in the range of
265-266 nm related to t — 7* transitions of the aromatic groups and between 385 and
387 nm related to n — 7* transitions of the azomethine groups. Moreover, at 468 nm and
461 nm, bands connected with the ligand-to-metal charge transfer LMCT 7 — d transitions
were observed. Above 700 nm for K1 and 720 nm for K2, bands from d-d transitions
appeared. The band maxima were shifted towards higher wavelengths by 57-80 nm
(LMCT 7 — d), 63-65 nm (n — m*c_n), and 40- 56 nm (d-d) in comparison to the solvents.
This shift is connected to the increase in the rigidity of the complexes’ structures in the solid
state in comparison to the solution. A red shift of the bands was noted in the spectra of
other copper(Il) complexes [49].

— K1
0.84 — K2

0.72

0.60

F T T 1
200 400 600 800
* [nm]

Figure 9. Solid state absorption spectra of black K1 and red K2., A—absorbance.

Emission Studies

The excitation of K1 and K2 in all solvents at 350 nm resulted in blue emission between
398 and 424 nm for K1 and 392 and 424 nm for K2 (Figure 10). Emission band maxima of
K1 and K2 exhibited bathochromic shifts with increasing solvent polarity. Moreover, the
highest fluorescence intensity in most polar solvents such as DMSO and methanol was
noted (Figure 10, Table S2). A similar situation also occurred in the case of other metal(II)
complexes [23]. When the emission spectra registered in a solution and in the solid state
were compared, it was possible to infer that the solvent destroyed the 7— interactions, and
thus the transition energy was increased in the solution, as was observed previously [50].
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Figure 10. Emission spectra of the (a) K1 and (b) K2 complexes’ solutions; Aex = 350 nm chloroform,
acetone, methanol, acetonitrile, DMSO (3.3 x 10~° mol/dm3, RT).
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2.5. Circular Dichroism
The chiral character of the studied complexes is reflected in their CD spectra (Figure 11).
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Figure 11. CD spectra of K1 and K2 in chloroform 1 x 10~* M.

The two studied complexes had similar CD spectra with the signals at 314 nm(+24)
and 365 nm(—198) for K1, and at 311 nm (+18) and 358 nm (—198) for K2. The Cotton effect
noted above 400 nm at 406(+200) and 444(—174) for K1, and at 403(+198) and 440(—180)
for K2 were connected with n — m*c_y transitions. Conversely, the bands observed at
589 nm for K1 and 584 nm for K2 from d-d transitions in Cu ions were a result of a
distorted square-pyramidal or trigonal pyramidal geometry [24,51]. The low intense band
corresponding to the d—d transitions largely exhibited the same position (=585 nm) and
even a similar intensity for both complexes. This feature can be explained by the existence
of an identical {CulN,O,Cl} chromophore. The replacement of a tert-butyl group with a
methyl group in the ring did not affect the optical activity of the complexes, which was a
consequence of the similarity of the geometry of the studied compounds [52]. Moreover, the
signs of the CD bands in the spectra of both complexes K1 and K2 were the same because
they were derivatives of the same enantiomer of diamine ((R)-(+)-1,1’-binaphthalene-2,2’-
diamine) [52,53], as was observed for a series of copper(Il) complexes with chiral tri- and
tetradentate Schiff base ligands derived from 1,1’-binaphthyl-2,2’-diamine [14].

2.6. Theoretical Calculations

The vertical absorption spectrum estimated within the wB97X-D/def2-SVP /PCM(CHCl3)
approach exhibited small intensity signals above 640 nm, corresponding to the d-d* transi-
tion forbidden by the Laporte rule (see Figure 12 and the corresponding natural transition
orbitals in Figure 13a). The band of about 480 nm involved the transition between the
metal and the ligand (the corresponding natural orbitals are presented in Figure 13b). The
signals appearing below 400 nm solely arose from the m—7" excitations in the ligand. The
shape of the spectrum was only mildly affected by the change of the substituent in the
ligand macrocyclic ring from methyl in K1 to tert-butyl in K2. The computational results
confirmed the assignment provided above on the basis of the experimental measurements
in solution.
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Figure 12. Vertical absorption spectrum for K1, K2, and K2 with one water molecule, estimated
within the wB97X-D/def2-SVP/PCM(CHClI3) approach (the sticks represent the position and the
corresponding oscillator strength for the subsequent excitations, and the curve is the fit to these data).

Figure 13. Natural transition orbitals for K1, corresponding to the most intensive transitions, esti-
mated within the wB97X-D/def2-SVP/PCM(CHCI3) approach ((a) correspond to the d-d* transition,
(b) to LMCT, and (c) to intraligand 7t7t* transition).

2.7. Thin Materials of Copper(1I) Complexes

The morphology and roughness of the thin layers were examined by SEM and AFM
techniques. To test the chemical composition of materials, the EDS analysis was recorded
(Figures 14d, 15, 16, 510 and S11). The optimal parameters of the layers (roughness, pa-
rameters, and homogeneity) were obtained in a multi-stage centrifugation spin-coated
process using particular parameters: 2500 rpm to 3000 rpm, time of coating 5 or 10 s.
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Moreover, the thermal vapor deposition method was also used as a second technique
to achieve thin materials. The two-dimensional (2D) and three-dimensional (3D) AFM
images scanned over a surface area of 1 x 1 um? are shown in Figures 14, 17 and S12. The
values of roughness parameters of materials obtained by thermal deposition were as
follows: K1/Si R, =10.7-13.1 nm and Rq = 13.2-17.1 nm, and K2/Si R, = 3.91-4.96 nm
and Rq = 4.02-6.38 nm. The roughness of the spin-coated films was similar to that ob-
tained by thermal deposition. However, the spin-coated materials were thinner than
those achieved by thermal vapor deposition. A similar situation was noted by us in
the case of the layers L1/5Si or L2/Si of the macrocyclic Schiff bases derived from o-
phenylenediamine and 2-hydroxy-5-methylisophthalaldehyde L1 or 2-hydroxy-5-tert-butyl-
1,3-benzenedicarboxaldehyde L2 [54].

1.0V 500 *
r ‘ f ‘ r i
0.0 1: Height 10.0 pm 0.0 3: Amplitude 10.0 pm 0.0 2: Phase 10.0 pm

(a) Height (b) Amplitude (c) Phase (d) EDS mapping of K1/Si

20 04k Wi 25.0 e +*

Figure 14. AFM of K2 material, spin-coating, 3000 rpm, 10 s, chloroform scan size 10 pm, height
(thickness) 7 nm, and EDS mapping of K1/5i.

K 33_500x_map
MAG: 500 x HV: 20.0 KY WD: 25.0 mm

Figure 15. SEM of K1/Si thermal deposition. (a) K1/Si; (b) EDS; and (c) mapping of K1/Si.
Magn 500 .

TGRA

(b)

Figure 16. SEM of K2/Si thermal deposition. (a) K1/Si; (b) EDS; and (c) mapping of K1/Si.
Magn 500x.
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Figure 17. AFM of K2/Si, thermal deposition, scan size 10 um, R, = 4.02 nm, Rq = 5.36 nm.

The values of the roughness parameters for thin materials obtained by both spin-
coating and by thermal vapor deposition indicate the achievement of smooth, thin films
of copper(Il) complexes. Moreover, SEM/EDS analysis showed the presence of carbon,
nitrogen, oxygen, and copper in the layer (Figures S10 and S11). SEM/EDS, together with
mapping analysis, confirmed the composition of the new materials.

The new films obtained by thermal vapor deposition were also characterized by IR
DRIFT (Figure S13). The analysis of the IR DRIFT data showed the presence of the charac-
teristic for the Schiff base peaks between 1653 and 1647 cm ™! from stretching frequencies
of the azomethine group, and bands from stretching vibrations of aromatic rings vc=car
in the region 1568-1485 cm ! were registered. The above-described bands confirmed the
presence of the deposited compounds in the obtained materials.

Fluorescence Properties of the Materials

The fluorescence properties of the thin materials were also studied. The height (thick-
ness) of the spin-coated materials was less than half that of thermally deposited films (70 nm
K1/Si and 24 nm K2/5i), which influenced the emission properties of the composites. The
spin-coated K1/Si materials did not exhibit fluorescence. Conversely, in the case of K2/5i
film (Figure 18), the high intensity of the emission bands (Aex = 320 nm) was observed.

The thin thermally deposited materials showed fluorescence in the range of 318-531 nm
for K1/Si and 326-472 nm for the K2 material, Aex = 250 nm. Furthermore, the emission
bands were broad and split into three components (Figure 19, Table S3). The highest inten-
sity of the emission bands for the smooth, thin layer with the equally distributed complexes
on the Si surface was noted (Figures 18 and 19). The bathochromic shift of the emission
bands of the films in comparison to the solutions was noted. Red shifting of emission max-
ima was observed for most fluorescent compounds in the solid state, probably due to 7—7t
stacking of the aromatic rings in the molecules [49,54]. An influence of molecular packing
in the solid phase on the optical properties can therefore be concluded. This can arise from
a different pathway of non-radiative transitions. It can be related to the reduction of the
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ligand conformational flexibility in the complex. This reduction results from the restraints
imposed by the substrate surface. Layers obtained by thermal deposition methods are
intended to be used as optical materials.
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Figure 18. Emission spectra of the K2 material, Aex = 320 nm, spin coating.
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Figure 19. Emission spectra of K1/Si and K2/Si thermal deposition.
2.8. XAS Analysis

The normalized spectra of K1 and K2 were very similar due to the structural similarity
of copper coordination spheres in both complexes. Those spectra showed two features for
L3 and another two for the L, edge (Figure 20, Table 4). In the case of the L3 edge, they
occurred at 931.0 and 934.8 eV for K1 and 931.0 and 934.7 eV for K2, and the L, features
were shifted by around 20 eV towards higher energies. Those values were common for
Cu(Il) compounds [55-57]. According to the theory, the intensity of Lz peaks was around
twofold stronger than in the case of L), and only one peak related to 2p—3d transitions
was expected [58-60]. However, additional features are very often observed due to 2p—4s
transitions [61-63]. Those additional peaks are usually around 25 times weaker due to the
smaller cross-section for such X-ray absorption. DeBeer George et al. showed for copper
dimers with macrocyclic thiolate ligands and copper ions separated by around 2.9 A that
the L energy pattern depends on the effective nuclear charge the ligand field splitting and
also possible metal-metal bonding [64]. Muziot et al. suggested also that a more complex
pattern of the L edge might result from strongly distorted coordination spheres [56]. In
the reported structures, we observed such a deformation (see Section 2.2), and the Cu-Cu
distance was around 3.1 A. Hence, we observed much weaker signals following the main
features of the Lz and L, edges.
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Figure 20. Normalized XANES spectra of copper L, 3-edge with peaks corresponding to 2p®3d® —
2p°3d'0. The signal for K1 was shifted by 2 to separate both spectra.

Table 4. Summary of spectral features of the Cu absorption at the L-edges (peak energies and intensities).

Energy of Maximum L3-Edge (eV) Energy of Maximum L,-Edge (eV)
Compound (L;-Edge Intensity) (L,-Edge Intensity)
K1 931.0 (4.17) 951.0 (1.46)
934.8 (0.33) 954.5 (0.65)
K2 931.0 (4.47) 950.9 (1.51)
934.7 (0.35) 954.5 (0.68)

3. Materials and Methods

2-Hydroxy-5-methylisophthalaldehyde (97%), 2-hydroxy-5-tert-butyl-1,3-benzenedi-
carboxaldehyde (97%), (R)-(+)-1,1’-binaphthyl-2,2’-diamine (99%), and trimethylamine
(99.5%) were purchased from Aldrich (Warsaw, Poland), and used without further purifica-
tion. Copper(Il) chloride dihydrate (analytical grade) was supplied by POCh Gliwice, Poland.

3.1. Methods and Instrumentation

UV-VIS absorption spectra were recorded in chloroform, acetone, DMSO, acetonitrile,
and methanol (3.323 x 10~® M) solutions on a Hitachi spectrophotometer. The fluorescence
spectra were recorded on a spectrofluorometer GildenpAotonics 700 (Dublin, Ireland) in
the range 900-200 nm (grating 1, bandpass 5 and 8, integration time 100 ms, chloroform,
acetone, DMSO, acetonitrile, and methanol solution of compounds the same as in the case
of the UV-VIS studies or silicon slides). The elemental analysis was carried out using a
Vario EL III Elemental analyzer. The thermal analysis (TG, DTG, DTA) was performed on
an SDT 2960 TA analyzer under air, a heating rate of 10 °C min~!, and a heating range
of up to 1000 °C and a Jupiter STA 449 F5 thermoanalyzer from Netzsch (Selb, Germany)
with an automatic sample feeder coupled to a Vertex 70V FT-IR spectrometer from Bruker
Optik (Ettlingen, Germany). After combustion, the residue of the sample was analyzed by
an XRD analysis performed with a Philips X'Pert equipped with an X'Celerator Scientific
detector. The IR spectra were recorded on the Bruker instrument using the ATR technique
in the range of 704000 cm~!. Circular dichroism spectra were recorded with a Jasco J-815
spectropolarimeter (Jasco Inc.) in the range of 310-700 nm wavelengths. The solution of K1
and K2 complexes (=1 x 10~* M) was prepared by dissolving it in a CHCl; solution.

3.1.1. Spin Coating

Layers of the complexes were deposited on Si(111) wafers (10 nm x 10 mm) that were
~500 nm thick using the spin coating technique. Precursors were dissolved in chloroform
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and deposited on Si using a spin coater (Laurell 650 SZ). The spin speed varied from 2500
to 3000 rpm, and the coating time was 5 or 10 s.

3.1.2. Thermal Vapor Deposition

The thin layer of K1 and K2 was deposited on n-type silicon substrate. The orientation
of the silicon substrate was (100) with electrical resistivity (p) equal to 6.2 x 1073 Q) cm.
The silicon wafer was first degreased in acetone, ethanol, and finally in deionized water
using an ultrasonic bath. On the front side (polished side) of the silicon wafer, a K1 and K2
layers of 24-70 nm thickness were deposited in a vacuum (p =2 x 10~* Pa) by a thermal
evaporation method, with an evaporation rate of 0.2 nm/s, without heating of the substrate.

The morphology and composition of the obtained films were analyzed with a scanning
electron microscope (SEM; LEO Electron Microscopy Ltd, Cambridge, UK), the 21430 VP
model equipped with secondary electrons (SE) detectors, and an energy-dispersive X-ray
spectrometer (EDX) Quantax with an XFlash 4010 detector (Bruker AXS microanalysis
GmbH, Berlin, Germany). The atomic force microscopy (AFM) images were performed in
the tapping mode with a Multi Mode Nano Scope Illa (Veeco Digital Instrument, SB, US)
microscope. The structure of the produced layers was estimated using diffuse reflectance in-
frared Fourier transform spectroscopy (DRIFT, Spectrum 2000, PerkinElmer Inc., Waltham,
MA, USA). The absorption spectra of the solid samples K1 and K2 were recorded on the
Jasco V-750 spectrophotometer in the 200-800 nm (bandwidth 1.0 nm, data interval 0.2 nm).

3.2. Crystal Structure Determination

The diffraction data of the studied compounds were collected for the single crystal
at 100 K using an XtaLAB Synergy Dualflex equipped with a HyPix detector and CuK
source (A = 1.54184 A) for K1 and on BL14.2 beamline (Helmholtz Zentrum Berlin, Bessy II)
operating at A = 0.7999 A for K2. For K1, the full process of the data reduction was
performed in CrysAlis Pro [65], whereas for K2, the data reduction and space group
determination were performed with xdsapp [66,67], and then CrysAlis Pro was used for
final data reduction. For K2, the absorption correction was introduced by the diffabs
method implemented into WinGx [68]. The structure was solved by the direct methods
and refined with the full-matrix least-squares procedure on F?> (SHELXL-2018/1) [69]. All
heavy atoms were refined with anisotropic displacement parameters. Hydrogen atoms
were located at calculated positions with thermal displacement parameters fixed to a value
of 20% or 50% higher than those of the corresponding carbon atoms. It should be noted
that for K1, the bypass procedure implemented into Olex2 [34] was applied due to poorly
defined density in the solvent region of the porous complex. It resulted in significant
amelioration of the final model. However, the whole interaction model suffered from
missing solvent-complex and solvent-solvent interactions. In K2, the O81 water molecule
was refined with partial occupancy (0.5), and the O21 molecule was located very close to
the inversion center. In the final model of K2, there were missing hydrogen atoms from the
081 water molecule. The stable refinement was achieved with ISOR and DELU restraints
for the positionally disordered C(61)H3z methyl group in K1 and for (ISOR) for C62, C64,
and C74 atoms from tert-butyl groups of K2. All figures were prepared in DIAMOND [70]
and ORTEP-3 [71]. The results of the data collection and refinement are summarized in
Table 5.

3.3. SQUID Measurements

Magnetic measurements were investigated using a Quantum Design MPMS 3 SQUID
magnetometer. For the measurements, powdered compounds K1 and K2 were sealed in two
foil bags. The dc magnetic susceptibilities were measured in the 300-1.8K temperature range
with an applied field of 5 kOe. The measurements were carried out in sweep mode with a
scan rate of 2 K min~!. The magnetization curves were measured in the 0-70 kOe range with
dc field stabilization. Magnetic data were corrected for the diamagnetic contribution of the
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plastic bags and sample by empirical and Pascal’s constants, respectively [72]. Moreover,
the TIP contribution of 5.9 x 10~> ecm® mol~! for Cu(II) metal ion was applied.

Table 5. Crystal data and structure refinement for K1 and K2.

Identification Code K1 K2
Empirical formula Csg Hzg Cly Cup Ny Op Cgs Hsp Cly Cup Ny O3
Formula weight 1020.90 1123.07
Temperature (K) 100(2) 100(2)
Wavelength A) 1.54184 0.7999
Crystal system, space group Orthorhombic, P2;2;2 Orthorhombic, P21212

Unit cell dimensions (A) and (°)

a=106153(3) =90
b=223313(15) p=90
c=229053(11) v =90

a=10922(2) «=90
b=19.4484) B =90
c=26041(5) y=90

Volume (A%) 5429.8(5) 5531.4(19)
7, Calculated density (Mg~m’3) 4,1.249 4,1.349
Absorption coefficient (mm™) 2.207 1.262
F(000) 2088 2302
Crystal size (mm?) 0.150 x 0.050 x 0.030 0.170 x 0.070 x 0.070
Theta range for data collection (°) 2.764 to 68.243 1.471 to 28.430
-10<h<12 -12<h<12
Limiting indices -26<k<26 —-23<k<23
—27<1<27 -30<1<30
Reflections collected /unique 36173/9932 (R(int) = 0.0997) 61117/9714 (R(int) = 0.0538)
Completeness to theta = 29.732° (%) 99.8 99.5
Max. and min. transmission 1.000 and 0.672 0.8864 and 0.2903
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F?
Data/restraints/parameters 9932/13/617 9714/18/679
Goodness-of-fit on F? 0.979 1.068
Final R indices (I > 2sigma(I)) R1 = 0.0795, wR2 = 0.1930 R1 =0.0581, wR2 = 0.1449
R indices (all data) R1=0.1161, wR2 = 0.2166 R1=0.0664, wR2 = 0.1501
Largest diff. peak and hole (eA) 1.420 and —0.434 0.602 and —0.481

CCDC 2233358 and 2233362 contain the supplementary crystallographic data for K1 and K2. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif (accessed on 29 December 2022).

3.4. EPR Measurements

EPR experiments were carried out for powder samples using a Bruker Elexsys E500
spectrometer operating at ~9.6 GHz (X-band) frequency. The spectrometer was equipped
with an NMR teslameter and a frequency counter. The temperature was controlled by using
a finger-Dewar for measurements at 77 K and a Bruker ER 4131VT variable temperature
accessory for 350 K. We set the amplitude and frequency of the modulating field to 10 G
and 100 kHz, respectively, and we set the microwave power to 20 mW. The EPR spectra
were simulated using EasySpin 5.2.35 [73,74].

3.5. Theoretical Calculations

The full geometry optimization of K1 and K2 was performed within the wB97X-
D/def2-SVP approach in a vacuum for magnetic coupling analysis and in the PCM model of
chloroform for photophysical properties, starting from the crystal structure. The character
of the stationary points was confirmed with the harmonic vibration analysis. Vertical
absorption was investigated within the same approach, and ECD spectra were depicted for
the analyzed enantiomers. The corresponding natural transition orbitals were examined in
order to determine the character of the most intensive transitions. All these calculations
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were carried out with the Gaussian16 program [75]. The magnetic coupling parameters
of the complexes were estimated within the broken symmetry approach and spin-flip
formalism in B3LYP functional, according to the recommendations of Neese et al. [76] for
the gas phase optimized geometry of both complexes. Moreover, the moderate-size def2-
SVP basis set was applied for these calculations for the light atoms, as it has been proven
to provide a good cost-to-quality balance for large systems containing copper atoms, and
the basis set for copper was extended to the def2-QZVPP one [76]. Moreover, the spin-flip
formalism was also employed with the same functional and basis set, for comparison. The
magnetic coupling constants ] were estimated according to spin-unprojected (SUP) scheme
proposed by Ruiz for the strong coupling regime [37,77]. The corresponding calculations
are based on the total spin-coupling Hamiltonian of the form -2J(Cu;-Cuz)Scy1Scy2, where
J(Cu;-Cuyp) is the exchange coupling constant between the two copper atoms with total spins
Scu1 and Scyp, individually. Additionally, the spin-projected scheme and approximated
spin-projected scheme were also applied for comparison, and the corresponding data are
presented in the Supporting Information. All the magnetic coupling constant calculations
were carried out with the Orca program package [78].

3.6. XAS

X-ray absorption spectra were recorded at the National Synchrotron Radiation Centre
SOLARIS at the bending magnet PIRX beamline equipped with a collimated Plane Grating
Monochromator for a copper L2,3-edge (910-1040 eV). The sample was finely ground and
attached to double-sided adhesive conductive graphite tape. The measurements were
performed with the step size of 0.25 eV for the pre-edge region, 0.15 eV for the edge regions,
and 0.5 eV for the high energy part. The data sets were collected at room temperature in an
ultra-high vacuum (UHV) using total electron yield mode (TEY). The data were processed
using the ATHENA program from the Demeter package [79].

4. Experimental
Synthesis of Complexes
K1

A total of 0.5 mmol of 2-hydroxy-5-methylisophthalaldehyde, 0.5 mmol of (R)-(+)-
1,1’-binaphthalene-2,2’-diamine, 0.5 mmol of copper(II) chloride dihydrate, and excess of
triethylamine were dissolved in 80 cm? of methanol. The synthesis was carried out under
reflux for 1 hour. The product was dried under air, and single brown crystals were received.
(yield: 94%). m. p. > 350 °C. CsgH35ClpCuyN4Orx4 HyO (calc./found %): C 63.73/64.08,
N 5.12/5.16.

Selected FT-IR (data reflectance, crystal) (em™1), 3053, 3039, 2951, 2921 Vc_piar, 1616 Veon,
1540, 1502, 1467vc=car, 1319 vpp.o (Figure S1).

K2

A total of 0.5 mmol of 4-tert-butyl-2,6-diformylphenol, 0.5 mmol of (R)-(+)-1,1"-bina-
phthalene-2,2’-diamine, 0.5 mmol of copper(Il) chloride dihydrate, and excess of triethy-
lamine were dissolved in 80 cm® of methanol. The synthesis was carried out under reflux
for 1 hour. The product was dried under air, and single brown crystals were crystalized in
slow evaporation using a mixture of acetonitrile/chloroform and determined by crystal
analysis. (yield: 90%). m. p. > 350 °C. Cg4Hs5,Cl,CupN4 O3 (cale./found %): C 68.44/68.69,
N 4.99/5.12.

Selected FT-IR (data reflectance, crystal) (em™1), 3050, 3040, 2952, 2865 V_tiar, 1675 Voo,
1581, 1502, 1466vc=car, 1322 vpy.o (Figure S2).

5. Conclusions

The research presented herein describes the synthesis of two new macrocyclic din-
uclear copper(Il) complexes, with N4O, donor atoms. The Cu(Il) complexes K1 and K2
were prepared by the template reaction of (R)-(+)-1,1'-binaphthalene-2,2’-diamine and
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2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde K1, or 4-tert-butyl-2,6-diformylphenol
K2 with copper(Il) chloride dihydrate. The X-ray data show that copper(ll) cations are in
a heavily distorted pentacoordinated environment. The coordination spheres consist of
two nitrogen atoms and two oxygen atoms from the macrocyclic ring and apical chloride
anion. In the case of K1, the voids accounting for 1231.5 A3 (22.7% of the volume cell) were
noted, whereas for K2, channels running along the b axis accounted for 461.2 A3 (8.3% of
the cell volume) filled with water molecules forming C52-H52 ... O81[1-x, -1/2+y, 1/2-z]
hydrogen bonds existed. The magnetic studies showed very strong antiferromagnetic
Cull-cll exchange interactions represented by Jcy.cy = —305.66 £ 0.05 cm ! for K1 and
Jeucu = —328.45 £ 0.16 cm ! for K2, which were nicely correlated with structural data and
confirmed by the broken symmetry DFT calculations. The EPR spectra of the complexes K1
and K2 showed broad, nearly isotropic lines centered at ge¢s = 2.14 and 2.13, respectively.
The broadening of EPR spectra and lack of the resolved g tensor anisotropy were caused
by spin—spin interactions between relatively close Cu(Il) ions arranged in dimeric units in
both complexes. The compliance between experimental and theoretical results validated
the developed calculation method, which will be used to design new binuclear copper(Il)
complexes. The obtained complexes exhibited emission in the various polarity solvents
and in the solid state. The blue emission between 398 and 424 nm for K1 and 392 and 424
nm for K2 in a solvent at different polarities was observed. The bathochromic shift with
increasing solvent polarity for K2 was also observed. The highly ordered materials were
obtained by spin-coating and thermal vapor methods, exhibiting fluorescence in the range
of 318-531 nm for K1/5i and 326472 nm for the K2/5i material, Aex = 250 nm (thermally
deposited films). The emission bands were broad and split into three components. The
bathochromic shift of the fluorescence bands of films in comparison to that of the solution
was noted. This can result from molecular packing in the solid state being different to
that in the solution. The fluorescence emission of the layers makes these films potentially
suitable for application in light-emitting devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24033017/s1.
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New dinuclear macrocyclic copper(Il) complexes as
potentially fluorescent and magnetic materials
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Table S3. Fluorescence data of the thin materials K1/Si and K2/Si obtained by thermal vapour

deposition.
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Figure S1. IR spectrum of K1.
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Figure S2. IR spectrum of K2.
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Figure 4. a) TG-DTA traces of K1 and b) IR spectra decomposition product
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Figure S5. a) TG-DTA traces of K2 and b) IR spectra decomposition products.
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Figure S7. XRD of the thermal analysis residue of K2.
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Table S1. The theoretical values of the J(Cui-Cuz) magnetic coupling constants [cm™!], estimated within
the broken-symmetry and spin-flip approach with B3LYP functional and def2-SVP/def2-QZVPP(Cu)
basis set according to the three schemes: spin-projected (SP), spin-unprojected (SUP) and approximate

spin-projected (AP).

K1 K2

Broken Symmetry/B3LY P/def2-SVP+def2-QZVPP for Cu

E(High-Spin)-E(BrokenSym) 673.941 (antiferromagnetic) 693.172 (antiferromagnetic)
J(SP) -673.94 -693.17

J(SUP) -336.97 -346.59

J(AP) -632.18 -649.28

Spin-Flip/B3LYP/def2-SVP+def2-QZVPP for Cu
E(High-Spin)-E(BrokenSym) |674.353 (antiferromagnetic) |693.295 (antiferromagnetic)

J(SP) -674.35 -693.29
J(SUP) -337.18 -346.65
J(AP) -632.58 -649.42

cps/eV.
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Figure S10. SEM/EDX images of K1 maping scanning size 300 um.
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Figure S12. AFM of K1/Si, thermal deposition, scan size 5 pm, Ra=4.02 nm, Rq=5.36 nm.
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Table S2. Relevant photophysical data of studied compounds: éem, éex [nm] Bp=8; A[nm] (& [dm3 mol! cm™ ]); Stoke shift [nm], [cm™]; Q Bp=5.

Fluoresc. .
Comp. Solvent Aes Aem Intensity Alnm] (e [dm?® mol* cm*]) A Q Stoke shift
[nm] [nm] a1 [nm] [em™1]
acetone 409 1688725 402 (39628) 0,128 0,027 7 1428571
methanol 412 1151660 388 (43963); 324 (46440) sh; 274 (104025)  0,142; 0,150; 0,336 0,013 24 416667
K1 chloroform 350 398 201250 408 (37461); 324 (40248) sh; 272 (114861)  0,121; 0,130; 0,371  0,0019 10 1000000
660 (13313) 0,043
DMSO 424 3021975 398 (44582); 290 (130960) sh 0,144; 0,423 0,017 26 384615
acetone 408 1315030 400 (40867) 0,132 0,035 8 1250000
methanol 420 438415 388 (49845); 326 (50774) sh; 274 (123220)  0,161; 0,164; 0,398 0,011 32 312500
chloroform 392 260640 404 (43344); 328 (42724) sh; 272 (124458)  0,140; 0,138; 0,402 0,003 12 833333
K2 350 664 (12384) 0,040
DMSO 424 1934125 394 (45201) 0,146 0,021 30 333333




Table S3. Fluorescence data of the thin materials K1/Si and K2/5i — thermal vapour deposition.

Comp. Aex[nm] Aem [Nm] Fluoresc. Intensity a. u.

250 318 11715

390 13580

531 7320

K2 320 386 27980
481 15870

575 5050

686 9145

250 326 367045

377 271315

472 68955

K1 300 376 414115
472 89570

320 372 518885

474 107320
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e The 3 + 3 optically active macrocyclic
Schiff bases were synthesized.
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Molecular Beam Epitaxy (MBE).
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yellow-green region.
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ABSTRACT

3 + 3 optically active macrocyclic Schiff bases were synthesized in the reaction between 4-tert-butyl-2,6-diformylphenol with (1R,2R)-(+)-1,2-diphenylethylene-
diamine (S1) or (1S,25)-(—)-1,2-diphenylethylenediamine (S1a). The new compounds were spectroscopically characterised by NMR, IR, X-ray (S1a), UV-Vis and
fluorescence spectroscopy. The S1a molecule creates channels with distances between oxygen atoms ranging from 5.8-6.3 A and sufficiently large to host acetonitrile
molecule. Both compounds exhibit green-yellow emission in solution and solid state. Thin layers of the S1 compound obtained via Molecular Beam Epitaxy (MBE)
were characterised by scanning electron microscopy with energy-dispersive X-ray spectroscopy SEM/EDS and atomic force microscopy (AFM). The optical properties
of the S1/Si thin material were analysed using spectroscopic ellipsometry (SE), fluorescence spectroscopy and synchrotron radiation (SR). The time constant for the
decay investigated under SR, denoted by 71, was determined to be approximately 1.02 ns, suggesting a fast deactivation process of the excited electronic state in the
$1/Si material. The ellipsometric analysis of the S1/Si layer showed semiconducting behaviour with pronounced absorption features in the UV range, attributed to =
— n* and n — ©* transitions, characteristic of Schiff bases. The band-gap energy, determined using the Tauc method, is 3.46 & 0.01 eV. These analyses highlight the
material’s potential in applications requiring precise control of optical properties. In the emission spectrum of S1a, a significant emission peak of approximately 561
nm indicates the presence of a prominent emissive process within this wavelength. The S1a compound is emissive in the yellow-green region of the spectrum and has
a longer decay time, which suggests that it can be used in sensing optical technologies.
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D. Jankowska et al.
1. Introduction

The increasing need for high-speed microelectronics and optoelec-
tronics has instigated considerable interest among scientists in designing
semiconductor devices. In advanced functional materials, developing
new luminescent compounds is of great importance for their potential
use in various applications ranging from optoelectronics to bioimaging.
[1-5] Thin films offer a conducive platform for manipulating and
observing luminescent properties. There are several ways to obtain thin
materials, such as wet techniques: spin and dip coating, chemical vapour
deposition, Langmuir Blodgett, thermal vapour deposition or Molecular
Beam Epitaxy (MBE) [5]. Each of these methods has its advantages and
disadvantages. Wet methods, for instance, require good solubility of the
deposited compounds in the used solvent, which is difficult to achieve
for some. There is no need to deal with these inconveniencies in thermal
vapour deposition or the Molecular Beam Epitaxy method. Molecular
Beam Epitaxy (MBE) is known for its precision; MBE facilitates the
deposition of atomically thin and uniform layers [6]. This method’s
application is crucial in achieving the desired structural fidelity and
homogeneity, essential for the material’s functionality in high-precision
fields. [7] Such meticulous control over the layer thickness and unifor-
mity underscores the material’s potential in advanced technological
applications, particularly in microelectronics and photonics, where
nanoscale layer accuracy is imperative. The utility of films depends on
the electronic properties, surface morphology and structural quality.
Luminescent macrocycles play a crucial role in many practical applica-
tions due to their ability to act as light-emitting units. [8,9] They are
widely used in organic light-emitting diodes (OLEDs) [10-12] as active
layers in photovoltaic cells [13] and as probes in biological systems. The
versatility of these compounds is mainly due to their tunable electric
properties, which can be tailored to the specific requirements of various
applications. [14] Macrocyclic Schiff bases are used in biochemistry,
supramolecular chemistry, [15] materials science [16], molecular
recognition [15], and catalysis [16-18]. The multi-donor macrocyclic
Schiff bases combine the chemical, electronic and optical properties
with those of their organic materials. So, even the subtle changes in the
electronic or structural properties of the Schiff bases can result in
obtaining a new group of interesting compounds, which can be used as
new functional materials with applicable mechanical, thermal, chemical
and optoelectronic properties. Moreover, the multi-donor macrocyclic
Schiff bases give compounds of various structures. This is significant in
coordination chemistry, as they can influence the structural, magnetic,
or optical properties of the obtained complexes. [15,16,19-21] The
Schiff bases can exhibit emission dependence on the Schiff bases’
chemical structure like it was observed in the case of ligand obtained
from (1R,2R)-cyclohexane diamine and functionalized 4,4-biphenyl
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dialdehydes. These compounds exhibited fluorescence in the 369-470
nm range after excitation between 245-263 nm in various solvents. [8].

The new optically active macrocyclic compounds that can be used in
designing semiconductor devices or optoelectronics are still looking for.

This work shows studies introducing novel optically active macro-
cyclic ligands, exemplified by its unique architecture that integrates
azomethine bridges into a (3 + 3) macrocyclic framework. The ligands
represent a new class of phosphorescent compounds that exhibit unusual
optical properties due to a conjugated n-electron system. The research
presented in this paper not only brings new luminescent macrocyclic
ligands to the field of material science but also highlights the crucial role
of thin films in the practical application of these luminescent materials.
The findings indicate that S1 and Sla have potential as promising
candidates for future luminescence applications due to their tunable
properties and beneficial effects observed in thin-film form.

2. Results and discussion
2.1. Macrocyclic (3 + 3) RR ligand: Synthesis and Characterization

Synthesis reactions in a 1:1 M ratio resulted in macrocyclic (3 + 3)
ligand formation. (Fig. 1) The IR spectra exhibited the —C = N-
stretching bands, characteristic of the Schiff bases, bands occurred in the
range 1639-1640 and 1600 cm~! for S1 and Sla. [22,23] (Figs. S1, S5)
The elemental analysis confirmed the purity of the obtained compound.

2.2. Crystal structure description

S1la crystallises in the monoclinic, 12 space group with one molecule
in the asymmetric unit, all atoms in general positions. There are six
chiral carbon atoms C(1), C(8), C(27), C(34), C(53), C(60), and Hoof
parameter (0.05) confirms that the sample is enantiomerically pure. In
this Schiff base, nine donor atoms occur: six nitrogen atoms and three
oxygen atoms NgOs. The macrocycle resulting from 3 + 3 synthesis is
huge and consists of 27 carbon and nitrogen atoms. (Fig. 2) (Table S1).

The conformation of the Schiff base is stabilized by five O(17)-H(17)
...N(8), 0(43)-H(43)...N(41), 0O(69)-H(69)...N(67), C(52)-H(52)...0
(43), C(78)-H(78)...0(69) intramolecular hydrogen bonds.

In packing along the b axis, we observe layers composed of tightly
packed macrocycles. (Fig. 3) It should be noted that the description of
the interactions pattern given below is incomplete because of the bypass
procedure applied for the solvent region unstable in the refinement. The
voids between Schiff molecules account for 1034.8 A2 (13.7 %) of the
volume cell. The molecule creates channels with distances between
oxygen atoms ranging from 5.8-6.3 A and sufficiently large to host
acetonitrile molecule.

CHj
CHj
OH Nlm.... Q
N
OH HO.
H3C CHj
N N
=z S
CHj
CH, HyC

®

Fig. 1. Scheme of the synthesis of the macrocyclic (3 + 3) ligand S1. Similarly, the S1a was synthesised.
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Fig. 2. Structure of S1a with one molecule in the asymmetric unit. The names
of nitrogen and oxygen atoms are given.

Because of the bypass procedure, only intramolecular hydrogen
bonds were detected, and intermolecular contacts were limited to Schiff
base — Schiff base interactions. Due to many aromatic rings, the crystal
network is maintained by intermolecular =...n interactions between
mainly lateral phenyl rings, which are not involved in the macrocycle
formation. In the cavity of the Schiff base, the acetonitrile molecule was
identified as forming C(82)-H(82A)...w, C(82)-H(82B)...n, C(82)-H(82C)
...m interactions with surrounding C(17), C(43) and C(69) pheny! rings.
Hence, in the layer, tightly packed molecules form mainly weak
interactions.

Fig. 3. Packing of Sla along b axis.
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2.3. Uv-vis and fluorescence spectroscopy

The UV-Vis and fluorescence spectra of the compounds were recor-
ded at room temperature in chloroform (Fig. 4, Table S2). The UV-Vis
spectra of the S1 and S1a macrocyclic (3 + 3) ligands exhibited typical
for the Schiff bases band between 345 and 346 nm connected with the &
— 7* transitions of the azomethine group. A similar observation was
noted in the case of 27-membered triphenolic Schiff base macrocycles
derived from (1R,2R) or (1S,25)-cyclohexane-1,2-diamine and 2,6-
diformyl-4-substituted phenols (R = Cl or CHs). [24] The band related to
the intra-ligand transitions, which was registered at 451 nm [24].
(Table S2). Studies of the ligand’s fluorescence properties in the solution
showed that the excitations at 330 nm, 350 nm, 370 nm and 400 nm lead
to the emission bands in the 540-549 nm range related to intra-ligand
transitions. However, when excitation was set at Aexy = 350 nm, the
stronger intensity of the emission band was registered. (Fig. 4, S8,
Table S2). The yellow-green emission was also noted for the compounds
derived from (1R,2R)(—)cyclohexanediamine and 2,6-diformyl-4-
substituted phenols (R = Cl or CHg). [24].

The emission spectra of the ligands registered in the solid state
showed the emission bands from intra-ligand transitions in the 550-557
nm range after excitation at Aex = 330 nm, 350 nm, 370 nm or 400 nm.
The observed bathochromic shift of the emission bands in the solid state
compared to the solution connected with the higher rigidity of the
molecule was registered. (Fig. 4, Table S3).

2.4. Thin material of macrocyclic (3 + 3) ligand

The thin materials were obtained in two ways: by spin coating and by
thermal vapour deposition. The thin film’s morphology, surface
roughness and composition of the material obtained by the spin coating
method were investigated using SEM?EDS and AFM techniques.
(Figs. S9-510). The results of these measurements showed the presence
of very thin, homogenous layers with roughness parameters R, = 3.78
nm, Ry = 7.05 nm. The materials were too thin for further investigation.

2.4.1. Thermal vapour deposition method

The two-dimensional (2D) and three-dimensional (3D) AFM images
scanned over a surface area of 1 x 1 um? are shown in Figs. 5-6. The
root-mean-square (RMS) parameters were calculated from the AFM
images. The AFM images of the films indicate thin, amorphous, ho-
mogenous layers of compounds deposited on the silicon surfaces with
roughness parameters R, = 1.16 nm and Ry = 1.52 nm. Moreover, SEM/
EDS analysis showed the presence of carbon, nitrogen and oxygen in the
layer. (Fig. 6) SEM/EDS, together with mapping analysis, confirmed the
composition of the material.

2.5. Luminescent properties of S1/Si film — thermal vapour deposition
method

The photoluminescence spectra of a thin S1/Si film (1) and (2), with
two emission profiles, correspond to 320 nm and 350 nm excitation
wavelengths, respectively. Both curves peak in a close energy range,
suggesting a minor influence of the excitation wavelength on the
emission energy, which implies a narrow electronic band gap. The
spectral overlap showed that the electronic transitions responsible for
emission are similar for both excitation energies. Moreover, the slight
difference in peak intensity and their width could be attributed to the
variation in the absorption coefficient at different excitation wave-
lengths. The above facts point to the homogeneity of the films received
and the homogeneity of the electronic environment within the material
[25]. (Fig. 7).

The excitation spectrum of S1/Si film exhibited two emission peaks
at 541 nm and 545 nm (Fig. 8).

The emission peak at E;, = 541 nm shows a sharper and higher in-
tensity, indicating a stronger excitation response at this energy level. In
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Fig. 4. (a) Solution absorption spectra; (b) solution emission spectra of S1 macrocyclic (3 + 3) ligand Aex = 330 nm, Aey = 350 nm, Aey = 370 nm (chloroform, 9.09 x
107 mol/dm?®, RT); (c) solid-state emission spectra of ligand Aey = 330 nm, Aey = 350 nm.

contrast, the peak at E;, = 545 nm is broader and less intense, which is
connected with a less efficient excitation process or a broader distribu-
tion of excitable states at this wavelength. The occurrence of distinct
peaks points to the existence of discrete energy levels within the mate-
rial that can be excited. The difference in peak shapes and intensities
show the material’s photophysical properties, which might be influ-
enced by molecular structure, film thickness, and crystallinity. These
characteristics are crucial for understanding the material’s electronic
transitions and optimizing its application in devices such as light-
emitting diodes or laser sources [26,27].

The decay profile of S1/Si film, recorded at an emission wavelength
of 540 nm following excitation at 340 nm, displays a non-single-
exponential decay characteristic of phosphorescence or delayed fluo-
rescence (Fig. 9). This suggests the presence of multiple emissive states
or intricate energy transfer processes within the material. Notably, two
distinct decay times are observed: a rapid decay component t; of 1.22
ns, likely associated with the direct relaxation of the excited state, and a
slower decay component 75 of 19.38 ns. The latter may indicate addi-
tional energy transfer mechanisms or intersystem crossings contributing
to the overall decay kinetics. The coexistence of these two-time con-
stants underscores the complexity of the relaxation dynamics and the
heterogeneity of the luminescent studied system. [26].

2.6. Luminescence of S1/Si film under synchrotron radiation

The luminescence properties of the $1/Si film were probed utilising
synchrotron radiation (SR) as an excitation source, characterized by
pulse durations of 0.126 ns and a broad energy spectrum ranging from
3.8 to 13 eV. The photoluminescence responses of the film were evalu-
ated at a cryogenic temperature of 10 K, which facilitated the assessment
of thermal effects on the material’s electronic transitions and lumines-
cence behaviour.

The luminescence spectrum of S1/Si film under SR excitation
(Fig. 10) exhibits a pronounced peak at 2.33 eV, indicative of the elec-
tronic transitions within the S1/Si layer. The low-temperature envi-
ronment reduces thermal broadening effects, allowing for a more precise
determination of the energy levels involved in luminescence. This nar-
row peak suggests a well-defined electronic transition, likely corre-
sponding to the film’s specific molecular or crystalline feature [28,29].

Whereas, in the emission spectrum of Sla powder (Fig. 11), a sig-
nificant emission peak at approximately 2.21 eV indicates the presence
of a prominent emissive process within this wavelength. This contrasts
with the S1 material, which exhibited emission peaks in the 541-545 nm
range. The Sla emission in the yellow-green region of the spectrum
suggests potential applications in displays and sensors where emission
within this spectral region is requisite.

A pronounced peak at 6.31 eV in the SR excitation spectra of the S1/
Si layer (Fig. 12) marks the excitation energy for luminescence,
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Fig. 5. AFM of S1/tvd, scan size 5 pm, height (thickness)10.5 nm, R, = 1.16 nm, Rq = 1.52 nm.
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Fig. 7. S1/Si film emission spectra at 300 K under excitation at 320 nm (1) and
350 nm (2).

corresponding to an emission (E,) wavelength of 520 nm (2.38 eV). This
observation is pivotal in pinpointing the energy levels involved in
electronic transitions that lead to luminescence [30].

At the excitation profile of S1a (Fig. 13), a notable response peak at
7.51 eV appeared. This peak shows that the S1a has a high excitation
efficiency at this shorter wavelength. Compared to S1, which demon-
strated emission peaks within a longer wavelength range, S1a exhibits

. : -
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Fig. 8. The excitation spectra of luminescence of S1/Si film.

significantly different excitation characteristics that could be harnessed
for applications requiring deep ultraviolet excitation.

To further elucidate the photophysical properties of the S1/Si layer,
the luminescence decay kinetics under synchrotron radiation (SR)
excitation were investigated. The decay profile, characterised by the
time-resolved luminescence intensity, is depicted in the accompanying
graphical representation (Fig. 14). The luminescence intensity, plotted
as a function of time in nanoseconds (ns), exhibits a pronounced peak



D. Jankowska et al.

1 4 T T T T T E

. 014 4
3
&
."? 0.01 5 E
w E
c
2
k= 1,=19.38ns

0.001 E

1E-4 . T T . T

0 50 100 150 200
Time (ns)

Fig. 9. The luminescence decay kinetics of the S1/Si film at 300 K under
excitation at 340 nm and registration of emission at 540 nm.
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Fig. 10. The luminescence spectra of the S1/Si film under SR excitation at
10 K.

indicative of an immediate and intense emission following SR excitation.
This is connected with a rapid decay, with a significant reduction in
intensity. The time constant for the decay, denoted by t;, was deter-
mined to be approximately 1.02 ns, suggesting a fast deactivation pro-
cess of the excited electronic state in the S1/Si material. Such rapid
luminescence decay kinetics indicate efficient non-radiative deactiva-
tion pathways within the material, which may be attributed to the
intrinsic properties of the S1/Si layer or the interactions at the molecular
level within the thin film structure.

The characteristic lifetime (t) of S1a equalled 2.24 ns (Fig. 15). This
is a longer decay time than S1's material lifetime of approximately 1.02
ns. The prolonged decay period suggests that Sla is a more suitable
candidate for applications with desirable sustained excited state dura-
tion, such as real-time luminescent sensing technologies.

Distinct emissive and excitation properties are observed upon
comparing the S1a compound to the S1 material. For S1a, the shift to a
higher emission maximum in the yellow-green spectral region and
different ultraviolet absorption characteristics may contribute to novel
technological applications. Furthermore, the extended luminescence
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Fig. 11. The photoluminescence profile of S1a with intensity as a function of
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Fig. 12. The excitation spectra of luminescence of 113 nm thick S1/Si film
under SR excitation.

decay time for S1a indicates potential suitability for technologies where
prolonged emission is crucial.

2.7. Spectroscopic ellipsometry results of the thin materials

The complex refractive index n = n —ik of the S1 layer, where n is the
real part of n and k is the extinction coefficient, as well as thickness of the
organic and the surface rough layers have been determined based on the
spectroscopic ellipsometry measurements using a five medium optical
model of a sample (from bottom to top): Si / native SiOy / S1 layer /
surface rough layer / ambient. Optical constants of the substrate (Si and
Si0y) were taken from the database of optical constants [31]. The
complex refractive index of the S1 layer was parameterized using the
sum of Gaussian oscillators. [31,32]

A’ = o+ »_Gauss(A;, Ej, Bry) )
J
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Fig. 14. The luminescence decay kinetics of the S1/Si layer under
SR excitation.

where ¢, is a high-frequency dielectric constant and Aj, E;, and Br;
are the amplitude, energy and broadening of the j-th Gaussian oscillator.
The surface roughness was parameterised using the Bruggeman Effective
Model Approximation [31,32]. The model parameters were adjusted to
minimise the mean squared error (Xz), which is defined as [31,32]

d exp 2 d o 2
X2 — 1 Z lp]"m) — \PJ + A;'m — AJ &)
N-P 5 Oyj O pj

In Eq.(2) N is the total number of data points and P is the number of
fitted model parameters. Quantities ‘P}""d, v, A}'.""dandA;xp are experi-

mental (the quantities with superscript “exp”) and calculated (the
quantities with superscript “mod”) ellipsometric azimuths and oy; and
0, are standard deviations of ¥ and A angles.

Measured ¥ and A ellipsometric azimuths with model fits are pre-
sented in Fig. 16(a). The X2 value was calculated to be 2.76. The
determined thickness of the S1/Si layer is 113.0 + 0.1 nm, while that for
the surface roughness — 3.1 + 0.2 nm. The optical constants (n and k) of
the S1/Si film presented in Fig. 16(c) exhibit semiconducting behaviour.
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Fig. 15. The luminescence decay kinetics of Sla.

In the IR spectral range, the refractive index (n) decreases from
1.65@500 nm to 1.59@2000 nm (n exhibits the normal dispersion
relation in this spectral range), while the extinction coefficient (k) is
equal to 0. The pronounced absorption features are visible in the UV
spectral range (see Fig. 16(c) and (d)). To determine the band gap en-
ergy (Eg) of the Tauc method was used [33] (see the inset in Fig. 16(d)).
To obtain the value of Eg the quantity (ahz/)l/ ™ should be plotted as a
function of hv, according the following relation [33]:

(ahv) = B(hv — E)" 3)

The exponent m in Eq.(3) depends on the type of transition and is equal
tom = 1/2, 3/2, 2 or 3 for the direct allowed transition, the direct
forbidden transition, the indirect allowed transition and the indirect
forbidden transition, respectively. The direct allowed transition is sug-
gested by the absorption coefficient value at the level of 10° ecm ™! [34].
Therefore, in this investigation, the value of m was set to %. The Tauc
plot for the obtained film is shown in Fig. 16(d). The band-gap energy is
3.46 + 0.01 eV (358 + 1 nm). The absorption bands in the spectral
range 300-340 nm (see Fig. 16(c) and (d)) are related to the n — n*
transitions of the azomethine group (characteristic for the Schiff bases
[35]), while those observed for wavelengths below 300 nm are associ-
ated with the n — n* transitions.

The weak (but non-zero) absorption observed in the extinction co-
efficient (Fig. 16(c)) and absorption spectra (Fig. 16(d)) for the wave-
lengths from 360 nm to 500 nm (longer wavelengths than the
corresponding Eg value) can be explained as intra-ligand transitions.
Considering this fact, the band-gap energy (E,) value should be recog-
nized as a value above which a significant absorption coefficient
increases.

3. Experimental

4-tert-butyl-2,6-diformylphenol (97 %), (1R,2R)-(+)-1,2-diphenyle-
thylenediamine (97 %), were purchased from Sigma-Aldrich, (1S,2S)-
(—)-1,2-diphenylethylenediamine (99.95 %) was purchased from
AmBeed and used without further purification.

3.1. Methods and Instrumentation

UV-Vis absorption spectra were recorded in chloroform (9.09 x 10
M) solutions on a Hitachi spectrophotometer. The fluorescence spectra
were recorded on a spectrofluorometer Gildenpiotonics 700 in the range



D. Jankowska et al.

a
(@) 100, , _—
80:
® | J
-
® 60, /
g /
° { Model Fit |
£ 40 i { N\ Exp E 65°
> | r S Exp E 70°

r i\ -/ S Exp E 75°
20, t T

0 500 1000 1500 2000
Wavelength (nm)
(c)
220, S— ) . 15
c2.10 |
= | 412
§200f |
[$]
81.90| 0.9
4
+ 1.80 Z 0.6
> {
@170
2 | 103
1.601-
1.50L n 1 0.0
500 1000 1500 2000

Wavelength (nm)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 326 (2025) 125229

(b)
300~ ‘ -
200} f i
/
8 100 | ~ — 4
o Vo — - i
o / /
g O f (| / Model Fit |
€ = ExpE65°
< -100 ! ExpET70" |
Exp E 75°
-200 {
-300L . 1 1 J
0 500 1000 1500 2000
Wavelength (nm)
(d)
€100_ - - - T + - - ~
L L 5 -
T &80 - ‘ : 4
a8 = | : I
g §60 3 /
35 3§ -
2 Suo | -2
& 840 | 2
3 O !
5 |
2 = 20 L | o E2=3 46+-0.01 8V
By g 2 ) “ 5 6
x w I E (eV)
200 I .
0 500 1000 1500 2000

Wavelength (nm)

Fig. 16. Experimental and calculated (a) ¥ and (b) A ellipsometric azimuths for the S1 sample. (b) The refractive index (n), (c) the extinction coefficient (k) and (d)

the absorption coefficient of the S1/Si layer (inset: the Tauc plot).

Fig. 17. The structural formula of S1 ligand with numbering scheme.

900-200 nm (grating 1, bandpass 5 and 8, integration time 100 ms,
chloroform solution of compounds the same as in the case of the UV-Vis
studies or silicon slides). The elemental analysis was carried out using a
Vario EL III Elemental analyzer. The IR spectra were recorded on the
Bruker instrument using the ATR technique in the 70-4000 cm ™" range.

3.2. Spin coating method

Layers of the compound S1 were deposited on Si(111) wafers (10 nm
x 10 mm) using the spin coating technique. Precursors were dissolved in

chloroform deposited on Si using a spin coater (Laurell 650 SZ). The spin
speed varied from 3000 rpm, and the coating time was 10 s, 10 times.

3.3. Thermal vapor deposition

The thin macrocyclic 3 + 3 Schiff base layer was deposited on an n-
type silicon substrate. The orientation of the silicon substrate was (100)
with electrical resistivity (p) equal to 6.2 x 10> Qcm. The silicon wafer
was first degreased in acetone, ethanol, and finally in deionised water
using an ultrasonic bath. On the front side (polished side) of the silicon
wafer, an S1 layer of 50 nm thickness was deposited in a vacuum (p = 2
x 10~* Pa) by a thermal evaporation method, with an evaporation rate
of 0.2 nm/s, without heating of the substrate.

3.4. Spectroscopic ellipsometry

The ellipsometric azimuths ¥ and A were recorded using the V-VASE
device from J.A.Woollam Co., Inc. (Lincoln, NE, USA). The measure-
ments were performed in the spectral range from 0.6 eV (2070 nm) to
6.5 eV (190 nm) for three angles of incidence (65°, 70° and 75°).

3.5. Luminescent measurement of S1/Si film obtained by thermal vapour
deposition method

Photoluminescence (PL) investigations were conducted using spec-
troscopic equipment. The measurements were conducted using an
Edinburgh Instruments FS5 spectrophotometer equipped with a 150 W
continuous Xenon lamp. This was complemented by an array of pulsed
light sources, including lasers and LEDs operating at 260, 340, and 380
nm wavelengths. These diverse light sources enabled us to extensively
probe the UV-Vis PL emission and excitation spectra and measure the PL
decay kinetics at a constant temperature of 300 K.

Furthermore, the PL emission and excitation spectra, along with the
PL decay kinetics, were examined at 10 K. These low and room
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temperature measurements were facilitated by the use of a pulsed syn-
chrotron radiation (SR) source, determined by a pulse duration of 0.16
ns and an energy range spanning 3.8-13 eV. These SR-based experi-
ments were carried out at the Superlumi station, a facility within the
HASYLAB at DESY in Hamburg, Germany [36].

An ARC monochromator was employed with a Hamamatsu R6358P
photomultiplier to acquire the emission spectra, ensuring high precision
and reliability in spectral recording. Additionally, the PL decay dy-
namics under SR excitation were meticulously measured over a time
gate ranging from O to 200 ns, with the measurements being conducted
at 10 K. This approach allowed for a detailed temporal resolution of PL
decay, providing valuable insights into the photophysical properties of
the materials under study [37].

3.6. Luminescence studies of S1/Si film obtained under synchrotron
radiation

The luminescence properties of the S1/Si film, with a measured
thickness of 113 nm, were probed utilising synchrotron radiation (SR) as
an excitation source, characterised by pulse durations of 0.126 ns and a
broad energy spectrum ranging from 3.8 to 13 eV. The photo-
luminescence responses were evaluated at cryogenic (10 K) tempera-
ture, enabling an assessment of thermal effects on the material’s
electronic transitions and luminescence behaviour [28].

3.7. Crystallography

The diffraction data of S1a was collected for the single crystal at 100
K on Rigaku XtaLAB Synergy (Dualflex) diffractometer with HyPix de-
tector with monochromated CuKa X-ray source (A = 1.54184 A). The
data reduction and absorption correction were performed with CrysAlis
Pro. [37].

The direct methods solved the structure and refined with a full-
matrix least-squares procedure on F2 (SHELXL-2018/1 [38]). All
heavy atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were located at calculated positions with thermal
displacement parameters fixed to a value of 20 % or 50 % higher than
the corresponding carbon atoms. Hydrogen atoms from the hydroxyl
group were located from electron density. They were refined with
thermal displacement parameters fixed to a value of 50 % higher than
the corresponding oxygen atoms. The refinement process became un-
stable due to the disordered solvent region. Hence, we decided to apply
the bypass procedure implemented in Olex2 [39], significantly
improving the refinement process. All solvent density was erased except
the acetonitrile molecule located in the central cavity. All figures were
prepared in DIAMOND [40]. The results of the data collection and
refinement have been summarized in Table S1.

CCDC 2,345,712 contains the supplementary crystallographic data
for Sla. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/data re
quest/cif.

3.8. Synthetic procedures

$1 macrocyclic ligand 3 + 3.

0.1032 g (0.0005 mol) of 4-tert-butyl-2,6-diformylphenol was added
to 0.1063 g (0.0005 mol) of (1R,2R)-(+)-1,2-diphenylethylenediamine
dissolved in 80 cm® of methanol. The synthesis was carried out under
reflux for 2 h, the product was filtered off and dried under air, a yellow
precipitate was received, and the synthesis yield was 90 %. The melting
point of the obtained product was 290-295 °C. CygH7gNgOs3 (calc./found
%): C% 81.64/81.85, N% 7.32/7.64, H% 6.85/6.17. (Fig. 17).

A single colourless crystal of compound S1 was obtained by using a
mixture of solvents chloroform/acetonitrile. Unfortunately, the lattice
parameter of the monocrystal was very weak. Therefore it was carried
out an analogue procedure to obtain the (1S,2S) enantiomer of
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compound Sla. Monocrystal is of much better quality and was hence
presented in this work.

Selected FT-IR (data reflectance, crystal) (em™1) 3028 Von, 2950,
2867 VC-HAr» 1639, 1600 VC=N, 1453 VC=CHA, 1391, 1363, 1315 VC=CAr>s
1286 ve.NHA, 1257 vph.o. (Fig. S1) UV-vis (chloroform, 9.09 x 10~% mol/
dm®): 4/nm 346 (¢/dm® mol™! cm™! 34077), 451 (4650) (Table S2).

'H [ppm] (chloroform-d;): 1.25 (s, 27H) —C(CHj3)s, 4.74-4.82 (dd,
6H, J = 8.67 Hz; J = 46,2 Hz) CH-CH; 7.10-7.21 (m, 33H) Ar-H; 8.06 (d,
3H, J = 2.12 Hz) Ar-H; 8.46 (s, 3H) CH = N, 8.90 (s, 3H) CH = N, 13.87
(s, 3H) —OH (Figs. 52-54).

13C [ppm] (chloroform-d;): 31.39 (C1), 33.95 (C2), 81.22 (C8),
82.51 (C15), 118.66 (C5), 122.89 (C10, C14), 126.65 (C17), 126.95
(C21), 127.21 (C4), 127.85 (C13), 127.91 (C20), 128.17 (C11), 128.21
(C18), 131.03 (C12), 140.18 (C19), 140.53 (C16, C9), 141.06 (C3),
156.83 (C7), 159.00 (C6), 165.26 (C22) (Figs. S2-54).

S1a Selected FT-IR (data reflectance, crystal) (cm™1) 3028 vop, 2951,
2867 VC-HAr> 1640, 1600 VC=N> 1466 VC=CHA» 1391 VC=CAr> 1363 VC-NHA»
1315 vpp.o. (Fig. S5) UV-vis (chloroform, 9.09 x 10°° mol/dm3): A/nm
345 (¢/dm® mol ! em~! 26362). (Table S2).

B?i [ppm] (chloroform-d;): 1.25 (s, 27H) —-C(CHgs)s, 4.75-4.83 (dd,
6H, J = 9.22 Hz; J = 47.0 Hz) CH-CH; 7.10-7.22 (m, 33H) Ar-H; 8.06 (s,
3H) Ar-H; 8.47 (s, 3H) CH = N, 8.91 (s, 3H) CH = N, 13.87 (s, 3H) -OH
(Figs. S6-S7).

13¢C [ppm] (chloroform-d;): 31.37 (C1), 33.95 (C2), 81.23 (C8),
82.52 (C15), 118.66 (C5), 122.89 (C10, C14), 126.65 (C17), 126.95
(C21), 127.21 (C4), 127.86 (C13), 127.91 (C20), 128.17 (C11), 128.21
(C18), 131.04 (C12), 140.20 (C19), 140.53 (C16, C9), 141.07 (C3),
156.84 (C7), 159.00 (C6), 165.28 (C22) (Figs. S6-S7).

4. Conclusions

This article presents a comprehensive study on newly synthesised
macrocyclic Schiff base material S1, obtained via Molecular Beam
Epitaxy (MBE). Moreover, preliminary research on the macrocyclic S1a
compound is also included. X-ray analysis of S1a showed that the Sla
molecule creates channels with distances between oxygen atoms ranging
from 5.8-6.3 A and sufficiently large to host acetonitrile molecule. New
material obtained by the thermal vapour deposition method resulted in
thin, homogenous films exhibiting optical properties. Spectroscopic
ellipsometry results showed that the S1 material exhibits semi-
conducting behaviour with pronounced absorption features in the UV
range, attributed to © — n* and n — ©* transitions, characteristic of Schiff
bases. The band-gap energy, determined using the Tauc method, is 3.46
=+ 0.01 eV. This analysis highlights the material’s potential in applica-
tions requiring precise control of optical properties. The fluorescence
emission spectrum of S1/Si film, characterised by peaks between 518
nm and 528 nm under excitation wavelengths of 320 nm to 400 nm,
aligns with the material’s electronic transitions. Notably, the hyp-
sochromic shift, observed as blue-shifted emission peaks, suggests a
more constrained electronic environment in the vapour-deposited film
than its solution and solid-state forms. This shift is likely due to
increased molecular framework stiffness, affecting energy release upon
relaxation from the excited state. For the S1a compound, the shift of the
emission maximum to a higher yellow-green spectral region and
different ultraviolet absorption characteristics, along with the extended
luminescence decay time for the S1a compound, were noted. This in-
dicates that S1a may offer alternative and potentially more favourable
properties for specific applications than S1, which is significant in
designing optoelectronic and photonic devices that require tailored
optical and photophysical properties.
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Figure S8. (a) Solution absorption spectra; (b) solution emission spectra of S1a macrocyclic (3+3)
ligand Aex=350 NM, Aex=370nM, Aex=400 nm (chloroform, 9.09 x 10°° mol/dm?, RT); (c) solid-state
emission spectra of ligand Aex=350 nm, Aex=370nm, Aex=400 nm.

Figure S9. AFM of S1, Si; 3000 rpm, 10s x 10, scan size 10 pm, height (thickness) 53.1 nm R.=3.78

nm, Rg=7.05 nm.
Figure S10. SEM of S1 a) S1, 2000 rpm 10s x10 b) EDS mapping of S1, 3000 rpm 10s x10, scan size 100 pm.

Table S1. Crystal data and structure refinement for Sla
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121982
26'206C
€€°0662

£5'820€

T

1500

500

1000

2000

Wavenumber cm-1

2500

3000

3500

04.01.2022

01/04/22

S19

D:\DOKTORAT\publiiikacje Do Zrobienia !N\S19 i S23\S19\S19.0

Page 1/1

Figure S1. IR spectrum of S1.
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Figure S2. 'H NMR spectrum of S1. (700 MHZ, CDCls)
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Figure S5. IR spectrum of Sla.
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Figure S6. 'H NMR spectrum of Sla. (700 MHZ, CDCls)
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Figure S7. 3C NMR spectrum of Sla. (700 MHZ, CDCls)

Table S1 . Crystal data and structure refinement for Sla.

31.37

Identification code

Sla

Empirical formula

Formula weight

Temperature [K]
Wavelength [A]

Crystal system, space group

Unit cell dimensions [A] and [°]

Volume [A%]

Z, Calculated density [Mg-m—]
Absorption coefficient [mm™]
F(000)

Crystal size [mm?]

Theta range for data collection [°]

Cgo Hs1 N7 O3

1188.51
100.15 K

1.54184

Monoclinic, 12
a=18.6011(3) a=90°
b =18.8670(2) B = 107.092(2)°

€ =22.5526(3) A=90°
7565.20(19)

4,1.044

0.495

2536

0.12 x 0.08 x 0.03
2.717 to 70.064




Limiting indices

Reflections collected/unique
Completeness to theta = 29.732° [%]

Max. and min. transmission

Refinement method

Data/restraints/parameters
Goodness-of-fit on F2

Final R Indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole [eA 9]

-22<=h<=20

-22<=k<=22

-26<=1<=27

99.9

1.000 and 0.62048

14300/1/824

1.063

R1=10.0783, wR2 = 0.1915

R1 =0.0818, wR2 = 0.1961

0.518 and -0.355

54604, 14300 [R(int) = 0.0957]

Full-matrix least-squares on F?

Table S2. Relevant photophysical data of studied compounds, (fem, Aex nm, A[nm] (¢ [dm® mol* cm™1). Bp=8

Aex Aem Fluorescence A[nm] (e [dm®
Compound Solvent [nm [nm]  Intensity a. u. mol™ cm™]) A ¢

330 548 677559 0.31

S1

Chloroform 350 549 1199826 SOCHTD g0az O

370 545 987276 451 (4650)
350 544 969346

Sla chloroform 370 540 798149 345 (26362) 0.239 9.09x10°
400 541 79237

Table S3. Relevant photophysical data of studied compounds, solid state. Bp=8

Compound

Dex [nm]

Aem [nm]

Fluorescence Intensity a. u.




330 557 245518

S1
350 556 318681
350 552 1375361
Sla 370 551 1668017
400 550 1534991
Sla 350nm
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Figure S8. (a) Solution absorption spectra; (b) solution emission spectra of Sla macrocyclic (3+3) ligand
Xex=350NM, Aex=370nM, Aex=400nm (chloroform, 9.09 x 107° mol/dm?, RT); (c) solid-state emission spectra of
ligand Aex=350nm, Aex=370nm, Aex=400nm.

Table S4. Relevant photophysical data of studied compound, S1-tvd material . Bp=8

Compound hex [NM] hem [NM]
Fluorescence Intensity a. u.




320 525 999422

330 526 940428
S1 tvd material

350 528 882128

400 518 565645

Spin coating method

The morphology and the surface roughness of the thin films were investigated using SEM AFM techniques. EDS
analyses were conducted for all the samples to study the chemical composition of the films. The optimum
parameters of the layers (roughness, thickness, and homogeneity) were obtained in the multistage spin coating
process at the spin speed of 3000 rpm, time of coating 10s x 10 for S1.

1
0.0 1: Height 10.0 pm 2: Phase 10.0 |lm 3: Amplitude 10.0 |lm

Figure S9. AFM of S1, Si; 3000 rpm, 10s x 10, scan size 10 pm, height (thickness) 53.1, R,=3.78 hm, R,=7.05
nm

Figure S10. SEM of S1 a) S1, 2000 rpm 10s x10 b) EDS mapping of Sl 3000 rpmlOs x10, scan
size 100 pm.
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Niniejszym oSwiadczam, ze w pracy

6 Dominika Jankowska*, Tadeusz M. Muziof, Monika Pokladko-Kowar, Ewa Gondek, Pawet
Popielarski, Magdalena Barwiolek*, New benzimidazole ligands as Materials for Electroluminescent

Applications, wystane do recenzji

Méj udzial polegal na:
- Wspottworzeniu merytorycznej koncepcji badan;
- Syntezie dwoch benzimidazolowych ligandéw wraz z otrzymaniem monokrysztatéw odpowiednich

do pomiarow dyfraktometrycznych;
- Charakterystyce strukturalnej otrzymanych zwigzkow: IR, 'H NMR, *C NMR, analiza elementarna,

temperatura topnienia,

-Przygotowanie opisu krystalograficznego ligandow wraz z rysunkami (wspolnie z dr. Tadeuszem

Muziotem);
- Charakterystyce fizykochemicznej otrzymanych zwigzkow: analiza UV-Vis i fluorescencja,

w rozpuszczalnikach o réznej polarnoci, w roztworze i w ciele statym;
- Opracowaniu warunkow depozycji cienkich warstw za pomocg metody powlekania wirowego (spin

coating);
- Charakterystyce cienkich warstw za pomocg metod mikroskopowych: AFM oraz SEM-EDS;

- Wykonaniu badan i charakterystyce fluorescencji otrzymanych cienkich warstw zwigzkow;,

- Pisaniu i redagowaniu rekopisu.



Niniejszym o$wiadczam, ze w pracy

7 Dominika Jankowska, Tadeusz M. Muziot, Debleena Mandal, Anna Kaczmarek-Kedziera, Iryna
Tepliakova, Roman Viter, Magdalena Barwiolek*, ZnO-benzimidazole composite for selective
detection of Zn** and Mg** ions, wystane do recenzji

Moéj udzial polegal na:

- Wspottworzeniu merytorycznej koncepcji badan;

- Syntezie liganda benzimidazolowego wraz z otrzymaniem monokrysztaléw odpowiednich
do pomiaréw dyfraktometrycznych;

- Charakterystyce strukturalnej otrzymanego zwigzku: IR, 'H NMR, *C NMR, analiza elementarna,
temperatura topnienia;

-Wykonanie oraz interpretacja analizy powierzchni Hirshflelda monokrysztatow;

- Charakterystyce fizykochemicznej otrzymanych zwiazkow: analiza UV-Vis i fluorescencja,
w rozpuszczalnikach o réznej polarnosci, w roztworze i w ciele statym;

- Opracowaniu warunkow depozycji cienkich warstw za pomoca metody powlekania wirowego (spin
coating);

- Charakterystyce cienkich warstw za pomoca metod mikroskopowych: AFM oraz SEM-EDS;

- Wykonaniu badan i charakterystyce fluorescencji otrzymanych cienkich warstw zwigzkow;

- Przygotowaniu kompozytéw ZnO-L1 oraz wykonaniu analiz optycznych;

- Pisaniu i redagowaniu rekopisu.

ol Jorbonles,

(podpis)




Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Tomii, dnia f2 ~os- 2025

Dr hab. Magdalena Barwiolek, prof. UMK

......................................................................

(tytul, stopien, imi¢ i nazwisko kandydata/wspélautora)

Szkota Doktorska Nauk Scistych i Przyrodniczych AST
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu

ul. Gagarina 7

87-100 Torun

......................................................................

(Jednostka zatrudniajaca kandydat/wspétautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy

1 Magdalena Barwiolek*, Dominika Jankowska, Mateusz Chorobinski, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Stawomir Wojtulewski, Tadeusz M. Muziol, New dinuclear zinc(Il) complexes with
Schiff bases obtained from o-phenylenediamine and their application as fluorescent materials in spin
coating deposition, RSC Adv. 2021, 11, 24515; doi:10.1039/d1ra03096¢

MGo6j udzial polegal na:

- Wspoltworzeniu merytorycznej koncepeji badan;
- Konceptualizacji i opisie uzyskanych wynikow;
- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu rgkopisu.

Niniejszym o$§wiadczam, ze w pracy

2 Magdalena Barwiolek*, Dominika Jankowska*, Anna Kaczmarek-Kedziera, Stawomir
Woijtulewski, Lukasz Skowronski, Tomasz Rerek, Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their
Materials Obtained  from  o-Phenylenediamine,  Molecules 2022, 27, 7396;
https://doi.org/10.3390/molecules27217396




Moj udzial polegal na:

- Wspéttworzeniu merytorycznej koncepcji badan;
- Konceptualizacji i opisie uzyskanych wynikow;
- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu rekopisu.

Niniejszym os$wiadczam, ze w pracy

3 Magdalena Barwiotek*, Dominika J ankowska, Anna Kaczmarek-Kedziera, Tadeusz M. Muziol,
Optical properties of the p-alkylated 2,6-bis(benzimidazol)phenoles obtained from o-

phenylenediamine and their sensitive behavior towards zinc(Il) ions, Polyhedron 2022, 224, 116004;
doi.org/10.1016/j.poly.2022.116004

M6j udzial polegal na:

- Wspoéttworzeniu merytorycznej koncepcji badan;
- Konceptualizacji i opisie uzyskanych wynikows;
- Analizie formalnej oraz nadzorze;

- Pozyskaniu funduszy;

- Pisaniu i redagowaniu r¢kopisu.

Niniejszym oswiadczam, ze w pracy

4 Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Lakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawel Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziot, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Moj udzial polegal na:

- Wspéttworzeniu merytorycznej koncepcji badan;
- Konceptualizacji i opisie uzyskanych wynikow;
- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu r¢kopisu.

Niniejszym oswiadczam, Ze w pracy

5§ Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziot, Lukasz Skowronski, Tomasz Rerek,
Pawel Popielarski*, Magdalena Barwiolek™, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.5aa.2024.125229




Moj udzial polegal na:

- Wspottworzeniu merytorycznej koncepcji badan;
- Konceptualizacji i opisie uzyskanych wynikow;
- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu rekopisu.
Niniejszym oSwiadczam, ze w pracy

6 Dominika Jankowska*, Tadeusz M. Muziol, Monika Pokladko-Kowar, Ewa Gondek, Pawel

Popielarski, Magdalena Barwiolek*, New benzimidazole ligands as Materials for Electroluminescent
Applications, wystane do recenzji

M0o6j udzial polegal na:

- Wspottworzeniu merytorycznej koncepcji badan;
- Konceptualizacji i opisie uzyskanych wynikow;
- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu rekopisu.

Niniejszym oswiadczam, ze w pracy

7 Dominika Jankowska, Tadeusz M. Muziol, Debleena Mandal, Anna Kaczmarek-Kedziera, Iryna
Tepliakova, Roman Viter, Magdalena Barwiolek*, ZnO-benzimidazole composite for selective
detection of Zn** and Mg*" ions, wystane do recenzji

Méj udzial polegal na:

- Wspéttworzeniu merytorycznej koncepeji badan;

- Konceptualizacji i opisie uzyskanych wynikow;

- Analizie formalnej oraz nadzorze;

- Pisaniu i redagowaniu re¢kopisu.

CR

(podpis)



Zatgeznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

24.08. 2005

Tord, dnia. .25 2 T ne T v

Dr Tadeusz Muziot

......................................................................

Wydzial Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7

87-100 Torun

......................................................................

(jednostka zatrudniajaca kandydat/wspotautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy

1 Magdalena Barwiotek*, Dominika J ankowska, Mateusz Chorobinski, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Stawomir Wojtulewski, Tadeusz M. Muziol, New dinuclear zinc(Il) complexes with
Schiff bases obtained from o-phenylenediamine and their application as fluorescent materials in spin
coating deposition, RSC Adv. 2021, 11, 24515; doi:10.1039/d1ra03096e

Méj udzial polegal na:

- Opracowaniu warunkéw i pomiarach dyfrakcji rentgenowskiej monokrysztatow;
- Okresleniu struktury dwéch makrocyklicznych kompleksow cynku(Il);

- Przeprowadzeniu analizy powierzchni Hirshfelda otrzymanych zwiazkow;

- Dyskusji uzyskanych danych krystalograficznych;

- Redagowaniu manuskryptu.

Niniejszym o$wiadczam, ze w pracy

2 Magdalena Barwiotek*, Dominika Jankowska*, Anna Kaczmarek-Kedziera, Stawomir
Wojtulewski, Lukasz Skowronski, Tomasz Rerek, Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their




Materials ~ Obtained  from  o0-Phen ylenediamine, ~ Molecules 2022, 27,  7396;
https://doi.org/10.3390/molecules27217396

Méj udzial polegal na:

- Opracowaniu warunkéw i pomiarach dyfrakcji rentgenowskiej monokrysztatow;

- Okreslenie struktury dwéch makrocyklicznych ligandéw (zasad Schiffa);

- Przeprowadzeniu analizy powierzchni Hirshfelda otrzymanych zwigzkéw (wspodlnie z
Dominika Jankowska);

- Dyskusji uzyskanych danych krystalograficznych;

- Redagowaniu manuskryptu.

Niniejszym o$wiadczam, ze w pracy

3  Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Tadeusz M. Muziol,
Optical  properties of the p-alkylated 2,6-bis(benzimidazol)phenoles obtained Sfrom o-
phenylenediamine and their sensitive behavior towards zinc(Il) ions, Polyhedron 2022, 224, 116004;
doi.org/10.1016/j.poly.2022.116004

Méj udzial polegal na:

- Opracowaniu warunkéw i pomiarach dyfrakeji rentgenowskiej monokrysztatow:
- Okreslenie trzech struktur ligandéw benzimidazolowych;

- Dyskusji uzyskanych danych krystalograficznych;

- Przeprowadzeniu analizy powierzchni Hirshfelda otrzymanych zwigzkéw;

- Redagowaniu manuskryptu.

Niniejszym o$wiadczam, ze w pracy

4  Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Lakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziol, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

M0oj udzial polegal na:

- Opracowaniu warunkéw i pomiarach dyfrakeji rentgenowskiej monokrysztatéw;
- Okreslenie struktur dwéch makrocyklicznych kompleksow miedzi(II);

- Przeprowadzeniu analizy powierzchni Hirshfelda otrzymanych zwigzkow;

- Dyskusji uzyskanych danych krystalograficznych;

- Redagowaniu manuskryptu.

Niniejszym oSwiadczam, ze w pracy



S Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziol, Lukasz Skowronski, Tomasz Rerek,
Pawet Popielarski*, Magdalena Barwiolek®, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.saa.2024.125229

- Opracowaniu warunkéw i pomiarach dyfrakcji rentgenowskiej monokrysztatéw;
- Okreslenie struktury makrocyklicznego liganda (3+3);
- Dyskusji uzyskanych danych krystalograficznych (wspolnie z Dominikg Jankowska);

- Redagowaniu manuskryptu.

Niniejszym o$wiadczam, ze w pracy

6 Dominika Jankowska*, Tadeusz M. Muziol, Monika Pokladko-Kowar, Ewa Gondek, Pawel
Popielarski, Magdalena Barwiotek*, New benzimidazole ligands as Materials for Electroluminescent
Applications, wystane do recenzji

Moj udzial polegal na:

- Opracowaniu warunkow i pomiarach dyfrakcji rentgenowskiej monokrysztatlow;

- Okreslenie struktury dwoch ligandéw benzimidazolowych;

- Dyskusji uzyskanych danych krystalograficznych. (wspélnie z Dominikg Jankowska);

- Redagowaniu manuskryptu.

Niniejszym o$wiadczam, ze w pracy

7 Dominika Jankowska, Tadeusz M. Muziol, Debleena Mandal, Anna Kaczmarek-Kedziera, Iryna
Tepliakova, Roman Viter, Magdalena Barwiolek*, ZnO-benzimidazole composite for selective
detection of Zn** and Mg** ions, wystane do recenzji

Méj udzial polegal na:

- Opracowaniu warunkéw i pomiarach dyfrakceji rentgenowskiej monokrysztatow;

- Okreslenie struktury liganda benzimidazolowego;

- Przeprowadzeniu analizy powierzchni Hirshfelda otrzymanych zwigzkéw (wspélnie z
Dominikg Jankowsk3);

- Dyskusji uzyskanych danych krystalograficznych;

- Redagowaniu manuskryptu.

.........................

(podpis)



Zatgcznik nr 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

—

Bydgoszcz, dnia /\605 ‘Q/%G— -

Dr Pawet Popielarski

(tytut, stopien, imie i nazwisko kandydata/wspolautora)

Wydziat Fizyki Uniwersytetu Kazimierza Wielkiego,
Aleja Powstancow Wielkopolskich 2,
85-090 Bydgoszcz, Polska

(jednostka zatrudniajaca kandydat/wspélautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie
Niniejszym oSwiadczam, Ze w pracy

2 Magdalena Barwiotek®, Dominika Jankowska*, Anna Kaczmarek-Kedziera, Stawomir
Wojtulewski, tukasz Skowronski, Tomasz Rerek, Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their
Materials Obtained  from o-Phenylenediamine, Molecules 2022, 27, 7396;
https://doi.org/10.3390/molecules27217396

MJdj udzial polegal na:
- Opracowaniu warunkow i depozycji cienkich warstw metodg termicznego osadzania z fazy gazowej;

- Redagowaniu rekopisu.

Niniejszym o$wiadczam, Ze w pracy

4  Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Eakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawel Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziol, New Dinuclear Macrocyclic Copper(ll) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Moéj udzial polegal na:

- Opracowaniu warunkow i depozycji cienkich warstw metoda termicznego osadzania z fazy gazowej;

- Redagowaniu rgkopisu.



Niniejszym o§wiadezam, ze w pracy

S5 Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziol, Lukasz Skowronski, Tomasz Rerek,
Pawel Popielarski*, Magdalena Barwiolek*, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:

Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.saa.2024.125229

Moj udzial polegal na:
- Wspéltworzeniu merytorycznej koncepcji badan.
- Doborze metodyki otrzymania warstw za pomocg epitaksji wigzka molekularng.

- Wykonaniu badan luminescencji cienkiego filmu S1/Si pod wplywem promieniowania
synchrotronowego.

- Pisaniu 1 redagowaniu rekopisu.

Niniejszym o$§wiadczam, Zze w pracy

6 Dominika Jankowska*, Tadeusz M. Muziol, Monika Pokladko-Kowar, Ewa Gondek, Pawel

Popielarski, Magdalena Barwiotek*, New benzimidazole ligands as Materials for Electroluminescent
Applications, wystane do recenzji

Moj udzial polegal na:
- Wspoltworzeniu merytorycznej koncepcji badan.
- Doborze metodyki otrzymania warstw za pomoca epitaksji wigzka molekularna.

- Wykonaniu badan luminescencji cienkiego filmu S1/Si pod wplywem promieniowania
synchrotronowego.

- Pisaniu i redagowaniu rgkopisu.

(podpis)



o UCZELNIA

UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Wydziat Chemii

Torun, 19. maja 2025

Anna Kaczmarek-Kedziera

Zespot Modelowania Molekularnego

Katedra Chemii Materiatéw, Adsorpcji i Katalizy
Wydzial Chemii UMK

Rada Dyscypliny Nauki Chemiczne

Uniwersytetu Mikotaja Kopernika w Toruniu

Oswiadczenie o wspétautorstwie
Niniejszym o$wiadczam, ze w pracy:

1. Magdalena Barwiotek*, Dominika Jankowska, Mateusz Chorobinski, Anna Kaczmarek-
Kedziera, Iwona Eakomska, Stawomir Wojtulewski, Tadeusz M. Muziot, New dinuclear
zinc(Il) complexes with Schiff bases obtained from o-phenylenediamine and their appli-

cation as fluorescent materials in spin coating deposition, RSC Adv. 2021, 11, 24515;
https://doi.org/10.1039/D1RA03096E

méj udziat polegat na przeprowadzeniu obliczen teoretycznych dla badanych zwiazkow
K1 i K2, interpretacji uzyskanych wynikéw w poréwnaniu z rezultatami eksperymentu,
zredagowaniu fragmentu manuskryptu dotyczacego obliczefi teoretycznych oraz sprawdze-

niu ostatecznej wersji manuskryptu.

2. Magdalena Barwiotek*, Dominika Jankowska®, Anna Kaczmarek-Kedziera, Stawomir
Wojtulewski, F.ukasz Skowronski, Tomasz Rerek, Pawet Popielarski, Tadeusz M. Muziot,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and
Their Materials Obtained from o-Phenylenediamine, Molecules 2022, 27, 7396;

https://doi.org/10.3390/molecules27217396

méj udziat polegal na przeprowadzeniu obliczen teoretycznych wiasciwosci fotofizy-
cznych dla ligandéw L1 i L2, interpretacji uzyskanych wynikéw w poréwnaniu z rezul-
tatami eksperymentu, zredagowaniu fragmentu manuskryptu dotyczacego obliczen teo-

retycznych oraz sprawdzeniu ostatecznej wersji manuskryptu.

Uniwersytet Mikotaja Kopernika w Toruniu, Wydziat Chemii
ul. Gagarina 7, 87-100 Torufi, tel. +48 56 611 4302, e-mail: wydzial @chem.umk.pl



B UCZELNIA
e

UNIWERSYTET
MIKOEAJA KOPERNIKA
W TORUNIU

Wydziat Chemii

3. Magdalena Barwiotek™, Dominika Jankowska, Anna Kaczmarek-Kedziera, Tadeusz M.
Muziot, Optical properties of the p-alkylated 2,6-bis(benzimidazol)phenoles obtained

from o-phenylenediamine and their sensitive behavior towards zinc(Il) ions, Polyhedron

2022, 224, 116004;
https://doi.org/10.1016/3.poly.2022.116004

méj udziat polegat na przeprowadzeniu obliczen teoretycznych §ciezek reakcji przeniesienia
protonu w stanie podstawowym i wzbudzonym dla ligandéw L1 i L2, interpretacji uzyskanych
wynikéw w nawiazaniu do rezultatéw eksperymentu, zredagowaniu fragmentu manuskryptu

dotyczacego obliczeri teoretycznych oraz sprawdzeniu ostatecznej wersji manuskryptu.

4. Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Eakom-
ska, Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski, Joanna Masternak, Maciej
Witwicki, Tadeusz M. Muziot, New Dinuclear Macrocyclic Copper(1l) Complexes as Po-
tentially Fluorescent and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017;

htepes//doi. org/10.,8390/idms24033017

moéj udzial polegat na przeprowadzeniu obliczen teoretycznych widm absorpcyjnych dla
badanych zwiazkéw K1 i K2, interpretacji uzyskanych wynikéw w poréwnaniu z rezul-
tatami eksperymentu, zredagowaniu fragmentu manuskryptu dotyczacego obliczen teo-

retycznych oraz sprawdzeniu ostatecznej wersji manuskryptu.

5. Dominika Jankowska, Tadeusz M. Muziot, Debleena Mandal, Anna Kaczmarek-Kedziera,
Iryna Tepliakova, Roman Viter, Magdalena Barwiolek™, ZnO-benzimidazole composite

for selective detection of Zn** and Mg*" ions, wystane do recenzji;

moj udziat polegat na przeprowadzeniu obliczen teoretycznych tautomerii keto-enolowej
dla badanego uktadu, wyznaczeniu widma absorpcyjnego dla obydwdéch tautomeréw, in-
terpretacji uzyskanych wynikow w nawigzaniu do rezultatow eksperymentu, zredagowa-
niu fragmentu manuskryptu dotyczacego obliczefi teoretycznych oraz sprawdzeniu os-

tatecznej wersji manuskryptu.

74 ma Kaczmard- Keokiern

Anna Kaczmarek-Kedziera

Uniwersytet Mikotaja Kopernika w Toruniu, Wydzial Chemii
ul. Gagarina 7, 87-100 Torun, tel. +48 56 611 4302, e-mail: wydzial @chem.umk.pl



Zatgcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu
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(tytul, stopien, imig i nazwisko kandydata/wspotautora)
Wydziat Chemii

Uniwersytet Mikolaja Kopernika w Toruniu
ul. Gagarina 7

87-100 Torun, Polska

(jednostka zatrudniajaca kandydat/wspétautora)

Rada Dyscypliny Nauki Chemiczne
Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o§wiadczam, Zze w pracy

Magdalena Barwiolek*, Dominika Jankowska, Mateusz Chorobinski, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Stawomir Wojtulewski, Tadeusz M. Muziot, New dinuclear zinc(Il) complexes with
Schiff bases obtained from o-phenylenediamine and their application as fluorescent materials in spin
coating deposition, RSC Adv. 2021, 11, 24515; doi:10.1039/d1ra03096¢

Méj udzial polegal na udziale w dyskusji uzyskanych wynikow.

Niniejszym o§wiadczam, Zze w pracy

Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona fL.akomska, Jedrzej
Kobylarczyk, Robert Podgajny, Pawetl Popielarski, Joanna Masternak, Maciej Witwicki, Tadeusz M.
Muziol, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent and Magnetic
Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Moj udzial polegal na merytorycznej dyskusji uzyskanych wynikéw.

Niniejszym o$wiadczam, ze w pracy

Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziot, Lukasz Skowronski, Tomasz Rerek,
Pawet Popielarski*, Magdalena Barwiotek*, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.sa2.2024.125229 '

Méj udzial polegal na udziale w finalnej korekcie manuskryptu.
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Biatystok, dnia 15 maja 2025
Dr Stawomir Wojtulewski

(tytut, stopien, imie i nazwisko kandydata/wspoétautora)

Wydziat Chemii,
Uniwersytet w Biatymstoku,
Cidtkowskiego 1K,

15-245 Biatystok, Polska

(jednostka zatrudniajaca kandydat/wspétautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy

1 Magdalena Barwiotek*, Dominika Jankowska, Mateusz Chorobinski, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Stawomir Wojtulewski, Tadeusz M. Muziol, New dinuclear zinc(Il) complexes with
Schiff bases obtained from o-phenylenediamine and their application as fluorescent materials in spin
coating deposition, RSC Adv. 2021, 11, 24515; doi:10.1039/d1ra03096¢

M6j udzial polegal na:

- Opracowaniu warunk6w i pomiarach monokrysztatléw metodami rentgenostrukturalnymi.
Niniejszym oswiadczam, Zze w pracy

2 Magdalena Barwiotek*, Dominika Jankowska*, Anna Kaczmarek-Kedziera, Stawomir
Wojtulewski, Fukasz Skowronski, Tomasz Rerek, Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their
Materials Obtained  from o0-Phenylenediamine, Molecules 2022, 27, 7396;
https://doi.org/10.3390/molecules27217396

M6j udzial polegal na:

- Opracowaniu warunkéw i pomiarach monokrysztaldéw metodami rentgenostrukturalnymi;
- Redagowaniu rekopisu.

(podpis)
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Bydgoszcz, dnia 45 : 05 2025

Mgr inz. Mateusz Chorobinski

(tytul, stopien, imie i nazwisko kandydata/wspdétautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich — PBS
ul. Aleje Profesora Sylwestra Kaliskiego 7.
85-796 Bydgoszcz, Polska

(jednostka zatrudniajaca kandydat/wspdtautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy

1 Magdalena Barwiolek*, Dominika Jankowska, Mateusz Chorobinski, Anna Kaczmarek-Kedziera,
Iwona Lakomska, Stawomir Wojtulewski. Tadeusz M. Muziol, New dinuclear zinc(Il) complexes with
Schiff bases obtained from o-phenylenediamine and their application as fluorescent materials in spin
coating deposition, RSC Adv. 2021, 11, 24515; doi:10.1039/d1ra03096e

Moj udziat polegat na:

- Opracowaniu warunkéw pomiaru, wykonaniu i opisie analizy elipsometrycznej cienkich warstw
dwaoch kompleksow cynku(I).

(podpis)
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dr inz. Tomasz Rerek

(tytul, stopien, imi¢ i nazwisko kandydata/wspélautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich — PBS
ul. AL Profesora Sylwestra Kaliskiego 7,
85-796 Bydgoszcz, Polska

(jednostka zatrudniajaca kandydat/wspdtautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie
Niniejszym oswiadczam, Ze w pracy

2 Magdalena Barwiolek*, Dominika Jankowska*, Anna Kaczmarek-Kedziera, Stawomir
Wojtulewski, Lukasz Skowronski, Tomasz Rerek, Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their
Materials Obtained  from o-Phenylenediamine, Molecules 2022, 27, 7396;

https://do1.org/10.3390/molecules27217396

Moj udzial polegal na:

- Opracowaniu warunkéw i wykonaniu pomiaréw elipsometrii spektroskopowe;j.
Niniejszym oSwiadczam, Ze w pracy

5 Dominika Jankowska, Iwona Lakomska, Tadeusz M. Muziol, Lukasz Skowronski, Tomasz Rerek,
Pawel Popielarski*, Magdalena Barwiolek*, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.saa.2024.125229

Maodj udzial polegal na:

- Opracowaniu warunkéw i wykonaniu pomiaréw elipsometrii spektroskopowe;j.
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Bydgoszcz, dnia 15.05.2025

Dr hab. inz. Lukasz Skowronski, prof. PBS
(tytul, stopien, imi¢ i nazwisko kandydata/wspotautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich — PBS
ul. Aleje Profesora Sylwestra Kaliskiego 7,
85-796 Bydgoszcz, Polska

(jednostka zatrudniajaca kandydat/wspotautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oSwiadczam, Ze w pracy

2 Magdalena Barwiolek*, Dominika Jankowska* Anna Kaczmarek-Kedziera, Slawomir
Wojtulewski, Lukasz Skowronski, Tomasz Rerek. Pawel Popielarski, Tadeusz M. Muziol,
Experimental and Theoretical Studies of the Optical Properties of the Schiff Bases and Their
Materials Obtained  from  o-Phenylenediamine, Molecules 2022, 27, 7396;
https://doi.org/10.3390/molecules27217396

Maoj udzial polegal na:

- Opracowaniu warunkow i wykonaniu pomiarow elipsometrii spektroskopowe;:

- Analizie danych elipsometrii spektroskopowej:

- Redagowaniu rekopisu (w czesei dotyczacej warunkéw wykonania pomiaréw elipsometrycznych —
rozdzial 3.5. oraz ich analizy — rozdzial 2.4.3.).

Niniejszym oswiadczam, Ze w pracy

5 Dominika Jankowska. Iwona Lakomska, Tadeusz M. Muziol, Lukasz Skowronski, Tomasz Rerek.
Pawel Popielarski*, Magdalena Barwiolek*, The optical properties of 3+3 macrocyclic Schiff base
thin material obtained by the Molecular Beam Epitaxy method, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2025, 326, 125229,
https://doi.org/10.1016/j.saa.2024.125229

Mdj udzial polegal na:

- Opracowaniu warunkéw i wykonaniu pomiarow elipsometrii spektroskopowe;j:

- Analizie danych elipsometrii spektroskopowej:

- Redagowaniu r¢kopisu (w czesci dotyczacej warunkéw wykonania pomiarow elipsometrycznych —
rozdzial 3.4. oraz ich analizy — rozdzial 2.7.) 7
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Dr hab. Joanna Masternak prof. UJK
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Instytut Chemii,

Uniwersytet Jana Kochanowskieg® w Kielcach,
Uniwersytecka 7,

25-406 Kielce, Polska

(jednostka zatrudniajaca kandydat/wspétautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy

4 Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona }akomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziot, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Moj udziat polegat na:

- Opracowaniu warunkéw i wykonaniu pomiaréw dichroizmu kolowego (CD) dwoéch
makrocyklicznych komplekséw miedzi(1l) oraz interpretacji danych;
- Redagowaniu rekopisu.

. .’.‘%M@pku.wf;( .......
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Prof. dr hab. Robert Podgajny
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Wydziat Chemii,
Uniwersytet Jagiellonski,
Gronostajowa 2,
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Uniwersytetu Mikolaja Kopernika
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Oswiadczenie o wspolautorstwie
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4 Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Lakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziol, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Mo¢j udziat polegal na:

- Zaplanowaniu pomiardw magnetycznych metoda SQUID, udzial w dyskusji wynikow i udziat w
przygotowaniu stosownego fragmentu manuskryptu;

- Udziat w planowaniu obliczen kwantowo-chemicznych i dyskusja wynikow;

- Prace redakcyjne nad manuskryptem.

l \ 15:13:55 +02/00"

p /
| M\
A / Podpisany elektronicznie przez
YV
< $ Robert Jerzy Podgajny
| 20.05.2025

(podpis)



Zalqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu
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Dr hab. Maciej Witwicki, prof. UWr

(tytul, stopien, imie i nazwisko kandydata/wspolautora)

Wydzial Chemii,
Uniwersytet Wroctawski,
Joliot Curie 14,

50-383 Wroctaw, Polska

......................................................................

(jednostka zatrudniajaca kandydat/wspolautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

OSwiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy

4 Magdalena Barwiotek*, Dominika Jankowska, Anna Kaczmarek-Kedziera, Iwona Lakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawel Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziol, New Dinuclear Macrocyclic Copper(Il) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

Moj udziat polegal na:
- Opracowaniu warunkéw pomiaru i pomiarach EPR dwéch makrocyklicznych komplekséw miedzi(I1)
i interpretacji danych;

- Redagowaniu manuskryptu.

.........................

(podpis)
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Instytut Fizyki Jadrowej PAN,
ul. Radzikowskiego 152,
31-342 Krakéw, Polska

(jednostka zatrudniajaca kendydat/wspotautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
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Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy

4 Magdalena Barwiolek*, Dominika Jankowska, Anna Kaczmarek-K¢dziera, Iwona Lakomska,
Jedrzej Kobylarczyk, Robert Podgajny, Pawet Popielarski, Joanna Masternak, Maciej Witwicki,
Tadeusz M. Muziot, New Dinuclear Macrocyclic Copper(ll) Complexes as Potentially Fluorescent
and Magnetic Materials, Int. J. Mol. Sci. 2023, 24, 3017. https://doi.org/10.3390/ijms24033017

M6j udziat polegal na:

- Wykonaniu pomiaréw magnetycznych w polu DC dla dwéch makrocyklicznych kompleksow
miedzi(Il) wraz z opracowaniem i interpretacjg uzyskanych danych;

- Redagowaniu artykutu

Dr Jedrzej Kobylarczyk
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dr hab. Ewa Gondek, Prof. PK
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Wydzial Inzynierii Materiatowej i Fizyki,
Politechnika Krakowska,

Podchorazych 1,

30-084 Krakow, Polska

(jednostka zatrudniajaca kandydat/wspétautora)

Rada Dyscypliny Wydzialu Chemii
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze W pracy

6 Dominika Jankowska*, Tadeusz M. Muziol, Monika Poktadko-Kowar, Ewa Gondek, Pawet
Popielarski, Magdalena Barwiolek*, New benzimidazole ligands as Materials for Electroluminescent
Applications, wystane do recenzji

Mgj udzial polegal na:

- Opracowaniu procedury i skonstruowaniu trzech diod OLED oraz wykonaniu analiz optycznych

urzadzen.
@ {76M<k

(podpis)
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