*
*

*
* *
*
*
* *
¥* *

UMCS

UNIWERSYTET MARII CURIE-SKEODOWSKIEJ
W LUBLINIE
Szkota Doktorska Nauk Scistych i Przyrodniczych

Dziedzina: Chemia

Dyscyplina: Nauki Chemiczne

mgr Dmytro Vlasyuk
nr albumu: 265160

Synteza i charakterystyka nowych hybrydowych
materialow luminescencyjnych
(Synthesis and characterization of

new hybrid luminescent materials)

Rozprawa doktorska przygotowywana pod kierunkiem naukowym

dr hab. Renaty Lyszczek, prof. UMCS

w Instytucie Nauk Chemicznych

LUBLIN, 2023






Skladam serdeczne podziekowania

Pani Promotor dr hab. Renacie Lyszczek, prof. UMCS

za wyrozumialos¢, zyczliwos¢, cenne uwagi merytoryczne,
troskliwa opieke, rodzinng atmosfere i wszechstronna

pomoc przy wykonywaniu niniejszej pracy.

dr hab. Beacie Podkoscielnej, prof. UMCS.
za wszechstrona pomoc przy wykonywaniu niniejszej pracy

oraz motywacje do podjecia studiow doktoranckich.

Takox asikyro moiii apyxuni Bikropii
i MoiM 0aTbkaM, 3a Bipy B MeHe i MOTHBaLi0

HA NpoT3i BCiX 4 pOKiB HABYAHHS.



Spis tresci

Lista publikacji bedacych przedmiotem rozprawy doktorskiej.........cccceeveeeeuveerneeennee. 5

| BV 7 TSP USRRPRSRRPRR 6

2. CZQSC LItETatUIOWA. ...cuveeeeieeiiieiieeieesiieeteestte et eeteeeseeseeeeteesteeenseensaeensaessseesaseenne 8
2.1 Materiaty hybrydowe — definicja i historia powstania.........c..ccccceeveeeenenne. 8

2.2 Charakterystyka oraz klasyfikacja materiatéw hybrydowych.................. 12

2.3 Strategia oraz metody syntezy materiatow hybrydowych....................... 16

2.4 Matryce polimerowe - charakterystyka oraz zastosowanie...................... 18

2.5 Nieorganiczne dodatki funkcjonalne — rodzaje oraz charakterystyka......21

2.6 Polimery koordynacyjne/szkielety metalo-organiczne jako dodatki
JUIMINESCENCYJIIE. ... euetieiiiieeiite ettt ettt ettt et sab e e st e e eabteeeabeeesabeeesabeeeeareeeaas 25

2.6.1 Jony lantanowcow(IIl) jako centra metaliczne w konstrukcji polimerow
KOOTAYNACYTIYCH. ..ccuiiiiiiiiiiiiie ettt ettt e e 28
2.6.2 Wlasciwosci luminescencyjne polimerow koordynacyjnych na bazie
JonOW 1antanoOWCOW(IIL).......cooiuiiiiiiiiiiiiiee e 29

2.6.3 Metody syntezy polimerow koordynacyjnych na bazie jonow

lantanowcOW(II) W fazie Stale].......c.cevvuiieriiiiiiiiiieeeeee e 39
3. Cze$¢ doswiadczalna-badania Wlasne ............ccceeeeiiieniiiieniiieeniece e, 43
3.1 OKIeSlenie CeIU PraCy....c..cevuieiirienieriiriieieeteeit ettt ettt ettt 43
3.2 Metody badawCze StOSOWANE W PIACY...cc.veeruriereerieenireereeieeereeneeesreesneesaneeenne 47
3.3 Opis otrzymanych wynikow z przeprowadzonych badan..............ccceevveennnennnn. 48

3.3.1 Wptyw  wybranych metod syntez na struktury polimeréw
koordynacyjnych na bazie kwasu 1H-pirazalo-3,5-dikarboksylowego....................... 49
3.3.2 Charakterysytyka spektroskopowa kompleksow lantanowcow(Ill) z
kwasem 1H-pirazalo-3,5-dikarbokSylOWYm.........cccceeeviiiriiiiniiienieeeieeeeee e 51
3.3.3 Wiasciwosci termiczne oraz mechanizmy rozktadu kwasu 1H-pirazalo-
3,5-dikarboksylowego oraz jego lantanowcowych(Ill) kompleksow......................... 53
3.3.4 Luminescencyjne materialy hybrydowe na bazie polimerowej matrycy
BPA.DA-NVP domieszkowane kompleksami kwasu 1H-pirazolo-3,5-
dikarboksylowego z jonami Eu(IIl) oraz Tb(IIL).........cccovreriiiiiniiiiiniiieiieeiee e 57



3.3.5 Wlasciwosci  luminescencyjne domieszek oraz  zsyntezowanych
materialdow hybrydowych BPA.DA-MMA @LnoLa...c.coociieniiiiiiiieiieeieeeee 60
3.3.6 Wilasciwosci  termiczne oraz mechanizmy rozkladu materiatow
hybrydowych domieszkowanych kompleksami EuzL3 oraz TboLa.......ccccueenieeiiennnee. 63
3.3.7 Synteza i charakterystyka strukturalna polimeréw koordynacyjnych na
bazie jonéw lantanowcoéw(IIl) z kwasem chinolino-2,4-dikarboksylowym............... 67
3.3.8 Charakterysytyka spektroskopowa w podczerwieni komplekséw
lantanowc6éw(1III) na bazie kwasu chinolino-2,4-dikarboksylowego...........c.c.cceeeeneee. 79

3.3.9 Wilasciwos$ci termiczne polimerow koordynacyjnych kwasu chinolino-

2,4-diKarbOKSYIOWEEZO. ... .eiiiiieiiiie ettt ettt ettt et et e e e et e s e 80
3.3.10 Wiasciwosci luminescencyjne kompleksow na bazie kwasu
chinolino-2,4-dikarboKSYIOWEZO.....c...ooriiiiiiiiiiiiiiiiceeeeeeee e 81

3.3.11 Synteza 1 og6élna charakterystyka materiatow hybrydowych na bazie
polimerowej matrycy BPA.DA-NVP domieszkowanych kompleksem jonéw Eu(Ill) z
kwasem chinolino-2,4-dikarboskylowym o réznych stezeniach wagowych............... 84

3.3.12 Wiasciwosci luminescencyjne materiatdéw hybrydowych BPA.DA-

NVP@NLN2La3. ittt 86
3.3.13 Analiza spektroskopowa ATR-FTIR matrycy oraz materiatlow
hybrydowych BPA.DA-NVP@nLnoLa.......cocioiiiiiiiiiiiiiecceceeee 88
3.3.14 Wiasciwosci termiczne oraz mechanizm rozktadu materialow
hybrydowych BPA.DA-NVP@nEULia.......cocoiiiiiiiiiiiiiiiceceee 89

3.3.15 Wilasciwosci mechaniczne materiatow hybrydowych BPA.DA-

NVP@NLN2L ittt 93
4. POASUMOWANIE......ccoiuiiiiiiiieiiiieitee ettt ettt e et saee e et e e sabe e e s 97
5. BIDHOZIAfTIa...coiiiiiiiiiiiceee e 103
6.  Streszczenie W JEZYKU POISKIM......cuiiiiiiieiiieeiieeeeeiee e 118
7. Streszczenie W jezyKu an@ielSKim.........coocuviiiiiieiiiiiieeiiie e 120
8. OS13ZNICCIA NAUKOWE.....eeiuiiiiieiiieiieeiieetteeiteeteeseeeettesiaeebeeseaeesseeebeesaeeenseenaes 122
9.  Aneks-publikacje naukowe wraz z o§wiadczeniami wspotautordw................ 128



LISTA PUBLIKACJI BEDACYCH PRZEDMIOTEM ROSPRAWY
DOKTORSKIEJ pt. ,L,SYNTEZA I CHARAKTERYSTYKA NOWYCH
HYBRYDOWYCH MATERIALOW LUMINESCENCYJNYCH”

1. (A1) Vlasyuk, D.; Lyszczek, R. Effect of Different Synthesis Approaches on
Structural and Thermal Properties of Lanthanide(Ill) Metal-Organic Frameworks Based on
the 1H-Pyrazole-3,5-Dicarboxylate Linker. J Inorg Organomet Polym 2021, 31 (8), 3534—
3548. https://doi.org/10.1007/s10904-021-02018-w.

IF2021 = 3,518; MNiSW2021 = 70

2. (A2) Lyszczek, R.; Vlasyuk, D.; Podkoscielna, B.; Gluchowska, H.;
Piramidowicz, R.; Jusza, A. A Top-Down Approach and Thermal Characterization of
Luminescent Hybrid BPA.DA-MMA @Ln;L.; Materials Based on Lanthanide(Ill) 1H-
Pyrazole-3,5-Dicarboxylates. Materials 2022, 15 (24), 8826.
https://doi.org/10.3390/mal5248826.

IF 2922 = 3,748; MINiSW3922 = 140

3. (A3) Vlasyuk, D.; Lyszczek, R.; Mazur, L.; Pladzyk, A.; Hnatejko, Z.; Wozny,
P. A Series of Novel 3D Coordination Polymers Based on the Quinoline-2,4-Dicarboxylate
Building Block and Lanthanide(IIl) Ions—Temperature Dependence Investigations.

Molecules 2023, 28 (17), 6360. https://doi.org/10.3390/molecules28176360.

IF 2923 =4.927; MNiSW223 = 140

4. (A4) Vlasyuk, D.; Lyszczek, R.; Podkoscielna, B.; Puszka, A.; Hnatejko, Z.;
Stankevi¢, M.; Gluchowska, H. Luminescent Hybrid BPA.DA-NVP@Eu,L.; Materials: In
Situ Synthesis, Spectroscopic, Thermal, and Mechanical Characterization. Materials 2023,
16 (19), 6509. https://doi.org/10.3390/mal6196509.

IF 2023 = 3.748; MINiSWp23 = 140

Lqgczny IF zgodnie 7 rokiem opublikowania: 15,941
Lgczna liczha punktow MNISW zgodnie 7 rokiem opublikowania: 490


https://doi.org/10.1007/s10904-021-02018-w
https://doi.org/10.3390/ma15248826
https://doi.org/10.3390/molecules28176360
https://doi.org/10.3390/ma16196509

1. WSTEP

Badania i rozw6j nowatorskich materiatow hybrydowych i1 nanokompozytéw o
unikalnych wlasciwosciach staty si¢ w ostatnich latach jedng z najintensywnie]
rozwijajacych si¢ dziedzin chemii materiatowej. Materialy te sprzyjaja nie tylko rozwojowi
innowacyjnych technologii, ale sg rowniez szeroko wykorzystywane we wszystkich
aspektach zycia codziennego. Jednym z powoddéw tego trendu jest fakt, ze ta klasa
materiatow wykazuje pozadane wlasciwosci niedostepne dla oddzielnych komponentow i
najczesciej stanowig polgczenie elementow nieorganicznych 1 organicznych [1].
Przyktadowo materiaty ceramiczne czy tez polimerowe bgdace w powszechnym uzyciu,
mozna taczy¢ z substancjami o odmiennym charakterze np. czasteczkami biologicznymi
dzicki czemu tworza si¢ nowe materialy funkcjonalne o odmiennych cechach [2-3].
Poszukiwanie nowych materialdéw wymaga podejscia interdyscyplinarnego, w tym taczenia
réznych nauk min. chemicznych, biologicznych oraz fizycznych. Hybrydowe materiaty
pochodzenia naturalnego czesto dzialaja jako uktady modelowe dla ich syntetycznych
odpowiednikéw, a wiele przyktadow podejs¢ biomimetycznych mozna znalezé w
opracowanych 1 wykorzystywanych juz materialach. Wymagania przysztych technologii

dziatajg jako sita napedowa badan i rozwoju tych materiatéw [1].

Rozw¢j cywilizacyjny zwigzany jest nieodlagcznie z nowymi technologiami
opierajacymi si¢ o nowe zaawansowane materiaty o zaprogramowanych cechach
funkcjonalnych. Materiaty hybrydowe stanowia integralny element zaawansowanych
materiatow, ktorych ciaggly rozwd) wydaje si¢ by¢ zapewniony ze wzgledu na szereg
czynnikéw. Najwazniejszym z nich s3 niewyczerpane mozliwosci otrzymywania
materiatéw hybrydowych o praktycznie nieskonczonym spektrum witasciwosci, ktore beda
przeciwdziata¢ ekonomicznym i technicznym ograniczeniom istniejacych juz technologii.
Jednoczes$nie bardziej dostgpne stang si¢ metody prognostyczne, ktore w oparciu o aktualny
stan wiedzy beda pomocne w procesie projektowania nowych materiatow do konkretnych
zastosowan. Umozliwi to predykcyjne podejScie do inzynierii molekularnej i ulatwi

opracowywanie nowych funkcjonalnych materiatow [3].

Luminescencyjne materialty hybrydowe oparte na polimerowych matrycach oraz

lantanowcowych zwigzkach kompleksowych, znajduja zastosowania w organicznych



diodach elektroluminescencyjnych (OLED), wyswietlaczach optycznych lub w aktywnych
optycznie witdknach polimerowych do transmisji danych [4]. Jony lantanowcoéw emitujg
swiatto o réznej barwie w szerokim zakresie od UV do NIR, co czyni je bardzo
atrakcyjnymi dodatkami zaréwno do matryc nieorganicznych jak i polimerowych. Pierwsze
eksperymenty na materialach optycznych opartych na PMMA (poli-(metakrylanie metylu))
domieszkowanych B-diketonianami lantanowcow(III) [4-5] sigegaja lat 60. XX wieku, kiedy
zwiazki te zostaly przetestowane, jako aktywne sktadniki w laserach chelatowych. W
kolejnych latach pojawialy si¢ liczne prace dotyczace polimerycznych materiatow
hybrydowych dotowanych przede wszystkim réznego rodzaju kompleksami chelatowymi
lantanowcow(IIl) o strukturze dyskretnej. Natomiast liczba doniesien literaturowych
dotyczacych powlok ochronnych przed promieniowaniem UV na bazie matryc
polimerowych dotowanych lantanowcowymi polimerami koordynacyjnymi jest znikoma.
Atrakcyjno$¢ tych zwigzkow kompleksowych wynika z faktu, ze ich struktura i
wlasciwosci moga by¢ zaprojektowane poprzez odpowiedni dobdr centr metalicznych oraz
ligandow mostkujacych, ktére taczac sie tworza niekonczone struktury w jednym, dwu lub
trzech wymiarach. Zwigzki te niejednokrotnie wykazuja porowaty charakter, co czyni je
nowa generacja materialow o szerokim spektrum zastosowan w separacji i magazynowaniu
gazOw, usuwaniu zanieczyszczen, farmacji, czy tez katalizie. Dlatego tez polimery
koordynacyjne coraz czg¢sciej wykorzystuje si¢ rowniez, jako elementy bardziej ztoZzonych
uktadow wieloskladnikowych. Podjeta tematyka zwigzana z projektowaniem 1 synteza
nowych hybrydowych materialbw opartych na polimerach koordynacyjnych
lantanowcow(IIl) stwarza szerokie mozliwos$ci poznawcze 1 wpisuje si¢ dobrze w nurt
wspoéfczesnej chemii koordynacyjnej 1 materialowej. Luminescencyjne materiaty
hybrydowe moga by¢ stosowane bezposrednio jako innowacyjne zaawansowane materialy
optyczne lub jako prekursory substancji w fazie stalej, zapewniajace obiecujgce
zastosowania w optyce, elektronice, mechanice, membranach, powlokach funkcjonalnych i

ochronnych, katalizie, czujnikach i medycynie [3].



2. CZESC LITERATUROWA

2.1 Materialy hybrydowe — definicja i historia powstania

Materiaty hybrydowe wytworzone przez nature istnieja od miliardéw lat i staly si¢
one inspiracja do projektowania ich syntetycznych odpowiednikéw. Z historycznego
punktu widzenia, takie materiaty nie zostaty wytworzone przez ludzkos¢, ale sg wytworem
ewolucji, w wyniku ktérej powstaly ztozone wielofunkcyjne hierarchiczne uklady [6].
Natura wytworzyla hybrydowe materialty nieorganiczno-organiczne o wyjatkowej i
ztozonej strukturze, ktéore sa odporne na pekanie. Przykltadami takich naturalnych
materialdw nieorganiczno-organicznych sg muszle migczakdéw, skorupiaki i kosci, w tym

kosci ludzkie [7].

Dopiero catkiem niedawno, w geologicznej skali czasu, pojawily si¢ pierwsze
materiaty hybrydowe (MH) wytworzone przez ludzko$¢. Materiaty hybrydowe na bazie
glinek modyfikowanych dodatkami organicznymi stanowig nieodzowny element ludzkiej
egzystencji 1 historycznie byly wykorzystywane do celéw artystycznych, spotecznych,
przemystowych oraz handlowych [8]. Prawdopodobnie jedno z pierwszych zastosowan
MH na bazie gliny miatlo miejsce na dlugo przed starozytnoscia w regionie Morza
Srédziemnego, gdzie gling i glebe mieszano z rozktadajacym sie moczem w celu
usprawnienia procesOw prania. W historii ludzkosci, stosowanie glinek hybrydowych
rozpowszechnito si¢ stopniowo na catym swiecie. Na przyktad w Chinach gliny hybrydowe
pozwolilty na produkcje bardzo cienkiej ceramiki (porcelany ze skorupek jaj), dzigki
interkalacji mocznika w przestrzeni migdzywarstwowej, co ulatwilo ich dalsze
rozwarstwianie i1 poprawiato plastyczno$¢ materialu [9]. W Ameryce Poludniowej,
cywilizacje prekolumbijskie pozostawily zwlaszcza w swoich freskach, dobrze znany
pigment tzw. blekit Majow, $cisle zwigzany z ich zyciem religijnym 1 sztukg. W pigmencie
tym naturalny barwnik organiczny (niebieskie indygo) zostal umieszczony w kanatach
mikrowtoknistej gliny (patygorskit) [10-11]. Powstaly pigment charakteryzowat sig¢
intensywnym niebieskim zabarwieniem, i1 byl znacznie bardziej odporny na warunki
atmosferyczne 1 biodegradacje niz sam barwnik indygo. Stabilizacja barwnika
organicznego przez czgs¢ mineralng pozwala nam podziwia¢ pozostalosci sprzed 12

wiekow (freski, rzezby, kodeksy itp.), a tym samym lepiej poznac te zaginione cywilizacje.
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Te pierwsze historyczne przyktady materiatow hybrydowych ukazuja wspolczesne
reguty konstruowania materiatbw hybrydowych polegajace na taczeniu w nanoskali
sktadnikéw nieorganicznych i (bio)organicznych, oraz synergiczne efekty tego laczenia,
ktorymi sg (wielo)funkcjonalnosé, wyjatkowa przetwarzalnos¢ i aplikacyjnos¢. Materialy te
stanowig odpowiedz na rozwdj cywilizacyjny spoteczenstw. Wyjatkowo gwaltowny rozwdj
materialdw hybrydowych do celéw naukowych i1 przemystowych mial miejsce od
wczesnych lat czterdziestych XX. wieku [7]. W nastgpnych latach mialy miejsce
konstrukcje MH o fundamentalnym znaczeniu dla rozwoju wielu dziedzin naukowych,
ktore zostaty przedstawione na Rysunku 1. W latach 50. XX wieku wykonano interkalacje
jednostek organicznych wewnatrz gliny i innych nieorganicznych zwigzkow o strukturze
warstwowej. Pierwsze syntetyczne mieszane materialy organiczno-nieorganiczne o
zaprojektowanej strukturze powstaly w potowie lat 80. XX wieku jako efekt ekspansji
nowej koncepcji ,,chimie douce” (franc. migkka chemia), jako nowej gal¢zi inzynierii
materialdwej rdznigcej si¢ od konwencjonalnej chemii ciata statego, ktora taczy chemie
nieorganiczng z organiczng i jest inspirowana naturalnymi procesami biologicznymi [3].
Efektem takiego nowego podejécia byto wprowadzenie terminu ,,.kompozyt hybrydowy”,
ktéry pojawit si¢ w potowie lat 80. XX wieku, a metoda zol-zel wprowadzona w latach

1980-1995 stata si¢ kluczowa technikg syntezy materiatow hybrydowych o rdéznej

strukturze, morfologii 1 wlasciwos$ciach fizycznych [7].
Chemia “Chimie Douce": . Synteza
Mieszaniny interkalacyjna koncepcja Synteza 4 )\ uporzadkowanych
nieorganiczne i ' | | organiczno-nieorganicznych materiatéw 1¢ 99' mezoporowatych
i zwiazki nanokompozytow typu M41S ~ organokrzemian6w
organiczne lamelarne hybrydowych 7 (PMOs)
Bi ki Nanokompozyty )
"::ak’":o ;::;W glinkowo- Membﬂ;yJ:i::‘nimctyme N Na;:q:”.;l?::ly‘y
interkalowane wirusowe fosfolipidéw)
w smektykach)

Rysunek 1. Rozwoj materiatéw hybrydowych od poczatku lat 40. XX wieku [12]



Jednym z prekursoréw syntezy materialow hybrydowych metoda zol-zel byt David
Avnir, ktéry udowodnit, ze tagodne warunki syntezy oferowane przez proces zol-zel
umozliwiajg mieszanie w skali nanometrycznej sktadnikow nieorganicznych i organicznych
o szerokim zakresie sktadu chemicznego i1 r6znej morfologii, oferujac tym samym szeroki
wachlarz zaawansowanych materialéw funkcjonalnych o zadanych wtasciwosciach [13].
Materialty hybrydowe wytwarzane przez D. Avnira znalazly zastosowanie w bardzo
roznych dziedzinach zwigzanych z optyka, katalizg, czujnikami, biokataliza, czy tez
mikrono$nikami substancji aktywnych. W okresie ostatnich 30 lat zainteresowanie
materialami hybrydowymi stale rosnie, zaréwno w $rodowisku naukowym, jak i
przemystowym, oraz w naszym codziennym zyciu. Inng fundamentalng cechg tych
materialow, ktora umozliwila ich zauwazalny rozwéj przemystowy, jest tatwos¢ ich
przetwarzania, ktéra jest w pelni kompatybilna z istniejagcymi procesami przemystowymi,
prowadzacymi do powstania filmow/powlok, membran, widkien, proszkow, monolitéw

[14-17].

Zwiazki organiczne i nieorganiczne cechujg si¢ roznymi wilasciwosciami fizyko-
chemicznymi, a ich nieograniczona kombinacja stwarza mozliwo$ci otrzymania szerokiego
spektrum materialow hybrydowych o roznych wiasciwosciach funkcjonalnych [1]. W
literaturze naukowej istnieje wiele definicji materiatéw hybrydowych, jak réwniez ich
kategorii podziatu. Materialy hybrydowe definiuje si¢ jako potaczenie skladnikéw
organicznych i nieorganicznych, ktérych rozproszenie wynosi od kilku do kilkudziesigciu
nanometréw (Rysunek 2) [18]. Glownym parametrem kategoryzacji 1 podziatu tych

materiatow jest wielko$¢ fazy rozpraszane;.

0.1 nm 1 nm 10 nm 100 nm 1 pm 10 pm
L | | | | |
L | 1 | 1 I ]

o e Hybrydy e S >
4+— Nanokompozyty «#— Makrokompozyty —»

*--- Kompozyty
4--- Kompozyty

< ---- Kompozyty molekularne hybrydowe

; Mikroskopijne
4+——Nanomaterialy > E
materialy
4—— Materiaty _
mezoskopowe
Rysunek 2. Definicje materialow wzgledem rozmiarow czesci

organiczno/nieorganiczne;j.
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W oparciu o ustalenia Miedzynarodowej Unii Chemii Czystej i Stosowanej (IUPAC),
materiaty hybrydowe definiuje si¢ jako materiaty sktadajace si¢ z mieszaniny sktadnikéw
nieorganicznych, organicznych lub ich kombinacji, ktore przenikaja si¢ w skali mniejszej
niz 1pum [19]. Sktadniki organiczne oferuja elastyczno$¢ strukturalng, tatwe przetwarzanie,
potencjat potprzewodnikowy, regulowane wlasciwosci elektroniczne, fotoprzewodnictwo i
wydajng luminescencj¢ [20-21]. Natomiast sktadniki nieorganiczne czgsto wprowadzaja
wlasciwo$ci magnetyczne i elektryczne oraz stabilno$¢ termiczng i mechaniczng [22-23].
Powstaty material hybrydowy uzyskuje nowe wlasciwosci, wynikajace ze skladu
jako$ciowego 1 ilosciowego poszczegdlnych sktadnikéw, ich struktury oraz charakteru
oddziatywan miedzy nimi [24]. Dlatego materiaty hybrydowe oferuja wiele niezwyktych
cech niedostgpnych dla pojedynczych sktadnikéw, ktore mozna regulowaé przez ich

odpowiedni dobor, zawarto$¢, rozproszenie i sposoéb wigzania z innymi sktadnikami [25].

Definicja ITUPAC materialow hybrydowych obejmuje wiele grup materialéw
wielosktadnikowych w tym: kompozyty polimerowo-polimerowe (inaczej mieszanki),
kompozyty metalowo-metalowe, kompozyty metalowo-ceramiczne, kompozyty metalowo-
polimerowe i kompozyty ceramiczno-polimerowe. Ze wzgledu na mnogo$¢ roéznych
kategorii materialow hybrydowych w niniejszym opracowaniu skupiono si¢ na
nieorganiczno-organicznych materiatach hybrydowych, w ktorych ilo$¢ organicznego
sktadnika polimerowego jest wigksza niz skladnika nieorganicznego. Nalezy zauwazyc¢, ze
termin ,,kompozyt” historycznie kojarzy si¢ z makroskopowymi materiatami hybrydowymi,
w ktorych faza rozproszona jest zazwyczaj wigksza niz 1 mm. Wielu autoréw prac
naukowych odnosi termin ,.kompozyt” do materiatow wielosktadnikowych, w ktérych
sktadniki oddzialuja ze soba poprzez wigzania niekowalencyjne, a termin ,,materiat
hybrydowy” do materialow, w ktorych skladniki s3 polaczone wigzaniami

kowalencyjnymi.
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2.2 Charakterystyka oraz klasyfikacja materialow hybrydowych

Materialty hybrydowe organiczno-nieorganiczne mozna zdefiniowa¢ jako uklady
wielosktadnikowe, w ktérych co najmniej jeden ze skladnikéw wystepuje w rozmiarze
submikrometrycznym lub nanometrycznym, a sktadowe sg ze sobg potaczone silnymi lub
stabymi sitami. Wyjsciowe wilasciwosci fizykochemiczne tych materialdéw nie sg prosta
sumg indywidualnego wktadu sktadnikow ale efektem interakcji miedzy nimi, ktory jest

podstawg podziatu tych materiatow na dwie gtéwne klasy (Rysunek 3) [14, 26].

Klasa I dotyczy materiatéw hybrydowych, w ktorych komponenty sa powigzane
stabymi oddziatywaniami typu wigzan wodorowych, sitami Van der Waalsa lub
oddziatywaniami elektrostatycznymi. Przyktadami takich materiatow moga by¢ mieszaniny
1 wzajemnie przenikajace si¢ sieci.

Klasa II, materialy hybrydowe, w ktorych wystepuja silne oddziatywania chemiczne
migdzy skladnikami min. powstajace gdy oddzielne nieorganiczne bloki budulcowe sa
kowalencyjnie zwigzane z polimerem organicznym lub polimery nieorganiczne i

organiczne s3a kowalencyjnie polagczone ze soba (np. wigzaniami kowalencyjnymi w tym

koordynacyjnymi oraz wigzaniami jonowymi) [15-16].
MATERIALY HYBRYDOWE

ODZIALYWANIA POMIEDZY KOMPONENTAMI

KLASA | KLASA I

StABE SILNE
Sity Van der Wigzania Wigzania Wigzania
Waalsa wodorowe kowalencyjne jonowe
Oddziatywania

elektrostatyczne

Rysunek 3. Klasyfikacja materiatow hybrydowych ze wzgledu na rodzaj

oddziatywan pomiedzy organicznymi i nieorganicznymi sktadnikami.

Materiaty hybrydowe mozna réwniez sklasyfikowac¢ na podstawie rodzaju i stopnia

rozproszenia prekursoréw organicznych i nieorganicznych [16]. Ze wzgledu na wzajemna
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nierozpuszczalno$¢ sktadnikow nieorganicznych i organicznych mozna otrzymywacé uktady
heterogeniczne. Materialy hybrydowe jednorodne lub/i jednofazowe mozna otrzymac
poprzez racjonalny dobér komponentéw i/lub wybér dwufunkcyjnych sktadnikéw
zawierajacych elementy organiczne i nieorganiczne lub poprzez potaczenie obu rodzajow

sktadnikoéw w fazach, w ktorych jeden z nich wystepuje w duzym nadmiarze [26].

W zwigzku z istnieniem kilku klasyfikacji materiatéw hybrydowych zidentyfikowano
dwa odrgbne obszary w dziedzinie materiatow hybrydowych: modyfikacje materiatow
nieorganicznych czasteczkami organicznymi 1 odwrotnie, modyfikacje matryc
organicznych skfadnikami nieorganicznymi. Ogo6lnie powyzsze materiaty mozna

sklasyfikowaé w nastepujacy sposéb (Rysunek 4) [27]:

- (1) materialy nieorganiczne modyfikowane czasteczkami organicznymi

(zwiazki organiczno-nieorganiczne), ktére mozna podzieli¢ na:
(a) struktury nieorganiczne modyfikowane czasteczkami organicznymi;
(b) czastki koloidalne stabilizowane czgsteczkami organicznymi.

- (2) materialy organiczne modyfikowane czasteczkami nieorganicznymi

(nieorganiczno-organiczne).

MATERIALY HYBRYDOWE
KOMPOZYTY - HYBRYDY
NANOKOMPOZYTY  NANOHYBRYDY
HYBRYDYZOWANE HYBRYDYZOWANE HYBRYDYZOWANE
STUKTURALNIE WIAZANIEM CHEMICZNYM . FUNKCIONALNIE
Hybrydyzacja Hybrydy z wiazaniami chemicznymi Hybrydy z nowymi
mieszanin makroskopowych pomigdzy materialami funkcjami wynikajgeymi z
nieorganicznymi i organicznymi hybrydyzacji funkcji
kazdego materialu
. Organiczne-w-Nicorganiczym Nieorganiczne-w-Organiczym
Struktury nieorganiczne modyfikowane czasteczkami organicznymi *  Nieorganiczne: mineraly, gliny, metale, polprzewodniki, wegiel lub
*  Czasteczki koloidalne stabilizowane czgsteczkami organicznymi ceramika

Organiczne: biologiczne lub chemiczne

Rysunek 4. Ogoélna klasyfikacja materiatdéw hybrydowych zawierajacych skladniki

organiczne 1 nieorganiczne [26].
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Projektowanie nowych materiatéw hybrydowych o zadanych cechach funkcjonalnych
wymaga znajomos$ci wilasciwosci fizykochemicznych komponentéw materiatu, ktore
wnoszg/wzmacniajg okreslone wlasciwosci. Dzigki nowoczesnym technikom analitycznym
i szerokiemu spektrum metod badawczych w tym metodom spektroskopowym, zostaty
poznane relacje pomig¢dzy struktura a wlasciwosciami, ktore pozwalaja na konstruowanie
materialdw o pozadanych cechach. Wybrane charakterystyczne wtasciwosci wyjsciowych

komponentéw organicznych i nieorganicznych przedstawiono w Tabeli 1.

Przy wyborze sktadowych organicznych, ktérymi zazwyczaj sa polimery, kieruje si¢
zwykle glownie ich wlasciwo$ciami mechanicznymi i termicznymi. Oprécz tego, przy
wyborze sktadnika organicznego nalezy uwzgledni¢ inne wlasciwosci, takie jak rownowaga
hydrofobowa/hydrofilowa, stabilno§¢ chemiczna, biokompatybilnos¢, wlasciwosci
optyczne i/lub elektryczne oraz funkcje chemiczne (tj. solwatacja, zwilzalno$¢,
reaktywnos¢ itp.). Komponenty organiczne materiatéw hybrydowych w wielu przypadkach
sa latwiejsze w obrobce mechanicznej 1 s3 tatwiejsze do formowania. Sktadniki
nieorganiczne zapewniaja zazwyczaj stabilno§¢ mechaniczng 1 termiczng, ale takze
wprowadzaja nowe cechy funkcjonalne, ktore zalezg od charakteru chemicznego, struktury,
wielkosci 1 krystalicznosci fazy nieorganicznej (krzemionka, tlenki metali przejsciowych,

fosforany metali, nanoglinki, nanometale, chalkogenki metali).
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Tabela 1. Poréwnanie wybranych wilasciwosci konwencjonalnych sktadnikow

organicznych i nieorganicznych [28] wykorzystywanych w materiatach hybrydowych.

Wiasciwosci

Organiczne

Nieorganiczne

Charakter wigzan

Kowalencyjne [C-C] (+stabe sity van der
Waalsa, oddziatywania elektrostatyczne lub

wigzania wodorowe).

Jonowe lub jono-kowalencyjne [M-O]

T (temperatura (-100°C do 200°C) (>200°C)
zeszklenia)
Stabilno$¢ termiczna | (<350°C, oprécz poliamidéw, 450°C) (>>100°C)
Gestos¢ 0,9-1,2 2,0-4,0
Wspoélczynnik 1,2-1,6 1,15-2,7
zalamania Swiatla
Wiasciwosci Sprezystosc; Twardos¢;
mechaniczne Plastyczno$c¢; Wytrzymato$¢;
Gumowato$¢ (zalezna od Ty). Kruchos¢.
Hydrofobowos¢, Hydrofilowy; Hydrofilowys;
Przepuszczalnosé Hydrofobowy; Niska przepuszczalnos¢ gazow.
+ przepuszczalny dla gazéw.
Wiasciwosci Izolacyjne dla przewodnictwa; Izolacyjne dla potprzewodnikow;
elektryczne Whasciwosci redoks. Wiasciwosci redoks;
Wiasciwosci magnetyczne.
Wysoka: Niska dla proszkéw (wymaga
. Formowanie, odlewanie. zmieszania z polimerami lub
Przetwarzalnos$¢ ° Tworzenie warstw z roztworu. rozproszenia w roztworach);
. Kontrola lepkosci Wysoka dla metody zol-zelu (podobnie

jak dla polimeréw).

Cechy materialéw hybrydowych wynikaja nie tylko z wlasciwosci zastosowanych

komponentow jak wskazano powyzej, ale sg rowniez efektem synergii dwoch lub wigcej

faz poprzez r6zny charakter interakcji migedzy czescig organiczng 1 nieorganiczng.

Niezaleznie od charakteru komponentéw oraz rodzaju oddziatywan pomigdzy nimi,

finalne wilasciwosci

zastosowanych metod ich syntezy.

materialdw organiczno-nieorganicznych wynikaja

réwniez z
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2.3 Strategia oraz metody syntezy materialow hybrydowych

W celu otrzymania materiatu o okreslonych wtasciwosciach oraz formie, jest bardzo
wazne zastosowanie odpowiedniej metody syntezy podczas etapu projektowania nowego
materialu hybrydowego. W przypadku najprostszego polaczenia binarnego nieorganiczno-
organicznego materialu hybrydowego istniejg dwa sktadniki: matryca i faza rozproszona. Z
jednej z wielu definicji materiatu hybrydowego faza rozproszona znajduj¢ si¢ w domenie
koloidalnej (1-1000 nm) i moze wystepowa¢ w postaci czastek, widkien lub warstw [29].
Zatem matryca moze posiada¢ charakter krystaliczny lub amorficzny. W zwiagzku z tym
syntetyczne metody otrzymywania materialdow hybrydowych ogélnie mozna podzieli¢ na

kategorie (strategie), w ktorych ma miejsce:

. (1) Oddzielna synteza matrycy (M) oraz fazy rozproszonej (D), po ktorej

nastepuje etap taczenia obydwu faz. Jest to tzw. metoda ex situ (Rysunek Sa).
. (2) Utworzenie fazy rozproszonej (D) (najczgsciej nieorganicznych
nanoczgstek), z jednoczesnym formowaniem matrycy (M) (najczgsciej polimerowej). Jest

to tzw. metoda ex situ (Rysunek 5b).

. (3) Wstepna synteza matrycy (M) i synteza fazy rozproszonej (D) wewnatrz

matrycy (polimeru) — in situ (Rysunek 5c).

. (4) Jednoczesne tworzenie matrycy (M) 1 fazy rozproszonej (D) — in situ
(Rysunek 5d).
aoddzhina | i wst
e, o NS
synteza |} formowanie D,
Di , e nastepnie
nastepnie u "
mieszanie ‘ = wokél/na D
.l 8 S --:
| ¥
polimer . .
nieorg. prekursor +
nieorg. koloid |l
t
-m wstep!
jednoczesna = L f,,mm::. i
synteza D | V4 nastepnie
synteza D

Rysunek 5. Ogdlne strategie syntezowania materialdow hybrydowych [30].
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Wymienione wyzej strategie moga by¢ stosowane do wytwarzania materialow
hybrydowych zaréwno Kklasy I, jak i klasy II. Na przyktad podejécie (1) moze prowadzié
do powstania materiatdow hybrydowych klasy II, polega ono na funkcjonalizacji
nieorganicznej (fazy rozproszonej) 1 matrycy (polimerowej) komplementarnymi
ugrupowaniami, ktore w reakcji ze sobg prowadza do tworzenia wigzan kowalencyjnych
[31]. Podejscie (2) prowadzi zazwyczaj do otrzymania materiatow klasy I, przyktadem
moze by¢ wzmacnianie matryc polimerowych krzemianami o budowie warstwowej, takimi
jak mineraty ilaste (montmorylonit lub kaolinit). Warstwowa struktura krzemianow
wymaga zhluszczania, ktére moze by¢ generowane bezposrednio przez infiltracjg
(przenikanie) monomerami, ktére rozsuwaja warstwy podczas polimeryzacji [32].
Przygotowanie skladnika nieorganicznego (faza rozproszona) wewnatrz wstgpnie
uformowanego polimeru (matrycy) jest mniej powszechnym podej$ciem (3) i zazwyczaj
wymaga umiarkowanych warunkéw syntezy w celu zapewnienia, ze struktura polimeru
organicznego pozostanie nie zmieniona [33]. Takie tagodne warunki (np. temperatura
syntezy) s3 stosowane w hydrolitycznych metodach syntezy jak zol-zel z udzialem
alkoholanéw metali. Jednoczesne tworzenie matrycy oraz fazy rozproszonej w podejsciu
(4) uzyskuje si¢ za pomoca prekursorow hybrydowych, ktére mozna kopolimeryzowaé z
dodatkowymi monomerami po jednej stronie i tworzeniem nieorganicznych czgsci po
drugiej stronie. Szeroko stosowana klasa takich prekursorow hybrydowych pochodzi od
tetractoksysilanu (TEOS) przez podstawienie jednego ugrupowania etanolanu grupa
funkcyjng, ktora moze by¢ (ko-)polimeryzowana z monomerem organicznym. Takie grupy

funkcyjne obejmujg na przyktad grupy akrylanowe lub metakrylanowe [32].

W zwiazku z istnieniem szerokiej gamy materialdw hybrydowych w rdéznych
formach, wyr6zniaja si¢ rézne metody ich otrzymywania. Ws$rdd najpopularniejszych
sposobéw otrzymywania materiatow hybrydowych mozna wyrdzni¢ metody:

¢ Metoda zol-zel — polegajagca na utworzeniu dwoch faz (organicznej i
nieorganicznej), w ktorych wystepuja silne oddzialywaniami na ich granicy. Ta metoda

pozwala na zsyntezowanie materiatow hybrydowych o wysokim stopniu zdyspergowania

fazy nieorganicznej w polimerze.
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s Polimeryzacja in situ — metoda polegajaca na uzyciu technik takich jak
polimeryzacja w masie (rodnikowa, blokowo-straceniowa), polimeryzacja w
rozpuszczalniku (jonowa, rodnikowa, koordynacyjna), polimeryzacja suspensyjna,
polimeryzacja emulsyjna. Uzycie roznych metod polimeryzacji pozwala na otrzymanie
wysoko homogenicznych materiatéw hybrydowych, w ktorych sktadniki organiczno-
nieorganiczne moga by¢ zwigzane na poziomie molekularnym lub nanometrycznym, za
pomocg zaréwno  silnych (kowalencyjnych) jak 1 stabych (wigzania wodorowe,

oddzialywania elektrostatyczne, sity Van der Waalsa) wigzan chemicznych.

Wyzej wymienione metody sg najbardziej uniwersalne i uzyteczne do réznych
strategii projektowania materiatbw hybrydowych. W niniejszej pracy do otrzymania
nowych materialdéw wykorzystano technik¢ polimeryzacji w masie (rodnikowa) zachodzaca
pod wptywem promieniowania UV. Ta technika charakteryzuj¢ si¢ powstaniem wolnych
rodnikow pod wplywem $wiatla ultrafioletowego inicjujacych reakcje polimeryzacji.
Rowniez pozwala na wytworzenie materiatow o réznych ksztaltach, jednoczesnie przy
zuzyciu matlej ilo$ci energii, duzej kontroli procesu polimeryzacji, wysokiego stopnia

utwardzania oraz stosunkowo szybkiego czasu reakcji.

2.4 Matryce polimerowe - charakterystyka oraz zastosowanie

Sktadniki organiczne w nieorganiczno-organicznych materiatach hybrydowych to
albo male czgsteczki organiczne, albo zwigzki makroczasteczkowe. Duzg grupe materiatow
hybrydowych (nieorganiczno-organicznych) stanowig materialy syntezowane na bazie
polimerowej matrycy (jako sktadnik organiczny). W takich potaczeniach preferowane sa
interakcje chemiczne migdzy polimerem organicznym a skladnikiem nieorganicznym,
poniewaz prowadzi to do powstania bardziej stabilnych i wysoce jednorodnych materiatow.
Czesto sktadniki nieorganiczne sg wiaczane do polimeru jako molekularne elementy
budulcowe [32, 34]. Do utworzenia takich uktadéw polimerycznych mozna zastosowaé
rézne strategie: jednym z najcze¢$ciej stosowanych podej$¢ jest polimeryzacja in situ
polimeru organicznego w obecno$ci ugrupowania nieorganicznego. Szeroka réoznorodnos$c
polimeréw (Tabela 2), ktore mozna zastosowa¢ w tym podejsciu, oprocz dobrze znanych

metod przetwarzania polimerow, sprawia, ze ta grupa materialow jest bardzo interesujaca
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dla wielu zastosowan technologicznych. Dla uzyskania jednorodnych materialow

hybrydowych, wazne jest, aby polimer i sktadniki nieorganiczne wykazywaty wysoka

kompatybilnos¢, co zwykle osiaga si¢ przez pewnego rodzaju interakcje chemiczng poprzez

sity Van der Waalsa, mostki wodorowe (wigzania wodorowe) lub wigzania kowalencyjne.

W zwiazku z tym tancuch polimerowy musi zapewnia¢ wystarczajaca kompatybilnos¢ z

czesto hydrofilowymi formami nieorganicznymi, lub sktadniki nieorganiczne powinny by¢

dostosowane do tancucha polimerowego poprzez odpowiednig modyfikacje.

Tabela 2. Przyktady najczesciej stosowanych monomerdow/polimeréw w roli matrycy

organiczej (polimerowej).
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Polimerowe matryce wykazujg wiele zalet, ktore pozwalajg uzyskiwa¢ materiaty o
unikatowych wlasciwosciach. Wsrod tych zalet mozna wymieni¢ przede wszystkim

wystepowanie w strukturze polimeréw roéznorodnych grup funkcyjnych (hydroksylowych,
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estrowych, karbonylowych, karboksylowych, amidowych, epoksydowych, itp.), ktore biora
bezposredni udzial w interakcjach z nieorganicznymi sktadnikami. Podatno$¢ do
modyfikacji grup funkcyjnych matryc polimerowych Ilub oddzielnych monomeréw
zwigksza ich potencjal do tworzenia materiatdw hybrydowych. Struktura i charakter
wyjsciowych monomerow s3g kluczowe w procesie projektowania matrycy polimerowej,
ktoéra determinuje finalne wlasciwosci materiatéw hybrydowych takie jak: sztywnos$c,

twardos¢, kruchosé, elastycznos¢, wytrzymato$¢ mechaniczna, wtasciwosci termiczne oraz

optyczne.
2.5 Nieorganiczne dodatki funkcjonalne - rodzaje oraz
charakterystyka

Dodatek funkcjonalny w chemii materiatlowej jest czgsto rozumiany jako substancja,
dodatek ktérej prowadzi do powstania nowej wiasciwosci lub modyfikacji juz istniejacej
cechy danego materialu. W przypadku materiatbw hybrydowych rol¢ dodatku
funkcjonalnego moze petni¢ nieorganiczny zwigzek (cze§¢ nieorganiczna), ktéry w
polaczeniu z czg$cia polimerowa (organiczng) — matrycg pozwala na utworzenie materiatu
wykazujacego dodatkowe cechy funkcjonalne lub modyfikacje, poprzez synergizm
wlasciwosci  poszczegdlnych komponentow. Materiaty hybrydowe modyfikowane
nieorganicznymi zwigzkami zyskuja duze zainteresowanie ze wzgledu na wplyw
nieorganicznych dodatkéw na zmian¢ min. wtasciwosci: mechanicznych [35], termicznych
[36-37], elektrycznych [38] 1 magnetycznych [39] w poréwnaniu do czystych polimerow
organicznych. Charakter, ilo$¢ oraz sposéb oddziatywania nieorganicznego dodatku z
matryca polimerowa majg bezposredni a czasami kluczowy wplyw na wilasciwosci
otrzymanych materiatobw. Z chemicznego punktu widzenia mozna wyr6ézni¢ kilka
sposobow wlaczania ukladéw nieorganicznych do polimeréw organicznych w zalezno$ci
od oddziatywan miedzy ugrupowaniami: materialy o silnych, stabych lub bez wigzan

chemicznych miedzy dwoma sktadnikami (Rysunek 6).
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c) d)

Rysunek 6. R6zne rodzaje nieorganiczno-organicznych materiatéw hybrydowych: a)
osadzanie ugrupowania nieorganicznego w polimerze organicznym; b) przenikajace si¢
sieci z wigzaniami chemicznymi; c) wlaczanie grup nieorganicznych przez wigzanie do

szkieletu polimeru oraz (d) podwdjny nieorganiczno-organiczny polimer hybrydowy [40].

Istnieje duza roznorodnos$¢ grup zwigzkdéw nieorganicznych, ktére mozna stosowaé w
syntezie materialdw hybrydowych. Waznym etapem jest dobranie odpowiedniej matrycy,
ktéra pozwoli na wbudowania danego dodatku w swoja struktur¢ na poziomie nano lub
molekularnym. W literaturze naukowej najczesciej sa spotykane dodatki nieorganiczne
opierajace si¢ na bazie:

°,

> Statych czgstek nieorganicznych: nanoczastki ztota (AuNPs) i1 srebra (AgNPs),
fosforany wapnia (CaP), mineraty naturalne (hydroksyapatyt), tlenki metali (SiO2, CeO-,
Fe O3, Fe30s4, ZnO, TiO;, MoOs i inne), kropki kwantowe (siarczek kamdu/cynku
(CdSe/ZnS), tellurek kadmu (CdTe), selenek zelaza(Il) (FeSe)) — zwiazki te charakteryzuja
si¢ wysokg stabilno$cia termiczng, dobrymi wlasciwo$ciami optycznymi, przewodnictwem

elektrycznym oraz dobrymi wiasciwosciami mechanicznymi.

¢ Porowatych zwigkow nieorganicznych: zeolity (H-ZSM-5), sita molekularne
(13X, HY), porowaty krzem, mezoporowate materiaty krzemionkowe (MCM-41, MCM-
50, MCM-48) 1 szkielety metalo-organiczne (MOF) (IRMOF-1, MIL-100, MOF-808) —

dodatki te ze wzgledu na porowatg strukture oraz posiadanie duzej powierzchni wlasciwe;,
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wykazuja zdolno$¢ do wymiany jonowej, separacji gazéw, transportu substancji aktywnych

oraz katalitycznych wtasciwos$ci w reakcjach bio-chemicznych.

<> Skoordynowanych  jonow metali w tym zwigzkow  kompleksowych
nieorganicznych i metalo-organicznych: nieorganiczne kompleksy metali, klastry metali,
metalo-organiczne kompleksy o strukturach dyskretnych oraz polimerowych (polimery
koordynacyjne, CP oraz szkielety metalo-organiczne, MOF) na bazie jonéw metali
przej$ciowych z blokow d i f (najczesciej uzywane sa: jony Zn**, Cu®*, Fe>**, Ti%* Ni**,
Co**, Mo*, Ru***, Ln*, itd.) — zwiazki te cechuje wysoka réznorodnos$¢ strukturalna oraz
wysoki stopien krystaliczno$ci, pozwalaja na uzyskanie wysokiej stabilnosci termicznej,

wlasciwosci fotoluminescencyjnych, katalitycznych, optycznych oraz antybakteryjnych.

*  Materialow nieorganicznych: nanowtokna [41], nanoczastki (grafen, disiarczek
molibdenu) i1 nanoglinki (Laponite XLG, Montmorylonit) [42] — posiadaja wysoka
wytrzymato$¢ mechaniczng, regulowany rozmiar i ksztalty oraz charakteryzujg si¢ wysoka

biokompatybilnoscig.

Wbudowanie zwigzkéw nieorganicznych w skali nano do polimeréw organicznych
daje mozliwo$¢ tworzenia bardzo szerokiej gamy materiatdbw o duzym potencjale
aplikacyjnym w roznych kierunkach (medycynie, inzynierii chemicznej, budownictwie,
przemysle energetycznym, ochronie srodowiska itd.). Dla optymalnej kontroli wtasciwosci
tych nowych materialow bardzo wazne jest odpowiednie dostosowanie procesu
formowania produktu koncowego. Na przyklad wytworzenie wysoce przezroczystych
optycznych materialéw wymaga innych proceséw niz wytworzenie materiatow

charakteryzujacych si¢ dobrymi wlasciwosciami termicznymi i mechanicznymi.

Ponizej przedstawiono kilka przyktadow materiatow hybrydowych opartych na

polimerowych matrycach modyfikowanych sktadnikami nieorganicznymi.

Hybrydowe membrany PEO-LiX, ktore skladaja si¢ ze statych elektrolitow
polimerowych na bazie poli(tlenku etylenu) (na bazie PEO) polaczonych z solg litu
zasadniczo spelniajg gtowne wymagania (tj. niski koszt, dobrg stabilno$§¢ chemiczng i
bezpieczenstwo) jako wydajne separatory elektrolitéw. Rozproszenie w takiej membranie
nanoczastek Si0», Al,Os3, TiO2 i BaTiOs ulepsza wlasciwosci elektryczne i mechaniczne

[44]. Takie polimery jak np. nafion, PVA, PVDF, poliimid itp., ktére sa powszechnie
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stosowane jako membrany w wysokotemperaturowych ogniwach paliwowych z membrang
protonowymienng (PEM), wykazuja lepsze wiasciwosci fizyko-chemiczne po wiaczeniu
wypetniaczy tlenkowych [44-46]. W przypadku takich modyfikowanych membran
zaobserwowano lepsza wydajnos¢ baterii w wyzszych temperaturach (110-120°C) 1 nizszej

wilgotnosci wzglednej (80—-90%) [47].

Kolejnym przyktadem materiatu hybrydowego jest poli(tereftalan etylenu) (PET)
domieszkowany nanowidknami ZnO, ktéry zostal przygotowany poprzez polaczenie
metody zol-zel i elektroprzedzenia. Materiat ten wykazal wysoka zdolno$¢ luminescenc;i,
umozliwiajac jego zastosowanie w fotokatalizatorach, czujnikach gazu, emiterach $wiatla i

ogniwach stonecznych [48].

Rowniez zywice epoksydowe 1 polidimetylosiloksanowe (PDMS) modyfikowane
tlenkami metali przejsciowych (TiO2, Nb2Os, Ta20s, ZrO: itp.) wykazuja duzy potencjat w
zastosowaniach optycznych (poniewaz zastosowane tlenki moga zwigksza¢ wspotczynniki
zatamania $wiatla dla obu polimerow przy jednoczesnym zachowaniu przezroczystosci
materialu), na przyktad w soczewkach, przezroczystych powtokach czy enkapsulacji LED
[49]. TiO> moze roéwniez wprowadza¢ wilasciwosci fotokatalityczne do materiatow
polimerowych 1 poprawia¢ odpornos¢ na degradacje UV. Przeprowadzono réwniez szereg
badan na materiatach hybrydowych opartych na PDMS domieszkowanych TiO2, CaO lub
SiO2 jako sktadnikami nieorganicznymi do stosowania jako materialy bioaktywne w
organizmie ludzkim w celu wspomagania naprawy i tworzenia kosci poprzez tworzenie
apatytu [50-52]. Materialty hybrydowe oparte na zywicach epoksydowych sa szeroko
badane pod katem zastosowan w izolacji elektrycznej, powtokach ognioodpornych 1

antykorozyjnych, klejach, laminatach, cz¢$ciach lotniczych itp. [53].

Hybrydowy material PMMA-g-ZrO», ktory bazuje si¢ na potaczeniu poli(metakrylanu
metylu) PMMA z tlenkiem cyrkonu, charakteryzuje si¢ wyzsza stabilno$cig termiczna,
odpornoscig chemiczna, wysoka przepuszczalnoscig $wiatta widzialnego oraz bardzo
dobrymi wlasciwosciami mechanicznymi i odporno$cig na zarysowania 1 zuzycie w
poréwnaniu do czystego PMMA. Material posiada potencjalne zastosowanie w elektronice

do budowy niskotemperaturowych tranzystorow cienkowarstwowych TFT, jako izolowana
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bramka. Tego typu tranzystory sa stosowane w budowie kolorowych wyswietlaczy

cieklokrystalicznych [54-55].

2.6 Polimery koordynacyjne/szkielety metalo-organiczne jako

dodatki luminescencyjne

Polimery koordynacyjne CP (ang. coordination polymers) to zwigzki kompleksowe
zbudowane z powtarzajacych si¢ jednostek  koordynacyjnych  metal-ligand,
rozbudowujacych si¢ w 1-, 2- lub 3- wymiarach (Rysunek 7). Wielowymiarowe
polimeryczne zwigzki kompleksowe o potencjalnie porowatych wilasciwosciach sg
okreslane mianem szkieletow metalo-organicznych MOF (ang. metal-organic frameworks)
[56]. Wymiarowos$¢ polimeru koordynacyjnego oraz jego struktura krystaliczna wynika z
geometrii koordynacyjnej centrum metalicznego (liczba koordynacyjna oraz wielo$cian
koordynacyjny) oraz geometrii (dlugos$ci, pozycji atomoéw donorowych oraz konformacji) i
zdolnosci koordynacyjnych ligandow (obecno$¢ atomow bedacych donorami par
elektronowych np. atoméw tlenu (O), azotu (N)). Polimery koordynacyjne powstaja, gdy
ligand ma zdolno$¢ tworzenia wielu wigzan koordynacyjnych i pelni funkcje mostka
migdzy co najmniej dwoma centrami metali. Ligandy mostkujace stosowane w
projektowaniu i syntezie polimeréw koordynacyjnych dzielg si¢ na dwie gtdéwne grupy:
ligandy obojetne N-donorowe zawierajace w swojej strukturze pierscienie heterocykliczne
(imidazol, triazol, pirydyna, pirazol, chinolina, itd.) oraz anionowe wywodzace si¢ z
kwaséw karboksylowych o charakterze aromatycznym i alifatycznym. Dodatkowo ligandy
mostkujace moga wigza¢ centra metaliczne przez grupy: karbonylowa, tiolowa czy tez

aminowy [57].

Bloki budulcowe

1D 2D

> m s

g HAH A
) ®

Polimery koordynacyjne

Rysunek 7. Schemat konstrukcji polimeréw koordynacyjnych o rdznej
wymiarowosci.
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Rozpatrujac struktury krystaliczne polimeréw koordynacyjnych, mozna zauwazy¢,
ze bardzo czgsto centra metaliczne tworza wieloatomowe uktady/klastry jonow metali
zwigzane ze sobg zazwyczaj poprzez grupe karboksylanowa OCO lub/i jon O%, ktére
stanowig drugorzedowe jednostki budulcowe (ang. secondary building units, SBU) [58-
59]. Jednostki te sa charakterystyczne dla danego jonu metalu i utatwiajg projektowanie
struktur o okreslonych cechach. Przyktady jednostek SBU wraz z popularnymi ligandami

mostkujacymi umieszczono na Rysunku 8.

&
&
-

x

Rysunek 8. Przyktady polimeréw koordynacyjnych konstruowanych w oparciu o
wieleordzeniowe jednostki SBU (lewa kolumna) oraz mostkujace ligandy O- lub N-

donorowe [58].



Ze wzgledu na duza dostepnos¢ blokow budulcowych, ktérymi sg teoretycznie
wszystkie jony metali ze wszystkich blokéw energetycznych uktadu okresowego oraz
ligandéw zaréwno nieorganicznych jak tez organicznych, mozliwosci konstruowania tego
typu potaczen koordynacyjnych sg praktycznie nieograniczone. Dodatkowym czynnikiem
zwigkszajacym liczbe konstruowanych polimeréw koordynacyjnych sa warunki syntezy,
ktére wplywaja na sktad i strukture zwigzkow [60-62]. Polimery koordynacyjne oprécz
roznorodno$ci strukturalnej wykazuja wiele innych cech takich jak: duza powierzchnia
wlasciwa, wysoka stabilno$¢ termiczna, specyficzne wiasciwosci luminescencyjne oraz
magnetyczne, ktéore nadajg tym zwigzkom cechy funkcjonalne, ktére moga by¢
wykorzystane w praktyce. Powyzsze wlasciwosci sprawiajg (Rysunek 9), ze polimery
koordynacyjne sa rozpatrywane jako nowej generacji materialy funkcjonalne stosowane w
separacji 1 magazynowania gazOw, syntezie nowych materialtbw magnetycznych i
luminescencyjnych, katalizie heterogenicznej oraz medycynie [63-64]. Z powyzszych
wzgledow, ta grupa zwigzkéw kompleksowych moze petni¢ role domieszek

funkcjonalnych stosowanych do formowania nowych materialow 0

magnesy molekularne,
czujniki

magnetyzm

specyficznych/zadanych wiasciwos$ciach.

przewodniki

Polimery
koordynacyjne

wymiana
jonowa

‘ [ wymieniacze ionowe]
M‘él

Rysunek 9. Spectrum aplikacyjne polimeréw koordynacyjnych.
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2.6.1 Jony lantanowcow(IIl) jako centra metaliczne w konstrukcji

polimeréw koordynacyjnych

Jony lantanowcow(IIl) sa stosowane w konstrukcji polimeréw koordynacyjnych jako
centra metaliczne w duzej mierze ze wzgledu na unikatowe wtasciwosci spektroskopowe w
tym luminescencyjne i magnetyczne [65-68]. Lantanowce tworza szereg pierwiastkow o
liczbach atomowych od 57 (lantan) do 71 (lutet) i leza w szdéstym okresie uktadu
okresowego pierwiastkow oraz naleza do pierwiastkow f-elektronowych (Tabela 3). W
zwigzkach chemicznych, w tym w zwigzkach kompleksowych, lantanowce wystepuja
najczesciej na trzecim stopniu utlenienia. Znane sg tylko nieliczne przyklady zwigzkow
kompleksowych jondéw lantanowcoOw na odmiennych stopniach utlenienia. Sg to gtownie
kompleksy ceru(IV) oraz terbu(IV) [69]. Konfiguracje¢ elektronowg lantanowcow oraz ich
jonéw Ln(IIl) zamieszczono w Tabeli 3. TrojwartoSciowe jony lantanowcéw maja duze
promienie jonowe i charakteryzuja si¢ zmiennymi liczbami koordynacyjnymi (LK) w
zakresie 3-12, ktérym odpowiadaja otoczenia geometryczne zdeterminowane przez
odpychanie steryczne miedzy ligandami [70]. Ze wzrostem liczby atomowej lantanowca,
obserwuje si¢ postepujace obnizenie wielkosci promienia atomowego/jonowego jako efekt
tzw. kontrakcji lantanowcowej, spowodowanej zwigkszajacym si¢ tadunkiem jadra
atomowego [71]. Roznice pomigdzy promieniami jonowymi sgsiednich lantanowcow sg
bardzo mate rzgdu 1 pm. Z kolei réznica promieni jonowych dla tego samego jonu
lantanowca(Ill) o LK=6 1 LK=12 wynosi tylko 30 pm, co sprawia, ze jony Ln(III) adaptuja
réznorodne $rodowiska koordynacyjne. Wigksze rdznice w promieniach jonowych
obserwuje si¢ pomigdzy pierwiastkami pochodzacymi z grupy lantanowcéw lekkich (La-
Gd) 1 ciezkich (Tb-Lu), co przeklada si¢ na charakterystyczne liczby koordynacyjne.
Analiza struktur krystalicznych zwiazkow kompleksowych lantanowcow przeprowadzona
na 1389 zwigzkow w latach 1935-1995 ujawnia, Ze najczesciej obserwowanymi liczbami
koordynacyjnymi w kompleksach sa 9 1 8 [56], odpowiednio w grupie lantanowcéw

lekkich 1 cigzkich [56].
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Tabela 3. Konfiguracja elektronowa lantanowcéw oraz ich jonéw Ln(I1I).

Ln Ln’ Ln(IID)
La [Xe] 5d ! 65> [Xe] 4f°
Ce [Xe] 471 5d | 65° [Xe] 4f

Pr-Eu [Xe] 4f™ 652, n=3-7 [Xe] 4f™ n=2-6
Gd [Xel 47 541 652 [Xe] 4f7

Tb-Yb [Xe] 4f™ 652, n=9-14 | [Xe] 4f" n=8-13
Lu [Xel 47 5d 1 652 [Xe] 4f 14

W ujeciu teorii Migkkich i Twardych Kwaséw i Zasad (ang. Hard and Soft Acids and
Bases) Pearsona, jony lantanowcoéw s3 rozpatrywane jako twarde kwasy Lewisa [71],
wykazujace duze powinowactwo chemiczne do twardych zasad Lewisa, ktorymi sa
donorowe atomy tlenu, w tym pochodzace z aniondw kwaséw karboksylowych. Przyjmuje
si¢, ze okolo 75 % zwigzkow kompleksowych zawiera wigzania Ln-O, podczas gdy 25%

stanowig wigzania Ln-N [69].

Z powyzszych wzgledow, biorac pod uwage projektowanie polimerow
koordynacyjnych w oparciu o jony lantanowcow(Ill), gtéwnymi organicznymi blokami

budulcowymi tych zwigzkow sa kwasy karboksylowe [72-76].

2.6.2 Wlasciwosci luminescencyjne polimerow koordynacyjnych na

bazie jonoéw lantanowcow(I1I)

Luminescencja jest wazng wlasciwoscig polimerow koordynacyjnych, czgsto
odgrywajaca kluczowa role w ich zastosowaniach. Luminescencja to promieniowanie
niespojne, ktore pojawia si¢ w wyniku wzbudzenia atomoéw, jondw lub czasteczek.
Luminescencja powstaje, gdy zachodza przej$cia na poziomach energetycznych (zwane
spontanicznymi przejSciami radiacyjnymi) ze stanow o wyzszej energii do standéw o nizszej
energii, w tym stanu podstawowego. Procesy towarzyszace luminescencji s3 czgsto

wizualizowane na diagramach Jabtonskiego (Rysunek 10 a). Absorpcja $wiatta zachodzi w
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bardzo krétkich femtosekundowych ramach czasowych i odpowiada wzbudzeniu czasteczki
ze stanu podstawowego (So) do stanu wzbudzonego (Si, Sz, ...). Nalezy zauwazy¢, ze
kazdy stan ma swoéj wilasny zestaw poziomow oscylacyjnych, ktére sg wypelniane po
wzbudzeniu z r6znym prawdopodobienstwem i po potgczeniu tworzg widmo absorpcji. Po
absorpcji fotonu najbardziej prawdopodobny proces nazywany jest konwersja wewnetrzng
lub relaksacja oscylacyjng. Proces ten jest dluzszy niz wzbudzenie (przedziat
pikosekundowy) i towarzyszy mu relaksacja strukturalna wzbudzonej czasteczki. Nadmiar
energii jest przeksztalcany w cieplo, a relaksacja jest zatem procesem niepromienistym.
Czasteczka moze istnie¢ w tym stanie wzbudzonym przez nanosekunde i dluzej, a
nastgpnie powraca do stanu podstawowego, emitujagc foton w procesie zwanym
fluorescencjg. Innymi procesami, ktore moga wystapi¢ po wzbudzeniu, to niepromienista
relaksacja po zderzeniu wzbudzonej czasteczki z innymi czasteczkami lub przejscie
migdzysystemowe do najnizszego wzbudzonego stanu trypletowego (Ti). Relaksacja ze
stanu trypletowego do stanu podstawowego z emisja fotonéw nazywana jest fosforescencja.

Mozliwe jest rowniez przejscie z powrotem do stanu Si, po ktorym nastepuje opdzniona

fluorescencja.
A
S, =
il B A
T, o(M)*
AA A
. T
//, >
/7\\"2' ’ K(M)
S «o°
i relak 1 | 1a
L ——— wzbudzenie skupione na ligandzie (LC)
~~~~pfluorescencia opdzniona —p transfer tadunku ligand-metal (LMCT
~———3 wzbudzenie skupione na metalu (LC)
a) b)

Rysunek 10. a) Diagram Jablonskiego - schematyczne przedstawienie zjawisk
luminescencyjnych. b) Schematyczne przedstawienie zjawisk luminescencyjnych w

polimerach koordynacyjnych (po prawej).
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Polimery koordynacyjne to ztozone uktady sktadajace si¢ z jonéw metali, jednego lub
wiecej typow ligandow, ktore moga zawiera¢ w kanatach czasteczki rozpuszczalnik lub
inne czasteczki takie jak amoniak, ditlenek wegla, metan, tlen etc. (zwane ,, gosciem”).
Emisja §wiatla (luminescencja) przez polimery koordynacyjne moze wynika¢ z r6znych

rodzajow przejs$¢ elektronowych, ktorych zrodtem sg (Rysunek 10 b):
. ligandy organiczne;

o jony metali (szeroko obserwowane w lantanowcowych zwigzkach zwigzane z

tzw. ,,efektem antenowym”);
. procesy przenoszenia fadunku:
= ligand-metal (ang. ligand to metal charge transfer, LMCT);

= metal-ligand (ang. metal to ligand charge transfer, MLCT);

. Czasteczki ,,go$cia” zamknigte w kanatach porowatych polimeréw

koordynacyjnych [77].

W przypadku luminescencyjnych polimeréw koordynacyjnych zbudowanych z jonéw
lantanowcow(IIl) najwigksze znaczenie aplikacyjne majg procesy luminescencyjne
zwigzane z jonami metali. Konfiguracja elektronowa jonéw lantanowcow(III)
charakteryzuje si¢ stopniowym wypehianiem orbitali 4f elektronami, poczawszy od 4’ dla
La(Ill) az do 4f '# dla Lu(Ill). Te konfiguracje elektronowe [Xe] 4f " (n=0-14) generuja
duza liczbe poziomoOw energetycznych, odpowiedzialnych za szczegdlne wlasciwosci
spektroskopowe lantanowcéw(IIl) [77]. Elektronowe poziomy energetyczne sa dobrze
zdefiniowane, poniewaz orbitale 4f sa ekranowane przez catkowicie zapelnione podpowtoki
55> i 5p5 a dodatkowo s3 mniej czute na $rodowisko chemiczne wokot jonu
lantanowca(Ill). Efektem tego sa charakterystyczne waskie pasma emisyjne powstajagce w
wyniku przej$¢ 4f-4f obserwowane dla jonéw Ln(III). Wszystkie jony Ln(IIl) z wyjatkiem
La(IIT) 1 Lu(Ill) moga generowac luminescencje zwigzang z przej$ciami f-f w zakresie od
ultrafioletu (UV) przez $wiatto widzialne (UV), az do bliskiej podczerwieni (NIR). Jony
Eu(Ill), Tb(Ill), Sm(III), oraz Tm(IIl) emituja odpowiednio $wiatlo czerwone, zielone,
pomaranczowe 1 niebieskie. Dodatkowo jony Tb(III) 1 Eu(Ill) charakteryzuja si¢ przerwa

energetyczng pomiedzy ich glownym stanem emisyjnym i podstawowym, ktdéra jest
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wystarczajaco duza, aby uniknaé wyraznego wygaszenia oscylacyjnego dzigki czemu
emisja tych jonéw jest najintensywniejsza. Jony Yb(III), Nd(IIl) oraz Er(Ill) wykazuja
luminescencj¢ w zakresie bliskiej podczerwieni oraz wykazuja efekt konwersji w gore
(UC) (ang. up-conversion), gdy dwa lub wigcej fotony NIR laczy si¢ w jedng krotsza
dhugos¢ fali (Rysunek 11 a,b). Rowniez jony Pr(III), Sm(III), Dy(III), Ho(Ill) oraz Tm(III)
wykazuja emisj¢ w zakresie NIR podczas gdy jony Gd(IIl) wykazuja emisj¢ w obszarze
UV, w przypadku nieobecnosci ligandow organicznych [69, 77-82]. Uzyskanie standw
wzbudzonych niezbednych do procesu luminescencji jonéw lantanowcéw(IIl) jest dosyc
trudne. Ze wzgledu na regule Laporte'a, molowe wspotczynniki absorpcji (¢) dla przejsé f-f
s bardzo niskie (<10 M'cm) i tylko bardzo ograniczone iloéci promieniowania s3
absorbowane w procesie bezposredniego wzbudzania w poziomach 4f co przektada si¢ na

nieefektywna luminescencje przez jony Ln(III) [77-78, 83].
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Rysunek 11. a) Dhlugos¢ fali glownych przejs¢ emisyjnych trdjwartosciowych
zwigzkéw koordynacyjnych lantanowcdéw w zakresie od bliskiego UV do bliskiej
podczerwieni NIR [84]; b) Diagram Dieke’a poziomdw energii jonéw Ln(IIl) 1 przej$c
radiacyjnych odpowiadajagcych typowym emisjom konwersji w gore UC (ang. up-
conversion).

Aby omina¢ problem niskiej absorpcji $wiatla zwigzanej z przejsciami f-f w
zwiazkach lantanowcow, czesto wykorzystuje si¢ tzw. ,,efekt antenowy” (ang. antenna

effect), ktorego mechanizm dzialania przedstawiono na Rysunku 12 ab. Ogdlnie

akceptowana propozycja wyjasnienia transferu energii z ,,anteny” na jon lantanowca
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zostata podane przez G.A. Crosby oraz R. E. Whan [85]. W tym procesie nast¢puje
wzbudzenie odpowiedniego liganda zwigzanego z jonem lantanowca(Ill) poprzez
naswietlanie promieniowaniem UV, do singletowego stanu wzbudzonego (S1). Wzbudzony
stan singletowy moze dezaktywowac przejécia radiacyjnie do stanu podstawowego (proces
fluorescencji,  przejscie  S1—>So) lub  ulega  bezpromienistemu  przejsciu
migdzysystemowemu (ang. Intersystem Crossing) ze stanu singletowego Si do stanu
trypletowego Ti. Stan trypletowy Ti moze by¢ dezaktywowany radiacyjnie do stanu
podstawowego So przez przej$cie zabronione spinowo Ti;—So, co prowadzi do procesu
fosforescencji. Alternatywnie, moze mie¢ miejsce bezpromieniste przejscie ze stanu
trypletowego Ti do stanu wzbudzonego jonu lantanowca Ln(IIl)*. Po tym posrednim
wzbudzeniu poprzez transfer energii (ang. Energy Transfer), jon lantanowca(Ill) moze
ulega¢ promienistemu przejsciu do nizszego stanu 4f zwigzanemu z fotoemisja
charakterystycznego promieniowaniu o okreslonej dtugosci fali lub ulega¢ dezaktywacji w

wyniku bezpromienistych procesow [78-79].

transfer energii
wzbudzenie /-_\ luminescencja

Transfer Energii

\ ~

s Przejécia N L R — . (Ll o o e o
1
jS ——— miedzysystemowe
g == EEEEEE EEEEE
' [=] ”Q o
1RE N\ 83837 33883
H H ! A(Lndy
k] i i D, :
2 H i e, 11 = Ey
s i (Ew) T 2 L o |
e o =
i O — == :
i L ! !
So H .
; Eu(lll) Th(ll)

b)

Rysunek 12. a) Efekt antenowy dla luminescencji lantanowcéw (Ln na II lub III
stopniu utlenienia [84]; b) Schemat efektu antenowego w przypadku jonéw Eu(Ill) oraz

Th(ITD).
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W zwiazkach kompleksowych lantanowcoéw(Ill), funkcje anten peinig najczgsciej
ligandy organiczne. I. E. Weissman zauwazyl po raz pierwszy, iz intensywnos¢
luminescencji pochodzacej od jonow lantanowcow(Ill) w zwigzkach kompleksowych
wzrasta, gdy wzbudzenie jonow Ln(III) nastepuje dlugoscia fali odpowiadajaca maksimum
absorpcji dla liganda. A wigc ma miejsce transfer energii z liganda na jon Ln(IIl) [86].
Projektowanie lub wybor odpowiednich ligandow antenowych jest istotnym parametrem
wpltywajacym na wydajnos¢ oraz intensywnos¢ emisji jonow Ln(IIl). Z badan
eksperymentalnych luminescencyjnych komplekséw lantanowcéw(IIl) wynika szereg regut
pomocnych w poszukiwaniu odpowiednich zwigzkéw organicznych (ligandéw), ktore beda
pemity funkcje efektywnej ,,anteny”. Aby uzyska¢ optymalng wydajno$¢ kwantowa
luminescencji, nalezy wybra¢ ligand o stanie T1 o odpowiedniej energii réwnej lub nieco
wyzszej od wzbudzonego stanu Ln(IIl), tak aby rdéznica energii pomiedzy stanem
trypletowym liganda a wzbudzonymi stanami lantanowcéw wynosita okoto 2500-3500
cm’!. Wieksza réznica powoduje, ze transfer energii jest mniej wydajny, podczas gdy
mniejsza luka energetyczna umozliwia czg$ciowe przeniesienie energii wzbudzenia z
metalu do ligandu, z pdzniejszym radiacyjnym lub niepromienistym zanikiem ze stanu
wzbudzonego ligandu. Wzbudzone stany ligandéw o nizszej energii niz wzbudzone stany f
lantanowcow(1IIl) nie pozwalajg na transfer energii z liganda do metalu. Poziomy energii
mozna oszacowa¢ na podstawie diagramu Dieke’a dla jonow lantanowcow(Ill) (Rysunek
11 b), ale nalezy je okresli¢ eksperymentalnie lub za pomoca obliczen kwantowych dla

wybranego liganda [87-88].

Ponizej podano kilka przyktadow takich zwigzkéw kompleksowych, ktore wykazuja

doskonate wtasciwos$ci luminescencyjne i znalazty praktyczne zastosowania [88-90].

Izostrukturalne luminescencyjne jednowymiarowe polimery koordynacyjne {[Ln3
(bidc)4(fen)2(NO3)]-2H20 1}, , (Ln = Gd, Eu, Tb) otrzymano w warunkach solwotermalnych
w wyniku reakcji soli Ln(Ill) z 1,10-fenantroling (fen) oraz kwasem benzimidazolo-5,6-
dikarboksylowym (Hjbidc) [92]. Warto zauwazy¢, ze tylko grupa karboksylanowa liganda
bidc?™ uczestniczy w koordynacji jonéw Ln(III), podczas gdy funkcjonalny atom azotu nie
bierze udzialu w tworzeniu wigzania koordynacyjnego. Pokazuje to tez tendencj¢
oksofilowg jonow lantanowcoéw, co nalezy wzig¢ pod uwage przy projektowaniu CP i

wyborze odpowiednich warunkéw reakcji i ligandéw. Koordynacja fenantroliny pokazuje,
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ze, zastosowanie chelatujacych ligandow bedacych donorami azotu jest jednym ze
sposobow obejscia oksofilowosci. Otrzymane zwigzki wykazuja niebieski kolor emisji
jonéw Gd(IIl), czerwong emisje Eu(Ill) i zielong emisj¢ dla jonéw Tb(III). Kompleks na
bazie jonéw Gd(III) umozliwia szczegdtowa analize fotofizyki ligandow w sieci polimeréw
koordynacyjnych. Eksperymenty z domieszkowaniem wszystkich trzech lantanowcéw w

jednym zwigzku pozwalaja na tatwe dostosowanie koloru emisji.

Ciekawym przykladem struktury metalo-organicznej jest kompleks Eu(Ill) o sktadzie
[EuzLL3(H20)4]- 3DMF (L=2",5"-bis(metoksymetylo)-[1,1":4',1"-terfenylo]-4,4"-
dikarboksylan), pokazany na Rysunku 13. Zwiazek ten, charakteryzuj¢ si¢ porowata,
trojwymiarowg struktura szkieletowa, i moze stuzy¢ jako czujnik DMF. Pod wptywem par
DMF wymieniony material wykazywat dramatyczny wzrost intensywnos$ci emisji Eu(III).
Poprzez szczegotowe badania luminescencji materiatow zawierajacych H>O i D>O
wykazano, ze wzrost luminescencji po ekspozycji na DMF jest tylko czgsciowo
spowodowany usuni¢ciem wygaszajacych czasteczek H>O. Gléwnym czynnikiem
selektywnego wzrostu luminescencji jest interakcja pomigdzy czasteczkami DMF i
ligandem (L), ktora prowadzi do poprawy ,.efektu antenowego”. Prototypowy czujnik
wykonany z tego zwiazku charakteryzowal si¢ czasem reakcji rzedu kilku minut i dobrg

stabilnos$cig w ciggu kilku cykli [93].

Bloki budulcowe

Bt i Opary DMF
o woda wymieniona
@T ‘f_’;‘- \ ?“ﬁ% MOF
Sioies

Rysunek 13. MOF oparty na Eu(Ill) do wykrywania DMF: bloki budulcowe,

struktura 1 sposob wykrywania [93].

35



Zhao 1 in. zsyntezowali polimer koordynacyjny na bazie jonéw Tb(III) i kwasu 5-
(1H-pirazol-3-ilo)izoftalowego (Hzpia) (Rysunek 14 a), w ktérym wolny ligand Hjpia
wykazywal pasmo emisji przy 393 nm po wzbudzeniu przy 331 nm. Widmo luminescencji
kompleksu w stanie statym [Tb(Hpia)(pia)(H20):], zawieralo cztery pasma emisji Tb(III)
przy 493, 546, 589 i 624 nm (Aw, = 254 nm) odpowiadajace przejsciom f-f odpowiednio:
SDs—"Fo, °Da—'Fs, Ds—"F4 i *Ds—"F3. Otrzymany Tb-MOF wykazywat efekt wygaszenia
luminescencji w obecnosci anionéw fosforanowych(V) w wodnej zawiesinie. Przy st¢zeniu
jonéw PO4> wynoszacym 3,27-10* M, pasma luminescencji przy 546 nm (przejécie “Da—

Fs) prawie calkowicie zanikaty (Rysunek 14 b) [94].
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Rysunek 14. a) Jednostka asymetryczna [Tb(Hpia)(pia)(H20)2]n oraz widok
dwuwymiarowej warstwowy jednostki strukturalnej utworzonej przez jony Tb(IIl) 1

liganda; b) wygaszanie emisji poprzez obecnos¢ jonow PO4* [94].

Duan i in. otrzymali stabilne polimery koordynacyjne z jonami Ln(IIl), z ktérych dwa
zwiazki {[Eus(pta)s(Hpta)2(H20)4]-9H20}4 1 {[Tb(Hpta)(C204)]-3H20}, (Hopta - kwas 2-
(4-pirydylo)tereftalowy) wykazywaly emisj¢ promieniowania (Rysunek 15 a). Eu-MOF po
wzbudzeniu przy 366 nm wykazywatl pasma emisji przy 581, 593, 613 i 653 nm,
odpowiadajace charakterystycznym przejéciom *Do—'Fo, Do—'F1, *Do—'F2 i >Do—'F4 jonéw

Eu(III). Tb-MOF po wzbudzeniu przy 376 nm wykazywal cztery pasma emisji przy 490,
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546, 585 i 622 nm, ktére mozna przypisaé przejsciom *Ds—"F; (J = 6-3) jonéw Tb(III).
Obydwa MOF-y wykazywaty zdolno$¢ do wykrywania jonéw Fe** w roztworze wodnym z
wygaszaniem intensywnos$ci luminescencji o 98% (Rysunek 15 b). Tb-MOF wykazywat
efekt wygaszania luminescencji w obecnoéci jonéw Cr.07* z wysoka wydajnoscia
wygaszania do 98%. Co wigcej, Tb-MOF wykazal radykalny efekt wygaszania

luminescencji wynoszacy 96% w obecnosci nitrofuranu w roztworze DMF [95].
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Rysunek 15. a) Otoczenie koordynacyjne jonéw Eu(Ill) oraz widok struktury 3D
polimeru koordynacyjnego; b) widma emisji w roztworach wodnych w obecnos$ci roznych

stezen jonow Fe(III) [95].

Dostosowanie koloréw emisji mozna osiggna¢ poprzez wspotdomieszkowanie
kilkoma réznymi jonami metali wyj$ciowego polimeru koordynacyjnego. Przyktadem
moze by¢ porowaty dwuwymiarowy polimer koordynacyjny [Gd2Cle(bipy)s] (bipy = 4,4'-
bipirydyna), ktory petnit funkcje gospodarza, ktory byt domieszkowany réoznymi ilosciami
jonéw Eu(Ill) i Tb(III) petnigcymi funkcje ,,gos$ci”. Zmiana barwy emitowanego Swiatta

byta efektem zmiany stosunku stezen jonéw goscia (Rysunek 16) [96].
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UV-light
Loo=302 nm

Rysunek 16. Zdjecie serii krysztatow mieszanych [Gd2—x—yEuxTbyCle(bipy)s]-2bipy
(bipy = 4,4'-bipirydyna) pod wptywem promieniowania UV (zawarto$§¢ jonéw Tb(III)

maleje, a zawarto$¢ jondw Eu(IIl) wzrasta od lewej do prawej) [96].

Wiasciwosci fotofizyczne polimerow koordynacyjnych sa wykorzystywane do
tworzenia materialow elektroluminescencyjnych do diod LED [97-98], jako S$rodki
kontrastowe w obrazowaniu biomedycznym, teranostyce i terapii fotodynamicznej [99]. W
ostatnich latach coraz wigcej uwagi poswieca si¢ nieliniowym wilasciwosciom optycznym
polimeréw koordynacyjnych, w tym generowaniu drugiej harmonicznej, absorpcji
wielofotonowej, up-konwersji luminescencji 1 laserach [100-101]. Najszerszym obszarem
wykorzystania wtasciwosci luminescencyjnych polimeréw koordynacyjnych sg czujniki
chemiczne stuzace do identyfikacji roznych analitow — kationéw i anionéw w roztworach
wodnych i1 niewodnych [102-104], gazow (wodoru, tlenu, ditleneku wegla, tlenku wegla,
amoniaku, pary wodnej itp.) [105-106], lotnych zwiazkéw organicznych (weglowodorow
aromatycznych, nitrozwigzkow aromatycznych, amin itp.) [107-108], zwiazkéw
biologicznych (witamin, substancji farmaceutycznych, toksyn, DNA i RNA itp.) [109-110].
Sygnat analityczny w czujnikach tego typu z reguty zwigzany jest albo z obniZzeniem
nat¢zenia luminescencji w obecno$ci analitu (efekt ,,wygaszenia”), albo z jego wzrostem
(efekt ,,wlaczenia”). Szerokie spektrum zastosowan oraz réznorodno$¢ strukturalna
luminescencyjnych polimeréw koordynacyjnych spowodowata, ze zwigzki te odgrywaja
wiogdacy charakter w nowych materiatach, a co za tym idzie w innowacyjnych

technologiach.
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2.6.3 Metody syntezy polimeréw koordynacyjnych na bazie jonow

lantanowcow(I1I) w fazie stalej

Finalna struktura i wlasciwosci fizykochemiczne polimeréw koordynacyjnych zaleza
nie tylko od prekursoréw blokéw budulcowych tj. centr metalicznych i stosowanych
ligandéw, ale takze zastosowanej metody syntezy i warunkow jej prowadzenia. Zarowno z
punktu widzenia poznawczego jak rowniez aplikacyjnego, waznym elementem ktory
nalezy uwzgledni¢ przy projektowaniu syntezy tych zwigzkéw jest wydajno$¢ procesu
syntezy, rozmiary czgsteczek jak rowniez morfologia otrzymanego produktu.
Réznorodnos¢ chemiczna wykorzystywanych blokow budulcowych sprawia, ze nie mozna
zastosowa¢ jednej procedury syntezy do otrzymywania wszystkich polimerow
koordynacyjnych a nalezy kazdorazowo uwzgledni¢ indywidualne cechy prekursorow.
Pierwotne syntezy polimerow koordynacyjnych majace miejsce w latach 90. XX wieku
opieraty si¢ gléwnie o metody hydro- oraz solwotermalne, ktére stwarzaty najlepsze
warunki do otrzymywania tych trudnorozpuszczalnych zwigzkow w formach
monokrystalicznych, pozwalajacych  na  ich  dalsze  badania  metodami
rentgenostrukturalnymi. Zaobserwowano, ze na koncowy produkt reakcji syntezy CP/MOF
maja duzy wplyw takie czynniki jak: stosunek molowy metal:ligand, st¢zenie soli jonow
metalu i1 ligandu organicznego, temperatura, cisnienie, pH, rodzaj rozpuszczalnika a takze
czas prowadzenia reakcji [111,112]. Wplyw powyzszych czynnikow uwzglednia si¢ takze
w wielu innych metodach syntezy polimeréw koordynacyjnych, ktore rozwingty si¢ bardzo
szeroko na przestrzeni kolejnych trzydziestu lat. Metody te r6znig si¢ gtownie zrodltem
dostarczanej energii, niezbednej do procesu kompleksowania (Tabela 4) jak rowniez
czasem trwania reakcji [112]. Ponadto, w ostatnich latach maja miejsce tzw. procesy post-
modyfikacji  (ang.  postsynthetic = modification)  zsyntezowanych  polimeréw
koordynacyjnych, ktére pozwalaja na dalsze zmiany funkcjonalne w ich strukturze [113].
W ostatnich latach, zgodnie z zasadami ,,zielonej chemii” obserwuje si¢ wykorzystanie
metod bezrozpuszczalnikowych w syntezie CP/MOF a w szczeg6lnosci mechanochemig
[114]. Zwigzla charakterystyke najpopularniejszych metod syntezy polimeréw

koordynacyjnych zawarto w Tabeli 4.
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Tabela 4. Charakterystyka réoznych metod syntezy polimeréw koordynacyjnych w

tym szkieletow metalo-organicznych [115].

Metoda syntezy | Zrodlo Energii | Czas reakcji Zalety
Solwotermalna/ Ogrzewanie Godziny/dni Prosta procedura, wysoka wydajnos¢.
Hydrotermalna konwencjonalne
Wytrgceniowa Ogrzewanie Godziny Proste warunki, niski koszt
konwencjonalne energetyczny.
Mechanochemia Sita Minuty do Proste warunki, unikanie stosowania
mechaniczna godzin rozpuszczalnikéw organicznych, krétki

czas reakcji.

Elektrochemiczna Prad Minuty do Lagodne warunki reakcji, krotki czas
elektryczny godzin reakcji.
Sonochemiczna Fale dzwickowe Minuty do Prosty i wydajny proces syntezy, krotki
(w zakresie godzin czas reakcji.
ultradzwigkow)
Mikroemulsyjna - Godziny/dni Kontrola morfologii struktur CP/MOF
Post-modyfikacja - Godziny Pozwala na projektowanie

wielofunkcyjnych MOF-6w.

Jak wspomniano powyzej, metody hydro-/solwotermalne sg najpowszechniejszymi
metodami syntezy zwigzkéw typu CP/MOF. W tej metodzie substraty reakcji oraz
odpowiednio dobrany rozpuszczalnik umieszcza si¢ w szczelnym zamknigtym naczyniu
(autoklawie), i nastgpnie ogrzewa si¢ pod ci$nieniem autogenicznym przez kilka godzin, a
nawet kilka dni [116]. W tradycyjnych autoklawach, temperatura reakcji jest gtownym
parametrem, ktory mozna kontrolowa¢ podczas syntezy CP/MOF. Okreslenie optymalnej
temperatury syntezy CP/MOF jest §cisSle zwigzane z zastosowang metodologia. W
przypadku reakcji hydro-/solwotermalnych, reakcje syntezy prowadzi si¢ w temperaturze
powyzej temperatury wrzenia rozpuszczalnika, w pozostatych metodach, reakcja syntezy
przebiega w temperaturze wrzenia rozpuszczalnika lub temperaturze nizszej [111].
Temperatura reakcji syntezy wptywa w oczywisty sposob na szybko$¢ reakcji ale takze ma
bardzo duzy wplyw na koncowa strukture zwigzku i wplywa na proces zarodkowania

krysztatow CP/MOF.
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Metoda wytrgceniowa jest jedng z najprostszych metod syntezy CP/MOF 1 moze by¢
stosowana w przypadku zwigzkow trudno rozpuszczalnych. W poréwnaniu z reakcjami
hydro-/solwotermalnymi, zaletami tej metody jest: szybka procedura syntezy, brak
zapotrzebowania na energi¢ 1 wysoka wydajnos¢ [117]. Metoda wytragceniowa wymaga aby
substraty reakcji przed zmieszaniem byly rozpuszczone. W przypadku stabego wytracania
indukowanego rozpuszczalnikiem, istniejg dwie proste procedury otrzymania osadu. Jedng
z nich jest oddzielne rozpuszczenie prekursoréw w réznych rozpuszczalnikach, a nast¢pnie
zmieszanie roztworéw celem wypadnigcia osadow. Druga procedura polega na tym, ze
prekursory rozpuszcza si¢ w jednym rozpuszczalniku, a powstaly tatwo rozpuszczalny
CP/MOF przenosi si¢ do innego rozpuszczalnika, aby wywota¢ proces wytracania [118].
Modyfikacje metody wytraceniowej zwigzane s3 przede wszystkim ze zmiang:
prekursorow (np. rozne zwigzki metali), stgzenia prekursoréw, rozpuszczalnika, pH oraz
srodowiska reakcji. Zalety tej metody wynikaja gtéwnie z rdznicy w rozpuszczalnosci

prekursoréw i powstalych w fazie statej polimerow koordynacyjnych [119].

Kolejng mniej popularng metoda otrzymywania polimeréw koordynacyjnych jest
metoda  mechanochemiczna, w  ktorej jest stosowana sila  mechaniczna
(rozcieranie/mielenie) jako gldéwny sposob dostarczenia energii aktywacji (inicjacji) reakcji
chemicznej. Metoda ta zyskuje coraz bardziej na popularno$ci w syntezie roznego typu
materiatbw min. mieszanych tlenkéw metali, nanoczastek, stopéw, biokoniugatéw,
polimerow, zeolitow jak rowniez w ostatnich latach CP/MOF [120-121]. Do zalet syntezy
mechanochemicznej zalicza si¢: (1) unikanie stosowania rozpuszczalnikow organicznych;
(2) skrocony czas reakcji, zwykle nie dluzszy niz 60 min; (3) tlenki metali moga
zastgpowacé sole metali, dzigki czemu nastgpuje redukcja produktéw ubocznych; (4)
powtarzalno$s¢  produktéw  dzigki  wysokoenergetycznemu  procesowi  mielenia
mechanicznego [122]. W 2006 roku Pichon i wspotpracownicy doniesli o pierwszych
CP/MOF zsyntetyzowanych poprzez mielenie mechanochemiczne [123]. W tym
doniesieniu potwierdzono uzyteczno$¢ metod mechanochemicznych do wytwarzania

porowatych 1 wielowymiarowych sieci koordynacyjnych.

Komercyjne wykorzystanie polimerow koordynacyjnych wymaga produkcji tych
zwigzkOw na skale przemyslowa. Wdrozenie przemystowych metod syntezy CP/MOF

wigze si¢ z nastgpujagcymi wyzwaniami: (1) redukcja kosztow substratow 1 wzrostem
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wydajnosci procesu syntezy, (2) obnizenie ilo$ci produktow ubocznych (w tym akumulacji
aniono6w spowodowanych uzytymi solami), (3) ekonomiczne otrzymywanie ligandow
organicznych i kontrola wielkos$ci czgstek CP/MOF oraz (4) usuwanie rozpuszczalnikéw i
nieprzereagowanych substratow wyjsciowych [111]. Dlatego ogromne znaczenie ma
badanie r6znych metod syntezy polimeréw koordynacyjnych i szczegdtowe zdefiniowanie

wptywu réznych czynnikdéw na finalne zwigzki.
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3. Czes¢ doswiadczalna - badania wlasne

3.1 Okreslenie celu pracy

Rozwo6j nowoczesnych technologii nieodtacznie jest zwigzany z rozwojem wielu
dziedzin chemii w tym chemii koordynacyjnej i materiatlowej, ktore oferuja materiaty o
zaprojektowanych wiasciwosciach funkcjonalnych. Materiaty hybrydowe taczace w sobie
pozadane cechy roznorodnych pod wzgledem chemicznym komponentéw s3 szczegolnie
atrakcyjne, poniewaz zazwyczaj stanowig potgczenie nieorganicznych i organicznych
elementdw strukturalnych o wiasciwo$ciach wzajemnie si¢ uzupetiajacych, lub
stanowigcych synergiczny efekt oddzialywan pomiedzy skladnikami. Dodatki
nieorganiczne w formie zwigzkoéw kompleksowych bazujacych na ligandach organicznych

znajduja coraz szersze wykorzystanie w chemii materialowej [76,78].

Glownym celem badawczym przedstawionej pracy byla synteza i charakterystyka
nowych hybrydowych materiatbw luminescencyjnych opartych na polimerowych
matrycach oraz kompleksach lantanowcow(IIl) o strukturze polimeréw koordynacyjnych.
Dodatek zwigzkéw kompleksowych do polimerycznych matryc miat na celu wprowadzenie
wlasciwosci luminescencyjnych do polimerowego (organicznego) materiatu, czego efektem
mialy by¢ nowe materialy hybrydowe o charakterze nieorganiczno-organicznym.
Zsyntezowane hybrydowe materialy o wtasciwo$ciach luminescencyjnych moga znalezé
potencjalne zastosowanie do wytworzenia nowych lakier6w ochronnych przed dzialaniem
szkodliwego promieniowania UV, w technice $wiattowodowej, ro6znego typu
wzmacniaczach  optycznych, a takze w  opracowaniu nowych czujnikéw

luminescencyjnych.

Synteza nowych materiatow hybrydowych o wiasciwosciach luminescencyjnych
obejmowata dwa glowne etapy badan. Pierwszy etap dotyczyl zaprojektowania i
otrzymania w fazie stalej zwigzkow kompleksowych wybranych jonow lantanowcow(I1I)
tj. Nd(I), Eu(ll), Tb{Il) i Er(Ill) o strukturze polimeréw koordynacyjnych z
organicznymi kwasami dikarboksylowymi tj. 1H-pirazolo-3,5-dikarboksylowym oraz
chinolino-2,4-dikarboksylowym zawierajagcymi ugrupowania chromoforowe (Rysunek 17).

Ligandy te mialy dwojaka funkcje do spelnienia w otrzymanych zwigzkach
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kompleksowych. Pierwsza rola wynikata z ich struktury i byla zwigzana z zalozonymi
wlasciwosciami koordynacyjnymi, a w szczegélnosci ze zdolnoscia do tworzenia
polimerycznych polaczen koordynacyjnych z jonami lantanowcédw(Ill). Druga zakladang
rolg tych ligandow bylo petnienie funkcji ,,anten”, ktére wykazywatyby si¢ zdolnoscig
absorpcji promieniowania UV i efektywnego transferu energii do jonu centralnego
lantanowca(Ill), czego efektem byloby wzmocnione zjawisko luminescencji jondéw
lantanowcow(IIl) (w zakresie VIS — jony Eu(IIl) i Tb(IIl), w zakresie NIR — Nd(II) i
Er(II)) w zsyntezowanych zwigzkach kompleksowych.

Wybér kwaséw karboksylowych do syntezy polimeréw koordynacyjnych
lantanowcow(IIl) opieral si¢ na nastepujacych rozwazaniach: (i) obecnosci dwdch grup
karboksylowych jako donoréw atomow tlenu, w pozycjach pier§cieni heteroatomowych
sprzyjajacych tworzeniu mostkujacych polaczen z jonami Ln(Ill), (ii)) mozliwos$ci
deprotonacji jednej lub dwéch grup COOH, co sprzyja tworzeniu réznorodnych struktur
krystalicznych, (iii) obecnosci N-donorowych atoméw w pierscieniach heterocyklicznych,
ktoére moga tworzy¢ dodatkowe wigzania koordynacyjne z jonami Ln(IIl); oraz (iv) braku
doniesien dotyczacych syntezy materialdow hybrydowych domieszkowanych polimerami

koordynacyjnymi lantanowcéw(IIl) z tymi kwasami.

HO._ _O

OH
O b
O e

OH
HN=y  OH N

\

@
a) b)

Rysunek 17. Wzory strukturalne: a) kwasu 1H-pirazolo-3,5-dikarboksylowego; b)

kwasu chinolino-2,4-dikarboksylowego.
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Cele szczegolowe pierwszego etapu badan dotyczyly:

1. optymalizacji procesu syntezy kompleksow lantanowcow(Ill) z kwasem 1H-
pirazolo-3,5-dikarboskylowym metodami: stragceniowa, mechanochemiczng

oraz hydrotermalng;

2. optymalizacji procesu syntezy komplekséw lantanowcow(Ill) z kwasem
chinolino-2,4-dikarboksylowym metoda hydrotermalng, w warunkach réznej

temperatury (100, 120 oraz 150°C);

3. okreslenie sktadu i struktury uzyskanych potaczen koordynacyjnych w fazie
statej, na podstawie badan spektroskopowych, dyfraktometrycznych i

termicznych;

4. zdefiniowanie sfery koordynacyjnej atoméw centralnych w otrzymanych
zwigzkach kompleksowych, okreslenie rodzajow koordynacji przez ligandy
organiczne oraz poznanie funkcji czasteczek rozpuszczalnika zawartego w ich

strukturze;

5. wyznaczenie stabilno$ci termicznej oraz mechanizmu rozkladu termicznego
zwigzkéow kompleksowych w atmosferze powietrza oraz identyfikacja

produktow gazowych rozktadu w atmosferze azotu;

6. okreslenie wlasciwosci luminescencyjnych zwigzkow kompleksowych celem
sprawdzenia mozliwosci wykorzystania danego kompleksu jako domieszka

luminescencyjna w materiale hybrydowym;

7. zdefiniowanie wplywu warunkoéw syntezy na strukture 1 wlasciwosci

fizykochemiczne zwigzkow kompleksowych.

Drugi etap badan obejmowal syntezg i charakterystyke materiatdéw hybrydowych na
bazie matryc polimerowych m.in. metakrylanbw oraz winylowych pochodnych
aromatycznych z wybranymi zsyntezowanymi Ww pierwszym etapie polimerami

koordynacyjnymi lantanowcoéw(I1I).
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Na

Cele szczegolowe tego etapu badan obejmowaly nastepujace zadania:
optymalizacje ~ procesdéw  syntezy  matryc  polimerowych  metoda
fotopolimeryzacji UV;

optymalizacj¢ procesow syntezy materialdw hybrydowych domieszkowanych
kompleksami lantanowcéw(Ill) (obejmujaca odpowiedni dobdr ilosciowy

dodatku luminescencyjnego) metodami: ex sifu (top-down) oraz in situ;

charakterystyka spektroskopowa uzyskanych materialow celem okreslenia

oddzialywan pomigdzy komponentami matrycy;

okreslenie stabilno$ci termicznej i mechanizmu rozktadu uzyskanych serii
materiatéw hybrydowych domieszkowanych ro6znymi ilosciami zwigzkow

kompleksow oraz wpltyw ich zawarto$ci na zachowanie termiczne materialow;

okreslenie wptywu domieszek na sktad lotnych produktéw gazowych rozktadu

materialdéw hybrydowych w atmosferze azotu;

wyznaczenie wpltywu ilo$ci domieszki na wlasciwosci luminescencyjne

otrzymanych materiatow hybrydowych;

wyznaczenie wpltywu zawarto$ci dodatku luminescencyjnego na wiasciwosci

mechaniczne wybranych materialow hybrydowych;

tym etapie badan zostal okreslony wptyw domieszkowania polimerow

organicznych zwigzkami kompleksowymi lantanowcow(Ill) na ich wlasciwosci

fizykochemiczne min. stabilno$¢ termiczng, wytrzymato§¢ mechaniczng a przede

wszystkim wlasciwosci luminescencyjne. Prowadzone badania miaty roéwniez na celu

wyjasnienie struktury 1 sposobu wigzania dodawanego zwigzku kompleksowego do

polimerycznej matrycy.
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3.2 Metody badawcze stosowane w pracy

Do  scharakteryzowania  polimeréw  koordynacyjnych na bazie jonéw

lantanowcow(111) zostaly uzyte nastepujace metody badawcze:

* Analiza elementarna (analizatory zawartosci C, H 1 N: Perkin-Elmer CHNS 2400;
EuroEA3000, EuroVector);

¢ Spektroskopia w podczerwieni: metoda ostabionego catkowitego odbicia

ATR/FTIR (NICOLET 6700, Thermo Scientific);

*¢ Analiza termiczna w atmosferze powietrza metoda TG-DSC (TG-
termograwimetria; DSC-skaningowa kalorymetria roznicowa, SETSYS 16/18,

Setaram);

% Technika sprz¢zona TG-FTIR w atmosferze azotu (TG Q5000, Thermo Scientific;
NICOLET 6700 FT-IR, Thermo Scientific);

* Rentgenowska analiza fazowa XRD (PANalytical Empyren, Panalytical);

¢ Rentgenowska analiza strukturalna monokrysztatow (Rigaku XtaLAB MM7HFMR,
detektor Pilatus 200K);

% Spektroskopia luminescencyjna (Hitachi F7000 zakres UV-VIS, Andor Shamrock
500 zakres NIR, QuantaMasterTM 40 dla pomiaréw czaséw zycia i wydajno$ci

kwantowej) oraz Horiba PTI QuantaMasterbased;
% Mikroskopia optyczna oraz konfokalna (MA200 Nikon).

Do scharakteryzowania otrzymanych materiatow hybrydowych oprécz wyzej

wymienionych metod zostaty uzyte dodatkowe metody badawcze takie jak:

% Mikroskopia optyczna (Morphologi G3) oraz mikroskopia SEM (Quanta 3D
FEG (FE)));

< Spektroskopia magnetycznego rezonansu jadrowego 'H NMR (Bruker Ascend

500 MHz);
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¢ Dynamiczna analiza mechaniczna (DMA) (DMA Q800 Analyzer TA

Instruments);

¢ Proby zginania i pomiary twardosci (Zwick/Roell, Z010) — do okreslenia

wlasciwo$ci mechanicznych.

3.3 Opis otrzymanych wynikow z przeprowadzonych badan

Przedstawione opracowanie opiera si¢ na cyklu 4 prac Al1-A4, ktéore mozna podzieli¢
na dwie grupy prac uzupetniajacych si¢ tematycznie Al i A2 oraz A3 i A4. Kazda grupa
prac opierala si¢ na dwoch podobnych etapach przeprowadzonych badan, w ktorych I etap
polegal na syntezie i charakterystyce nowych zwiazkéw koordynacyjnych o strukturze
polimerowej wykazujacych wlasciwosci luminescencyjne [Al, A3], zatem II etapem bylo
wykorzystanie otrzymanych zwigzkéw w etapie I do syntezy nowych materialow

hybrydowych oraz charakterystyka otrzymanych materiatow [A2, A4].

Zsyntezowano zwigzki kompleksowe skonstruowane na bazie wybranych jondéw
lantanowcow(Ill) takich jak: Nd(III), Eu{Il), Tb() oraz Er(Ill) 1 kwasach
dikarboksylowych tj. kwasie 1H-pirazolo-3,5-dikarboksylowym (Hpdca) [A1l] 1 kwasie
chinolino-2,4-dikarboksylowym (H3Qdca) [A3] z uzyciem metod: wytraceniowej [Al],
mechanochemicznej (czas ucierania 45 min) [Al] oraz hydrotermalnej [Al, A3] pod
cisnieniem autogenicznym w czasie ogrzewanie 72h w temperaturze 100°C [Al, A3],
120°C [A1, A3] 1 150°C [A3]. We wszystkich wykorzystanych metodach stosowanym

rozpuszczalnikiem byla woda.

Dwa szeregi nowych materiatow hybrydowych otrzymane metoda fotopolimeryzacji
(UV), domieszkowane réznymi iloSciami lantanowcowych zwigzkéw kompleksowych
zostaly opisane w pracach A2 i A4. W syntezie materialow hybrydowych wykorzystano
dwa typy matryc polimerowych, w ktorych kazdy opierat si¢ o dwa rodzaje monomerow.
Pierwszy szereg materiatow hybrydowych, ktore zostaly opisane w pracy A2, opieraty si¢
na matryc¢ polimerowa wywodzaca si¢ z monomerow: diakrylanu glicerolu bisfenolu A
(BPA.DA) oraz metakrylanu metylu (MMA), dotowang kompleksami Ln2(Hpdca);'nH,O
(gdzie Ln= Eu(IlIl) oraz Tb(Ill); n=6-7) [A1]. Drugi szereg materialdéw zaprojektowano w
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oparciu o matryce polimerowa na bazie diakrylanu glicerolu bisfenolu A (BPA.DA) oraz
N-winylpirolidonu (NVP) [A4], dotowana kompleksem [Eux(Qdca)3;(H20)x]-yH20 (gdzie
x=3-4, y=1-3) [A3].

3.3.1 Wplyw wybranych metod syntez na struktury polimerow koordynacyjnych na
bazie kwasu 1H-pirazalo-3,5-dikarboksylowego [A1]

Otrzymano polikrystaliczne kompleksy wybranych jonéw lantanowcoéw(Ill) z
kwasem 1H-pirazalo-3,5-dikarboksylowym o ogdélnym wzorze Lny(Hpdca)s;-nH2O, gdzie
Ln=Nd(III), Eu(IIl), Tb(IIl) i Er(Ill); Hpdca= CsH2N204>" oraz n=6 lub 7 stosujac metode
hydrotermalng, mechanochemiczng oraz wytragceniowg. Poréwnanie dyfraktogramow
proszkowych (XRD) zwigzkéw zsyntezowanych réznymi metodami (Rysunek 18),
wykazato, ze jony Eu(III), Tb(IIl) i Er(III) tworzg z anionowym ligandem Hpdca?~ zwigzki
izostrukturalne, niezaleznie od zastosowane] metody syntezy. Jedynie zwiazki
kompleksowe jonow Nd(III) tworzg inng faza krystaliczng, lecz takze takg sama w réznych
warunkach syntezy. Poréwnanie eksperymentalnych dyfraktograméw proszkowych (XRD)
komplekséw neodymu(Ill) z dyfraktogramami obliczonymi na podstawie danych
strukturalnych opublikowanych przez J. Xia [124], potwierdza, Ze otrzymane kompleksy
neodymu(Ill) s3 izomorficzne z trojwymiarowymi polimerami koordynacyjnymi
raportowanymi wczesniej w literaturze. W danych kompleksach liczba koordynacyjna
jonéw neodymu(IIl) wynosi 9 a sfera koordynacyjna zawiera ligandy 1H-pirazalo-3,5-
dikarboksylanowe oraz akwa ligandy. Koordynacja jonéw Nd(III) nastgpuj¢ przez grupy
karboksylanowe o charakterze monodentnym, bidentno-mostkujagcym oraz bidentno-
chelatujagcym, jak rowniez poprzez jeden atom azotu pochodzacego z pierScienia

pirazolowego [124].
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Rysunek 18. Dyfraktogramy proszkowe komplekséw Lnz>(Hpdca);-nH2O otrzymanych

trzema roznymi metodami (hydrotermalnie, mechanochemicznie oraz wytragceniowo).

Najwyzszy stopien krystalicznosci zaobserwowano dla produktow syntezy
hydrotermalnej, co umozliwilo przeprowadzenie rentgenowskiej analizy strukturalnej
monokrysztatéw dla kompleksu Eux(Hpdca)s-6H>O. Dana analiza wykazata, ze kompleks
europu(Ill) krystalizuje w jednoskosnej grupie przestrzennej P2i/c. Parametry komorki
elementarnej sa nastepujgce: a=10,9897(7) A; b=10,2103(5) A; ¢=10,5766(7) A;
B=100,149(5); V =1168,2(1) A’; Z=4. Uzyskane dane sa zgodne z tymi opublikowanymi
dla znanych dwuwymiarowych polimeréw koordynacyjnych lantanowcow(I1I) opisanych w
literaturze naukowej [124-122]. Bioragc pod uwage izomorficzno$¢ kompleksow Eu(IIl),
Tb(III) 1 Er(Ill), mozna stwierdzi¢, ze wszystkie kompleksy tych jonéw uzyskane réznymi
metodami syntezy maja forme¢ polimerow koordynacyjnych. Otoczenie koordynacyjne
jonéw Eu(IIl) w kompleksie Euo(Hpdca)s-6H-O jest zdefiniowane przez 4 ligandy Hpdca®
1 3 czasteczki akwa ligandéw a liczba koordynacyjna wynosi 8 (Rysunek 19 a.). Sfera
koordynacyjna centrum metalicznego sktada si¢ z czterech karboksylanowych atomow
tlenu, trzech atoméw tlenu pochodzacych ze skoordynowanych czasteczek wody 1 jednego
atomu azotu z pierScienia pirazolowego. Dlugosci wigzan Eu—O wahajg si¢ od 2,343(7) do
2,465(8) A, podczas gdy dtugos¢ wigzania Eu-N wynosi 2,519(7) A [Al, (Tabela A.2)]. Jak
mozna zaobserwowa¢ na Rysunku 19 a, ligand 1H-pirazolo-3,5-dikarboksylanowy

zachowuje si¢ jako tetradentny ligand mostkujgco-chelatujacy, wiazacy trzy roézne jony
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Eu(Ill). Grupy karboksylanowe wykazuja charakter monodentny oraz bidentno-

mostkujacy.

Ny A BEREREey

\’“‘/' WW

N~ AR m

U’%@%@%@%

a) b)

Rysunek 19. a) Fragment struktury oraz otoczenie koordynacyjne jonu Eu(Ill) w
kompleksie  Euz(Hpdca);-6H2O; b) Widok upakowania struktury kompleksu
Euz(Hpdca);-6H20 wzdtuz osi*b.

Biorac pod uwagg liczbe czasteczek wody w otrzymanych kompleksach, wszystkie
zwigzki wytworzone w warunkach hydrotermalnych zawieraja sze$¢ czasteczek wody
doktadnie tak, jak to zaobserwowano w opisywanych wczeéniej kompleksach [124-125].
Szes¢ czasteczek wody wystepuje takze w kompleksach Tb(III) zsyntetyzowanych innymi
metodami. Kompleksy Eu(IIl) i Er(Ill) otrzymane zaréwno metodg mechanochemiczng, jak
1 straceniowa wykazuja siedem czasteczek wody podobnie jak kompleks Nd(III)
otrzymywany mechanochemicznie. Uwzgledniajac izostrukturalnosc kompleksow Eu(Ill),
Tb(IIl) oraz Er(Ill), ta siddma czasteczka wody znajduje si¢ prawdopodobnie w

zewngtrznej sferze koordynacyjnej atomow centralnych.

3.3.2 Charakterysytyka spektroskopowa kompleksow lantanowcow(III) z kwasem 1H-
pirazalo-3,5-dikarboksylowym [A1]

Widma ATR-FTIR komplekséw lantanowcow(Ill) z kwasem 1H-pirazalo-3,5-
dikarboksylowym wskazuja na obecno$¢ diagnostycznych pasm pochodzacych od grup
COOQO, co potwierdza fakt zdeprotonowania obydwu grup COOH w wolnym kwasie
(v(C=0), 1687 cm’!; §(C-O-H), 1243 cm™) i koordynacji jonéw metali przez anionowy
ligand (Rysunek 20). Na widmach ATR-FTIR komplekséw izomorficznych (Eu, Tb 1 Er),
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asymetryczne Vas(COO) 1 symetryczne vs(COO) drgania rozciggajace  grup
karboksylanowych pojawiaja sie w przedziatach odpowiednio 1597-1579 i 1359-1348 cm'!.
Bardzo podobne potozenie pasm pochodzacych =z drgan rozciagajacych grup
karboksylanowych, sugeruje te same sposoby koordynacji grup COO w kompleksach
Eu(II), Tb(IIl) i Er(Ill). Natomiast widma ATR-FTIR komplekséw neodymu(IIl)
wykazuja bardzo podobne polozenie asymetrycznych drgan rozciggajacych grup
karboksylanowych (1589-1586 cm™), podczas gdy symetryczne drgania rozciggajagce COO
sa przesuniete w strone nizszych liczb falowych (1312 cm™) w poréwnaniu do pozostatych
komplekséw. Fakt ten wskazuje na odmienne zachowanie koordynacyjne grup
karboksylanowych w ligandach 1H-pirazolo-3,5-dikarboksylanowych w kompleksach
neodymu(IIl) (Rysunek 20).
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Rysunek 20. Widma ATR-FTIR komplekséw Lno(Hpdca);-nH>,O otrzymanych trzema

metodami (hydrotermalnie, mechanochemicznie oraz wytragceniowo).

Widma ATR-FTIR wszystkich badanych kompleksow lantanowcow(Ill) wyraznie
wskazujg na obecnos$¢ w ich strukturach czasteczek wody (Rysunek 20). W zakresie liczb
falowych 3500-2400 cm! zaobserwowano szerokie pasmo pochodzace od drgan
rozciggajacych grup O-H (vVOH) od czasteczek wody biorgcych udziat w wigzaniach

wodorowych.
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3.3.3 Wlasciwosci termiczne oraz mechanizmy rozkladu kwasu 1H-pirazalo-3,5-

dikarboksylowego oraz jego lantanowcowych(III) kompleksow [A1]

Analiza termiczna wykazala termiczng stabilno§¢ kwasu 1H-pirazolo-3,5-
dikarboksylowego do temperatury 92°C w atmosferze powietrza. Dalsze ogrzewanie
prowadzi do procesu dehydratacji zachodzacego w zakresie temperatury 93-140°C,
ktéremu towarzyszyt efekt endotermiczny (pik top 122°C, AH=49,14 kJ/mol). Stabilno$¢
formy bezwodnej obserwowana jest w zakresie 141-260°C ($wiadczy o tym plateau na
krzywej TG). Gléwny etap rozktadu zwigzany z efektem endotermicznym (pik top 297°C,
AH=73,40 kJ/mol) i najwickszym ubytkiem masy (83%) mial miejsce w zakresie
temperatury 261-318°C. Stale pozostatosci (ok. 7%) ulegly catkowitemu spaleniu do
temperatury 640°C (Rysunek 21).

Kwas 1H-pirazolo-3,5-dikarboksylowy (Hspdca)
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Rysunek 21. Krzywe TG, DTG i DSC kwasu 1H-pirazolo-3,5-dikarboksylowego

(Hspdca) w atmosferze powietrza.

Wyniki analizy termicznej wykonanej w atmosferze powietrza dla komplekséow
lantanowcow(Ill) zsyntezowanych rdéznymi metodami przedstawiono w Tabeli 5.
Analizujac otrzymane dane ustalono najwigksza stabilno$¢ termiczng dla kompleksow
otrzymanych metoda hydrotermalng. Kompleksy Eu(Ill), Tb(IIl) i Er(Ill) sg stabilne
odpowiednio do 88, 115 i 81°C podczas gdy kompleks Nd(III) otrzymany w warunkach
hydrotermalnych oraz kompleksy otrzymane metodami mechanochemicznymi i

straceniowymi wykazuja trwato$¢ jedynie do temperatury 30°C. W wyzsze] temperaturze
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obserwowano usunigcie 6-7 czasteczek wody w zakresie temperatury 30-268°C. Z
ksztattéw krzywych TG, DTG i DSC mozna stwierdzi¢, ze proces dehydratacji
komplekséw otrzymanych w warunkach hydrotermalnych przebiega jednoetapowo,
natomiast w kompleksach metali wytworzonych metodami: mechanochemiczng oraz
strgceniowa, uwolnienie czasteczek wody przebiega w dwoch, trudno rozrdznialnych
etapach, w szerszym zakresie temperatury. Usuniecie skoordynowanych czasteczek wody
ze struktur badanych zwiazkow zachodzi z r6znym naktadem energetycznym. Najwicksze
wartosci efektu endotermicznego obserwowane byly dla kompleksu tego samego jonu
syntezowanego w warunkach hydrotermalnych (261-335 kJ/mol), podczas gdy najmniejszy
naktad energii potrzebny do usunigcia czasteczek wody ze struktury zarejestrowano dla
zwigzku  otrzymanego metoda  wytragceniowa  (154-239  kJ/mol).  Usunigcie
skoordynowanych czgsteczek wody prowadzi do rozpadu struktur metalo-organicznych, co
znajduje odzwierciedlenie w ubytkach masy na krzywych TG. Proces ten rozpoczyna si¢ w
zakresie temperatury 241-272°C. Powyzej tego zakresu temperaturowego nastepuje rozktad
wraz ze spalaniem fragmentéw organicznych zwigzkéw w naktadajacych si¢ na siebie
etapach. Procesom tym towarzysza silne efekty egzotermiczne. W przypadku kompleksow
terbu(Ill), powyzej 530°C tworzy si¢ posredni produkt staly, ktorym jest
najprawdopodobniej Tb2(CO3)3. Zwigzek ten jest stabilny termicznie do 930°C, po czym
przeksztalca si¢ w TbsO7.
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Tabela 5. Wyniki analizy termicznej dla kompleksow Lna(Hpdca);-nH2O

(otrzymanych réznymi metodami) wykonanej w atmosferze powietrza.

Hydrotermalnie AT1 Ubytek masy AT2 Ubytek masy AH Onset Pik
(c0) (%) (0) (%) (kJ/mol)  point top
Eks. Obl. Eks. Obl. C) (°C)
Nd>:(Hpdca);-6H:0 30- 13,03 12,57 272- 60,85 60,81 331,438 160,73 204,13
262 730
Eux(Hpdca);-6H:0 88- 11,77 12,36 245- 5996 59,72 261,446 175,03 209,73
228 780
Thx(Hpdca)s 6H20 115- 11,76 12,65 264- 60,51 57,92 335,683 184,81 21791
242 948*
Er:(Hpdca)s-6H:0 81- 11,63 11,93 257- 57,73 57,76 263,47 173,88  206,3
243 727
Mechanochemicznie AT Ubytek masy AT2 Ubytek masy AH Onset Pik
(°C) (%) (°C) (%) (kJ/mol)  point top
Eks. Obl Eks. Obl. (cC) (°C)
Nd:(Hpdca); 7H:0  30- 1421 14,37 256- 62,03 61,62 186,071 203,18 230,42
246 762
Eux(Hpdca); 7H:0  30- 13,58 14,12 259- 60,58 60,55 259,823 165,89 199,42
242 675
Thx(Hpdca);-6H20 30- 11,61 11,93 270- 61,91 60,05 219,89 170,75 195,01
268 598
Erx(Hpdca); 7H20 30- 13,16 12,69 260- 61,07 61,47 307,309 159,78 194.42
243 679
Wytraceniowo AT Ubytek masy AT2 Ubytek masy AH Onset Pik
(~C) (%) (~C) (%) (kJ/mol)  point top
Eks.  Obl. Eks.  Obl. O €O
Nd>(Hpdca);-6H:0 30- 13,65 12,57 263- 60,72 60,82 154,869 204,57 230,79
246 660
Eux(Hpdca); 7H>0 30- 13,58 13,65 252- 60,39 58,52 222,807 167,65 204,08
241 701
Th2(Hpdca);-6H20 30- 12,64 11,93  241- 55,78 54,38 203,051 172,01 205,21
232 671
Er:(Hpdca); 7H>0 30- 12,95 13,65 242- 58,75 58,55 239,522 167,26 201,28
234 672

AT, - zakres temperatury procesu dehydratacji; AT, - zakres temperatury rozktadu Ln,(Hpdca)s; AH-
warto$¢ entalpii procesu dehydratacji.

Analiza termiczna wolnego kwasu Hspdca oraz jego zwiazkow kompleksowych z
jonami lantanowcow(IIl) metoda sprzezong TG-FTIR pozwolita na okreslenie zachowania
termicznego zwiazkéw w atmosferze obojetnej oraz identyfikacje lotnych produktéw ich
rozktadu. Analiza widm FTIR gazowych substancji wydzielanych w trakcie analizy

termicznej wolnego kwasu w atmosferze azotu, pozwala na wyrdznienie trzech gtéwnych
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etapow rozktadu obejmujacych: (1) proces dehydratacji, (2) proces dekarboksylacji oraz (3)

wydzielanie pirazolu.

Analiza widm FTIR wydzielajacych si¢ produktow gazowych podczas rozkladu
termicznego badanych zwigzkéw kompleksowych w atmosferze azotu (Rysunek 22)
wykazata uwalnianie w pierwszej kolejnosci czasteczek wody dla wszystkich kompleksow
(drgania rozciagajace, v(OH) i1 deformacyjne 6(OH) w zakresach 4000-3000 oraz 2000-
1300 cm™). Czasteczki wody sa wydzielane w najnizszej temperaturze w przypadku
kompleksu neodymu(Ill) (powyzej 62°C), natomiast w przypadku pozostatych
komplekséw powyzej 87°C. Dalsze ogrzewanie bezwodnych komplekséw prowadzi do
procesu ich dekarboksylacji zachodzacego w wyniku zerwania wigzan: Ln-Oxan oraz
pirazol-COO. Efektem tego procesu jest uwalnianie czasteczek ditlenku wegla (v(CO»),
2400-2200 cm™! oraz §(CO.), 699 cm!), ktére s3 obserwowane na widmach FTIR powyzej
220°C dla kompleksu neodymu(IIl) i powyzej 266°C dla pozostatych kompleksow metali.
Bioragc pod uwage fakt, ze grupy karboksylanowe byly zwigzane z centrami lantanowcow
w 10zZny sposob, czasteczki CO2 wydzielaty si¢ w sposob ciagly. W zakresie temperatury
ok. 386-446°C, jako produkty gazowe obserwuje si¢ czasteczki pirazolu (w przypadku
kompleksow europu(Ill), terbu(Ill) i1 erbu(lll)), z ktérymi s3 zwigzane nastepujace
charakterystyczne pasma w zakresach 3600-3400, 1500-1350 cm™! oraz ostre pasmo przy
775, 750 and 725 cm’' pochodzace od rozciagajacych drgan v(NH) oraz v(CH), jak

rowniez drgan szkieletowych pirazolu 1 drgan zginajacych poza ptaszczyznowych grup CH.

W dalszym etapie rozktadu zwiazkéw kompleksowych wydzielaja si¢ takie gazy jak
cyjanowodér, (v(CH), 3400-3200 cm'; V(CN), 1450-1380 i 750-650 cm’!) w zakresie
temperatury 446-667°C oraz hydrazyna i amoniak (v(NH), 3350-3195 cm’'; v(N-N) 1630-
1304 oraz 8(NH), 970 cm™) w zakresie temperatury 566-667°C. Na widmach FTIR lotnych
produktow rozkladu komplekséw, dodatkowo zaobserwowano charakterystyczne pasma
pochodzace od wydzielanych izocyjaniandéw (v(-NCO), 2300-2200 cm!). Wszystkie te
zwigzki sg produktami gazowymi rozktadu pirazolu, ktory to proces mogt by¢ dodatkowo
katalizowany materialem tygla (platyna). Ze wzgledu na réznorodno$¢ strukturalng

badanych zwigzkow kompleksowych, powyzsze produkty gazowe zostaty zarejestrowane
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w przypadku kompleksu neodymu(Ill) powyzej 446°C, a dla pozostatych kompleksow
powyzej 586°C.

a) b) c)

Rysunek 22. Wykresy widm FTIR wydzielonych gazéw dla: a) kwasu Hspdca; b)
kompleksu Ndz>(Hpdca)3-6H>0 oraz ¢) kompleksu Euz(Hpdca)s;-6H2O.

3.3.4 Luminescencyjne materialy hybrydowe na bazie polimerowej matrycy BPA.DA -
NVP domieszkowane kompleksami kwasu 1H-pirazolo-3,5-dikarboksylowego z

jonami Eu(III) oraz Tb(III) [A2]

Otrzymane w fazie statej kompleksy europu(Ill) 1 terbu(Ill) z kwasem 1H-pirazolo-
3,5-dikarboksylowym  zostaly zastosowane jako dodatki luminescencyjne do

syntezowanych materiatlow hybrydowych [A2].

Synteza polimerowych materiatow hybrydowych polegala na zmieszaniu
odpowiednio statych polimerow koordynacyjnych Eux(Hpdca);6H>O (Eusls) i
Tba(Hpdca);6H2O (TboL3) w ilosciach tak dobranych, aby ich koncowe stezenia w
finalnych materiatach wynosity: 0,1; 0,2; 0,5; 1 i 2% wag. w mieszaninie monomeréw
BPA.DA oraz MMA (z dodatkiem fotoinicjatora) i1 po przeprowadzeniu reakcji
fotopolimeryzacji (UV). Otrzymano w formie blokow polimerowe materialy hybrydowe
BPA.DA-MMA @nLn;L; (Ln=Eu lub Tb) o réznych zawartosciach domieszki (0,1; 0,2;
0,5; 1 1 2% wag.), wykazujace si¢ charakterystyczng luminescencje dla jonéw Eu(IIl) i
Tb(IIl) oraz atrakcyjnymi cechami typowymi dla polimeréow takimi jak: wytrzymato$¢
mechaniczna, elastyczno$¢, przezroczysto$¢ i1 latwos¢ przetwarzania. Schemat syntezy

materiatow hybrydowych 1 proponowang ich strukture przedstawiono na Rysunku 23.
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Rysunek 23. Schemat syntezy materialdw hybrydowych na bazie kompleksu

Euz(Hpdca);'6H20 i proponowana struktura otrzymanych materiatow.

Analiza mikroskopowa materialow hybrydowych wykazata, ze w wigkszosci
przypadkéw czastki wbudowanych kompleksow lantanowcow(Ill) o nieregularnych
ksztattach miaty $rednice w zakresie 10-290 um (Rysunek 24). Obrazy ze skaningowego
mikroskopu elektronowego (SEM) czystej matrycy blokowej i materiatéw hybrydowych
wskazuja, iz powierzchnia materiatow nie jest gtadka i widoczne sg na niej nieregularne

ksztatty (Rysunek 25).

Rysunek 24. Obrazy z mikroskopu optycznego: a) BPA.DA-MMA; b) BPA.DA
MMA @0,1%Eu:L3; ¢) BPA.DA-MMA@0,2%Eu;L3; d) BPA.DA-MMA @0,5%EuzLs; e)
BPA.DA-MMA @1%Euw:Ls; f) BPA.DA-MMA @2%Eu;L;.

58



BPA.DA-MMA BPA.DA-MMA@2%Eu,L3 BPA.DA-MMA@2%Tb;L;

Rysunek 25. Obrazy SEM (powigkszenie 1 um) matrycy i hybrydowych materiatow
domieszkowanych 2% wag. EuzL3 1 2% wag. TbaLs.

Widma ATR-FTIR otrzymanych materialdow hybrydowych sg zdominowane przez
pasma absorpcyjne zwigzane z drganiami matrycy polimerowej. Ugrupowania bisfenolu A
oraz fragmenty tancuchow alifatycznych sa odpowiedzialne za szereg pasm w zakresie
3600-3100 cm! zwigzanych z drganiami rozciagajacymi v(CaH), v(CH) oraz v(OH).
Pasma drgan rozciagajacych i deformacyjnych grup CH»> oraz CH3z wystepuja odpowiednio
przy 2950 i 2875 cm! oraz 1455 i 1385 cm’!. Szereg pasm przy 1634, 1607, 1581 oraz
1508 cm™ pochodzi od drgan rozciggajacych v(Ca:Car) pierScieni aromatycznych.
Intensywne pasma przy 1236 oraz 1180 cm™ zostaly przypisane do drgan rozciagajacych
v(C-0O) oraz v(C-O-C) grup estrowych. Pasma w zakresie 1060-600 cm™ przy liczbach
falowych 1039, 1011, 984, 828, 758, 737, oraz 727 cm’! zostaly przyporzadkowane
rozciagajacym drganiom szkieletowym v(CC) w ugrupowaniach metyl(metakrylanowych)
oraz drganiom zginajagcym 1 torsyjnym poza ptaszczyznowym y(CaCar) oraz y(Ca:H)

aromatycznych pierscieni.

Dodatek niewielkich ilosci kompleksow lantanowcow nie spowodowat widocznych
zmian na widmach podczerwieni otrzymanych materiatdéw, co moze wynika¢ z malej
intensywno$ci  charakterystycznych drgan domieszek. Charakterystyczne pasma
kompleksow lantanowcow(IIl) pokrywajg si¢ z pasmami matrycy polimerowej. Jedyne
roznice pomigdzy widmami w podczerwieni czystej matrycy i otrzymanych materiatow
obserwowano przy pasmie 1732 cm™ pochodzacym od drgan rozciagajacych v(C=0), ktore
przesunglo si¢ nieznacznie w kierunku nizszych liczb falowych 1728 cm™ na widmach
materiatow BPA.DA-MMA @2%Ln>L.3. To nieznaczne przesunigcie moze by¢ skutkiem

udzialu grup karbonylowych w wigzaniu centr metalicznych osadzonych kompleksow
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lantanowcow(IIl), tworzeniu wigzan wodorowych 1i/lub obecno$ci innego rodzaju

oddziatywan stabych pomigdzy sktadnikami materiatow hybrydowych.

3.3.5 Wilasciwosci luminescencyjne domieszek oraz zsyntezowanych materialow

hybrydowych BPA.DA-MMA @Ln:L3[A2]

Okreslono wtasciwosci luminescencyjne wyjsciowych domieszek tj. zwigzkow
kompleksowych Euzx(Hpdca); 6H20 (EuzL3) i Tbao(Hpdca);'6H20O (TboLs) oraz materiatow
hybrydowych BPA.DA-MMA@Lnyl; zawierajacych rdézne ilosci domieszki. Dla
wszystkich stezen komplekséw Tb(III) i Eu(Ill) w materialach hybrydowych wtasciwos$ci
emisyjne i wzbudzeniowe pozostaly takie same, rdznigc si¢ jedynie intensywnos$cig sygnatu
(ze zwickszeniem zawartosci % kompleksu rosnie intensywno$¢ emisji), dlatego
zaprezentowano wyniki dla materiatow hybrydowych zawierajacych najwyzsze stezenia

domieszek (@2%LnzL3).

Rysunek 26 a, przedstawia poréwnanie widm wzbudzenia kompleksu TbyL3; oraz
materialu hybrydowego BPA.DA-MMA@2%Tb,L; zarejestrowanych dla najbardziej
intensywnej emisji (544 nm) $wiatta zielonego. Silne szerokopasmowe pasmo absorpcji w
obszarze UV odpowiada najskuteczniejszemu wzbudzeniu jonéw terbu(Ill) poprzez ligand
(przeniesienie energii ze stanu trypletowego liganda, poprzedzone absorpcja do stanu
singletowego 1 migdzystemowym przejsciem (ang. ISC) do stanu trypletowego) (Rysunek

26 a).

Na widmach emisyjnych kompleksu Tbols oraz materialow hybrydowych
aktywowanych kompleksem terbu(Ill) (Rysunek 26 b) zaobserwowano kilka linii
emisyjnych typowych dla przejs¢ emisyjnych 4f-4f jonéw Tb(III). Najbardziej intensywne
pasmo (544 nm) jest powigzane z przej$ciem D4 — ’Fs, natomiast pozostale cztery linie
odpowiadajg przejsciom *Ds — "Fes32 (Rysunek 26 a). Widmo emisyjne zarejestrowane
dla materiatu hybrydowego roznito si¢ tylko nieznacznie od zarejestrowanego widma
kompleksu terbu(Ill). W zakresie 290-470 nm, widmo materiatu hybrydowego wykazywato
szerokie pasmo o niskiej intensywnos$ci zwigzane prawdopodobnie z emisja polimerowej

matrycy (BPA.DA-MMA).
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Profile zaniku luminescencji (pokazane we wktadce Rysunku 26 b) miaty ten sam
charakter dla wszystkich obserwowalnych linii z dlugg stala czasowa (czas zycia)

wynoszacg 750-800 us zaréwno dla kompleksu Tb(III), jak i hybrydowych materiatéw.
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Rysunek 26. a) Poréwnanie widm wzbudzenia kompleksu TboLs i1 materiatu
hybrydowego BPA.DA-MMA@2%Tb;L; (emisja 544 nm); b) Poréwnanie widm
emisyjnych zarejestrowanych dla kompleksu TboL; 1 materialu hybrydowego BPA.DA-
MMA @Tb,L; (wzbudzanie UV).

W przypadku materialow domieszkowanych kompleksem Eusls, w widmach
wzbudzenia zarejestrowanych dla wszystkich prébek (Rysunek 27 a) pasmo przenoszenia
energii ligand-jon zostalo stlumione, a optymalnym mechanizmem wzbudzania jonow
europu(Ill) byto bezposrednie wzbudzenie poziomoéw Eu(Ill). Oznaczato to, ze ligand
Hipdca nie jest dobrym sensybilizatorem luminescencji jonéw Eu(Ill). W przypadku
materialéw hybrydowych dodatkowe pasmo wzbudzenia widoczne w zakresie UV (ok. 260
nm) jest prawdopodobnie zwigzane z polimerowg matrycg.

Widma emisji kompleksu EuzL3 1 materiatu BPA.DA-MMA @2%EuzL3 (Rysunek 27
b) wykazywaty typowe przejScia 4f-4f dla jonu europu(Ill) i posiadaly kilka linii
emisyjnych w zakresie widzialnym, zwigzanych z przej$ciami optycznymi od stanu Dy do

stanéw 'Fj (Rysunek 27 b.). Najbardziej intensywne pasmo bylo zaobserwowano przy 613
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nm, co odpowiada przejsciu Do — "Fo, odpowiedzialnemu za typowa pomaranczowo-
czerwong emisj¢ obserwowang w luminoforach domieszkowanych europem(II). Podobnie
jak w poprzednim przypadku, zarejestrowane zaniki fluorescencji miaty taki sam charakter
dla wszystkich linii emisyjnych. Czas zaniku emisji (Rysunek 27 b) jest prawie
wyktadniczy ze stalg czasowa rzedu 240 pus. W przypadku materialu hybrydowego szybka
aktywno$¢ zaniku emisji byla wyraznie widoczna w poczatkowej fazie rozpadu i byla

zwigzana z luminescencjg polimerowej matrycy.
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Rysunek 27. a) Poréwnanie widm wzbudzenia kompleksu Euzls i materialu
hybrydowego BPA.DA-MMA @2%Eul3 (Aem=613 nm); b) Poréwnanie widm emisji
zarejestrowanych dla kompleksu Euzls 1 materialu  hybrydowego BPA.DA-
MMA @2%EusL3 (Aw,= 393 nm).

Najbardziej efektywne mechanizmy wzbudzenia jonéw Tb(Ill) i Eu(Il) w
omawianych kompleksach przedstawiono na Rysunku 28 wraz z zaznaczonymi przej$ciami

emisyjnymi odpowiednio ze stanéw wzbudzonych °Ds i *D.
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Rysunek 28. a) Mechanizm transferu energii w kompleksie TboLs (ISC — przejscie
migdzysystemowe, ET — transfer energii, NR — przejScia niepromieniste) wraz z
przejéciami emisyjnymi jonéw Tb(IIl) z poziomu °Ds wraz z widmem wzbudzenia. b)
Schemat poziomow energetycznych Eu(Ill) wraz z najbardziej efektywna S$ciezka

wzbudzenia, widmem wzbudzenia i przej$ciami emisji z poziomu *Dy.

3.3.6 Wlasciwosci termiczne oraz mechanizmy rozkladu materialow hybrydowych

domieszkowanych kompleksami EuzL3 oraz Th2L3 [A2]

Analiza termiczna matrycy polimerowej BPA.DA-MMA 1 zsyntetyzowanych
materialow hybrydowych wykazata, Zze obecnos¢ domieszek w postaci zwigzkow
kompleksowych wplywa na stabilno$¢ termiczng i1 mechanizm rozktadu badanych
materiatdw (Rysunek 29). Zachowanie termiczne badanych materialow jest takze
uwarunkowane rodzajem atmosfery, w jakiej wykonano pomiary oraz postacig badanych

materialow (bloki, B lub proszki, P).
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Rysunek 29. a) Krzywe TG i b) DTG matrycy polimerowej (BPA.DA-MMA) oraz
materialdw hybrydowych (BPA.DA-MMA@2%EuwL; i BPA.DA-MMA@2%Tb,L3) w

atmosferze powietrza; c) Krzywe TG materialow w atmosferze azotu.

Szczegblng uwage skupiono na materiatach z 2% dodatkiem kompleksoéw
lantanowcow(IIl), dla ktérych wprowadzone dodatki mialy najwickszy wplyw na

wlasciwosci termiczne materiatu.

Ksztatty krzywych TG-DTG matrycy polimerowej (BPA.DA-MMA) i
syntetyzowanych materiatow BPA.DA-MMA @2%EuwL3 i BPA.DA-MMA @2%TbyL; w
atmosferze powietrza, wykazujg dwa gléwne etapy rozktadu (Rysunek 29, Tabela 6).
Krzywe TG matrycy oraz powyzszych materiatow zarejestrowane w atmosferze powietrza
wykazuja ubytek masy wynoszacy okolo 74% w zakresach temperatury odpowiednio: 229-
448, 163-454 oraz 119-454°C. W oparciu o dane zawarte w Tabeli 6 mozna wnioskowac,
ze material domieszkowany kompleksem terbu(Ill) charakteryzowal si¢ mniejsza
stabilno$cig termiczng w porédwnaniu do materiatu domieszkowanego kompleksem
europu(Ill). Najnizsza stabilno$¢ wykazywal materiat z 2% dodatkiem kompleksu TbzLa.
Zaobserwowane niewielkie réznice w rozkladzie termicznym polimerowej matrycy i
materiatow hybrydowych, sa zwigzane z wlasciwo$ciami termicznymi osadzonych

komplekséw lantanowcow(IIl) i ich interakcjg z matrycg polimerowa.

Z analizy krzywych DSC zarejestrowanych w powietrzu wynika ze, w pierwszym
etapie dominowaly efekty endotermiczne wywotane naktadajacymi si¢ na siebie procesami

topnienia 1 dekompozycja matrycy polimerowe] oraz rozkladem domieszek (Tabela 6).
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Réznice w charakterystyce (Tonse/ Tpik, AH) tych efektow endotermicznych zwigzane sg z
mechanizmem rozktadu analizowanych materiatow a takze wlasciwosciami termicznymi
posrednich produktow statych rozktadu. Zroznicowany mechanizm ich rozktadu moze
wskazywac¢ na odmienne interakcje (min. wigzania kowalencyjne, wigzanie wodorowe, sity
van der Waalsa, etc.) wystepujace pomiedzy matrycg a kompleksem lantanowca(Ill)

uwarunkowane roéwniez zawartoscig domieszki.

Drugi etap rozktadu termicznego matrycy oraz BPA-MMA@2%Euw.L; i BPA-
MMA@2%Tbol.s w atmosferze powietrza zachodzit odpowiednio w zakresach
temperatury: 449-592, 455-586 1 455-607°C (Rysunek 29, Tabela 6). W tym etapie
zwigzanym z ubytkiem masy ok. 25% wystepuja bardzo silne efekty egzotermiczne
rejestrowane na krzywych DSC, ktére s3 efektem spalania staltych pozostatosci

organicznych.

Zbadano takze, wptyw postaci badanego materiatu na przebieg rozkltadu termicznego
w atmosferze powietrza. Generalnie zaobserwowano obnizenie trwatosci termicznej
badanych materialdow w formie proszkéw w poréwnaniu do probek blokowych. Najwieksza
zmiang zauwazono w przypadku matrycy, podczas gdy dla materiatow hybrydowych nie

zaobserwowano az tak bardzo drastycznych zmian w zachowaniu termicznym.

Tabela 6. Charakterystyka termiczna matrycy polimerowej 1 materialow

hybrydowych na podstawie krzywych TG-DSC w atmosferze powietrza.

Etap I Efekt I Efekt II Etap II Efekt III
AT] (OC) Tonset/Tpeak AHI Tonset/Tpeak AHZ ATZ (OC) Tonset/Tpea AHS
Ami ) (/e) co U pmw) . /e)
(%) (W®)

BPA.DA-MMA  229-448 395,4/401,2 11,3 443/448,4 129,8 449-592 - -

74,8 25,2 -
BPA.DA- 163-454 392,4/401,2 512,6  428,3/4448 779 455-586 - -
MMA@2%EuzLs 73,3 26,5 .
BPA.DA- 119-454 385,2/389,7 220,3 404,2/414 343,8 455-607 431,6/ 130,1
MMA@2%Tb:Ls 741 25,6 440,6
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Przeprowadzono analiz¢ TG-FTIR dla matrycy oraz materiatbw BPA.DA-
MMA @2%1I.n2L3 zarowno w atmosferze azotu jak rowniez powietrza (Rysunek 30).
Widma FTIR lotnych produktow rozkladu badanych materialbw w atmosferze azotu
wykazaty, ze pierwszymi wydzielanymi produktami gazowymi sg czasteczki wody.
Diagnostyczne pasma o stabej intensywnosci (v(OH), 4000-3500 cm™'; 8(OH), 1800-1300
cm') pochodzace od drgan grup OH z czasteczek wody obserwowano do temperatury
okoto 270°C. Nastepnie, jako produkty degradacji materiatéw w azocie, uwolnity si¢ tlenki
wegla oraz zwigzki organiczne takie jak: jak metakrylan metylu 1 metakrylan 2-

hydroksyetylu jako gtéwne produkty degradacji matrycy polimerowe;.

Powietrze Azot

Rysunek 30. Widok 3D widm FTIR lotnych produktéw rozktadu materiatu
BPA.DA-MMA @2%Eu,L; w atmosferze powietrza i azotu.

Intensywne pasma przy 2359 i 2343 cm™! oraz te w zakresie 750-600 cm™!, przypisano
odpowiednio drganiom rozciggajacym 1 deformacyjnym czasteczek ditlenku wegla.
Podwdjne pasmo z maksimami przy 2185 i 2107 cm™' odpowiada drganiom rozciggajacym
tlenku wegla(I). Szerokie pasmo w zakresie 3150-2800 cm™ z maksimum przy 2972 cm’!
przypisano drganiom rozciggajacym v(=CH>) oraz v(-CH3). Bardzo intensywne pasmo przy
1748 cm™ odpowiada drganiom rozciggajacym grup karbonylowych v(C=0) z grupy
karboksylowej i/lub estrowej. Drgania deformacyjne grup metylenowych i metylowych
8(CH2/CHs) stwierdzono przy 1456 oraz 1362 cm’!. Pasma przy 1306, 1166, 1061 i 1031
cm’' odpowiadaja drganiom rozciagajacym grup estrowych v(C-O-C). Pasma absorpcyjne
przy 936 i 813 cm™! przypisano drganiom szkieletowym ugrupowan alifatycznych. Dalsze

ogrzewanie materiatow powyzej 420°C powodowalo réwniez wydzielenie si¢ gazowego
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4,4'-(propano-2,2-diylo)difenolu (bisfenolu A, BPA) oraz produktow jego rozktadu, takich
jak metan i 4-propylofenol. Z lotnym bisfenolem A zwigzane sg pasma pochodzace od
drgan: wolnych grup hydroksylowych v(OH) obserwowane przy 3649 cm’!, grup
metylowych (v(CH3), 2972 cm’!; 8(CH3), 1472, 1362 cm’!), pierécieni aromatycznych
(V(CarCar), 1602, 1507 cm’!; 8(CaH), 826, 746 cm™) oraz ugrupowan fenolowych (v(Car-
0O-H), 1258, 1174 cm™). Czasteczki metanu jako produkt degradacji czasteczek bisfenolu A
wykazywaly pasma diagnostyczne (v(CH)) w zakresie 3200-2950 cm! z
charakterystycznym maksimum przy 3015 cm!. Potwierdzeniem tworzenia sie 4-
propylofenolu jako produktu rozktadu bisfenolu A jest pasmo przy 2937 cm™! zwigzane z

drganiami rozciagajacymi grup metylenowych v(CH2) obecnych w obrebie podstawnika
propylowego.

3.3.7 Synteza i charakterystyka strukturalna polimeréw koordynacyjnych na bazie

jonow lantanowcow(III) z kwasem chinolino-2,4-dikarboksylowym [A3]

Metoda syntezy hydrotermalnej z wykorzystaniem réznej temperatury (100°C, 120°C
1 150°C, 120h) otrzymano szereg nowych krystalicznych zwigzkéw kompleksowych
(Rysunek 31) o ogélnym wzorze [Ln2(Qdca)3(H20)x]-yH20, gdzie (Ln(IIl) = Nd, Eu, Tb i
Er; Qdca’” = C11HsNO4*; x = 3 lub 4 i y = 0-4). Okre$lono wplyw temperatury syntezy

hydrotermalnej na morfologig¢ i strukture krystaliczng zwiazkow.

Na podstawie analizy faz krystalicznych (1-14), ktére zostaty wyizolowane i poddane
rentgenowskiej analizie strukturalnej oraz proszkowej, otrzymane fazy zostaly podzielone
na pie¢ 1zostrukturalnych grup zwigzkéw kompleksowych I-V (Tabela 7, Rysunek 31). Na
podstawie wyznaczonego sktadu i analizy danych krystalograficznych, stwierdzono
otrzymanie 9 nowych zwigzkéw kompleksowych, ktore powstaly w réznych warunkach
temperaturowych syntezy hydrotermalnej. W  wigkszo$ci przypadkow otrzymane
kompleksy charakteryzowaly si¢ wysoka czystoscig fazows, lecz w wyniku syntezy
hydrotermalnej w temperaturze 100°C zaobserwowano dwie fazy krystaliczne chinolino-

2,4-dikarboksylanéw neodymu(IIl) i europu(I1I).
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Grupa | Grupa Il
(1) [Nd>(Qdca)s(H.0)s] -100 °C (4)[Ndz(QQCB)s(H20)4]‘3HzO -150°C

b 43

Grupa Il Grupa IV
(8) [Euz(Qdca)s(H;0)a]-H,0 -150 °C (13) [Erz(Qdca)s(H,0)q]-4H,0 -120 °C

' % ¢

Rysunek 31. Obrazy z mikroskopu optycznego przyktadowych krysztatow nalezace

do czterech roznych grup chinolino-2,4-dikarboksylanéw lantanowcéw(I1I).

Wigkszo$¢ badanych polimeréw koordynacyjnych (grupy II-V, z wyjatkiem grupy I)
krystalizuje w trojskosnej grupie przestrzennej P-1. Rozpatrywane sklady zwigzkow
kompleksowych, r6znig si¢ liczba czasteczek wody skoordynowanej (3 lub 4) oraz wody
zewnatrzsferowej (0-4). Dla grupy V, struktura krystaliczna zwigzku nie byta mozliwa do
wyznaczenia a wigc nie byto mozliwe rozrdznienie wystepujacych w strukturze czasteczek
wody. Jako$¢ monokrysztatow rekrystalizowanego kompleksu erbu(Ill) otrzymanego w
temperaturze 150°C (prébka 14) pozwolita jedynie na okreslenie parametrow komorki
elementarnej. Analiza rentgenostrukturalna krysztatow wykazata, ze wszystkie nowe
zsyntezowane zwiazki kompleksowe jondw lantanowcow(Ill) z kwasem chinolino-2,4-
dikarboksylowym majg strukture polimeréw koordynacyjnych. Zwigzki kompleksowe
roznig si¢ liczbg koordynacyjng (8 lub 9), otoczeniami koordynacyjnymi zwigzanymi z
réznymi sposobami koordynacji liganda Qdca® i ich konformacja a takze rozmieszczeniem

przestrzennym elementéw strukturalnych.
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Tabela 7. Gloéwne parametry krystalograficzne wraz ze skladem, numeracja

badanych prébek (1-14) i grup struktur krysztatow (I - V).

100°C

120°C

150°C

Grupa zwiazkéw kompleksowych

x; y X; y (liczba czasteczek wody w wewnetrznej i zewnetrznej sferze koordynacyjnej)

Kompleks/
Temperatura syntezy uklad krysztalograficzny, grupa przestrzenna
a/b/c [A]
o/B/y[°]
Grupa - I Grupa - II Grupa- II Grupa - III
[Nd2(Qdca)3;(H20)x]- yH20 x=3; y=0 (1) x=4; y=1 (2) x=4; y=1 (3) x=4; y=3 (4)

rombowy, Pna2; trojskosny, P-1

trojskosny, P-1

trojskosny, P-1

14,985/ 30,366/6,672 9,932/12,315/14,21 9,946/12,323/14,184 | 10,593/11,806/15,04
90/90/90 89,69/82,25/86,56 89,90/81,85/86,24 97,07/101,07/103,86
Grupa - I1I Grupa - 11 Grupa - 11 Grupa - 11
[Euz2(Qdca)3;(H20)x]-yH20 x=4; y=3 (5) x=4; y=1 (6) x=4; y=1 (7) x=4; y=1 (8)

trojskosny, P-1 trojskosny, P-1

10,531/11,698/14,968 | 9,859/12,339/14,144

trojskosny, P-1

9,853/12,305/14,075

trojskosny, P-1
9,858/12,3124/14,05
590,13/98,24/94,01

96,49/101,19/104,43 89,89/97,53/93,55 90,02/ 98,182/93,877
Grupa - II Grupa - 111 Grupa - III
[Th2(Qdca)3;(H20)x]-yH20 x=4; y=1 (9) x=4; y=3 (10) x=4; y=3 (11)

trojskosny, P-1
9,802/12,309/13,988
90,21/98,32/94,15

trojskosny, P-1
10,492/11,608/14,911
96,14/101,26/104,97

trojskosny, P-1
10,492/11,632/14,96

96,00/101,45/104,98

[Er2(Qdca);(H20)x]-yH20

Grupa - IV
x=4; y=4 (12)
trojskosny, P-1
9,937/12,285/15,121
84,246/86,472/89,165

Grupa - IV
x=4; y=4 (13)
tréjskosny, P-1

9,936/12,269/15,093
84,151/86,415/89,199

Grupa -V
x+y=14 (14)
trojskosny, P-1
11,75/13,39/15,37
91,27/105,56/114,09
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Do opisu struktur krystalicznych reprezentujacych grupy I-IV izostrukturalnych
polimeréw koordynacyjnych zostaly wybrane kompleksy [Nd2(Qdca)3(H20)s3] (grupa I),
[Eu2(Qdca)3(H20)4]- H20 (grupa II), Nd2(Qdca)3(H20)4]-3H20 (grupa III) oraz
[Er2(Qdca)3(H20)4]-4H20 (grupa IV).

Grupa L.

Polimer koordynacyjny neodymu(IIl) [Nd2(Qdca)3(H20)3] (prébka 1) otrzymany w
temperaturze 100°C jest jedynym przedstawicielem grupy I. Zwiazek krystalizuje w
ukladzie rombowym 1 grupie przestrzennej Pna2;. Jednostka asymetryczna zawiera dwa
jony neodymu(Ill), trzy ligandy chinolino-2,4-dikarboksylanowe i trzy skoordynowane
czasteczki wody (Rysunek 32 a). Kompleks ma posta¢ trojwymiarowego polimeru
koordynacyjnego z dwoma niezaleznymi krystalograficznie atomami centralnymi
posiadajacymi liczbe koordynacyjng osiem. Koordynacja atomu Ndl1 zachodzi poprzez
sze$¢ karboksylanowych atoméw tlenu z pieciu aniondéw Qdca*, jeden atom tlenu z akwa
liganda i jeden atom azotu z anionu Qdca*. Sfera koordynacyjna atomu Nd2 sktada sie z
pieciu karboksylanowych atomoéw tlenu z pieciu anionéw Qdca®, dwéch atoméw tlenu ze
skoordynowanych czasteczek wody oraz jednego atomu azotu (Rysunek 32 b). Dhugosci
wigzan Nd-Oxap oraz Nd-Oy zawieraja si¢ odpowiednio w zakresach 2,355(5)-2,581(5)
oraz 2,433(5)-2,449(6) A, natomiast dtugosci wigzan Nd-N wahaja si¢ w zakresie 2,664(4)-
2,888(4) A.

W strukturze [Nd2(Qdca)3(H20)3] wyrozniono trzy roézne sposoby koordynacji i
konformacje anionu Qdca® (Rysunek 32 c). Czasteczka A-Qdca dziata jako pentadentny
ligand mostkujaco-chelatujacy z obydwoma grupami karboksylanowymi o charakterze
mostkujgco-bidentnym (u>-n'n'). Ligand B-Qdca zachowuje si¢ jak ligand tetradentny
koordynujacy cztery atomy neodymu(Ill) tylko poprzez obydwie grupy karboksylanowe
mostkujgco-bidentne  (p2-n':n!). Tetradentny ligand C-Qdca wykazuje charakter
mostkujaco-chelatujacy, wigzac dwa atomy neodymu poprzez grupy karboksylanowe o
charakterze monodentnym i chelatujacym. Ligandy A-Qdca oraz C-Qdca wiaza jony

Nd(III) takze przez atom azotu z pierscienia chinolinowego.

W widoku struktury tréjwymiarowego kompleksu [Nd2(Qdca)3(H20)s3] wzdhuz osi a,

mozna wyr6zni¢ lancuchy centr Nd1 powigzanych przez pojedyncze mostki
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karboksylanowe z ligandéw A-Qdca oraz lancuchy centr Nd2 potaczonych takze przez

pojedyncze mostki karboksylanowe ale pochodzace od ligandow B-Qdca (Rysunek 32 d).

Lancuchy rozbudowujg si¢ w kierunku osi ¢ i1 s3 ze sobg wzajemnie polaczone w kierunku

osi a przez podwdjne mostki karboksylanowe z ligandéw A-Qdca i B-Qdca. Pomiedzy

tymi elementami ulokowane s3g czasteczki wody wewnatrzsferowej. Miedzy sasiednimi

ligandami A-Qdca ulokowanymi w kierunku osi ¢ wystepuja oddziatywania stakingowe

7- - -, ktore silnie determinujg tréjwymiarowg strukture zwigzku kompleksowego.
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Rysunek 32. a) Otoczenie centr metalicznych w kompleksie [Nd2(Qdca)3(H20)3]; b)
wieloéciany koordynacyjne atoméw Nd(III); c) sposoby koordynacji anionéw Qdca®; d)

widok upakowania struktury wzdtuz osi a.
Grupa IL.

Jony Nd(III), Eu(Ill) i Tb(IIl) tworza trojwymiarowe polimery koordynacyjne w
grupie II o wzorze ogélnym [Ln2(Qdca);(H20)4]-H>O. Ta grupa polimeréw
koordynacyjnych powstaje w rdéznych temperaturach syntezy hydrotermalnej: jako jedyna
faza dla jonéw Tb(III) (100°C), Nd(IIl) 1 Eu(Ill) (120°C) oraz Eu(IIl) (150°C) lub druga
faza w przypadku polimeréw koordynacyjnych jonéw Nd(III) i Eu(Ill) w temperaturze
100°C.

Polimer koordynacyjny jonéw europu(Ill) [Euz(Qdca)3(H20)4]-H20 (150°C) bedzie
opisany jako reprezentant II grupy zwigzkow. Ten polimer koordynacyjny krystalizuje w
uktadzie trojskosSnym w grupie przestrzennej P-1. Jednostka asymetryczna zwigzku
kompleksowego sklada si¢ z trzech anionéw Qdca”, dwéch krystalograficznie niezaleznych
jonoéw metali 1 pigciu czasteczek wody (Rysunek 33 a). Sfera koordynacyjna atomu Eul
zbudowana jest z pieciu karboksylanowych atomoéw tlenu z pieciu anionéw Qdca®’, dwéch
atoméw azotu i jednego atomu tlenu z akwa liganda. Drugi atom Eu?2 jest koordynowany
przez cztery karboksylanowe atomy tlenu z czterech anionéw Qdca®, jeden atom azotu i
trzy atomy tlenu z czasteczek wody skoordynowanej. Dla obydwu centr metalicznych,
liczba koordynacyjna wynosi 8. W zewnetrznej sferze koordynacyjnej kompleksu metalu

znajduje si¢ dodatkowo jedna czgsteczka wody (Rysunek 33 a, b). Diugosci wigzan Eu-
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Oxarb, Eu-N oraz Eu-Oy zawierajg si¢ odpowiednio w zakresach 2,280(4)-2,424(4),
2,689(5)-2,830(4) oraz 2,454(4)-2,473(5) A.

W kompleksie [Euz(Qdca)3(H20)4]-H20, anion Qdca* wykazuje trzy rodzaje
koordynacji (Rysunek 33 c). Ligand A-Qdca zachowuje si¢ jak tetradentny ligand
mostkujaco-chelatujacy, wigzacy trzy rézne centra metaliczne. Grupy karboksylanowe
wykazuja odpowiednio charakter monodentny oraz bidentno-mostkujacy (p2-n'inb).
Ligand B-Qdca pelni funkcje rowniez tetradentnego ligandu mostkujaco-chelatujacego, ale
w poréwnaniu z ligandem A-Qdca, grupa karboksylanowa w pozycji 2 jest bidentno-
mostkujaca a grupa COO w pozycji 4 jest monodentna. Podobnie do sposobu koordynacji
liganda A-Qdca, ligand B-Qdca réwniez chelatuje centrum metalu poprzez sasiednie atomy
N i O. Ligand C-Qdca wykazuje ten sam sposéb koordynacji co ligand A-Qdca, ale posiada
inng konformacj¢ zwigzang ze zrdéznicowang rotacja grup COO w pozycjach 2 i1 4

wzgledem ptaszczyzny pierscienia chinolinowego.

W strukturze trojwymiarowego polimeru koordynacyjnego
[Eu2(Qdca)3(H20)4]-H20 w widoku wzdluz osi ¢, mozna wyr6zni¢ charakterystyczny
motyw w formie podwdjnej warstwy ztozonej z dimerycznych jednostek atomow Eul
powigzanych podwojnym mostkiem karboksylanowym z naprzemiennie (glowa-ogon)
utozonych ligandow A-Qdca, pomiedzy ktorymi wystepuja silne oddzialywania n---m. Na
podstawie widoku upakowania struktury wzdtuz osi @, mozna wyrdzni¢ jednowymiarowe

kanaty, w ktorych lokujg si¢ wolne czasteczki wody (Rysunek 33 d,e).
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Rysunek 33 a) Otoczenie koordynacyjne centr metalicznych w kompleksie

[Eu2(Qdca)3(H20)4]-H20; b) wielo$ciany koordynacyjne atoméw Eu(IIl); c) sposoby
koordynacji anionéw Qdca*; d) widok upakowania struktury wzdtuz osi c; e) widok

upakowania struktury wzdhuz osi a.
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Grupa III

Jony Nd(III), Eu(Ill) i Tb(IIl) tworza trojwymiarowe polimery koordynacyjne w
grupie III' o wzorze ogdélnym [Lnz(Qdca);(H20)4]-3H20. Tego typu polimery
koordynacyjne powstajg takze w roznych temperaturach syntezy hydrotermalnej jako:
jedyna faza dla jonéw Tb(IIl) (120°C oraz 150°C), Nd(IIl) (150°C) lub druga faza w
przypadku polimeréw koordynacyjnych jonéw Eu(Ill) w temperaturze 100°C.

Polimer koordynacyjny jonéw neodymu(Ill) o wzorze [Nd2(Qdca)3(H20)4]-3H20
(150°C) zostal opisany jako przedstawiciel struktur krystalicznych grupy III. Zwigzek
krystalizuje w uktadzie trojskosnym w grupie przestrzennej P-/. Jednostka asymetryczna
kompleksu zawiera dwa krystalograficznie niezalezne jony Nd(III), trzy aniony Qdca”,
cztery skoordynowane czasteczki wody 1 trzy czasteczki wody w zewngtrznej sferze
koordynacyjnej (Rysunek 34 a, b). Obydwa atomy neodymu przyjmuja liczbe
koordynacyjng osiem. Miejsca koordynacyjne atomu Ndl s3 zajete przez pieé
karboksylanowych atoméw tlenu z pigciu réznych anionéw Qdca®, jeden atom azotu i dwa
akwa ligandy. Atom Nd2 jest skoordynowany takze przez dwa atomy tlenu z czasteczek
wody, cztery karboksylanowe atomy tlenu i dwa atomy azotu z czterech anionéw Qdca”
(Rysunek 34 a, b). Dlugosci wigzah Nd-Oxkan, Nd-N oraz Nd-Ow wynosza odpowiednio:
2,302(5)-2,508(5); 2,724(5)-2,780(5) oraz 2,484(6)-2,571(7) A.

Podobnie jak w przypadku struktur z grup I 1 II, w Kkompleksie
[Nd2(Qdca)3(H20)4]-3H20 wystepuja trzy sposoby koordynacji przez aniony Qdca*
(Rysunek 34 c). Ligand chelatujagco-mostkujacy A-Qdca jest tetradentny i koordynuje trzy
atomy Nd1. Grupa COO w pozycji 2 wykazuje charakter bidentno-mostkujacy (p2-n'm?),
podczas gdy druga grupa COO jest monodentna. Pentadentny ligand B-Qdca jest rowniez
chelatujgco-mostkujacy 1 koordynuje cztery atomy neodymu (Nd1 1 Nd2) przez dwie grupy
COO bidentno-mostkujace. Ligand C-Qdca wykazuje charakter tridentny chelatujaco-
mostkujacy, z dwoma monodentnymi grupami COO. Wszystkie rodzaje liganda Qdca*

koordynujg atom metalu dodatkowo przez atom azotu.

W widoku upakowania struktury kompleksu wzdluz osi a wyraznie mozna
wyodrgbni¢ obecno$¢ jednowymiarowych kanatow zajmowanych przez nieskoordynowane

czasteczki wody (Rysunek 34 d).
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Rysunek 34. a) Otoczenie centr  metalicznych ~w  kompleksie
[Nd2(Qdca)3(H20)4]-3H20; b) wielosciany koordynacyjne atoméw NdA(II); c¢) sposoby

koordynacji anionéw Qdca”; d) widok upakowania struktury wzdhiz osi a.
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Grupa IV

Jony erbu(IIl) tworza z kwasem chinolino-2,4-dikarboksylowym w temperaturze 100
i 120°C ten sam polimer koordynacyjny (grupa IV) o wzorze [Er2(Qdca)3;(H20)4]-4H20.
Podobnie jak opisane powyzej polimery koordynacyjne z grup II i III, kompleks erbu(III)
rowniez krystalizuje w uktadzie trojskosSnym w grupie przestrzennej P-/. Jednostka
asymetryczna zawiera analogiczne elementy strukturalne jak kompleksy z grupy II, lecz w
zewngetrznej sferze koordynacyjnej pojawiajg sie cztery czasteczki wody. Dodatkowo w
strukturze zwigzku [Er2(Qdca)3;(H20)4]-4H20 wystepuja siedmiokoordynacyjne jony Erl
oraz jony Er2 o liczbie koordynacyjnej 8 (Rysunek 35 a, b). Sfera koordynacyjna Erl
sktada si¢ z jednego akwa liganda, pigciu karboksylanowych atomow tlenu z pigciu
anionéw Qdca® i jednego atomu azotu. Sfera koordynacyjna atoméw Er2 zawiera trzy
akwa ligandy, cztery karboksylanowe atomy tlenu z czterech anionéw Qdca® i jeden atom
azotu. Dhugosci wigzan Er-Oxan, Er-Ow oraz Er-N zawierajg si¢ w zakresach: 2,236(3)-

2,375(3); 2,291(3)-2,384(3) oraz 2,601(3)-2,715(3) A.

W strukturze wystepujg takze trzy typy koordynacji anionéw Qdca®. A-Qdca
zachowuje si¢ jak ligand tridentny tylko mostkujacy, koordynujacy atomy Erl przez
karboksylanowe grupy o charakterze monodentnym i bidentno-mostkujagcym. Tetradentny
chelatujgco-mostkujacy ligand B-Qdca, wigze atomy Erl i Er2 przez monodentne grupy
COQO. Ligand C-Qdca ma charakter tetradentny mostkujaco-chelatujacy koordynujacy trzy
atomy Er2 (Rysunek 35 c).

Analogicznie jak i w grupach II i III, na podstawie widoku upakowania struktury
wzdhuz osi a mozna wyr6zni¢ jednowymiarowe kanaly zajete przez wolne czasteczki wody
(Rysunek 35 d). Obecnos$¢ hydrofilowych kanatéw zwigksza polarnos¢ struktury
kompleksu.
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Rysunek 35. a) Otoczenie centrum  metalicznych w  kompleksie

[Er2(Qdca)3(H20)4]-4H20; b) wielosciany koordynacyjne atoméw Er(IIl); c) sposoby

koordynacji anionéw Qdca®; d) widok upakowania struktury wzdhiz osi a.
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Poréwnanie pikéw dyfrakcyjnych eksperymentalnych dyfraktograméw proszkowych
(XRD) oraz wygenerowanych teoretycznie, potwierdza czysto$¢ fazowag 1 tozsamos¢
prébek polikrystalicznych z izolowanymi monokrysztalami polimeréw koordynacyjnych
syntezowanych w okreslonych temperaturach. Analiza XRD wykazywata obecnos¢ dwoch
faz krystalicznych I 1 II grupy dla komplekséw jonéw Nd(III) otrzymanych w temperaturze
100°C, oraz dwoch faz grupy II i III dla jonéw Eu(Ill) syntezowanych w temperaturze
100°C. Dla kompleksow jonéw Nd(III) zostat zbadany proces rekrystalizacji, dla ktorego
dyfrakcyjna analiza proszkowa wykazala przemiang fazowa krysztatéw typu II do typu III,
spowodowang przegrupowaniem sfery koordynacyjnej atoméw neodymu(IIl), zmianami
sposobéw  koordynacji i konformacji  ligandéow, a takze wicksza iloscig

nieskoordynowanych czasteczek wody.

3.3.8 Charakterystyka spektroskopowa w  podczerwieni kompleksow

lantanowc6ow(III) na bazie kwasu chinolino-2,4-dikarboksylowego [A3]

Widma ATR-FTIR syntezowanych chinolino-2,4-dikarboksylanéw lantanowcow(I1I)
sg do siebie bardzo podobne (Rysunek 36). Wszystkie widma charakteryzuja si¢ szerokim
pasmem w zakresie 3700-2700 cm, pochodzacym od drgan rozciggajacych grup
hydroksylowych Vv(OH), co potwiedza obecno$¢ czasteczek wody w strukturach
otrzymanych kompleksow. Brak charakterystycznych pasm dla grup COOH wskazuje na
istnienie w kompleksach form zdeprotonowanych COO. Widma w podczerwieni
kompleksow metali wykazuja charakterystyczne pasma dla asymetrycznych drgan
rozciggajacych vas(COO) 1 symetrycznych drgan rozciggajacych vs(COO) w zakresach
1552-1548 cm™ i 1381-1362 cm™'. Duza réznorodnos¢ sposobéow koordynacji liganda
Qdca* w kompleksach metali nie pozwala na rozroznienie roéznych typow struktur
wylacznie na podstawie ich widm w podczerwieni. Zanik pasm komplekséw metali przy
1639 i 1616 cm™ z pierécienia aromatycznego zaobserwowany w widmie w podczerwieni
wolnego kwasu H>Qdca §wiadczy o udziale atomu azotu z pierScienia chinolinowego w

wigzaniu metalu.
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Rysunek 36. Widma ATR-FTIR kwasu chinolino-2,4-dikarboksylowego i
otrzymanych komplekséw lantanowcdw(III) r6znych grup krystalicznych (I-IV).

3.3.9 Wlasciwosci termiczne polimeréow koordynacyjnych kwasu chinolino-2,4-

dikarboksylowego [A3]

Analizujac dane (Tabela 8) otrzymane z przeprowadzonych badah termicznych
ustalono, ze wszystkie zsyntezowane kompleksy lantanowcow(IIl) sg stabilne w atmosferze
powietrza w temperaturze pokojowej, a nastepnie podczas ogrzewania zaczynajg ulegaé
wieloetapowemu rozktadowi. Pierwszy etap w zakresie temperatury 30-357°C odpowiada
uwolnieniu zaréwno skoordynowanych, jak i nieskoordynowanych czasteczek wody w
naktadajacych si¢ etapach. Procesom odwadniania towarzysza efekty endotermiczne
obserwowane na krzywych DSC. Zdehydratowane formy kompleksow lantanowcoéw(I1I) sa
nietrwate, a eliminacja skoordynowanych czasteczek wody ze sfery koordynacyjnej
centréw metali pociagga za soba powstawanie nienasyconych weztéw metalicznych, ktore
maja kluczowe znaczenie dla procesu rozkladu. Dalsze ogrzewanie w wyzszych
temperaturach powoduje ich rozktad i spalenie, ktoremu towarzysza znaczne ubytki masy
(okoto 50%) rejestrowane na krzywych TG, zwigzane z silnymi efektami egzotermicznymi.
Podczas ogrzewania statych pozostatosci komplekséw metali w atmosferze powietrza, w
temperaturze powyzej 600°C tworzg si¢ odpowiednie tlenki metali: Nd2O3, EuxO3, Tb4O7 i
Er0s.
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Tabela 8. Dane termograwimetryczne chinolino-2,4-dikarboksylanéw

lantanowcow(IIl) w atmosferze powietrza.

Kompleksy AT, (°C) Ubytek AT, (°C) Ubytek AT;(°C) Ubytek AT, Ubytek ATs(°C) Ubytek
Neodymu(III) masy (%) masy (%) masy (%) C) masy (%) masy (%)
100°C 30-135 2,38 135-357 7,49 357-527 50,53 527-592 4,19 592-697 2,69
120°C 30-122 391 122-345 8,33 345-522 48,81 522-587 4,40 587-680 3,12
150°C 30-304 10,54 - - 304-487 42,75 487-591 11,23 591-675 3,83
Kompleksy AT, (°C) Ubytek AT, (°C) Ubytek AT;(°C) Ubytek AT, Ubytek ATs(°C) Ubytek
Europu(III) masy (%) masy (%) masy (%) C) masy (%) masy (%)
100°C 30-121 4,67 165-326 6,02 326-443 30,69 443516 49,25 516-628 5,81
121-165* 2,17*
120°C 30-143 3,86 143-294 6,85 294-430 25,83 430-516 23,86 516-667 5,81
150°C 30-153 7,07 153-285 4,28 285-443 37,42 443-534 14,52 534-638 3,98
Kompleks AT; (cC) Ubytek AT, (°C) Ubytek AT;(C) Ubytek ATy Ubytek ATs(<C) Ubytek
Terbu(III) masy (%) masy (%) masy (%) C) masy (%) masy (%)
100°C 30-122 3,63 122-325 8,06 325-704 53,08 - - - -
120°C 30-132 4,43 132-314 6,97 314-689 53,73 - - - -
150°C 30-323 10,47 323-712 52,00 - - - - - -
Kompleksy AT (cC) Ubytek AT, (°C) Ubytek AT3(°C) Ubytek ATy Ubytek ATs (°C) Ubytek
Erbu(III) masy (%) masy (%) masy (%) (C) masy (%) masy (%)
100°C 30-114 4,76 114-190* 3,58% 330-570 50,57 - - 570-720 2,00
190-330 5,09
120°C 30-144 9,69 144-192* 2,25% 303-544 48,32 - - 544-723 2,90
192-303 2,72
150°C 30-326* 9,52 - - 326-573 46,10 - - 573-741 3,85

3.3.10 Wlasciwosci luminescencyjne kompleksow na bazie kwasu chinolino-2,4-

dikarboksylowego [A3]

Intensywno$¢ emisji  polimeréow koordynacyjnych europu(Ill) otrzymanych w
temperaturze 120 i 150°C jest podobna i wyzsza niz w probce otrzymanej w temperaturze
100°C (Rysunek 37 a). Obserwacja ta jest zgodna ze strukturami krystalicznymi
kompleksow europu. Obecnos¢ fazy krystalicznej z wiekszg liczba zewnatrz sferowych
czasteczek wody skutkowato obnizeniu intensywno$ci luminescencji. Innymi stowy,
zmniejszenie liczby nieskoordynowanych czasteczek wody w strukturze kompleksow
europu spowodowato znaczne zwiekszenie intensywnosci luminescencji. W identycznych

warunkach doswiadczalnych nie zaobserwowano emisji w przypadku kompleksow Tb(III).
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Wzbudzenie probek kompleksow Eu(Ill) dtugoscia fali 360 nm charakterystyczng dla
szerokiego pasma absorbcyjnego (przejscia m — m) ligandu H>Qdca (Rysunek 37 b),
spowodowato powstanie pi¢ciu waskich linii emisyjnych (Rysunek 37 a) w zakresie 500 -
720 nm. Pasma emisyjne 580, 590, 612, 655 i 703 nm odpowiadaja przej$ciom Do — "Fo,
Do — "Fi1, °Do — "Fa, °Do — 'F3 i Dy — "F4, z dominujagcym pasmem przy 612 nm tak -
zwanym przejsciem ,,nadwrazliwym”. Oberwowane pasma sg charakterystyczne dla jonow

Eu(IIl).

Bardzo intensywna emisja skupiona na metalu obserwowana w zwiazkach Eu(III)
oraz brak szerokiego pasma emisji pochodzacego od czasteczek ligandu organicznego w
obszarze $wiatta niebiesko-zielonego potwierdzily efektywny transfer energii z poziomu
wzbudzonego liganda do jonoéw europu(Ill). Dodatkowo intensywno$¢ tej emisji byla
czterokrotnie mniejsza w przypadku wzbudzenia kompleksu przy pomocy Aw, = 392 nm,
typowej dla jonu Eu(IIl), co réwniez potwierdzilo wystepowanie wewnatrzczasteczkowego

transferu energii z ligandu H>Qdca do jonéw Eu(III).
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Rysunek 37. a) Widma emisji (Aw,=360 nm) i b) widma wzbudzenia dla komplekséw
Eu(Ill) syntezowanych w r6znych temperaturach (100, 120 1 150°C).

Kompleksy Nd(III) 1 Er(Ill) wykazaly charakterystyczng emisj¢ w obszarze bliskiej
podczerwieni (NIR) od 900 do 1700 nm przy wzbudzeniu dtugos$cia fali 369 nm (Rysunek
38 a, b). Widma emisyjne komplekséw Nd(III) (Rysunek 38 a) wykazuja pasma zwigzane z

przej$ciami “Fszn — 1112 (1047 nm) i “Fsn — *Ii32 (1323 nm). Pasma emisyjne rdznia sie
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intensywnoscia. Przejscie “F32 — “111/2 (1047 nm) jest najbardziej intensywne i dominuje w

widmach emisyjnych kompleksow.

Widma emisji NIR dla komplekséw Er(IIl), charakteryzowaty si¢ szerokimi 1 stabymi

pasmami z maksymalng intensywnoscig przy okoto 1524 nm, przypisanymi do przejs$cia

1132 — “Iisn jonéw Er(Ill). Podobnie jak w przypadku komplekséw europu i neodymu,

wzrost temperatury, w ktorej prowadzono synteze, sprzyjat lepszym wlasciwosciom

emisyjnym prébek.
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Rysunek 38. Widma emisyjne NIR komplekséw zsyntezowanych w temperaturze

100, 1201 150°C (Awz = 369 nm): a) dla komplekséw Nd(III) i b) dla komplekséw Er(III).
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3.3.11. Synteza i ogolna charakterystyka materialow hybrydowych na bazie
polimerowej matrycy BPA.DA-NVP domieszkowanych kompleksem jonow Eu(IIl) z

kwasem chinolino-2,4-dikarboskylowym o roznych stezeniach wagowych [A4]

Do syntezy materiatow hybrydowych na bazie polimerowej matrycy BPA.DA-NVP
(gdzie BPA.DA = diakrylan Bisfenolu A, NVP= N-winylopirolidon) zostat uzyty kompleks
Eu(Ill) na bazie kwasu chinolino-2,4-dikarboksylowego o réznych zawartosciach
wagowych (0,1%; 0,2%; 0,5%; 1% 1 2%). Synteza materiatow hybrydowych zostata

przeprowadzona w dwdch gldéwnych etapach.

Etap 1. Ze wzgledu na stabg rozpuszczalno$é zsyntezowanego w fazie statej polimeru
koordynacyjnego jonéw europu(Ill) z kwasem chinolino-2,4-dikarboksylowym w
monomerach NVP oraz BPA.DA, kompleks metalo-organiczny zostal otrzymany metoda
in-situ w pierwszym etapie syntezy. Etap ten obejmowal rozpuszczenie odpowiednich
ilosci stechiometrycznych azotanu(V) europu(Ill) i kwasu chinolino-2,4-dikarboksylowego
(H2L) w monomerze NVP, w wyniku czego powstata homogeniczna mieszanina reakcyjna
sktadajaca si¢ z: kompleksow Eu2ls, skoordynowanych agregatéw polimeréwych,
skoordynowanych jonéw Eu(lll) z karbonylowym atomem tlenu pierScienia
pirolidonowego, wolnych czasteczek monomerow NVP oraz wolnych czgsteczek liganda

(Rysunek 39).
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Rysunek 39. Schemat 1 etapu syntezy materiatbw hybrydowych wraz z
proponowanymi strukturami mozliwych produktéw, w tym polaczen koordynacyjnych

jonéw Eu(IIl) z ligandem L, NVP oraz produktami polimeryzacji monomeru NVP.
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Etap II. Mieszanina reakcyjna z pierwszego etapu wraz z fotoinicjatorem, zostata
dodana do odpowiedniej ilo§ci monomeru BPA.DA. Po shomogenizowaniu monomeréw i
mieszaniny reakcyjnej, w rezultacie reakcji fotopolimeryzacji incjowanej promieniowaniem
ultrafioletowym (UV), otrzymano szereg homogenicznych materiatow hybrydowych z
rézng zawarto$éi (%) kompleksow Eucl; o ogdlnym wzorze BPA.DA-NVP@nEusLs,
gdzie n=0,1%; 0,2%; 0,5%; 1% 1 2% (Rysunek 40).

Etap Il

Cross-Linked Sieciowanie liniowe
-{--BPA.DA----NVP ] -BPA. DA ~NVP----NVP-7--BPA.DA---
é&@.\ Oligomery

koordynacyjne

/ 1 Froma

.......

Rysunek 40. Schemat II etapu syntezy materialow hybrydowych BPA.DA-
NVP@nEwls wraz z proponowanym mechanizmem wigzania kompleksu europu(Ill)

przez polimerowa matryce.

Otrzymane materialy hybrydowe charakteryzuja si¢ wysoka przezroczysto$cia oraz
lekko Zottawym zabarwieniem. Materialty hybrydowe BPA.DA-NVP@nEu:l; z wigksza
zawartoscig kompleksu europu(Ill) charakteryzujg si¢ mniejsza twardosca, bardziej
intensywng z0tta barwa oraz delikatnym zmetnieniem. Otrzymane materiaty hybrydowe,
pod wptywem naswietlania promieniowania UV wykazuja emisj¢ czerwonego $wiatla, przy
czym danego efektu nie zaobserowano dla czystej matrycy BPA.DA-NVP oraz materiatow
domieszkowanych tylko poszczegdlnymi prekursorami zwigzku kompleksowego

(BPA.DA-NVP@H:L oraz BPA.DA-NVP@Eu(NO3)3) (Rysunek 41).
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Rysunek 41. Zdjecia materiatow hybrydowych o roznej zawarto$ci kompleksu
europu(Ill) oraz prekursorow zwigzku kompleksowego: a) w $wietle dziennym; b)

naswietlone $wiatlem UV (364 nm).

3.3.12. Wlasciwosci luminescencyjne materialow hybrydowych BPA.DA-
NVP@nLn:L3 [A4]

Widma wzbudzenia materiatbw BPA.DA-NVP@1%Eu:Ls (Rysunek 42 a)
charakteryzowaty si¢ obecnoscig intensywnego szerokiego pasma nalezacego do przejs¢ 7
7* liganda HoL przy maksimum 340 nm oraz jednego ostrego pasma przy 393 nm. Dla
poréwnania widmo wzbudzenia materialu BPA.DA-NVP@ 1%Eu(NO3); (Rysunek 42 a)
sklada si¢ z trzech stabych pasm odpowiadajacych przejsciom f-f w jonie europu(Ill).
Zastosowanie wspomniane] wartosci dlugosci fali do wzbudzenia materiatow pozwolito
uzyska¢ typowe widmo emisyjne dla jonéw Eu(Ill) w zakresie $wiatla czerwonego z

pasmami przy 580, 595, 620, 650 i 700 nm, pochodzacymi od przej$é *Do-"Fy = 0-4).

Widma emisyjne materiatéw hybrydowych o réznych stezeniach (0,1%; 0,2%; 0,5%;
1% 1 2% wag.) kompleksu EuzL3 (Rysunek 42 b) przedstawiaja dwa najbardziej intensywne
pasma przy 594 i 618 nm, zwigzane z przejsciami °Do-'Fi i Do-'F2 (wykazujagcymi
nadwrazliwos$¢). Dodatkowo w materiale hybrydowym zaobserwowano luminescencje
matrycy, co nieznacznie wptyneto na charakter widm emisyjnych. Wszystkie materiaty
zawierajace kompleks Eu(Ill) wykazuja wyzsza intensywno$¢ emisji w poréwnaniu do
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materialu dotowanego tylko solg Eu(NO3);. Zaobserwowany wzrost intensywnosci
luminescencji Eu(IIl) jest wynikiem przeniesienia energii z liganda L> do jonu metalu w
wyniku tworzenia kompleksu. Materiat zawierajacy 1% kompleksu Eu(Ill) wykazat
najintensywniejszg luminescencj¢, natomiast materiat o wigkszym stezeniu domieszki (2%
mas.) wykazal nizszg intensywno$¢ emisji w porownaniu z BPA.DA-NVP@ 1%Eu;L3 jako
efekt procesu wygaszania spowodowanego tworzeniem si¢ agregatow. Dla materialu
BPA.DA-NVP@H,L zaobserwowano tylko stabg luminescencj¢ wolnego liganda w
obszarze emisji jonow europu(Ill). W przypadku wzbudzenia probek falg o dtugosci 393

nm, najwigkszg intensywno$¢ emisji zaobserwowano takze dla probki zawierajacej 1%

kompleksu europu(II).
6000 4 ——BPADA-NVP@1% Eu L,
——BPA.DA-NVP@1% EuNO ), 6000 + h_LI.N

50004 ' ——BPA.DA-NVP@0.1% Eu,L,
5 5000 o ——BPA.DA-NVP@0.2% EuL,
& 4000- _n_l"' 5 BPA.DA-NVP@0.5% Eu L,
i ' = 40004 ——BPA.DA-NVP@1% Eu,L,
8 3 ] —— BPA.DA-NVP@2% Eu.L
£ 30004 ° oy
g' £ 3000 —— BPA.DA-NVP@1% Eu(NO ),
2 -
& 2000+ £
= E

1000 - -

0
250 300 350 400 4 -
A [nm] 500 550 GmJJL - 650 700
a) b)

Rysunek 42. a) Widma wzbudzenia materiatbw BPA.DA-NVP@1%Eu;L; i BPA.DA-
NVP@1%Eu(NO3)3, Aw=618 nm; b) Pordwnanie intensywnoSci emisji materialdow z

kompleksem Eu(IIl) i Eu(NO3); w matrycy BPA.DA-NVP, Aex=340 nm.

Dla petnej charakterystyki luminescencji wyznaczono wydajnos¢ kwantowa emisji
dla wszystkich probek zawierajacych domieszke europu(Ill) dla poziomu emisyjnego >Do.
W Tabeli 9 zebrano wyniki czasu zycia luminescencji i wydajnosci kwantowych zmierzone
dla materialow BPA.DA-NVP@Eu;L3 o r6znych stezeniach komplekséw europu(IIl) oraz

stosunki intensywnos$ci pasm emisyjnych przy 618 i 594 nm.
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Tabela 9. Charakterystyka widmowa jonu Eu(Ill) w kompleksie zawartym w matrycy

BPA.DA-NVP, (Aex=340 nm).

Prébka /% 0.1% 0.2% 0.5% 1% 2%
Czaszycia, 11 =78,130,69  t1=93.424058 11=119,2940,62  t1=143,57£0,85 11 =147,71£1,06
s 12 =447320,84 12=460,7240,78 12=605,69+1,56  12=670,30+1,95  12=53587+138
_Jere 5,20 5,07 4,86 471 4,50
15?4
H% 14,0 11,8 11.8 9.0 9.3

3.3.13. Analiza spektroskopowa ATR-FTIR matrycy oraz materialow hybrydowych
BPA.DA-NVP@nLn:L3 [A4]

Widma ATR-FTIR wolnej matrycy polimerowej oraz materialdw hybrydowych
BPA.DA-NVP@nLn:L3 s3 zdominowane pasmami pochodzacymi od diakrylanu glicerolu
bisfenolu A (BPA.DA) (Rysunek 43). Pasmo drgan rozciagajacych grup hydroksylowych
v(OH) z BPA.DA obserwowano w zakresie 3100-3660 cm™'. Na widmie matrycy BPA.DA-
NVP wystepuja pasma pochodzace od drgan rozciagajacych asymetrycznych i
symetrycznych grup metylenowych (vas(CHz), 2961 cm™!, vo(CH>), 2926 cm™). Intensywne
pasma przy 1727 i 1660 cm™ przypisano drganiom rozciagajacym grup karbonylowych
v(C=0) z N-winylopirolidonu i ugrupowan estrowych. Pasma zarejestrowane przy 1630,
1606 i 1507 cm przypisano drganiom rozciggajacym Vv(Ca:Car) i V(CN) pierécieni
aromatycznych i pirolidonowych. Kombinacje pasm przy 1460, 1420 i 1385 cm’
przypisano odpowiednio do drgan deformacyjnych grup metylowych i metylenowych
(8as(CH3), 8s(CH>) i 8s(CHa)). W obszarze 13001000 cm™! obserwuje si¢ charakterystyczne
pasmo drgan rozciggajacych grup estrowych v(C-O) z BPA.DA. Na widmach w
podczerwieni zarejestrowanych dla wszystkich otrzymanych materiatow hybrydowych
obserwowano kilka pasm przy 1287, 1244, 1179, 1103 i 1036 cm’!, ktére przypisano
drganiom  rozciggajacym  ugrupowan v(C—-(C=0)-C) i1 v(C-O-C). Drgania
pozaptaszczyznowe y(CaH) pierscieni benzenowych wystepuja przy 827 cm’!. Pasma
pochodzace od domieszkowanego kompleksu europu(Ill) sg prawie niewidoczne w

widmach otrzymanych materiatow ze wzgledu na jego niskie st¢zenia.
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Rysunek 43. Widma ATR-FTIR: matrycy polimerowej BPA.DA-NVP i materialow
hybrydowych BPA.DA-NVP@0,1/0,2/0,5/1/2%Eu;Ls.

3.3.14. Wilasciwosci termiczne oraz mechanizm rozkladu materialow

hybrydowych BPA.DA-NVP@nEu:L3[A4]

Na podstawie analizy krzywych TG oraz DTG stwierdzono, ze rozktad termiczny w
atmosferze powietrza wszystkich materiatlow hybrydowych oraz matrycy polimerowe;j
przebiegal w trzech gléwnych etapach (Tabela 10). Ubytek masy w pierwszym etapie
nastepowat w zakresie temperatury 90-355°C 1 byt zwigzany z cigglymi zmianami masy w
zakresie 8,7-37,8%. Najwigkszy ubytek masy na tym etapie zaobserwowano dla materiatu
BPA.DA-NVP@2%Eu:L;3 (37,8%). Kolejny etap rozktadu badanych prébek odnotowano w
zakresie temperatury 256-474°C, ktoremu towarzyszyla znaczna zmiany masy wynoszgca
36,3-69,8%. Ostatni etap degradacji termicznej zaobserwowano w zakresie temperatury
445-645°C z ubytkiem masy na poziomie 22,5-29,0%. Z uzyskanych danych termicznych
wnioskowano, iz wzrost zawarto$ci kompleksu europu(Ill) w polimerowej matrycy

spowodowat bardziej ztozone mechanizmy rozktadu badanych materiatow.
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Tabela 10. Dane termograwimetryczne rozktadu badanych materialdéw w atmosferze

powietrza.
Materiaty Etap I Etap II Etap III
AT (°C) Am (%) AT (°C) Am (%) AT (°C) Am (%)

BPA.DA-NVP 105-323 8,7 323-458 63,9 458-645 26,8
BPA.DA-NVP@0,1%Eu,L3 117-321 10,9 321-459 62,2 459-610 27,1
BPA.DA-NVP@0,2%Eu;L3 144-262 6,3 262-472 69,8 472-585 24,1

BPA.DA-NVP@0,5%Eu;L3 122-256 8,8 256-445 62,2 445-563 29
BPA.DA-NVP@1%Eu;L3 115-345 23,2 345-474 54,1 474-553 224
BPA.DA-NVP@2%Eu,l3 90-355 37.8 355-453 36,2 453-545 25,8
BPA.DA-NVP@ 1%Eu(NO3)3 128-334 10,8 334-468 61,9 468-564 27,3
BPA.DA-NVP@ 1%H,L 115-310 14,9 310-467 61,4 467-627 23,7

Wzrost ilo$ci dodanego kompleksu (0,1; 0,2; 0,5; 1 i 2% EusL3) spowodowat
obnizenie stabilno$ci termicznej materialdow hybrydowych (Rysunek 44 a, d ). Najwigksze
obnizenie temperatury zaobserwowano przy najwickszej ilosci dodatku kompleksu metalu
(2% wag. Euxl3). W wyzszej temperaturze badane materiaty zaczety ulega¢ rozktadowi.
Profile krzywych TG-DTG materiatow: BPA.DA-NVP, BPA.DA-NVP@O0,1%Eu:Ls,
BPA.DA-NVP@0,2%Eu;L3 i BPA.DA-NVP@1%Eu(NO3)3 do temperatury okoto 450°C
sg bardzo podobne. Obserwacja ta wskazuje, ze dodatek do matrycy polimerowej bardzo
matej ilosci kompleksu metalu lub soli nieorganicznej nie zmienia drastycznie jej
wlasciwos$ci termicznych. Materialy zawierajace 0,5; 1 i 2% wag. kompleksu europu(IlI)

wykazaly dodatkowy ubytek masy w zakresie temperatury 200-400°C.

Ksztatty krzywych DTG (Rysunek 44 b) pozwolity stwierdzi¢, ze najwigksza
szybko$¢ ubytku masy w pierwszym etapie (I) rozkladu badanych materiatow obserwuje
si¢ dla materiatu domieszkowanego 2% wag. Eurls. W drugim etapie (II) rozktadu
materiatoéw, najwicksza szybko$¢ i najwyzsza temperatur¢ Tpromax zaobserwowano dla
czystej matrycy polimerowej, BPA.DA-NVP@1%H:L oraz i BPA.DA-NVP@0,1%Eu:Ls.
Najwigksza szybko$¢ 1 najnizszg temperatur¢ Tpremax Odnotowano w trzecim etapie

rozktadu badanych materiatow dla BPA.DA-NVP@ 1%Eu;L; i BPA.DA-NVP@2%Eu,Ls;.

90


mailto:BPA.DA-NVP@1%25H2L

Rozktadowi termicznemu materiatbw hybrydowych zarejestrowanych do
temperatury ok. 450°C towarzysza trudno rozroznialne efekty endotermiczne,
najprawdopodobniej spowodowane topnieniem matrycy polimerowej i zrywaniem wigzan
kowalencyjnych w szkieletach polimerowych oraz zastosowanej domieszce. Ostatniemu
etapowi rozkladu badanych materialow hybrydowych towarzyszyl silny efekt
egzotermiczny w zakresie temperatury 500-550°C wywolany procesami spalania
ugrupowan organicznych obecnych w stalych pozostatosciach powstatych we

wczesniejszych procesach.

Wplyw wigkszej ilosci dodatku na zachowanie termiczne badanych materiatow w
atmosferze azotu posiadat podobny charakter jak w przypadku rozktadow w atmosferze
powietrza. Z profiléw krzywych TG-DTG (Rysunek 44 ¢ i d) wyznaczono, ze wlaczenie
wiekszej ilosci kompleksu metalu powoduje przesunigcia etapéw rozktadéw w strone

nizszych temperatur.
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Rysunek 44. Poréwnanie krzywych TG i DTG badanych prébek w atmosferze
powietrza: a) TG i b) DTG matrycy polimerowej BPA.DA-NVP i materialéw
hybrydowych (BPA.DA-NVP@0,1/0,2/0,5/1/2%€Eu,l3) oraz w atmosferze azotu; c) TG 1
d) DTG matrycy polimerowej BPA.DA-NVP i materiatow hybrydowych (BPA.DA-
NVP@0,1/0,2/0,5/1/2% EusLs3).

Analize TG-FTIR wykonano dla czystej matrycy polimerowej BPA.DA-NVP oraz
materiatu BPA.DA-NVP@2%Eu:L; w atmosferze azotu. Widma gazowych produktow
rozktadu wydzielane w trakcie pirolizy zwigzkéw wykazywaly obecnos¢ czasteczek wody
(v(OH), 4000-3500 cm!, §(OH), 1800-1300 cm™), ditlenku wegla (v(CO2), 2358-2310
cm!; 8(CO2), 700-600 cm™), pochodnych pirolidonu (v(C=0), 1750 cm'; v(C-H), 2969,
2884 cm’!; §(C-H), 1386 cm™!, v(C-N), 1269 cm!) oraz N-winylopirolidonu (v(C=C), 1635
cm!; §(=C-H), 841 cm™) (Rysunek 45). Wymienione produkty zdominowaty pierwszy etap
rozktadu materiatbw BPA.DA-NVP i BPA.DA-NVP@2%Eu;l3 i byly wydzielane w
trakcie rozktadu odpowiednio do temperatury okoto 385°C i 215°C.

W  kolejnych etapach rozkladu materiatow polimerowych zaobserwowano
wydzielanie takich zwigzkow jak: 4-metylofenol, 2-metylofenol, bisfenol, fenol, metan i
monotlenek wegla (Rysunek 45). Najbardziej intensywne wydzielanie gazéw podczas
pirolizy badanych materiatlow nastapito w zakresie temperatury 426-527°C. Powyzej 500°C
wydzielaly si¢ jedynie S$ladowe iloSci gazowych produktow degradacji badanych

materiatow (glownie tlenki wegla i woda).
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Rysunek 45. 3D widma FTIR lotnych produktéw rozktadu: a) matrycy polimerowe;j
(BPA.DA-NVP); b) materialu hybrydowego (BPA.DA-NVP@2%Eu;l3) w atmosferze
azotu. Wydzielone gazy: 1 - H20; 2 — COz; 3 — CO; 4 — CHy; 5 — N-winylopirolidon
(NVP); 6 — 2-pirolidon; 7-10 — 4-metylofenol, 4-propylofenol, fenol, Bisfenol A.

3.3.15. Wilasciwosci mechaniczne materialow hybrydowych BPA.DA-
NVP@nLn:L3 [A4]

Okre$lenie wplywu roznej zawarto$ci wagowej kompleksu europu(Ill) na
wlasciwosci lepkosprezyste przeprowadzono dynamiczng analizg mechaniczng (DMA).

Wyniki analizy DMA badanych prébek przedstawiono w Tabeli 11.

Wraz ze wzrostem zawarto$ci kompleksu europu(Ill) w materiatach hybrydowych,

temperatura zeszklenia (Tg) wyznaczona trzema r6znymi metodami ulegata obnizeniu.
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Tabela 11 Dane z pomiaré6w dynamicznych badan mechanicznych (DMA)

otrzymanych materialow.

tan Omax
E 'onset E '20 E ! ’max o FWHM
Wzory probek (°C) tan Omax
yp CC)  (GPa)  (°0) 0
BPA.DA-NVP 99,87 3,18 99,79 137,6 0,548 34,28
BPA.DA-NVP@0,1%Eu,L3 89,36 3,52 80,55 132,21 0,515 35,28
BPA.DA-NVP@0,2%Eu,l3 52,73 3,95 55,92 98,57 0,800 36,84
61,09! 0,748!
BPA.DA-NVP@0,5%Eu,L; 31,45 3,56 32,73 43,68
73,982 0,7632
50,11! 0,705!
BPA.DA-NVP@1%Eu,L3 28,60 2,96 29,89 52,09
70,742 0,6482
BPA.DA-NVP@1%Eu(NO3); 85,58 3,94 86,51 134,05 0,492 42,24
70,211 0,437!
BPA.DA-NVP@1%H,L 38,88 3,37 41,46 56,30

99,442 0,578

E'onset — modut zachowawczy, E' — modut stratnosci, FWHN - szeroko$¢ w polowie wysokosci piku
tan 8 ,? — dwa maksima tg Smax.

Na podstawie analizy danych DMA modutu zachowawczego w funkcji temperatury
zaobserwowano, ze modut zachowawczy (E’) stopniowo maleje powyzej 20°C dla
otrzymanych materialow. Najszybsza zmian¢ szybkoSci zaniku E' obserwuje si¢ dla
materiatdéw z najwigkszym dodatkiem kompleksu europu(Ill) (BPA.DA-NVP@0,5%Eu:Ls3,
BPA.DA-NVP@1%Eu:L3). Zmiany te odzwierciedlaja takze najnizsze temperatury
zeszklenia (odpowiednio 31,45°C oraz 28,6°C) w porOéwnaniu z matrycg polimerowg
(BPA.DA-NVP), gdzie Ty wynosi 99,87°C. Z ksztaltow modutu zachowawczego oraz
krzywych DSC wyznaczono takze obszar odpowiedzialny za czeSciowe usieciowanie
otrzymanych materialdow. Na krzywych DSC obszar ten obserwuje si¢ dla zakresu
temperatury 190-200°C. Drastyczne zmniejszenie modutu zachowawczego (E') obserwuje
si¢ w obszarze zwigzanym z temperaturg zeszklenia (Tg) badanych materiatéw. W tym
obszarze segmenty tancucha, w przeciwienstwie do zakresu energii sprezystej, podlegaja
zwigkszonym ruchom przemieszczeniowym lub obrotowym co wywotuje zmigkczanie

polimeru.
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Wyznaczanie temperatury zeszklenia jako maksimum warto$ci piku tan dmax (°C),
wykazato podobng tendencje do obnizania warto$ci temperatury zeszklenia wraz ze
wzrostem dodatku kompleksu europu(Ill) w poréwnaniu z matrycg polimerowg (BPA.DA -
NVP). Na podstawie analizy wartosci FWHM okreslono homogeniczno$¢ otrzymanych
materialdéw. Najwyzsza homogeniczno$¢ wykazata czysta matryca polimerowa BPA.DA-
NVP, natomiast ze wzrostem zawarto$ci dodatku rosnie heterogeniczno$¢ materiatu.
Potwierdzeniem zwigkszonej niejednorodnosci materiatu jest takze obecnos¢ dwoéch
maksimow tan 6 na krzywych obserwowanych dla materiatbw BPA.DA-NVP@0,5%Eu,L3,
BPA.DA-NVP@1%Eu>L3, co moze wynika¢ ze stabszych oddziatywan migdzyfazowych
(wigzania wodorowe 1 sity van der Waalsa) pomigdzy matryca polimerowa a powstatym

kompleksem europu(III).

Proby zginania matrycy polimerowej oraz materiatow hybrydowych wykazaty
nieznaczny wptyw dodatku kompleksu europu(Ill) w przypadku zawartosci 0,1% i 0,2%
wag., w ktorych nie zaobserwowano znaczacych zmian w napre¢zeniach i ugigciu przy
zginaniu probek. Nastepnie ze wzrostem zawarto$ci kompleksu europu(IIl) w materiatach,
modul Younga maleje i ro$nie stopien ugiecia wraz z elastyczno$cig probek. Materiaty
BPA.DA-NVP@1%Ewls: i BPA.DA-NVP@2%Eu,l; charakteryzuja si¢ najwicksza
elastycznoscig (stopien ugiecia >7%). Zaobserwowane zmiany zwigzane z oslabieniem
oddziatywan pomig¢dzy tancuchami polimeru a wprowadzonym kompleksem europu(IlI)
oraz wzrostu niejednorodno$ci materialu przy wigkszej zawarto$ci dodatku, co zostato

wczesniej potwierdzone analiza DMA serii probek.

Twardo$¢ otrzymanych materiatow przed 1 po analizie DMA miescila si¢ w
przedziale 83-19 ShD (Tabela 12). Twardo$¢ analizowanych probek po analizie DMA
wzrosta nieznacznie o 2% w pordwnaniu do probek przed analiza DMA, co jest zwigzane z
sieciowaniem matrycy polimerowej w wyzszych temperaturach. Najwigkszg twardo$é
zaobserwowano dla probki (BPA.DA-NVP) bez dodatku funkcjonalnego, natomiast
najnizszg wartos¢ uzyskata probka zawierajaca 2% wag. kompleksu Euoli. Wraz ze
wzrostem % wag. zawartosci kompleksu w materiale hybrydowym jego twardo$¢ spada
nastepujaco: 0,1% wag. => 0,85%; 0,2% wag. => 1,2%; 0,5% wag. => 27%; 1% wag. =>
48,5%; 2% wag. => 75%.
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Tabela 12. Wyniki badania twardos$ci zsyntetyzowanych probek.

Twardos¢ (°Sh) (D Skala)

Prébki
Wartosci przed DMA Wartosci po DMA

BPA.DA-NVP 81,7+1,1 83,0+1,1
BPA.DA-NVP@0,1%Eu;L3 81,0+0,4 83,2+1,5
BPA.DA-NVP@0,2%Eu;L3 80,7+1,3 80,7£1,0
BPA.DA-NVP@0,5%Eu;L3 59,5+1,5 59,2+1,5
BPA.DA-NVP@1%Eu;Ls 42,0+1,5 44,2+40,8

BPA.DA-NVP@2%Eu;L3 19,8+1,9 -k
BPA.DA-NVP@ 1%Eu(NO3); 81,0+0,3 84,2+1,5
BPA.DA-NVP@1%H,L 77,8£0,7 76,0£1,5

*- nie wykonano pomiaru ze wzgledu na nieodpowiedni ksztatt probki.



4. Podsumowanie

W ramach rozprawy doktorskiej przedstawiono syntez¢ i charakterystyke polimeréw
koordynacyjnych ~ kwaséw:  1H-pirazolo-3,5-dikarboksylowego i1  chinolino-2.4-
dikarboksylowego z jonami lantanowcéw(Ill) (Nd(III), Eu(Ill), Tb(IIl) i Er(Ill)) oraz
dwoéch serii materiatow hybrydowych: (BPA.DA-MMA @nEu/Tb>(Hpdca); i BPA.DA-
NVP@nEux(Qdca); opierajagcych si¢ na polimerowych matrycach BPA.DA-MMA oraz
BPA.DA-NVP i powyzszych zwigzkach kompleksowych jako funkcjonalnych dodatkach
luminescencyjnych. Przedstawione wyniki badan uzyskane w trakcie realizacji pracy
doktorskiej maja duzy potencjat aplikacyjny, ze wzgledu na otrzymanie materiatow
hybrydowych, tatwo przetwarzalnych, charakteryzujacych si¢ odpowiedzia na

promieniowanie UV.

1.Zastosowanie réznych metod syntezy (hydrotermalna, mechanochemiczna 1
wytragceniowa) do otrzymania polimeréw koordynacyjnych Lno(Hpdca)s;-nH,O
(Ln=Nd(I1I), Eu(IIl), Tb(III) i Er(IlT); Hpdca= CsH2N>04*" oraz n=6 lub 7) na bazie
kwasu 1H-pirazolo-3,5-dikarboksylowego, pozwolito okresli¢ zalety oraz wady

kazdej z tych metod:

e Hydrotermalna — zalety: wysoka wydajnos¢, wysoka jakos$¢ otrzymanych
zwigzkow (wysokokrystaliczne kompleksy), wyzsza stabilno$¢ termiczna
kompleksow; wady: czasochtonna (czas syntezy ok. 72h), zuzycie duzej

ilosci energii.

e Mechanochemiczna — zalety: stosunkowo szybki czas reakcji (ok. 1h),
bezrozpuszczalnikowa, niskie zuzycie energii; wady: najnizsza jako$¢
produktéw koncowych (niski stopien krystalicznosci kompleksow), niska
wydajnos$¢, niska stabilno$¢ termiczna kompleksow, konieczno$¢ usuwania

produktéw ubocznych.

e Wiytragceniowa — zalety: szybki czas wytracania osadow (kilka minut), niskie
zuzycie energii, stosunkowo dobra jako$¢ produktow (Sredni stopien
krystalicznosci komplekséw), wysoka wydajnos¢; wady: niska stabilnos$¢

termiczna kompleksow, polikrystaliczna posta¢ produktow.
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2.Wszystkie zsyntezowane polimery koordynacyjne Ln2(Hpdca)s-nH2O sa krystaliczne
i zawieraja w swoich strukturach czasteczki wody. Roézne metody syntezy
pozwolity uzyska¢ te same produkty koncowe. Kompleksy Eu(III), Tb(II) i Er(III)
sg izomorficzne, natomiast kompleksy Nd(III) wykazuja odmienng strukture
krystaliczng. W warunkach hydrotermalnych otrzymano monokrysztaty kompleksu
Eu(Ill), ktére zostaly poddane pomiarowi dyfrakcyjnemu na podstawie ktorego
wyznaczono struktur¢ krystaliczng tego kompleksu a tym samym zwigzkéw
izomorficznych. Warunki hydrotermalne prowadza do powstania komplekséw o
najwyzszej stabilnosci termicznej (z wyjatkiem kompleksu neodymowego) i

najsilniejszym wigzaniu czasteczek wody.

3.0Okreslono mechanizm rozktadu kompleksow Lny(Hpdca);-nH,O w atmosferze
powietrza oraz azotu. Kompleksy jonéw Ln(Ill) wykazaly tendencje wyzszej
stabilno$ci termicznej w atmosferze azotu w poréwnaniu do atmosfery powietrza.
Zidentyfikowano gazowe produkty degradacji kompleksow w azocie ktorymi sa:
czasteczki wody, ditlenek/monotlenek wegla, czasteczki pirazolu i izocyjaniany
alifatyczne (w przypadku rozkladu kompleksu neodymu). Koncowymi produktami
rozktadu termicznego kompleksoéw sa tlenki lantanowcéw: Nd203, Eu03, TbsO7

oraz ErOs.

4.Zastosowanie roznej temperatury (100°C, 120°C 1 150°C) w syntezie hydrotermalnej
pozwolito otrzyma¢ szereg ([Ln2(Qdca)z(H20)x]- yH20, gdzie (Ln(IIl) = Nd, Eu, Tb
i Br; Qdca’> = CiiHsNO4*; x = 3 lub 4 i y = 0-4) nowych tréjwymiarowych
polimeréw koordynacyjnych jonéw Nd(III), Eu(Ill), Tb(III) i Er(Ill) z ligandem
chinolino-2,4-dikarboksylanowym jako produktem catkowitej deprotonacji kwasu
H>Qdca. Otrzymano 14 faz krystalicznych, z ktéorych wyodrgbniono 4 grupy
polimeréw koordynacyjnych ze wzgledu na podobiefstwo strukturalne.
Wyznaczono 5 nowych struktur krystalicznych, a ich peine dane krystalograficzne
zostaly zdeponowane w bazie danych krystalograficznych Cambridge Structural

Database pod nastgpujacymi numerami:

Grupa I - [Nd2(Qdca)3(H20)3] — 2281669;
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Grupa II - [Eux(Qdca);(H2O)4]-HO — 2281671; [Tb2(Qdca);(H20)4]-HO —
2281672;

Grupa III - [Nd2(Qdca)3;(H20)4]- 3H20 — 2281670;
Grupa IV - [Er2(Qdca)3(H20)4]-4H-0 - 2281673

5.Analiza strukturalna otrzymanych kompleksow wykazata szerokie mozliwosci
koordynacyjne liganda chinolino-2,4-dikarboksylanowego, ktoérego potaczenia
koordynacyjne z jonami lantanowcow(Ill) nie byly wcze$niej raportowane w
literaturze naukowej. W kazdej opisanej strukturze zwigzku kompleksowego, ligand
wykazywat jednoczesnie trzy rodzaje koordynacji poczawszy od monodentnego do
pentadentnego. Dodatkowo, w procesie koordynacji jonéw Ln(IIl) uczestniczyt
zazwyczaj atom azotu z pierScienia chinolinowego, ktory wraz z sasiadujacym
atomem tlenu z grupy karboksylanowej wigzat ten sam jon Ln(III) tworzac
potaczenie chelatowe. Grupy karboksylanowe liganda wykazywaty rdézne sposoby
koordynacji, takie jak: monodentny, bidentno-mostkujacy oraz bidentno-
chelatujacy. Ogoélnie ligand Qdca* wykazywat w badanych zwigzkach charakter:
mostkujacy oraz mostkujgco-chelatujacy 1 okazat si¢ doskonatym blokiem

budulcowym w konstrukcji zalozonych polimeréw koordynacyjnych.

Okreslono 7 sposobéw koordynacji liganda Qdca® w zsyntezowanych i opisanych

zwigzkach kompleksowych lantanowcow(III), ktore przedstawione na Rysunku 46.
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Rysunek 46. Sposoby koordynacji (a — g) liganda chinolino-2,4-dikarboksylanowego,

obserwowane w grupach I — IV struktur krystalicznych.

6. Temperatura syntezy hydrotermalnej chinolino-2,4-dikarboksylanow
lantanowcow(IIl) byta kluczowa w syntezie kompleksow metali zawierajacych
wickszg liczbe czasteczek wody, co bylo efektem formowania si¢
jednowymiarowych kanaléw wypelionych czasteczkami wody wewnatrz

trojwymiarowych struktur polimeréw koordynacyjnych.

7.Analiza termiczna wykazata stabilno$§¢ kompleksow w temperaturze pokojowej oraz
kilku etapowy rozklad termiczny zapoczatkowany procesem dehydratacji, ktéremu
towarzyszyly efekty endotermiczne. Produktami koncowymi kontrolowanego
ogrzewania kompleksow w atmosferze powietrza sg tlenki odpowiednich metali

(Nd203, Eu203, Tb4O7 oraz ErO3).

8.Badania fotofizyczne otrzymanych polimeréw koordynacyjnych pozwolity okresli¢
ich wlasciwosci luminescencyjne. Kompleksy jonéw Eu(Ill) oraz Tb(IIl) bazujace
na ligandzie Hpdca> wykazuja charakterystyczng emisje promieniowania
czerwonego (Eu(Ill)) oraz zielonego (Tb(IIl)) w zakresie UV-VIS. Kompleksy

europu(Ill) na bazie liganda Qdca®> wykazywatly intensywna luminescencje w
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zakresie widma czerwonego, natomiast kompleksy erbu(Ill) i neodymu(III)
wykazywaty stabg emisj¢ w obszarze NIR. Badania luminescencyjne potwierdzilty
wystepowanie efektow antenowych w kompleksach z obydwoma ligandami, przy
czym ligand Qdca®> okazat si¢ efektywniejszym sensybilizatorem jonéw Eu(III).
Okreslono rowniez czasy zaniku oraz wydajnosci kwantowe procesu luminescencji
w badanych zwigzkach. Liczba czasteczek wody w strukturze komplekséw miata

kluczowe znaczenie dla intensywnosci luminescencji.

9.0trzymano 1 scharakteryzowano dwa szeregi nowatorskich luminescencyjnych
materialdw hybrydowych, zaprojektowanych w oparciu o strategie ex situ (top-

down) oraz in situ.

e Polimery koordynacyjne jonéw Eu(IIl) i Tb(Il) z ligandem 1H-pirazolo-3,5-
dikarboksylanowym wprowadzono w postaci rozproszonych cial statych do
polimerycznej matrycy BPA.DA-MMA w réznych st¢zeniach wagowych —
strategia ex situ (top-down). Powstala seria materiatow hybrydowych
charakteryzuja si¢ stosunkowo dobra stabilnos$cig termiczng w atmosferze
powietrza. Materialy z dodatkiem kompleksu europu(Ill) wykazaly wigksza

stabilno$¢ od materiatow z kompleksem terbu(IlI).

e Piroliza materialtbw BPA.DA-MMA @nEu/Tb2(Hpdca); w azocie doprowadzita
do powstania produktow gazowych takich jak: woda, tlenki wegla, kwas

metakrylowy 1 jego pochodne, a takze bisfenol A 1 zwigzkoéw jego rozktadu.

o Wszystkie serie materiatdéw hybrydowych (BPA.DA-MMA @nEu/Tb2(Hpdca)s)
domieszkowanych réznymi stezeniami europu(III) wykazywaty
charakterystyczng pomaranczowo-czerwong luminescencje¢, natomiast materiaty
domieszkowane terbem(III) emitowaly §wiatlo zielone. Intensywno$¢ emis;ji i
profile zaniku fluorescencji byly niezalezne od postaci badanych materiatlow
(bloki lub proszki). Po poprawie wtasciwosci optycznych, otrzymane materiaty
moga nadawac si¢ do utwardzania cienkimi warstwami i mogg by¢ stosowane

jako specjalne powloki ochronne na r6znych materiatach.
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W dwuetapowym procesie in situ zsyntezowano seri¢ nowatorskich materiatow
hybrydowych (BPA.DA-NVP@nEu2(Qdca)z) opartych na matrycy polimerowej
BPA.DA-NVP oraz kompleksie europu(Ill) z kwasem chinolino-2,4-
dikarboskylowym, kowalencyjnie zwigzanym z matrycg polimerowa na
poziomie molekularnym. Zastosowano rdzne st¢zenia zwigzku kompleksowego
europu(Ill), ktory pehit funkcje dodatku luminescencyjnego w wyniku czego
otrzymano szereg wysoce homogenicznych i transparentnych materiatow

hybrydowych.

Zachowanie termiczne badanych materiatéw hybrydowych silnie zalezy od

zawarto$ci i charakteru uzytej domieszki.

Piroliza materiatdbw BPA.DA-NVP@nEu2(Qdca); w atmosferze azotu
doprowadzita do powstania produktow gazowych takich jak: woda, tlenki
wegla, N-winylopirolidon 1 jego pochodne, a takze bisfenol A 1 zwigzkow jego

rozktadu (4-metylofenol, 4-propylofenol, fenol)

Wykazano, ze nawet niewielka ilo§¢ wprowadzonego kompleksu Eu>Qdcas
(0,1% wag.) do materialtu polimerowego nadaje mu wlhasciwosci
luminescencyjne.  Najbardziej  intensywng  czerwong  luminescencj¢

zaobserwowano dla materiatu hybrydowego z 1% wag. kompleksu Eu(III).

Wykazano, ze zastosowany dodatek kompleksu europu(IIl) nie tylko wptywa na
wlasciwosci luminescencyjne materialow, ale takze zmienia wlasciwosci
mechaniczne. Wigksza zawarto$¢ domieszek w materiatach hybrydowych
powoduje zwigkszong elastyczno$¢ przy jednoczesnym zmniejszeniu ich
twardosci. Ponadto temperatura zeszklenia maleje wraz ze wzrostem zawartosci

domieszki oraz ro$nie heterogeniczno$¢ materiatu.
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6. Streszczenie w jezyku polskim

Przygotowana rozprawa doktorska dotyczy syntezy i charakterystyki nowych
polimeréw koordynacyjnych na bazie kwasu 1H-pirazolo-3,5-dikarboksylowego (Hspdca) i
kwasu chinolino-2,4-dikarboksylowego (H2Qdca) z wybranymi trjwarto§ciowymi jonami
lantanéwcéw (NA(III), Eu(Ill), Tb(II) i Er(Ill)) oraz wykorzystanie nowo otrzymanych
polimeréw koordynacyjnych, jako dodatki funkcjonalne do polimerowych matryc na bazie
monomerdw takich jak: diakrylanu glicerolu bisfenolu A (BPA.DA), metakrylanu metylu
(MMA) oraz N-winylpirolidonu (NVP) tworzac tym samym funkcjonalne

(luminescencyjne) materiaty hybrydowe.

W czesci literaturowej zebrano informacje wprowadzajace w tematyke pracy
badawczej, dotyczace historii materiatow hybrydowych, ich definicji oraz klasyfikacji
organiczno-nieorganicznych materialdéw hybrydowych. Omoéwiono 1 scharakteryzowano
wlasciwosci luminescencyjne oraz metody otrzymywania polimeréw koordynacyjnych
bazujacych na jonach lantanowcoéw(IIl). Przedstawiono cele rozprawy doktorskiej,
skupione na syntezie domieszek funkcjonalnych o wiasciwosciach lumienescencyjnych w
postaci polimeréw koordynacyjnych oraz ich pelnej charakterystyce strukturalnej,
termicznej oraz luminescencyjnej. Dalszym etapem badan bylo okreslenie mozliwosci
wykorzystania polimeréw koordynacyjnych do syntezy materialdow hybrydowych o
wlasciwos$ciach luminescencyjnych poprzez synergi¢ cech polimerowej matrycy z cechami
dodatkéw funkcjonalnych — kompleksow luminescencyjnych. Do charakterystyki
otrzymanych dodatkow funkcjonalnych 1 materiatow hybrydowych wykorzystano
nastepujagce  metody:  spektroskopowe w  tym  luminescencyjne, termiczne,
dyfraktometryczne, mikroskopowe oraz mechaniczne. Stosowanie komplementarnych
metod TG-DSC oraz TG-FTIR umozliwito pelng charakterystyke wtasciwos$ci termicznych
otrzymanych kompleksow jak 1 materiatdéw hybrydowych.

Wykazano, ze uzyte kwasy (1H-pirazolo-3,5-dikarboksylowy i chinolino-2,4-
dikarboksylowy), wykazuja duza zdolno$¢ do procesow kompleksowania jondow
lantanowcow(Ill),  tworzac  tréjwymiarowe  polimery  koordynacyjne.  Grupy
karboksylanowe biorace udzial w reakcjach kompleksowania wykazuja, rézne sposoby

koordynacyjne. Badania luminescencyjne wykazaty efektywny udziat ligandéw w procesie
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transferu energii (efekt antenowy) w otrzymanych kompleksach oraz wzmocnienia
intensywnos$ci emisji przez jony lanntanowcow(IIl). Rezultaty tych badan réwniez
wykazaty, Zze otrzymane kompleksy nawet w malych ilosciach (0,1% wag.) znaczaco
wpltywaja 1 poprawiajg wlasciwosci luminescencyjne otrzymanych materiatow

hybrydowch.

Przedstawiona praca doktorska stanowi wkiad w stan wiedzy dotyczacej nowych
polimeréw koordynacyjnych oraz zastosowaniu ich wiasciwos$ci funkcjonalnych w chemii
materiatowej, miedzy innymi do tworzenia nowych ukladow hybrydowych o
wlasciwosciach luminescencyjnych, ktore moga potencjalnie mieé zastosowanie w

materialach optycznych.
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7. Streszczenie w jezyku angielskim

The presented doctoral dissertation concerns the synthesis and characterization of
new coordination polymers based on 1H-pyrazole-3,5-dicarboxylic acid (Hzpdca) and
quinoline-2,4-dicarboxylic acid (H>Qdca) with selected trivalent lanthanide ions (Nd(III),
Eu(III), Tb(IIl) and Er(IIl)) and the use of newly obtained coordination polymers as
functional dopants for polymer matrices based on monomers such as: bisphenol A glycerol
diacrylate (BPA.DA), methyl methacrylate (MMA) and N-vinylpyrrolidone (NVP) thus

creating functional luminescent hybrid materials.

The literature part contains information introducing the subject of the research work,
regarding the history of hybrid materials, their definition and classification of organic-
inorganic hybrid materials. Luminescent properties and methods of obtaining coordination
polymers based on lanthanide(III) ions were discussed and characterized. The objectives of
the doctoral dissertation were presented, focusing on the synthesis of functional admixtures
with luminescent properties in the form of coordination polymers and their full structural,
thermal and luminescent characteristics. The next stage of the research was to determine the
possibility of using coordination polymers for the synthesis of hybrid materials with
luminescent properties through synergy of the features of the polymer matrix with the
features of functional additives - luminescent complexes. The following methods were used
to characterize the obtained functional additives and hybrid materials: spectroscopic,
including luminescence, thermal, diffractometric, microscopic and mechanical. The use of
complementary TG-DSC and TG-FTIR methods enabled full characterization of the
thermal properties of the obtained complexes and hybrid materials. It has been shown that
the acids used (1H-pyrazole-3,5-dicarboxylic and quinoline-2,4-dicarboxylic) have a high
ability to complex lanthanide(IIl) ions, creating three-dimensional coordination polymers.
Carboxylate groups involved in complexation reactions show different coordination
methods. Luminescence studies showed the effective participation of ligands in the energy
transfer process (antenna effect) in the obtained complexes and the enhancement of
emission intensity by lanthanide(IIl) ions. The results of these studies also showed that the
obtained complexes, even in small amounts (0.1% by weight), significantly influence and

improve the luminescent properties of the obtained hybrid materials.
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The presented doctoral thesis contributes to the state of knowledge regarding new
coordination polymers and the application of their functional properties in materials
chemistry, including the creation of new hybrid systems with luminescent properties that

can potentially be used in optical materials.
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Abstract

The impact of different synthetic procedures such as: hydrothermal, mechanochemical and precipitation on the structure and
thermal properties of coordination polymers of 1H-pyrazole-3,5-dicarboxylic acid (H;pdca) with selected lanthanide ions
was determined. The prepared complexes of the general formula: Ln,(Hpdca);-nH,O, where Ln=Eu(III), Nd(IlI), Tb(III)
and Er(IIT); n=6 or 7 were fully investigated by: elemental analysis, Energy-Dispersive X-Ray (ED-XRF) and infrared
(ATR-FTIR) spectroscopy, powder as well as single-crystal X-ray diffraction methods and thermal analysis (TG-DSC and
TG-FTIR) in various atmospheres. It was proved that all used strategies offer high yields of reactions along with crystallinity
of the obtained products. The X-ray diffraction methods allowed to conclude that the complexes with the same metal ions
exhibit the same crystal structure despite different synthesis routes. On the other hand, the coordination polymers of Eu(III),
Tb(III) and Er(IIl) prepared under different conditions are isomorphous. Only neodymium(III) compounds have a different
crystal structure. Thermal stability of the produced complexes was correlated with the synthesis conditions, in particular with
the way of energy supply. It was found that the highest thermal stability was exhibited by the complexes prepared under the
hydrothermal conditions. Additionally, based on the volatile products of metal complexes decomposition, the mechanism
of their pyrolysis was proposed in relation to their structures.

Keywords Lanthanides - Coordination polymers - Hydrothermal method - Mechanochemistry - Precipitation procedure -
TG-FTIR - TG-DSC - Pyrolysis

1 Introduction

Recently, coordination polymers (CPs) have been regarded
as a new group of multifunctional materials due to their
intriguing physicochemical properties resulting from the
combination of inorganic and organic building blocks. Self-
assembly of metal ions or metal clusters with the bridg-
ing organic ligands resulted in the formation of “infinite”
metal-ligand polymeric structures of different dimension-
alities [1-5].

Porous coordination polymers called also metal-organic
frameworks (MOFs) are crystalline materials which display
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permanent porosity with the enormous internal surface area
and large structural diversity. These features contribute to
a wide spectrum of applications including gas capture and
storage, molecules separation, ion-exchange, drug delivery,
chemical sensing and catalysis. Metal-organic frameworks
have attracted tremendous interest in most prolific areas of
materials chemistry research. The remarkable progress of
MOFs could be explained by their efficient tailorable chem-
istry as well as ability of fine tuning the structure using dif-
ferent metal cations and organic ligands [6—18]. Coordina-
tion polymers based on the lanthanide ions offer not only
extremely intriguing topological architectures arising from
high and variable coordination number but also a wide range
of potential applications derived from their extraordinary
magnetic and luminescence properties. These characteristics
make them very attractive materials in many advanced tech-
nologies such as photonics and optoelectronics, chemical
sensing, catalysis and energy storage [19—33]. An important
factor in the strategy of coordination polymer construction
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is the selection of an organic ligand with the appropriate
functional groups which will be able to coordinate metal
centers and form bridges among them. Huge numbers of
carboxylic acids with aromatic, aliphatic or heterocyclic
moieties are used as linkers in the lanthanide coordination
polymers because of great affinity of carboxylate oxygen
donor atoms for lanthanides. Particularly ligands containing
more than one carboxylate group have drawn great interest
due to more coordination sites and great tendency towards
creation of multidimensional polymeric structures [16-34].
Besides benzenepolycarboxylic acids, which are regarded
as the most explored linkers, multicarboxylic acids based
on the rigid heterocyclic aromatic rings such as: pyridine,
pyrazole, thiophene or furane are regarded as very attractive
ligands in the formation of coordination polymers [35—40].
The presence of additional binding sites allows creating
additional strong covalent bonds with metal ions resulting
in the formation of novel extraordinary architectures with
desired structural properties. On the other hand, the pres-
ence of extra electron pair on the donor atoms strongly influ-
ences on the intermolecular interactions and packing modes
of molecules in the solid state. Taking into account the fact
that the metal-organic frameworks are mainly considered
as porous materials, such structural elements enhance com-
pounds functionality [41, 42].

It is commonly known that structural and physicochemi-
cal properties of metal—organic are strongly dominated by
synthetic procedures [43]. Despite the obvious influence
of metal and linker precursors other factors such as: molar
ratio of staring materials, solvent, pH, temperature, reaction
time, pressure or way of heating affect the final product.
These parameters have a strong impact on their composition,
structure, particle size and morphology [43—46]. Taking into
account the reaction temperature and pressure, the MOF
synthesis methods can be divided into the solvothermal and
nonsolvothermal ones [46]. The solvothermal approach is
the most effective in growing crystals of coordination poly-
mers. In this liquid phase synthesis, the reaction proceeds
under the autogenous pressure above the boiling point of
the solvent for several hours or days using closed vessel. A
Teflon-lined vessel is placed in a steel autoclave, in which
the reagents are heated in high-boiling polar solvents, such
as DMF, DEF, DMSO, H,0, acetone, acetonitrile etc. The
advantage of this method is that it ensures high solubility of
the precursors and the formation of good quality MOF crys-
tals suitable for structural investigations [46—49]. Among
the nonsolvothermal methods of MOF synthesis, classical
precipitation and mechanochemistry can be distinguished.
A frequently used method of MOFs synthesis consists in
the mixing the starting compounds (metal salt solution with
the solution of organic ligand or its deprotonated form) at
the appropriate stoichiometric ratio as a result of which a
sparingly soluble precipitate is formed. After filtering the

solution and drying the precipitate, MOF is obtained. The
simplicity and mild temperature as well as pressure condi-
tions are the advantages of such method [45, 46, 50-52].
The solvent-free mechanochemical method is the simplest,
economical and environmentally friendly method compared
to others in liquid phase syntheses. Currently this approach
is used for the synthesis of MOF materials on a large scale.
The synthesis consists in grinding appropriately selected
substrates (a mixture of metal salts and organic ligands) in
a ball mill. As a result of the supply of mechanical energy,
intramolecular bonds are broken and new bonds are formed.
The advantage of this method is avoiding organic solvents
while the resulting by-products are harmless, and MOF can
be obtained in a short reaction time [44]. In addition to the
above characterized methods for the MOF synthesis, there
are also other techniques with non-conventional heating,
such as: microwave-assisted solvothermal, electrochemical
or sonochemical methods. These methods replace the tradi-
tional solvothermal heating in the large-scale production of
MOFs [53-55].

This publication is continuation of our long-term research
on coordination polymers of lanthanides with polycarbox-
ylic acids [37, 38, 47-50, 56-64]. Herein, the influence
of different synthetic approaches on structural and ther-
mal properties of the coordination polymers based on the
selected lanthanide(III) ions such as: Nd(III), Eu(III), Tb(III)
and Er(IIl) as well as 1H-pyrazole-3,5-dicarboxylic acid
(H;pdca) is studied. Because the synthesized compounds are
intended to be additives for luminescent polymeric compos-
ites, the selection of such ions was made due to their eminent
light emission properties in the VIS and NIR regions. On
the other hand, it is generally known that the decrease of
coordination number in the series of lanthanide complexes is
observed due to lanthanide contraction. This fact may imply
structural diversity in the lanthanide series of complexes
with the same ligand. Therefore, we have decided to select
the representatives of light and heavy lanthanides for better
understanding the relationship between the atomic number
and the structure of compounds. The selection of 1H-pyra-
zole-3,5-dicarboxylic acid (Scheme 1) was motivated by its
excellent coordination abilities due to the presence of six
potentially available coordinative sites after the deproto-
nation process of both carboxylic groups and the pyrazole
ring [65]. This ligand forms both discrete and polymeric
structures with s- and d- block elements [66—70] but the
complexes with lanthanide ions are not well documented
[71-73].

Regular studies of the impact of different synthesis condi-
tions on the structure and properties of metal complexes are
usually focused on a single method. Commonly the authors
change one or more factors such as solvent, temperature or
heating time that may affect the final product [46]. The study
involving several completely different methods of complexes
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Scheme 1 Structure of 1H-pyrazole-3,5-dicarboxylic acid

synthesis concerning the same metal ions and linkers is still
uncommon. Thus we decided to obtain coordination poly-
mers using different synthesis methods as well as to deter-
mine the relationship between structure and properties of
formed compounds. In particular, a lot of attention is paid
to the determination of thermal properties of synthesized
coordination polymers. As follows from literature data, the
investigations on thermal behaviour of lanthanide coordina-
tion polymers based on the 1H-pyrazole-3,5-dicarboxylic
acid are limited.

This paper presents our results concerning lanthanide
coordination polymers obtained by different processing like
hydrothermal, mechanochemical and classical precipitation
procedures. Their composition and structural characteristics
were determined by elemental analysis, ED-XRF, X-ray dif-
fraction methods and infrared spectroscopy. Thermal behav-
iour of the complexes was examined by means of the TG-
DTG-DSC methods in air and the TG-FTIR method in the
nitrogen atmosphere. The analysis of volatile products of
decomposition of free linker and its lanthanide complexes
allowed proposing their pyrolysis mechanisms.

2 Experimental
2.1 Materials and Synthesis

Monohydrate of 1H-pyrazole-3,5-dicarboxylic acid (98%)
and hydrates of lanthanide(III) nitrates(V) (99.9%) were
purchased from Alfa Aesar. All reagents were used without
further purification.

The hydrothermal synthesis included two steps. In the
first step deprotonation of H;pdca acid was made using the
0.2 M NaOH solution. In the second stage the synthesis of
complexes was carried out by mixing Ln(NO;); (1 mmol, 20
ml) aqueous solutions (where Ln(IIl) =Nd, Eu, Tb and Er)
with sodium salt of acid (1.5 mmol, 25 ml). The pH of the
reaction mixture was 5. The obtained mixtures were placed
in the Teflon vessels and closed in the steel autoclaves. In

@ Springer

order to achieve hydrothermal conditions, the synthesis pro-
ceeded at the temperature of 120 °C for 72 h. The autoclaves
were allowed to cool to room temperature. The obtained
suspensions were filtered and washed with distilled water.
The europium(IIl) complex was obtained in the form of
single-crystals while the remaining complexes were in the
form of polycrystalline powders. The yield of hydrothermal
synthesis was 76%.

The mechanochemical synthesis consisted in grind-
ing the appropriate mass of lanthanide(IIl) acetates
Ln(CH;COO0);-nH,0 (0.32 mmol), where Ln=Nd, Eu, Tb,
Er and H;pdca acid (0.5 mmol) in the ball mill for 60 min.
Then the precipitates were washed with distilled water to
remove the formed by-product i.e. acetic acid. The yield
of mechanochemical synthesis was in the range 66—70%.
Milling was done using a RETSCH MM 400 mixing mill
with the frequency of 30 Hz, in 10 ml crucibles and 5 mm
diameter beads.

In the precipitation method, the stoichiometric amounts
of the substrates were the same as in the hydrothermal
method. After mixing the solutions containing appropri-
ate amounts of lanthanide(III) nitrate(V) and the solution
of sodium 1H-pyrazole-3,5-dicarboxylate, the precipitates
formed immediately were filtered, washed with water and
placed for drying. The yield of the precipitation method syn-
thesis was in the range 80-82%.

2.2 Methods

The contents of C, H and N in the obtained compounds
were determined by the elemental analysis with a EuroEA
Elemental Analyser and the results are given in Table A.1.
The quantitative analysis of lanthanide elements in the com-
plexes was performed using Energy-Dispersive X-Ray Spec-
trometer Canberra Packard (Table A.1). The infrared spectra
(ATR-FTIR) of the acid and the obtained compounds were
recorded using a Nicolet 6700 spectrophotometer equipped
with the Smart iTR accessory (diamond crystal) in the range
of 4000-600 cm~'. The X-ray powder diffraction patterns of
the prepared complexes were made by means of a Empyrean
powder diffractometer PANalytical using the Bragg—Bren-
tano method.

Thermal analyses of the prepared complexes were made
applying the thermogravimetric (TG) and differential scan-
ning calorimetry (DSC) methods using the SETSYS 16/18
analyser (Setaram). The samples (about 5-9 mg) were heated
in the alumina crucibles up to 1000 °C at a heating rate of 10
°C min~! in the dynamic air atmosphere (v=0.75 dm’> h™").

Thermograms were recorded by TA Instruments Q5000
thermal analyzer heating the 20—30 mg samples in the nitro-
gen flow atmosphere (25 cm® min~') at a heating rate of
20 °C min~!. The samples were heated up to 700 °C in the
open platinum crucibles. Gaseous products were recorded
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by a Nicolet 6700 spectrophotometer coupled with the ther-
mobalance. The transfer line was heated up to 250 °C while
the gas cell of spectrophotometer was heated up to 240 °C.

Single-crystal diffraction data were collected at 293 K
on an Oxford Diffraction Xcalibur CCD diffractometer with
the graphite-monochromated MoK, radiation (A=0.71073
A). The programs CrysAlis CCD and CrysAlis Red [74]
were used for data collection, cell refinement and data reduc-
tion. A multi-scan absorption correction was applied. The
structures were solved by direct methods using SHELXS-97
[75] and refined by the full-matrix least squares on F2 using
SHELXL-97 [75].

3 Results and Discussion
3.1 General Characterization

There were synthesized complexes with selected lan-
thanide ions i.e. Nd(III), Eu(III), Tb(III) and Er(III) with
1H-pyrazole-3,5-dicarboxylic acid of the general formula
Ln,(Hpdca);'nH,0, where Ln=Nd(III), Eu(III), Tb(III) and
Er(1ll); Hpdca= CsH,N,0,%~ and n=6 or 7 (Table A.1). The
main purpose of our investigations was to determine influ-
ence of different synthetic procedures on the composition,
structure and thermal properties of lanthanide coordination
polymers. Besides the hydrothermal method (HT), which
is commonly used in the synthesis of coordination poly-
mers, mechanochemical (Mech) and classical precipitation
approaches (Prep) were also applied.

Taking into account specificity of these methods, differ-
ent metal precursors were used. Lanthanide(III) nitrates(V)
were employed in the hydrothermal and precipitation meth-
ods while lanthanide(III) acetates were adapted in mechano-
chemistry. The application of lanthanide(III) acetate hydrate
prevents formation of nitric acid as a by-product of mecha-
nochemical reaction. This strong acid can dissolve the lan-
thanide complexes, which is an undesirable process during
their synthesis. The use of lanthanide(III) acetate leads to
the formation of acetic acid which, as a weak acid, does not
dissolve the compounds formed in the solid state and can be
easily removed by washing with water. The mechanochemi-
cal reactions were conducted under the solvent free condi-
tions while water was used as a solvent of precursors in the
hydrothermal and precipitation methods.

Taking into consideration the number of water molecules
in the obtained complexes, all compounds prepared under
the hydrothermal conditions comprise six water molecules
exactly as it was observed in the previously reported com-
plexes [71, 72]. Six water molecules appear also in the
complexes of Tb(III) synthesized by the other methods.
The complexes of Eu(IIl) and Er(IIl) obtained by both the
mechanochemical and precipitation manners exhibit seven

water molecules similarly to the Nd(III) complex obtained in
mechanochemistry. The presence of water molecules in the
complexes obtained by the mechanically activated synthesis
can be explained by using hydrates of lanthanide acetates.

3.2 X-Ray Characterization

All applied synthesis procedures result in the formation of
polycrystalline materials as can be postulated from their dif-
fractograms. It is worth noting that the XRD patterns of
compounds obtained under the hydrothermal conditions
show excellent quality (Fig. 1). Additionally, the hydro-
thermally prepared europium(IIl) complex has grown in
the form of crystals suitable for single-crystal X-ray diffrac-
tions measurements. The XRD pattern generated from the
single-crystal data of europium(III) complex corresponds
well with the experimental one for the polycrystalline forms.
Besides, the XRD pattern of the europium(IIl) complex is in
good agreement with the diffractograms of all terbium(III)
and erbium(IIT) complexes prepared by different methods.
This statement allowed us to conclude that the complexes
of Eu(IIl), Tb(IIl) and Er(IIl) are isomorphous in spite of
the fact that some of them exhibit different numbers of
water molecules (six or seven). Six water molecules appear
in the inner coordination sphere of lanthanide(III) ions.
An additional water molecule occupies free space in the
metal-organic frameworks.

The single-crystal X-ray analysis reveals that the
europium(Ill) complex crystallizes in the monoclinic
P2,/c space group. The unit cell parameters are as fol-
lows: a=10.9897(7) A, b=10.2103(5) A, c=10.5766(7)
A, p=100.149(5), V=1168.2(1) A>, Z=4 (Table A.2).
These data are very similar to those of the 2D double-
decker coordination polymers reported previously (Fig. 2)
[71, 72]. Taking this fact into account it can be concluded
that the obtained isomorphous complexes of Eu(IIl),
Tb(II) and Er(IIl) exhibit the same polymeric crystal
structures. In the Eu,(Hpdca);6H,0 complex, the eight-
coordinated europium(III) atoms are coordinated by four
Hpdca?~ ligands and three water molecules (Fig. 2a). The
coordination environment of Eu(IIl) center consists from
four carboxylate oxygen atoms, three oxygen atoms from
aqua ligands and one nitrogen atom from pyrazole ring. The
bond lengths Eu—O range from 2.343(7) to 2.465(8) A while
Eu-N is 2.519(7) A (Table A.2). As can be seen in Fig. 2a,
1H-pyrazole-3,5-dicarboxylate linker behaves as tetraden-
tate linker binding three different Eu(IIl) ions in bridging-
chelating manner. Carboxylate groups adopt the bidentate-
bridging and monodentate modes.

However, the XRD patterns of neodymium(III)
complexes obtained under various conditions differ
from those of remaining complexes. The experimental
XRD patterns of neodymium(IIl) complexes were also
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Fig. 1 X-ray diffraction patterns of lanthanide complexes synthesized by three different methods

i
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(a)

Fig.2 a Central metal environment in Eu,(Hpdca);-6H,O complex; b crystal packing of Eu,(Hpdca); ‘6H,O complex in view along b* axis.

symmetry codes: (i) X, y+ 1, z; (ii) x, — y+0.5, z-0.5

compared with that calculated from the single-crystal data
published by J. Xia and et. al [72]. The good agreement of
such XRD patterns confirms that neodymium(III) com-
plexes obtained by us are isomorphous with those three-
dimensional complexes reported in the literature. In such
complexes, neodymium atoms are nine-coordinated being
surrounded by both 1-H-pyrazole-3,5-dicarboxylate and
aqua ligands. The organic ligands coordinate neodym-
ium atoms through monodentate, bidentate-bridging and
bidentate-chelating carboxylate groups and one nitrogen
atom from the pyrazole moiety [72].

@ Springer

3.3 Infrared Spectroscopy

The determination of deprotonation degree of 1-H-pyrazole-
3,5-dicarboxylic acid in metal complexes was made based of
the infrared spectra of free acid and its complexes (Fig. A.1).

This dicarboxylic acid belongs to the group of the ligands
where besides deprotonation of COOH groups also aromatic
ring can be deprotonated. The infrared spectrum of H;pdca
displays a relatively strong band at 3203 cm™' assigned to
the stretching vibrations of OH from the COOH groups as
well as water molecules (monohydrate of acid was used
in the syntheses). Broadening of such band indicates the
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presence of hydrogen bonds with participation of OH groups
from COOH. Additionally, the infrared spectrum of acid
shows also a band at 3142 cm™! derived from the stretch-
ing vibrations of N-H group from the pyrazole ring. In the
range 3000-2000 cm™! bands associated with the stretch-
ing vibrations of C—H groups and hydrogen bonds appear.
The carboxylic groups give a very strong band at 1687 cm™"
assigned to the stretching vibrations of carbonyl groups
UC=0). The band at 1243 cm~! was ascribed to the defor-
mation vibrations of C—O-H moieties from the carboxylic
groups. The several sharp bands at: 1557, 1489, 1445, 1392,
1317, 1276 and 1204 cm™! were attributed to the stretching
and bending vibrations of the pyrazole ring [76-78].

The ATR-FTIR spectra of all investigated lanthanide
complexes show clearly the presence of water molecules
in their structures (Fig. A.2). In the wavenumber range
3500-2400 cm™! the infrared spectra exhibit a broad band
assigned to the stretching vibrations of O—H groups from
the water molecules which take part in the hydrogen bonds.
Additionally, in the above mentioned region, a weak sharp
band with the maximum in the range 3134-3130 cm™! is
observed (complexes of Eu, Tb and Er) due to stretching
vibrations of N-H group from the pyrazole ring [76-78].
This band is slightly shifted towards the lower wavenum-
ber compared with its position in the free acid. This can
be explained in terms of changes in the electron density on
the ring atoms as a result of metal coordination through the
carboxylate groups and nitrogen atom (position 2 in the
pyrazole ring). Interestingly, in the neodymium complexes
the stretching vibrations of N—H group appear in the similar
position (3146 cm™) to that of the free acid. This observa-
tion confirms the structural diversity between neodymium
and other complexes.

The characteristic bands from the carboxylic groups dis-
appeared in the infrared spectra of metal complexes. On the
other hand, new very diagnostic bands from the carboxylate
groups are observed on the spectra of all complexes which
is indicative of deprotonation of COOH groups and metal
ions coordination. In the spectra of isomorphous complexes
(Eu, Tb and Er), asymmetric and symmetric stretching vibra-
tions of carboxylate groups appear in the ranges: 1597-1579
and 1359-1348 cm™', respectively [56-64]. A very simi-
lar position of bands derived from stretching vibrations of
carboxylate groups suggests the same coordination modes
of COO groups in the Eu, Tb and Er complexes. However,
the ATR-FTIR spectra of neodymium complexes show very
similar wavenumbers of stretching asymmetric vibrations
of carboxylate groups (1589—1586 cm™') whereas the sym-
metric stretching vibrations of COO are shifted towards
lower (1312 cm™") wavenumbers compared to the remain-
ing complexes. This fact points out to different coordination
behaviour of carboxylate groups in the 1 H-pyrazole-3,5-di-
carboxylate ligands in the Nd complexes. This conclusion

is in good agreement with the above statement about the
coordination mode of 1H-pyrazole-3,5-dicarboxylate linker
in the obtained Nd complexes [72].

3.4 Thermal Analysis in Air

Thermal behaviour of free 1H-pyrazole-3,5-dicarboxylic
acid as well as the investigated lanthanide coordination poly-
mers was studied by the TG, DTG and DSC methods in the
air atmosphere (Fig. 3). The 1H-pyrazole-3,5-dicarboxylic
acid is thermally sustained up to 92 °C. Further heating leads
to the dehydration process in the range 93—-140 °C connected
with the mass loss of 10.07% corresponding to the release of
one water molecule (calc. mass loss of 10.34%). This step is
accompanied by the endothermic effect (onset point: 103 °C,
peak top at 122 °C) with the value of dehydration enthalpy
of 49.14 kJ/mol. In the temperature range of 141-260 °C
a plateau on the TG curve of the acid dehydrated form is
observed. Above 212 °C, some structural transformations in
the solid state take place as can be postulated from the pres-
ence of very weak endothermic effects on the DSC curve.
At a higher temperature, melting and decomposition pro-
cesses occur with the significant mass loss of 83%. Above
processes are accompanied by the endothermic effect with
the peak top at 297 °C (onset point: 293 °C) with the value
of enthalpy of 73.40 kJ/mol. Above 318 °C, some solid resi-
due (about 7%) appears. During further heating, this residue
is burnt up to 640 °C. This process is accompanied by the
exothermic effect on the DSC curve.

The recorded thermoanalytical curves of the complexes
obtained by different methods are given in Figs. 4, 5, 6, 7
and 8. The results from the thermal analysis made in the
air atmosphere are summarized in Table 1. The metal com-
plexes obtained under the hydrothermal conditions show the

1H-pyrazole-3,5-dicarboxylic acid

DTG o, :
0 Yo/min yV

—oDsC
0 ol La

—=40
900 1000

T T T T T T T T
100 200 300 400 500 600 700 8OO

Temperature (°C)

Fig.3 TG, DTG and DSC curves of free 1H-pyrazole-3,5-dicarbox-
ylic acid in air atmosphere
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Fig.6 TG, DTG and DSC curves of Eu,(Hpdca);-nH,O complexes in air atmosphere

highest thermal stability. The complexes of Eu(III), Tb(III)
and Er(III) are stable up to 88, 115 and 81 °C, respectively.
The hydrothermally prepared Nd(III) complex as well as
the other compounds synthesized by the mechanochemistry
and precipitation methods are stable only up to 30 °C. Heat-
ing of the complexes results in the removal of water mol-
ecules which takes place in the temperature range 30-268
°C. The recorded mass losses given in Table 1 correspond
to the release of six or seven water molecules. From the
shapes of TG, DTG and DSC curves it can be stated that the

@ Springer

dehydration process in the complexes obtained under the
hydrothermal conditions occurs in one step. On the other
hand, in the metal complexes prepared by the alternative
methods, the loss of water molecules proceeds in two hardly
distinguishable stages in the wider temperature range.
Taking into account the characteristics of endothermic
effects associated with the water molecules release during
dehydration some observations were made. Considering
the values of enthalpy of dehydration process in the series
of complexes with the same metal ion, the highest value
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Fig.8 TG, DTG and DSC curves of Er,(Hpdca);-nH,O complexes in air atmosphere

is found for the complex prepared under the hydrothermal
conditions (261-335 kJ/mol). The lowest values of endo-
thermic effect associated with the dehydration process
were recorded for the complexes synthesized by precipita-
tion method (154-239 kJ/mol). These observations can be
explained based on different energy delivery methods dur-
ing the complexes synthesis. The hydrothermal approach
is characterized by heating under the autogenous pressure
for a long period of time which results in the formation of
crystals. The structures are largely ordered and removal
of strongly bound water molecules requires more energy.
On the other hand, in mechanochemistry and precipitation
method, a relatively short period of time of energy input is
not sufficient for formation of highly crystalline compounds
in which water molecules are very tightly bound.

As can be seen from the TG curves and data given in
Table 1, the dehydrated forms of complexes are unstable.
Removal of coordinated water molecules from the struc-
tures of investigated compounds leads to the collapse of
metal-organic frameworks and their decomposition. This
process begins in the temperature range 241-272 °C. Above
such temperature, decomposition along with burning of
organic fragments of compounds in the overlapping steps
takes place. These processes are accompanied by strong
exothermic effects. In the case of terbium complexes, above

530 °C some intermediate solid products are formed which
is most probably Tb,(CO;);. This compound is thermally
stable up to 930 °C and then transforms into Tb,0, [49, 50,
56, 58].

3.5 ldentification of Gaseous Products of Free
Ligand and Complexes Decomposition

The TG-FTIR technique was employed to determine pyrol-
ysis mechanisms of the hydrothermally synthesized com-
plexes in the nitrogen atmosphere. The analysis of gaseous
products of thermal decomposition of the prepared com-
plexes allows for better understanding their thermal behav-
iour in the inert atmosphere and identification of decompo-
sition products. Among others, it allows to determine the
presence of water molecules in the complex structures and
the stability of metal-ligand bonds. First of all, thermal
decomposition of free 1H-pyrazole-3,5-dicarboxylic acid
was examined and the volatile products of its degrada-
tion were identified based on their FT-IR spectra. As can
be deduced from the recorded infrared spectra of evolved
gases (Figs. 9 and 10, Fig. A.3, Table 2), decomposition
of free acid occurs in three main stages: (1) dehydration
process, (2) decarboxylation process and (3) pyrazole vol-
atilization. During heating of ligand in the nitrogen, water
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Table 1 Data from thermal analysis of prepared complexes recorded in air atmosphere

AT, (¢C)  Mass loss (%) AT, («C) Mass loss (%) AH (kJ/mol)  Onset point (¢C)  Peak top (°C)
Found Calc Found Calc
Hydrothermally obtained
complexes
Nd,(Hpdca);-6H,0 30-262 13.03 1257  272-730 60.85 60.81  331.438 160.73 204.13
Eu,(Hpdca);-6H,0 88-228 11.77 12.36 245-780 59.96 59.72  261.446 175.03 209.73
Tb,(Hpdca);-6H,0 115242 11.76 12.65 264-948*%  60.51 57.92  335.683 184.81 217.91
Er,(Hpdca);-6H,0 81-243 11.63 11.93 257-727 57.73 57.76  263.47 173.88 206.3
Mechanochemically obtained
complexes
Nd,(Hpdca);7H,O 30-246 14.21 14.37 256-762 62.03 61.62 186.071 203.18 230.42
Eu,(Hpdca),-7H,0 30-242 13.58 14.12 259-675 60.58 60.55  259.823 165.89 199.42
Tb,(Hpdca), 6H,0 30-268 11.61 11.93 270-598 61.91 60.05 219.89 170.75 195.01
“Er,(Hpdca);-7H,0 30-243 13.16 12.69 260-679 61.07 61.47  307.309 159.78 194.42
Precipitated
complexes
Nd,(Hpdca);6H,0 30-246 13.65 12.57 263-660 60.72 60.82  154.869 204.57 230.79
Eu,(Hpdca);-7H,0 30-241 13.58 13.65 252-701 60.39 58.52  222.807 167.65 204.08
Tb,(Hpdca); 6H,0 30-232 12.64 11.93 241-671 55.78 54.38  203.051 172.01 205.21
Er,(Hpdca); 7H,0 30-234 12.95 13.65 242-672 58.75 58.55  239.522 167.26 201.28
AT,—temperature range of dehydration process
AT,—temperature range of Ln,(Hpdca); decomposition
AH—value of enthalpy of dehydration process
Peak top—temperature of maximum in endothermic peak
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Fig. 9 The FTIR spectra of gaseous products of 1H-pyrazole-3,5-dicarboxylic acid decomposition (nitrogen atmosphere)
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Fig. 10 Decomposition mechanism of 1H-pyrazole-3,5-dicarboxylic acid monohydrate

Table 2 The time and temperature ranges of the release of the main gaseous products of thermal decomposition of the synthesized complexes

Complex/gaseous H;pdca Nd,(Hpdca);-6H,O Eu,(Hpdca);-6H,0 Tb,(Hpdca);-6H,0 Er,(Hpdca);"6H20
product
H,0 3.9-10 min (102.74—  2-16 min (62.16— 3—14 min (87.37— 3-13 min (87.37- 3-13 min (87.37-
220.78 °C) 340.67 °C) 303.78 °C) 286.57 °C) 286.57 °C)
Co, 11.9-30 min (261.98— 10-30 min (220.78—  12-30 min (266.89—  12-30 min (266.89—  12-30 min (266.89—
626.65 °C) 625.65 °C) 626.56 °C) 626.56 °C) 626.56 °C)
Pyrazole (C;H4N,) 14-26 min (303.78- - 18-21 min (386.78—  18-22 min (386.78—  18-21 min (386.78—
544.17 °C) 446.42 °C) 466.09 °C) 446.42 °C)
Hydrogen cyanide - - 22-30 min (466.09—-  22-30 min (466.09—  21-32 min (446.42—
(HCN) 626.56 °C) 626.56 °C) 667.13 °C)
Hydrazine (N,H,) - - 28-30 min (585.98—  27-30 min (566.3— 28-32 min (585.98—
626.65 °C) 626.56 °C) 667.13 °C)
Ammonia (NH;) - - 28-30 min (585.98—  27-30 min (566.3— 28-32 min (585.98-
626.65 °C) 626.56 °C) 667.13 °C)
Aliphatic Isocyanate ~ — 22-28 min (446.09—-  25-28 min (525.73—  25-28 min (525.73—  25-28 min (525.73—
(RNCO) 585.98 °C) 585.98 °C) 585.98 °C) 585.98 °C)

molecules are released at first. They give very diagnostic
sharp bands in the wavenumber ranges of 3900-3000 and
1800—1300 cm™" attributed to the stretching and deforma-
tion vibrations of OH groups (Figs. 9 and 10). The water
molecules release is observed during the time from 3.9
min to 8 min (Table 2), which is related to the temperature
range 102.74-220.78 °C. The dehydrated form of acid is
temporarily thermally stable up to 238 °C. The next stage
of ligand degradation is connected with the decarboxyla-
tion process during which carbon dioxide (CO,) molecules
are released. Strong, well-defined absorption bands in the
region 2400-2200 cm™! as well as those at 699 cm™! are
associated with the stretching and deformation vibrations
of CO, [79, 80]. The evolution of carbon dioxide mol-
ecules takes place from 11.9 (261.98 °C) minute and lasts
30 min (up to 626.65 °C) until the end of decomposition.
During the decarboxylation process, free pyrazole mol-
ecules are produced, which are observed in the volatile
decomposition products. Pyrazole molecules are evolved
from 14 to 26 min of decomposition, in the temperature
range 303.78-544.17 °C. Broad absorption bands in the
wavenumber ranges of 3600—400, 1500-1350 cm~! as well
as sharp absorption bands at 775, 750 and 725 cm™! were
assigned to the stretching modes of NH and CH groups,
skeletal bands and CH out-of-plane bending vibrations of
pyrazole molecules, respectively [78, 81].

The FTIR spectra of evolved gaseous products during
the thermal decomposition in the N, atmosphere of the
prepared complexes are shown in Figs. 11, 12, 13 and 14,
Figures A.3-A.7 and Table 2. The proposed mechanism
of complex decomposition in the nitrogen atmosphere
is given in Fig. 15. Water molecules release takes place
for all metal complexes as indicated by the presence of
stretching and deformation modes of OH groups in the
ranges 4000-3000 and 2000—1300 cm™!, respectively. The
neodymium complex exhibits the lowest thermal stabil-
ity and liberated water molecules are observed above 62
°C while in the case of other complexes above 87 °C.
The most intense evolution of water molecules due to the
dehydration process is observed in the range of 2—16 min,
which is related to the temperature range of 62.16-340.67
°C. Further heating of unstable products of dehydration
results in the decomposition process connected with mass
losses observed on the TG curves. At first, the decar-
boxylation process of the investigated complexes takes
place as a result of breaking Ln-O,,, and pyrazole-
COO bonds. The evolution of carbon dioxide molecules
is noticed. The characteristic bands derived from CO,
(bands in the region 2400-2200 cm™' and below 800
cm™!) were observed from 220.78 °C for the Nd com-
plex (from 266 °C for the other complexes) almost up to
the end of all experiments. Taking into account the fact
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that the carboxylate groups were bound with lanthanide
centers in different modes, the CO, molecules evolved
continuously. It can be assumed that at the lowest tem-
perature the monodentate COO groups were transformed
into CO, and next released from the structure. On the

@ Springer

other hand, the carboxylate groups which participated
in the formation of a five-membered ring as a result of
coordination lanthanide atom by carboxylate oxygen atom
and adjacent nitrogen atom from the pyrazole ring are
more strongly bound due to high thermal stability of such
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chelate moieties. That is why the decarboxylation pro-
cess of such groups occurs at a higher temperature. The
detailed analysis of the gaseous products of complexes
decomposition (Table 2) along with the temperature of
their evolution allowed finding the pyrazole molecules as

a product of organic linker decomposition. Interestingly,
only decomposition of Eu, Tb and Er complexes leads to
the pyrazole molecules evolution in the temperature range
386.78—446.42 °C. Broad absorption bands in the ranges
of 3600-3400, 1500-1350, 1150-1100, 1050950 cm™!

@ Springer



3546 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3534-3548

@]
E O
~EU H
/ - o O ~-Eu
Eu P ‘HQO / = 8] -CO .
NG . 2 = -CO
H N 6H,0 —— Eu *N*N . O‘Eu 2y
Ed H O N
EuO
-CO, e - NoH4, NH; HCN,CO,, Isocyanates
— » 1T EUu0; Eu,05/C
=N +Pt

Fig. 15 Proposed pyrolysis mechanism for Eu,(Hpdca);-6H,0 complex

and sharp bands with a wavenumber at 750, 725 and 775
cm™! testify to the vibrations of the pyrazole molecule.
The lack of pyrazole molecules among volatile products
of neodymium complex thermal decomposition can be
explained in terms of its different crystal structure.

In the further stage of decomposition, such gases
as hydrogen cyanide, hydrazine, ammonia, and isocy-
anates are released. The bands in the ranges 3400-3200,
1450-1380 and 750-650 cm™! originated from the
stretching vibrations of C-H and C =N groups of
evolved hydrogen cyanide molecules. The ammonia and
hydrazine molecules give very weak bands in the range
3350-3195 cm™! and double band with maxima at 970
and 930 cm™! assigned to the stretching and deformation
vibrations of N-H groups, respectively [79]. The FTIR
spectra of volatile products of complexes decomposition
show diagnostic bands from the ammonia and hydrazine
molecules in the temperature range 566—667 °C. Hydro-
gen cyanide molecules are observed in the temperature
range 446—667 °C. The formation of these gases can be
explained by decomposition of volatile pyrazole mol-
ecules. It can be assumed that during pyrolysis of the
investigated complexes, some solid intermediate lantha-
nide compounds along with carbon residues are formed.
These products may act as catalysts of pyrazole molecules
decomposition. Additionally, the catalytic process can be
enhanced by material of the crucibles i.e. platinum which
is regarded as a catalyst of many reactions in the gaseous
phase [79]. In comparison to the free acid decomposition,
also aliphatic isocyanates (RNCO) are formed as vola-
tile products of metal complexes decomposition. They
give absorption bands in the range 2300-2200 cm™! due
to the asymmetric stretching vibrations of -NCO group
[79, 82]. It is worth noting that this gaseous product is
formed from neodymium complex decomposition above
446 °C while from the other complexes above 586 °C.
Such differences in the temperature of isocyanate species
emanation confirm a structural diversity of neodymium
and other lanthanide complexes.

@ Springer

4 Conclusions

In summary, we have obtained the coordination polymers
of Nd(III), Eu(Ill), Tb(III) and Er(IIl) ions with H-pyra-
zole-3,5-dicarboxylate linker by hydrothermal, mecha-
nochemichal and precipitation methods. It is interesting
to note that that all prepared coordination polymers are
crystalline, even in the mechanochemistry approach. Dif-
ferent synthesis strategies allowed to obtain the same final
products. The complexes of Eu(IIl), Tb(III) and Er(III) are
isomorphous while the Nd(III) complexes exhibit a differ-
ent crystal structure. Moreover, application of the hydro-
thermal method improved the crystallinity of synthesized
materials which finally resulted in the formation of single
crystals of the Eu(IIl) complex.

The hydrothermal conditions lead to the complexes
with the highest thermal stability (except the neodymium
complex) and the strongest bonding of water molecules.
Considering further stages of complexes decomposition,
it can be concluded that the way of energy supply dur-
ing the synthesis does not affect on the thermal stability
of intermediate products of complexes heating and the
pathways of their decomposition are similar. The gaseous
products of free acid and investigated complexes pyrolysis
in the nitrogen atmosphere were identified. The free linker
degradates mainly with formation of volatile products
such as: water, carbon dioxide and pyrazole. The pyroly-
sis of metal complexes is strongly affected by their crys-
tal structures. Water, carbon dioxide and some aliphatic
isocyanates were identified as gaseous products of neo-
dymium complex decomposition. The pyrolysis process
of europium, terbium and erbium complexes took place
with an entirely different mechanism. Degradation of those
complexes in the nitrogen results in the formation of not
only water and carbon dioxide molecules but also pyra-
zole molecules. Interestingly, compared to free acid also
the products of pyrazole degradation such as: ammonia,
hydrazine and hydrogen cyanide were distinguished. Con-
sidering this fact, it can be postulated that solid products
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of the lanthanide decomposition have catalytic influence
on pyrazole molecules degradation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10904-021-02018-w.
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Table A.1. Results of ED-XRF spectroscopy and elemental analysis for prepared complexes.

Method

Name of complex

Ln (%)

C (%)

H (%)

N (%)

Cal.

Exp.

Cal.

Exp.

Cal.

Exp.

Cal.

Exp.

Hydrothermal

Nd>(Hpdca)s-6H>O

33.59

34.23

20.96

20.87

2.09

2.26

9.78

9.98

Eux(Hpdca);-6H,0

34.78

34.61

20.59

20.66

2.06

2.05

9.61

9.14

Tb2(Hpdca)s;-6H,0

35.79

36.12

20.27

20.49

2.03

2.16

9.46

9.38

Er; (Hpdca)s;-6H20

36.98

37.83

19.89

20.35

1.98

2.17

9.28

9.43

Mechanochemical

Nd>(Hpdca)s-7H>0O

32.90

34.33

20.53

21.50

2.05

2.55

9.58

9.12

Euz(Hpdca);-7H20

34.08

33.75

20.17

21.12

2.02

2.37

9.41

9.63

Tba(Hpdca);-6H,0

35.79

34.94

20.27

20.96

2.03

2.16

9.46

9.61

Er2(Hpdca);-7H20

36.26

35.31

19.51

20.58

1.95

2.33

9.10

9.67

Precipitation

Nd>(Hpdca)s-6H>O

33.59

33.70

20.96

20.71

2.09

2.30

9.78

9.72

Euz(Hpdca);-7H20

34.08

33.19

20.17

21.04

2.02

2.33

9.41

9.99

Tba(Hpdca);-6H,0

35.79

36.22

20.27

19.94

2.03

2.28

9.46

9.13

Er2(Hpdca);-7H20

36.26

37.50

19.51

19.76

1.95

2.12

9.10

9.26




Table A.2. The bonds length and bond angles data of Eux(Hpdca);-6H20.

Bond Angles Value (°) Bonds Distance (A)
05-Eul-OW1 146.5(3) Eul-O5 2.343(7)
05-Eul-01 138.5(2) Eul-OW1 2.374(7)
OW1-Eul-O1 73.7(2) Eul-O1 2.382(6)
05-Eul-OW3 72.1(4) Eul-OW3 2.414(14)
OWI1-Eul-OW3 139.7(4) Eul-O4! 2.418(6)
O1-Eul-OW3 73.3(4) Eul-03" 2.454(6)
05-Eul-04' 81.2(2) Eul-OW2 2.465(8)
OW1-Eul-04 74.0(2) Eul-N2i 2.519(7)
O1-Eul-04' 115.1(2)

OW3-Eul-04! 142.2(4)

05-Eul-03' 77.8(2)

OW1-Eul-03 ! 77.5(2)

O1-Eul-03' 138.63(18)

OW3-Eul-03' 115.0(4)

O4/-Eul-O3' 83.84(19)

05-Eul-OW2 76.7(3)

OW1-Eul-OW2 115.1(3)

O1-Eul-OW2 73.5(2)

OW3-Eul-OW2 76.1(4)

O4-Eul-OW2 71.9(2)

O3"-Eul-OW2 147.0(3)

O5-Eul-N2 110.2(3)

OW1-Eul-N2* 78.2(2)




O1-Eul-N2i 81.4(2)
OW3-Eul-N2i 74.7(4)
O4!-Eul-N2i 141.2(2)
03'-Eul-N2! 64.0(2)
OW2-Eul-N2i 145.8(3)

Symmetry code i=x, y+1, z; ii=x, -y+1/2, z-1/2
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Fig. A.1. ATR-FTIR spectrum of 1-H-pyrazole-3,5-dicarboxylic
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Fig. A.2. ATR-FTIR spectra of synthesized lanthanide complexes by different methods.
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Fig. A.3. Stacked plot of the FT-IR spectra of the evolved gases for Hzpdca acid.
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Fig. A.4. Stacked plot of the FT-IR spectra of the evolved gases for Nd>(Hpdca)3-6H2O.
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Fig. A.5. Stacked plot of the FT-IR spectra of the evolved gases for Eu2(Hpdca);-6H>O.
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Fig. A.6. Stacked plot of the FT-IR spectra of the evolved gases for Tb2(Hpdca)s-6H>O.
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Fig. A.7. 3D Stacked plot of the FT-IR spectra of the evolved gases for Er.(Hpdca);-6H>O.
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Abstract: In this study, novel hybrid materials exhibiting luminescent properties were prepared and
characterized. A top-down approach obtained a series of polymeric materials with incorporated
different amounts (0.1; 0.2; 0.5; 1, and 2 wt.%) of dopants, i.e., europium(III) and terbium(III) 1H-
pyrazole-3,5-dicarboxylates, as luminescent sources. Methyl methacrylate and bisphenol A diacrylate
monomers were applied for matrix formation. The resulting materials were characterized using
Fourier transform infrared spectroscopy (FTIR) and thermal analysis methods (TG-DTG-DSC, TG-
FTIR) in air and nitrogen atmosphere, as well as by luminescence spectroscopy. The homogeneity of
the resulting materials was investigated by means of optical microscopy. All obtained materials exhib-
ited good thermal stability in both oxidizing and inert atmospheres. The addition of lanthanide(III)
complexes slightly changed the thermal decomposition pathways. The main volatile products of
materials pyrolysis are carbon oxides, water, methyl methacrylic acid and its derivatives, bisphenol
A, 4-propylphenol, and methane. The luminescence properties of the lanthanide complexes and the
prepared hybrid materials were investigated in detail.

Keywords: 1H-pyrazole-3,5-dicarboxylates; polymers; hybrid materials; luminescence; thermal analysis

1. Introduction

Intensive development of luminescent hybrid materials has been observed in recent
years, due to their huge potential applications in many fields including optoelectronics, laser
systems, chemical sensors, optical communication devices, protection coating, etc. [1-10].
Hybrid materials are typically composed of at least two different components connected
at the nano-metric or molecular level, where one of the components plays the matrix
role [3,11,12]. These components introduce different properties, thus the final advanced
materials exhibit improved and desirable features. This approach allows the generation of
structurally diverse materials designed for special applications. Many hybrid materials
are based on polymer matrices, due to their easy processing, mechanical resistance, low
density, good flexibility, and controllable cost. Polymers such as poly(methyl methacrylate),
poly(vinyl alcohol), polyethylene, polycarboxylate, poly(divinylbenzene), and others have
been well examined as matrices [13-17]. On the contrary, the polymerization of Bisphenol A
diacrylate (BPA.DA) and methyl methacrylate (MMA) monomers generates a polymer that
has been comparatively neglected as a matrix in the production of hybrid materials, despite
its wide use in various fields of science and industry, including packaging and coating
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materials, due to its high transparency, heat-deflection temperature, and impact strength,
good ultraviolet stability, fire resistance, and excellent mechanical properties [18-24]. These
desirable features arise from the fact that aromatic BPA.DA plays a crucial crosslinking role
during the polymerization of these monomers, making this polymer an excellent matrix for
the formation of hybrid materials containing dopants insoluble in monomers.

The luminescent properties of hybrid materials can originate from different sources,
such as the matrix, additives at small concentrations, or resulting from the synergistic effects
of the properties of the parent components. Among numerous compounds, the selected
lanthanide complexes are perfect candidates for luminescent dopants, owing to the unique
optical properties of Ln(Ill) ions. Their emission spectra show narrow bands derived from
the f-f transitions in the visible (VIS) and near-infrared (NIR) ranges, but their intensities are
low because lanthanide ions suffer from weak light absorption [3,25,26]. Many lanthanide
complexes with organic ligands exhibit intense luminescence, because of the effective
intramolecular energy transfer from the coordinated ligands to the luminescent central
lanthanide ions. In such cases, the lanthanide complexes exhibit sensitized luminescence
known also as the “antenna effect” [3,25-30].

The earliest reported luminescent hybrid materials were doped with molecular lan-
thanide complexes constructed predominantly of chelating agents [3,31-33]. Despite the
preferable luminescent properties of such complexes and their good solubility, many of
them suffer from low thermal stability that strongly impacts their final material proper-
ties. One possible way of overcoming such a disadvantage is to use more sustainable
compounds as dopants. Carboxylate lanthanide complexes are considered to be thermally
stable due to the formation of strong Ln-O bonds. In many of these complexes, organic
ligands act as a light-harvesting system participating in the indirect sensitization of Ln(III)
ions, which has led to the frequent application of these compounds as luminescence origins
in hybrid materials [8,34-36]. In previously reported luminescent hybrid materials based
on polymeric matrices, lanthanide carboxylates of molecular and polymeric structures were
used as dopants [35,36].

Thermal analysis methods play a significant role in the characterization of novel
materials, including luminescent hybrid materials for a variety of possible applications.
Studies of the thermal behavior of different classes of chemicals and organic, inorganic,
and hybrid materials should be conducted to assess their thermal stability and to verify
their potential to cause accidents, fire, or environmental pollution [37,38]. Therefore, these
studies are essential for supporting theoretical models with practical purposes. Further-
more, many new or existing materials can undergo thermal degradation, combustion, or
pyrolysis (depending on the reaction temperature and the degree of oxygen consumption),
and the results obtained can be used to draw appropriate conclusions on a possible re-
cycling procedure for energy recovery and and/or production of valuable oily chemical
substances. In common practice, studies of the thermal behavior of materials are con-
sidered a preliminary test measure to discover the most appropriate temperature ranges
at which pre-treatment can be carried out to elicit a given property for an required ap-
plication [39,40]. Materials and composites including antibiotics, polyhedral oligomeric
silsesquioxane nanocomposites polymers, and organic-inorganic hybrids are frequently
tested by experimental thermogravimetric-differential scanning calorimetry (TG-DSC).
Data are obtained for kinetic parameters related to thermal decomposition reactions, in
order to evaluate their thermal stability [41].

This article is a continuation of our research on the synthesis and characterization of
hybrid materials formed by the incorporation of newly prepared lanthanide(III) complexes
bearing desired functional features, e.g., luminescence, into the polymeric matrices [35,36].
Such a procedure in the case of the formation of hybrid materials containing coordination
polymers is regarded as a top-down approach. In contrast, generation of metal complexes
along with target hybrid materials is referred to as a bottom-up procedure [16].

The purpose of this paper is to present the top-down approach to synthesizing new hy-
brid materials from BPA.DA-MMA, a rarely used polymer matrix, and lanthanide(III) com-
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plexes of 1H-pyrazole-3,5-dicarboxylic acid such as [Eux(Hpdca)s;(H0)s] and
[Tby(Hpdca);(HyO)g]. The selected organic ligand forms with lanthanides(Il) coordi-
nation polymers (LnCPs) because of the diverse coordinating modes and variabilities of
deprotonation of the carboxylic groups [42,43]. The most recent report on LnCPs con-
structed from Hspdca acid focused mainly on their synthesis methods, crystal structures,
and thermal properties [43]. However, investigations into the potential applications of such
lanthanide complexes, including formation of luminescent hybrid materials, have not yet
been reported. Therefore, we aimed to determine whether the above lanthanide complexes
would function as luminescent additives in the prepared materials.

Incorporation of lanthanide(Ill) coordination polymers at different concentrations of
0.1,0.2,0.5, 1, and 2 wt.% into the BPA.DA-MMA matrix led to the formation of materials
which possessed both the characteristic luminescence of lanthanide(IlI) ions and the attrac-
tive features of organic polymers, including mechanical strength, flexibility, transparency,
and ease of processing. A principal feature that determines the potential application of
the materials is their thermal stability. Therefore, particular attention was paid to the
examination of the thermal behaviour of the obtained materials. The pathways of thermal
decomposition in the reported materials were examined in air using the thermogravimet-
ric (TG) and differential scanning calorimetry (DSC) methods. The thermal degradation
of the materials was also evaluated by means of the evolved thermal analysis method
incorporating the TG-FTIR technique, allowing the mass loss and FTIR spectra of the
evolved compounds to be recorded during the samples’ heating in an air and nitrogen
atmosphere. The impact of the processing on the pathways of thermal decomposition in the
polymeric matrix and hybrid materials in an oxidizing atmosphere was also evaluated. The
luminescence properties of the [Eup(Hpdca)s(HpO)g] and [Tby(Hpdca);(H,O)g] complexes
and those of the obtained hybrid materials were furthermore investigated. The role of
1H-pyrazole-3,5-dicarboxylate ligand in the enhancement of lanthanide-centered emission
ions was established.

2. Materials and Methods

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (BPA.DA), methyl methacrylate
(MMA), and 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651, IQ) were purchased from
Sigma-Aldrich, (Darmstadt, Germany). All the chemical reagents and materials were
obtained from commercial sources and used without further purification.

The lanthanide complexes [Euy(Hpdca)s(H20)g] and [Tby(Hpdca);(HO)g] were pre-
pared using procedures previously described in the reaction of lanthanide(IIl) salt with
sodium salt of 1H-pyrazole-3,5-dicarboxylic acid under hydrothermal conditions [43].

2.1. Synthesis of Hybrid Materials

MMA and BPA.DA monomers were mixed in proportions of 70:30 wt.%, and then
Irgacure 651 was added at 1 wt.% as the photoinitiator. Next, the solid [Eup (Hpdca)s(H,O)¢]
complex was added to the obtained mixture in proportions of 0.1, 0.2, 0.5, 1, and 2 wt.%.
The prepared mixtures were heated at 80 °C to remove air bubbles. The well-homogenized
mixtures were poured into glass molds (10 x 12 x 0.2 cm) with a Teflon spacer and exposed
to UV radiation (8 lamps, each 40 W). The UV polymerization time was 25-30 min, then
the resulting composites were heated at 80 °C for 2 h for final cross-linking. The free matrix
and the hybrid materials were obtained in the form of blocks.

2.2. Instrumentation and Methods

The attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) of the
free matrix and the prepared hybrid materials were recorded using a Nicolet
6700 spectrophotometer equipped with a Smart iTR accessory (diamond crystal) over
the range 4000-600 cm .

The transmittance FTIR spectra of pure matrix, BPA. DA-MMA@2%Eu;L3, and BPA.DA-
MMA@2%Tb;L3 materials were collected using a Jasco FT/IR-4600LE spectrophotometer
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in the range 4000-400 cm ~!. Thermal analyses of the synthesized materials were carried
out, applying the thermogravimetric (TG) and differential scanning calorimetry (DSC)
methods using a SETSYS 16/18 analyzer (Setaram). The samples (mass about 5-9 mg) were
heated in alumina crucibles up to 1000 °C at a heating rate of 10 °C min~! in a dynamic
air atmosphere (12.5 cm® min~!). The TG curves and the FTIR spectra of the evolved
gases from the investigated samples were recorded using a Q5000 thermal analyzer (TA
Instruments) coupled with a Nicolet 6700 spectrophotometer. Samples of 20-30 mg were
heated in a dynamic nitrogen and air atmosphere (25 cm® min~!) at a heating rate of 10 and
20 °C min~!. The samples were heated to 700 °C in open platinum crucibles. The transfer
line was heated up to 250 °C and the gas cell of the spectrophotometer was heated to
240 °C.

The fragments of the solid composites were studied using a Morphologi G3 optical
microscope (Malvern, UK). The scanning electron microscopy (SEM) images were recorded
with a Quanta 3D FEG (FEI).

The excitation spectra, emission spectra, and profiles of fluorescence decay were
recorded using a Horiba PTI QuantaMasterbased modular spectrofluorimetric system
equipped with double monochromators in the excitation and emission paths, enabling both
CW and pulsed excitations (Xe CW lamp of 75 W maximum power, Xe pulsed lamp of
maximum frequency 300 Hz, pulse duration 1 us) over a wide spectral range (200-2000 nm).
All measurements were taken at room temperature, and all spectra were corrected for the
spectral characteristics of the detector’s response.

3. Results and Discussion
3.1. Morphological Analysis

A series of hybrid materials BPA.DA-MMA®@Ln,L3; composed of the cross-linked
polymeric matrix BPA.DA-MMA (BPA.DA-bisphenol A diacrylate and MMA-methyl
methacrylate monomers) and europium(Ill) and terbium(IIl) complexes of 1H-pyrazole-3,5-
dicarboxylic acid (LnyL3: EupLs = [Eup(Hpdca)s(HpO)g] or TbyLs = [Thy(Hpdca)s(H2O)e])
were synthesized and characterized. The polymeric matrix and hybrid materials containing
different amounts of dopants, i.e., lanthanide complexes (Table S1), were prepared using
the ultraviolet polymerization procedure. The scheme of the hybrid materials’ synthesis
and proposed structure of the materials is presented in Figure 1.

Fragment of the complex

BPA.DA MMA [Euz(Hpdca)s(H:0):]
o CHy ? ?MEU
a [ s a e by,
g S TSl o =TS
O/Y\O O/Y\G S o,
' o HE o—ciy ":"75"--....,"_,.
101 I\I,,._ .
weo 9
—— covalent bonds UV, 30 min | iraacure® 651

------ weak interactions
polymer expansion
([coordination polymer)

Figure 1. Scheme of the hybrid materials” synthesis and proposed structure of obtained materials
based on the europim(III) complex.

The polymeric matrix was transparent, and the hybrid materials became cloudy with
the increasing content of lanthanide dopants. Microscopic examination showed that in
most cases the particles of the incorporated lanthanide complexes of irregular shapes had
diameters in the range of 10290 um (Figure 2). The scanning electron microscope (SEM)
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images of the block pure matrix and hybrid materials are shown in Figure 3. The materials’
surfaces are not smooth and irregular shaped particles can be distinguished.

(a) )

-

Figure 2. Optical microscope images: (a) BPA.DA-MMA; (b) BPA.DA-MMA®@0.1%Eu;L3; (c) BPA.DA-
MMA®@0.2%Eu,Ls; (d) BPA.DA-MMA®@0.5%Eu,Ls; (e) BPA.DA-MMA@1%Eu,Ls; (f) BPA.DA-
MMA@2%Eu,Ls.

BPA.DA-MMA BPA.DA-MMA@2%Eu;,L3 BPA.DA-MMA@2%Th;L;

Figure 3. SEM images (1 um magnification) of free matrix and hybrid materials doped with 2 wt.%
of EupL3 and 2 wt.% of TbyL3.

3.2. Infrared Spectroscopy Analysis

The ATR-FTIR spectra of the pure matrix (BPA.DA-MMA) and the hybrid materi-
als were strongly dominated by the bands derived from the polymeric matrix BPA.DA-
MMA (Figures S1 and S2). The stretching vibrations of the Cs,H and OH groups from
bisphenol A moieties and the stretching vibrations of CH from the aliphatic chains ap-
peared in the wavenumber range 3600-3100 cm ™. The FTIR spectra exhibitedbands at
2950 and 2875 cm ! originating from the stretching vibrations of the CH, and CH3 groups
(Figures S1 and S2). The bands of the deformation vibrations in those groups occurred at
1455 and 1385 cm . The intense band at 1726 cm ! is attributed to the stretching vibrations
of the carbonyl groups v(C=0) from the polymer ester parts. Several peaks at 1634, 1607,
1581 and 1508 cm ™! resulted from the stretching vibrations of v(Ca,Ca,) from the aromatic
rings. The intense and broad bands at 1236 cm ! and 1180 cm ™! were assigned to the
stretching vibrations of the v(C-O) and v(C-O-C) groups from ester moieties. Several bands
in the region 1060-600 cm~! at wavenumbers 1039, 1011, 984, 828, 758, 737, and 727 cm ™1
can be assigned to the skeletal stretching modes of v(CC) of methyl(methacrylate) moieties,
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as well as Y(CarCar), Y(CarH) out-of-plane bending and the torsion motions of aromatic
rings [24,44-47].

Incorporation of small amounts of dopants did not strongly affect the ATR-FTIR spec-
tra of hybrid materials. The characteristic bands of lanthanide(IIl) complexes overlapped
with those of the polymeric matrix. The only differences among the infrared spectra of the
pure matrix and the obtained materials were observed on the transmittance FTIR spectra
(Figure S3). The infrared spectrum of the pure matrix exhibited a very strong diagnostic
band at 1732 cm ! due to v(C=0), which shifted slightly towards the lower wavenumbers
1728 cm 1 in the spectra of BPA.DA-MMA®@2%Ln, L3 materials [18,35,36]. This observation
can confirm the participation of functional groups in binding metal centers of the embedded
lanthanide complexes, formation of hydrogen bonds, and/or the presence of other kinds of
weak interactions between the components of the hybrid materials. The addition of a small
amount of the lanthanide complexes did not cause visible changes in the infrared spectra
of the obtained materials, which may be the result of the low intensity of the characteristic
vibrations of the dopants. Therefore, the bands in the ranges 15971579 and 1359-1348 cm !
derived from the asymmetric and symmetric stretching vibrations of carboxylate groups
(-COO) characteristic for lanthanide complexes were obscured by the matrix bands in the
ranges 1607-1581 cm ™! [43]. Furthermore, the bands from skeletal stretching vibrations
(CarCar) of metal complexes overlapped with corresponding bands originated from the
skeletal vibration of the polymeric matrix.

3.3. TG-DSC Analysis of BPA-MMA Matrix and Hybrid Materials

The TG curves of the BPA.DA-MMA matrix and the synthesized hybrid materials had
similar shapes under the same measurement conditions (Figures 4 and S4-57). However, a
more careful analysis of the recorded TG curves revealed certain subtle differences due to
the presence of lanthanide dopants in the investigated hybrid materials (Tables 1 and 2).
The additives were found to affect the thermal stability of hybrid materials as well as the
mechanism of their decomposition. The influencing effects of atmosphere temperature
and materials’ processing on their thermal stability and pathways of decomposition were
also evaluated.

(a) TG (air) {b} DTG (air) (e} TG (nitrogen)
01 100 1
n -
-20 o g
i =
2 -5 E £ %
2 £ £
=] ~ _g- w0
g -] g s
o 9 40+
= a
~a0 ~12
20+
-100 ~
164
r : r v ] v T T v 1 o T v T : T T |
0 200 400 600 800 1000 1] 200 400 &00 800 1000 o 100 200 300 a00 500 (i) 00
Temperature (2C) Temperature ( 9C) Temperature { 9C)
—— BPA.DA-MMA —— BPA.DA-MMA@2%Eu;Ls —— BPA.DA-MMA@2%Th,L;

Figure 4. (a) TG and (b) DTG curves of the BPA.DA-MMA matrix, BPA.DA-MMA@2%Eu;L3, and
BPA.DA-MMA@2%Tb,L3 materials (block form) in air atmosphere. (c) TG curves of materials (block

form) in nitrogen atmosphere.
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Table 1. Thermal characterization of matrix and materials (block) based on the TG-DSC curves in air.

Stage I Effect I Effect IT Stage II Effect III
Ay TonetTpeac CO (1% TomsalTpeatc €O 2 (7200 TonseTpeak €O g3
BpMAmiA' 2279;‘;48 395.4/401.2 11.3 443/448.4 129.8 4429; 5;92 i -
M?\IZAA']@Dg s 16;’;54 392.4/401.2 512.6 428.3/444.8 77.9 4525;5586 i -
MBMPJZ%)DQ;% 1179Zi54 385.2/389.7 220.3 404.2/414 343.8 45255 6607 431.6/440.6 130.1

Table 2. Comparison of thermal behavior of investigated materials in the form of block (B) and
powder (P) in air atmosphere.

Temperature (°C) for Materials BPA.DA-MMA@Eu,L; with

Mass Loss (%) Different Content of Metal Complex (B/P)
0.1% 0.2% 0.5% 1% 2%
1 198/164 203/165 187/159 190/176 162/159
5 339/303 333/299 327/307 331/304 325/303
20 399/344 390/343 389/347 389/345 387/346
50 423/374 420/373 420/376 420/374 420/375
Temperature (°C) for Materials BPA.DA-MMA@Tb, L3 with
Mass Loss (%) Different Content of Metal Complex (B/P)
0.1% 0.2% 0.5% 1% 2%
1 161/153 196/187 207/184 199/149 118/155
5 311/300 332/300 329/303 333/301 315/301
20 379/345 391/345 386/347 393/347 379/341
50 419/373 421/375 421/375 421/378 420/373

The thermal data are presented for the as-synthesized materials, i.e., in the form
of blocks in an air atmosphere. Particular attention is drawn to the materials with 2%
addition of dopants, for which the incorporated additives had the strongest impact on the
material properties.

Taking into account the shape of the TG-DTG curves of the matrix and synthesized
materials BPA.DA-MMA@Eu,L3; and BPA.DA-MMA@Tb,L3 in an air atmosphere, two
main stages of decomposition were distinguished (Figures 4 and 54-5S7, Tables 1 and 2).
Mass loss of about 74% was recorded for the matrix and materials doped with 2% lanthanide
complex in the temperature ranges 229448, 163454, and 119454 °C, respectively.

As can be seen from the TG and DTG curves of the matrix and hybrid materials
(Figures 4 and 54-S7), continuous mass losses (in the first stage) up to 311-340 °C con-
nected with the release of humidity and/or water molecules from hydrated lanthanide
complexes acting as dopants. The dehydration process in lanthanide(III) 1H-pyrazole-3,5-
dicarboxylates occurred up to about 200 °C (Figure S8) [43]. For the pure matrix, mass
losses of 1, 5, 20, and 50% on the TG curve were recorded at 228, 340, 399 and 420 °C,
respectively. According to the thermal data corresponding to the first stage, mass losses
in the materials of 1, 5, and 20% were found at lower temperatures compared to the free
matrix (air). Mass losses of 50% in these materials were recorded at temperatures close to
that observed for the matrix (Table 2).

At higher (air) temperatures, the decomposition process was reflected by significant
mass changes recorded on the TG curves. The polymeric matrix displayed the highest
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thermal stability. The data presented in Table 2 indicate that the material doped with ter-
bium(III) complex had lower thermal stability in comparison with corresponding materials
containing the europium(IIl) dopant. The material with 2% addition of Tb,Ls complex
exhibited the lowest stability. The observed slight differences in the thermal behaviors
of the pristine matrix and hybrid materials are related to the thermal properties of the
embedded lanthanide complexes [43] and their interaction with polymer framework. The
discrepancies among corresponding hybrid materials containing the same percentage of
metal complex may be related to the different thermal decomposition of metal complexes
above 300 °C (Figure S8).

As follows from the DSC curves (in air), the first stage was dominated by endothermic
effects driven by the overlapping melting and decomposition processes of polymeric matrix
as well as the dopants” decomposition (Table 1, Figures S6 and S7). The top peaks of the
first endothermic effects for the free matrix and hybrid materials with 2% added lanthanide
complex were observed at very similar temperatures (401.2, 401.2, and 389.7 °C), while the
observed values of endothermic effects differed. The lowest endothermic effect (11.3 ]/g)
was recorded for pure BPA.DA-MMA material. The presence of dopants caused an in-
crease of endothermic effect values to 512.6 and 220.3 J /g for BPA.DA-MMA@2%Eu;L3
and BPA.DA-MMA@2%Tb,L3, respectively. At a slightly higher temperature, endothermic
effects (129.8, 77.9, and 343.8 ] /g) were observed in the temperature range 414-448 °C
(peak) for the BPA.DA-MMA and hybrid materials. Regarding BPA.DA-MMA@2%Tb;Ls,
a third endothermic effect at 440.6 °C with AH of 130.5 ] /g was observed (Table 1). The
existence of these endothermic effects can be explained in terms of the pathway of the
decomposition process, as well as the thermal properties of solid products” decomposition.
The recorded difference in the energy of the endothermic effects may indicate diverse inter-
actions between the matrix and the lanthanide complex incorporated in the materials. The
higher value of the endothermic effects for BPA.DA-MMA@2%Eu;L3 in comparison with
BPA.DA-MMA@2%Tb;L3 indicates stronger interactions between the europium complex
and the polymeric matrix (Figure 1) due to the possible formation of hydrogen bonds and
Van der Waals interactions [3].

Further heating in air resulted in the decomposition of unstable intermediate products,
observed in the temperature ranges 449-592, 455-586, and 455-607 °C for the matrix and
the BPA-MMA®@2%Eu;L; and BPA-MMA@2%Tb;L3 materials, respectively. The observed
mass losses in the range of 25.2-26.7% (Table 1) were accompanied by very strong exother-
mic effects on the DSC curves due to the burning of organic solid residues (Figures S5-57).
Heating of the matrix in air resulted in a lack of any solid residues at 1000 °C, while for the
investigated hybrid materials only traces (below 0.5%) of corresponding lanthanide oxides,
i.e., EupO3 or Tb4Oy, were noticed.

The impact of atmosphere temperature on the thermal stability of the block mate-
rials under investigation was determined by heating selected materials (BPA.DA-MMA,
BPA.DA-MMA@2%Eu;L3, and BPA.DA-MMA@2%Tb,L3) in nitrogen. The profiles of the
recorded TG curves were similar (Figure 4c). All materials exhibited higher thermal stability
in nitrogen in comparison with the air atmosphere (Table S2) where additional oxidation re-
actions take place alongside the decomposition process [48]. Mass loss of 1% was recorded
for the tested materials in the range 261-267 °C. The comparative thermal stabilities of the
matrix and the investigated hybrid materials were very similar. At higher temperatures,
significant mass loss of about 85% was observed due to the pyrolysis process. This stage
took place in the temperature range 262-500 °C. Further heating resulted in slight changes
of mass, recorded on the TG curves, and final solid residues were observed at 700 °C. The
total mass loss for the free matrix was 91.8%, while for the BPA.DA-MMA@2%Eu,L3 and
BPA.DA-MMA®@2%Tb;L3 materials the corresponding final mass losses were 89.0% and
89.5%, respectively. In the case of solid residues of hybrid materials, in addition to unburnt
carbon (free matrix), lanthanide oxides were also formed [18,35,36,38].

In addition to thermal analysis of the as-synthesized materials in the form of blocks,
the powdered materials were also investigated. The profiles of the TG and DSC curves
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in air indicate clearly their different thermal stabilities and mechanisms of decomposition
(Figures 54-57). In general, the thermal stability of all the powdered materials was reduced
compared with that of the blocks. Changes in the temperature associated with losses of
1, 5, 20, and 50% mass in comparison with block hybrid materials were in the ranges
3-50, 20-36, 34-55, and 4348 °C, respectively. Temperatures resulting in 1% mass loss
for the series of powdered BPA.DA-MMA®@Eu;L3; materials were decreased by 34, 38, 28,
26, and 3 °C in comparison to corresponding block materials. For the series of powdered
BPA.DA-MMA@Tb,L3; materials, temperatures for 1% mass loss were lowered by 8, 9,
23,50, and 37 °C compared with block materials. The temperatures corresponding to 5,
20, and 50 % mass loss were similar for the respective powdered hybrid materials in the
two series. The temperature associated with 1% of mass loss for powdered BPA-MMA
decreased up to 121 °C (228 °C for the block), while for other analyzed points on the TG
curves, the temperature alteration was not so drastic. It can be stated that the powdered
hybrid materials containing lanthanide complexes did not demonstrate such a dramatic
loss of stability relative to the powder matrix.

3.4. TG-FTIR Analysis of BPA-MMA Matrix and Hybrid Materials

Thermogravimetric measurements (TG) were taken and spectroscopic identification
(FTIR) performed of the evolved gases in nitrogen and air for the matrix and materials
(block form) with the highest concentration of dopant, i.e., 2 wt.%. The Gram-Schmidt plots
representing the total intensities of all evolved gases as a function of time (temperature)
during heating of the materials in nitrogen are provided in Figure S9. As a representative
example, the 3D FTIR spectra of the volatile products of BPA.DA-MMA@2%Eu,L3 material
decomposition are shown in Figure 5.

Nitrogen

Figure 5. 3D projection of the FTIR spectra of volatile products of BPA.DA-MMA@2%Eu,L3 material
decomposition in air and nitrogen atmosphere.

The FTIR spectra of volatile products of the investigated materials after heating in
nitrogen indicated that water molecules evolved first. Diagnostic bands of weak intensity
in the wavenumber ranges 4000-3500 and 1800-1300 cm ! were due to the stretching and
deformation vibrations of OH groups of evolved water molecules, and were observed
up to about 270 °C. Next, further compounds such as carbon oxides and various organic
compounds were released as products of the materials’ degradation in nitrogen.

The infrared spectra show strong diagnostic bands with maxima at 2359 and 2343 cm !
and others in the range 750-600 cm ! ascribed to the stretching and deformation vibrations
of carbon(IV) oxide molecules. The diagnostic double band with maxima at 2185 and
2107 cm~! corresponds to the stretching vibrations of carbon oxide(Il) [49]. Methacrylic
acid and its derivatives such as methyl methacrylate and 2-hydroxyethylmethacrylate
(Figure 6) are the main products of bonds breaking in the polymeric matrix [18,24,35,36].
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Figure 6. Experimental infrared spectra of gaseous products recorded in the nitrogen atmosphere at
different temperatures are indicated in red, alongside FTIR spectra of references represented in blue:
(a) 2-hydroxyethylmethacrylate, (b) methacrylic acid, and (c) methyl methacrylate.

The broad band in the range 3150-2800 cm ! centered at 2972 cm ™! was attributed to
the stretching vibrations of =CH, and -CHj; moieties. The very intense band at 1748 cm !
can be assigned to the stretching vibrations of carbonyl groups from the carboxylic and
ester groups. Deformation vibrations of the CH,/CHj groups were found at 1456 and
1362 cm~!. The band at 1306 cm~! and those at 1166 cm~1, 1061, and 1031 cm~! were
found to correspond to the stretching vibrations of C-O-C ester groups. The absorption
bands at 936 and 813 cm ™! are derived from the skeletal vibrations of C-C from the aliphatic
moieties [44—47]. Figure 6 presents the experimental and reference FTIR spectra of identified
compounds recorded at 362.72 and 419.50 °C. Further heating of the materials above 420 °C
also resulted in the evolution of gaseous 4,4'-(propane-2,2-diyl) diphenol (bisphenol A,
BPA) and its decomposition products such as methane and 4-propylphenol [50-53].

Alongside the bands from methacrylate compounds, water, and carbon oxides, the
FTIR spectrum recorded at 447 °C displays characteristic diagnostic vibrations from bisphe-
nol A and its decomposition compounds (Figure 7). The vibrations from the free hydroxyl
groups of BPA produced a relatively strong band at 3649 cm~!. The presence of two methyl
groups in the released molecules of BPA is reflected in the stretching and deformation vi-
brations found at 2972, 1472, and 1362 cm ™ !. The bands at 1602 and 1507 cm ! and those at
826 and 746 cm ™! are derived from the stretching and out-of-plane deformation vibrations
of CarCar and CxH bonds from the aromatic rings. Additionally, the FTIR spectra were
found to exhibit very intense double bands with maxima at 1258 and 1174 cm ! assigned
to the C,-O-H groups from the phenol moieties. Methane molecules as the product of BPA
molecules’ degradation showed significant diagnostic bands in the range 3200-2950 cm !
with a characteristic maximum at 3015 cm ! due to the stretching vibrations of CH bonds.
Evidence of 4-propylphenol formation as the bisphenol A decomposition product is re-
flected in the presence of the band at 2937 cm~! from the stretching vibrations of CH,
groups within the propyl substituent [51-54]. The reference spectrum of the compound fits
well the experimental one.
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Figure 7. Experimental infrared spectra of gaseous products (shown in red) recorded at different
atmosphere, along with FTIR spectra of references (shown in blue): (a) bisphenol A (air); (b) 4-
propylphenol (nitrogen).

The FTIR spectra of the gaseous decomposition products of the pure matrix and the
BPA.DA-MMA@2%Eu,L3; and BPA.DA-MMA@2%Tb,L3 materials after heating in air were
also recorded. The profiles of the TG curve were very similar to those in the air atmosphere
described above. The differences observed were associated with the diverse measurement
conditions such as heating rate and rate of air flow. The TG curves’ profiles confirm the two-
stage decomposition process (Figure 54). The first significant mass change took place up to
about 448 °C, with mass losses of 80.7 and 78.1% for the matrix and the hybrid materials,
respectively. In this step, similarly to the observations under the nitrogen atmosphere, the
FTIR spectra of evolved gases were dominated by characteristic bands from methacrylate
derivatives, methane, and carbon oxides (Figure S10). It is worth mentioning that bisphenol
A molecules were liberated in the inert atmosphere. A second mass loss of about 20%
indicated by the TG occurred in the temperature range 450-600 °C. The recorded FTIR
spectra show very strong bands from the carbon oxides while the bands from hydrocarbons
are almost invisible. These gaseous products confirm that oxidizing processes of unstable
solid residues occur mainly above 450 °C. For the investigated matrix, almost 100% mass
loss was observed at 700 °C. Heating the hybrid materials resulted in 0.5% mass of residue
due to the formation of suitable oxides (Eu; O3, Tb4Oy).

3.5. Luminescent Properties of Lanthanide Complexes and Powdered Hybrid Materials

For all investigated samples, the luminescent properties were also analyzed in the
short-wavelength spectral range and are discussed here. Due to the specific (powdered)
type of original active media and the plates’ lack of transparency, the typical measurements
of the absorption characteristics were replaced by excitation spectra measurements. For all
concentrations of Tb(III) and Eu(Ill) complexes in the hybrid materials the emission and
excitation properties remained the same, differing only in the signal intensities, therefore
only the results for the highest concentrations are presented.

Figure 8a shows a comparison of the excitation spectra of Tb; L3 complex and BPA.DA-
MMA@2%Tb;L3 hybrid material recorded for the most intense green emission (544 nm).
The strong broadband absorption bands in the UV region correspond to the most efficient
excitation of terbium(IIl) ions via ligands (energy transfer from the triplet state of the
ligand, preceded by absorption to the singlet state and intersystem crossing ISC to the
triplet state, as shown in detail in Figure 9) [3,25,55,56]. Narrow lines related to the direct
excitation of high-position energy levels of terbium(Ill) are also clearly visible. The recorded
spectra for the complex and hybrid materials differed mainly in the position of maximal
intensity of absorption through the ligand—ion energy transfer (which shifted towards
shorter wavelengths for the composites).
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Figure 8. (a) Comparison of the excitation characteristics recorded for the TbyL3 complex and
the BPA.DA-MMA@2%Tb;L3 hybrid material (544 nm emission). (b) Comparison of the emission
characteristics recorded for the TbyL3 complex and the BPA.DA-MMA@2%Tb, L3 hybrid material
(UV excitation).
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Figure 9. Energy transfer mechanism for Tb(III) sensitized fluorescence as most efficient excitation
path together with excitation spectrum and emission transitions from 5Dy level (ISC—intersystem
crossing, ET—energy transfer, NR—non-radiative transitions).

On the luminescence spectra (Figure 8b), several emission lines typical of terbium(III)
activated materials are clearly observable for both the complex and the composite material.
The most intensive (centered at 544 nm) is evidently related to 5Dy — 7F5 transition
while the remaining four lines correspond to Dy — 7F6,4,3/2 transitions [30,55,56] (shown
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schematically in Figure 9). The luminescence spectrum recorded for hybrid material differed
only slightly from that observed for the terbium(IIl) complex. The spectral positions of
all lines were the same, but the lines were slightly wider and the parasitic broadband
luminescence extended from 290 nm to 470 nm, which was clearly observable and could be
attributed to emission from the polymeric host. The luminescence decay profiles (shown
in the insert) had the same character for all observable lines and were purely exponential,
with a considerably lengthy time constant of 750-800 ps for both the complex and the
hybrid materials.

In the case of EupL3 doped materials, in the excitation spectra recorded for all samples
(Figure 10a) the ligand—ion energy transfer band was suppressed and the optimal mecha-
nism of exciting europium ions was the direct excitation of Eu levels (the “antenna effect”
being insufficient). This means that this particular ligand is not a good sensitizer for Eu(IlI)
luminescence. For hybrid materials, the additional excitation band visible in the UV range
(ca. 260 nm) is probably related to the polymer host [57].

(@ (b)
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Figure 10. (a) Comparison of the excitation characteristics recorded for the EuyL3 complex and
BPA.DA-MMA@2%Eu,L3; composite material (recorded for 613 nm emission). (b) Comparison
of emission characteristics recorded for the EuyLs complex and BPA.DA-MMA@2%Eu,L3 hybrid
material (393 nm excitation).

The luminescence spectra of EuyL3 complex and BPA.DA-MMA@2%Eu;,L3 composites
(Figure 10b) exhibited behaviors typical of the europium trivalent ion and included several
emission lines in the visible range, related to optical transitions from the metastable 5Dy
singlet to “Fj multiplets (shown schematically in Figure 11). The most intense line was
centered at 613 nm, corresponding to the °Dy — ”F, transition, responsible for the typical
orange-red luminescence observed in europium-doped phosphors. It should be noted that
quite strong broadband luminescence from the polymer host was observed in the hybrid
material, significantly affecting the character of the emission spectrum. As in the previous
case, the recorded fluorescence decays had the same character for all emission lines. The
decay characteristics (presented in the inset of Figure 10b) are nearly exponential with the
time constant of the order of 240 ps. For the hybrid material, rapid activity was clearly
apparent in the initial part of the decay, related to the polymer host luminescence.
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Figure 11. Scheme of the energy levels of Eu(III) together with most efficient excitation path, excitation
spectrum, and emission transitions from 5Dy level (NR—non-radiative transitions).

The excitation spectra of the tested lanthanide complexes indicate that the organic
ligands used, i.e., 1H-pyrazole-3,5-dicarboxylates, do not show the optical features that
would be supportive for the efficient transfer of the energy to lanthanide ions. Therefore,
the desired “antenna effect” significantly enhancing the efficiency of luminescence was not
confirmed in the investigated materials.

In the case of Tb,Lz compounds, the band related to excitation by ligand was clearly
visible on the excitation spectrum (see figure below), corresponding with energy of ca.
37,000 cm~!. However, the efficiency of excitation by ligand was nearly equal to the direct
excitation efficiency, meaning that the position of the triplet level does not overlap well
with the energy-accepting levels of terbium, and therefore does not support the efficient
transfer of energy to the rare-earth ions.

In the case of the EuyL3 complex, the excitation spectrum was dominated by f-f
transitions of Eu(lIl) ions, and excitation via ligand hardly possible, which indicates the
significant mismatch between the position of the triplet state and the rare-earth ion energy
levels. Therefore, the energy transfer from ligand to Ln(III) ions was totally inefficient.

In general, when energy-absorbing states of lanthanide(III) ions are only slightly lower
in energy than the triplet state of the ligand, one can expect strong metal-ion fluorescence.
Although we were unable to measure the position of the triplet state, it is obvious that in
the investigated case this condition was not met. We would guess that in both cases the
triplet levels were located too high (30,000 cm~! or above) to provide the efficient energy
coupling between ligand and rare earth.

Methods of predicting and tailoring the processes of energy transfer between ligands
and rare-earth ions will be the subject of further studies.

It should also be noted that with respect to emission intensity and fluorescence decay
profiles, there were no significant differences between powders and bulk hybrid materials.
Unfortunately, the emission intensity for all materials was much weaker than for the
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original lanthanide complexes, so the hybrid materials require further improvement in
terms of optical quality and transparency. The fluorescence decay rate remained the
same, independently from the concentration of the metal complexes and the form of the
samples, indicating that active ions were effectively shielded from the highly energetic
phonons of the polymer matrix and the ligand remained unchanged during the processing
of the materials.

4. Conclusions

A series of novel luminescent hybrid materials have been presented, designed based
on the top-down procedure. Coordination polymers of Eu(Ill) and Tb(III) ions with 1H-
pyrazole-3,5-dicarboxylate ligand were incorporated in solid form into the polymeric
BPA.DA-MMA matrix as luminescence donates. Material degradation pathways were
found to be dominated by components of the polymer matrix and lanthanide(IIl) complex,
as were their forms and heating conditions. The resulting series of hybrid materials
demonstrated comparatively good thermal stability in the air atmosphere, but worse in
comparison with the matrix. Materials with the addition of the europium complex were
more stable than those with the terbium complex. In the inert atmosphere, an increase
of thermal stability was observed in all the investigated materials as expected due to the
limited oxidizing processes. The pyrolysis of the materials in nitrogen led to the evolution
of products including water, carbon oxides, methacrylic acid and its derivatives, as well
as bisphenol A and its decomposition compounds. In an air atmosphere, products of BPA
decomposition were not observed, while a high intensity of carbon dioxide was apparent
as an effect of the oxidation reactions. There were variations in the thermal behaviors of
the block and powdered materials. Heating of the block materials in the air also allowed
endothermic effects to be distinguished on the DSC curves, while for powdered materials
mainly exothermic effects were observed.

All series of hybrid materials doped with different concentrations of europium(III)
exhibited characteristic orange-red luminescence, while materials doped with terbium(III)
emitted green light. The emission intensity and fluorescence decay profiles were indepen-
dent of the form of the investigated materials. After improvement of optical properties,
the resulting materials may be suitable for curing in thin layers and can be used as special
protective coatings on a variety of materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15248826/s1, Figure S1: ATR-FTIR spectra of BPA.DA-MMA
(polymeric matrix) and BPA.DA-MMA®@0.1-2%Eu;,Ls; Figure S2: ATR-FTIR spectra of BPA.DA-MMA
(polymeric matrix) and BPA.DA-MMA®@Q.1-2%Tb;L3; Figure S3: The transmittance FTIR spectra;
Figure S4: The TG curves of powder and block hybrid materials doped with europium complex
(air); Figure S5: TG/DTG/DSC curves of polymeric matrix; Figure S6: TG/DTG/DSC curves of
hybrid materials doped with europium(IIl) complex; Figure S7: TG/DTG/DSC curves of hybrid
materials doped with terbium(IIl) complex; Figure S8: TG/DTG/DSC curves of doped complexes:
(a) hexahydrate europium complex and (b) hexahydrate terbium complex (air); Figure S9: Gram-—
Schmidt plots; Figure S10: Comparison of gas (air/nitrogen) products at time of 19.750 min; Table S1:
Parameters of materials synthesis; Table S2: Thermogravimetric results of free matrix and hybrid
materials with 2 wt.% dopant (blocks) in air and nitrogen.
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A top-down approach and thermal characterization of luminescent hybrid materials
BPA.DA-MMA @Ln:zL3 based on the lanthanide(IIT) 1H-pyrazole- 3,5-dicarboxylates
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Table Al. Parameters of materials synthesis.

Material EuL; ThLs BPA.DA MMA IRGACORE
€ () €] €3] (€3)
BPA.DA-MMA - - 5.6 2.4 0.08
BPA.DA-MMA @0.1% Eu,L; 0.008 - 5.6 2.4 0.08
BPA.DA-MMA @0.2% Eu,L3 0.016 - 5.6 2.4 0.08
BPA.DA-MMA @0.5% EusL; 0.04 - 5.6 2.4 0.08
BPA.DA-MMA @ 1% Eu,L; 0.08 - 5.6 2.4 0.08
BPA.DA-MMA @2% Eu,L; 0.16 - 5.6 2.4 0.08
BPA.DA-MMA @0.1% ThL; - 0.008 5.6 2.4 0.08
BPA.DA-MMA @0.2% Tb,L; - 0.016 5.6 2.4 0.08
BPA.DA-MMA @0.5% Tb,L; - 0.04 5.6 2.4 0.08
BPA.DA-MMA @ 1% Thb,L; - 0.08 5.6 2.4 0.08
BPA.DA-MMA @2% Tb,L; - 0.16 5.6 2.4 0.08
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Figure A14. TG/DTG/DSC curves of polymeric matrix.
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Figure A16. TG/DTG/DSC curves of hybrid materials doped with terbium(III) complex.

Table A2. Thermogravimetric results of free matrix and hybrid materials with 2 wt. % amount of dopant (blocks)
in air and nitrogen.

Compounds Mass loss Temperature (°C) Temperature (°O)
air nitrogen
1% 228 261
5% 340 352
BPA.DA-MMA 20% 399 397
50% 420 419
1% 162 264
BPA.DA-MMA@2% EwL; | 5% 325 361
20% 387 400
50% 420 421
1% 118 267
BPA.DA-MMA@2% Tbol; | 5% 315 361
20% 379 401
50% 420 424
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Figure A17. TG/DTG/DSC curves doped complexes: a) hexahydrate europium complex and
b) hexahydrate terbium complex (air).
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Abstract: A series of novel 3D coordination polymers [Lny(Qdca);(H,O)x]-yHpO (x = 3 or 4, y = 0-4)
assembled from selected lanthanide ions (Ln(IIl) = Nd, Eu, Tb, and Er) and a non-explored quinoline-
2,4-dicarboxylate building block (Qdca?~ = C11H5NO42™) were prepared under hydrothermal con-
ditions at temperatures of 100, 120, and 150 °C. Generally, an increase in synthesis temperature
resulted in structural transformations and the formation of more hydrated compounds. The metal
complexes were characterized by elemental analysis, single-crystal and powder X-ray diffraction
methods, thermal analysis (TG-DSC), ATR/FTIR, UV /Vis, and luminescence spectroscopy. The
structural variety of three-dimensional coordination polymers can be ascribed to the temperature
effect, which enforces the diversity of quinoline-2,4-dicarboxylate ligand denticity and conformation.
The Qdca®~ ligand only behaves as a bridging or bridging—chelating building block binding two to
five metal centers with seven different coordination modes arising mainly from different carboxylate
group coordination types. The presence of water molecules in the structures of complexes is crucial
for their stability. The removal of both coordinated and non-coordinated water molecules leads
to the disintegration and combustion of metal-organic frameworks to the appropriate lanthanide
oxides. The luminescence features of complexes, quantum yield, and luminescent lifetimes were
measured and analyzed. Only the Eu complexes show emission in the VIS region, whereas Nd and
Er complexes emit in the NIR range. The luminescence properties of complexes were correlated with
the crystal structures of the investigated complexes.

Keywords: coordination polymers; lanthanide ions; luminescence; crystal structure; hydrothermal
synthesis; coordination modes

1. Introduction

Lanthanide complexes have been gaining more and more interest due to the possibility
of creating various structures with good magnetic, luminescent, surface, catalytic, and
thermal properties. These complexes can find many applications in different fields such as
sorbents, storage materials, catalysts, sensors, optoelectronics, and medicine materials. Due
to the high coordination number of lanthanide(III) ions and the nature of the ligands used in
syntheses, they can create various discrete structures or coordination polymers (CPs) with
different dimensionality and porosity (metal-organic frameworks, MOFs). The appropriate
selection of metal ions and organic ligands allows the construction of optimized structures
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with further application possibilities [1-7]. The structural diversity of the coordination
polymers also arises from specific conditions of the applied traditional solvothermal and
non-solvothermal synthesis strategies. The influence of obvious factors such as temperature,
pH, solvent, and synthesis time on the final architecture of the CP is widely known, but not
easily explained [8-11].

The hydro/solvothermal methods widely used for the synthesis of CPs are charac-
terized as highly efficient methods and allow obtaining compounds with a high degree
of crystallinity. Predicting the crystal structure, and designing and controlling the CP
topology is possible thanks to the detailed selection of hydro/solvothermal synthesis
parameters [12]. The advantage of these hydro/solvothermal methods is the possibility
of controlling the synthesis temperature (usually in the range of 100-200 °C), which is a
very important factor in obtaining high-quality crystals. The synthesis temperature is also
one of the key parameters influencing the structure and properties of CPs/MOFs; however,
its impact is not completely recognized. In some reports, the authors claimed that the
increase in temperature causes an increase in the dimensionality and coordination number
of metal ions while the number of the coordinated solvent molecules decreased. Another
group of researchers reported that the crystallinity of the metal complexes increases as the
synthesis temperature decreases. Their results revealed that the density and dimensionality
of CPs/MOFs increase with increasing temperature [12-14]. The impact of temperature on
the crystal structures of metal complexes is reflected in the coordination environments of
metal centers, as well as coordination modes of ligands [15-22]. In hydro/solvothermal
synthesis, the temperature change causes the formation of different autogenous pressure,
which influences the crystallization process of the synthesized products, depending on the
characteristics of the substrates used.

It is well known that N-heterocyclic polycarboxylic acids are excellent candidates
for the formation of metal complexes due to their different coordination modes. Yet, the
properties of quinoline-2,4-dicarboxylic acid as a multidentate N,O-donor ligand are not
really well recognized in the construction of discrete metal complexes and coordination
polymers. To best of our knowledge, only a few examples of crystal structures of metal
complexes are known that contain analogous of quinoline-2,4-dicarboxylic acid [23-25].
Most of the reported complexes were built up from transition metals and N-donor auxiliary
ligands such as 1,10-phenanthroline; 4,4"-bipyridine, or 2,2’-bipyridine [25-32]. The main
aim of this contribution to the topic highlighted above was to determine the impact of
temperature effect on the self-assembly coordination polymers constructed from selected
lanthanide(Ill) ions (Ln = Nd, Eu, Tb, Er) and quinoline-2,4-dicarboxylic acid (HyQdca)
as a non-explored organic bridging—chelating building block. The second goal of our
investigation was to study the luminescence properties of the obtained compounds due to
their further application as active luminescent components in polymeric hybrid materials.
Lanthanide coordination entities are attractive because of their interesting physicochemical
features and numerous applications as so-called new materials. The reason for this is
that the luminescence of the lanthanides is unique with their sharp emission bands and
higher lifetimes of the excited states [33-37] in the visible (Sm, Eu, and Tb) and NIR region
(Pr, Nd, Ho, Er, and Yb) [38—-40]. In particular, the luminescence of lanthanides in the
NIR range is very attractive because of their potential applications in the medical field as
luminescent probes, in telecommunication, and in photonic devices such as light-emitting
diodes [34-37,41-44].

As a result of our work, four groups of isostructural 3D coordination polymers were
synthesized under hydrothermal conditions at different temperatures (100 °C, 120 °C. and
150 °C). Single-crystal and powder X-ray diffraction methods were applied for structural
investigations of the obtained lanthanide complexes. Crystal structures and diverse confor-
mation and coordination modes of the quinoline-2,4-dicarboxylate linker were analyzed in
detail, along with a discussion on crystal-to-crystal transformations. Thermal (TG-DSC) and
spectroscopic (ATR-FTIR, UV /Vis, and luminescence spectroscopy) characterizations of
the investigated lanthanide complexes are presented in detail below.
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2. Results and Discussion

The coordination polymers of selected lanthanide ions, i.e., Nd(III), Eu(Ill), Tb(III),
and Er(IlI), with the quinoline-2,4-dicarboxylic acid (H,Qdca) as a novel building block
were prepared via a temperature-dependent hydrothermal method at 100, 120, and 150 °C
(Table S1). All as-synthesized coordination polymers at 100 and 120 °C, along with those of
Eu(IlI) and Tb(III) formulated at 150 °C, were obtained as single crystals (Figure 1). Only
compounds of Nd(II) and Er(IIl) ions synthesized at 150 °C were amorphous, and their
recrystallization from water resulted in monocrystal forms. The single-crystal X-ray mea-
surements were carried out for all isolated crystalline forms of obtained compounds that
allowed establishing the unit cell parameters. Unfortunately, despite multiple repetitions
of diffraction measurements, it was not possible to obtain data of appropriate quality that
would enable the solution and refinement of the crystal structures of all the measured
crystals. All crystallographically investigated samples are indicated by numbers 1-14.

Typel Type lll
(1) [Ndz{Qdca)s{H20)3] —100°C (4) [Nd;(Qdca)s(H20)4]-3H,0 —150°C

Type ll Type IV
{8) [Euz{Qdca)a{H:0)4]-H,0 —150 °C {1 3) [Er2{Qdca)s(H20)a]-4H0 —120°C

200pum

(b)

Figure 1. (a) Optical microscope images of crystals from four different groups; (b) images under a
confocal microscope of europium(III) sample obtained at 100 °C (Aex = 420 nm).

The crystalline compounds of the general formula of [Ln,(Qdca);(H>O)«]-yH,O,
where (Ln(Ill) = Nd, Eu, Tb and Er; Qdca®~ = C;;H5NO42~; x = 3 or 4 and y = 0-4)
could be divided into five isostructural (I-V) groups on the basis of crystal data obtained
from both the single-crystal and the powder X-ray diffraction measurements. Taking into
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account the changes in unit cell parameters of isostructural complexes (Table 1), a grad-
ual decrease in parameters a4, b, and ¢ with increasing atomic number of lanthanides was
observed due to lanthanide contraction [45]. It is noteworthy to mention that, during
hydrothermal synthesis at 100 °C, two crystal phases of neodymium(III) and europium(III)
quinoline-2,4-dicarboxylates were formed.

Table 1. The main crystallographic parameters along with composition, numbering of investigated
samples (1-14), and crystal structure types (I-V).

100 °C 120 °C 150 °C
Crystal Structure Type
Complex/ x; y (Number of Water Molecules from Inner and Outer Coordination Sphere)
Temperature Crystal System, Space Group
a/blc [A]
ol I°]
Type-1 Type-1I Type-II Type-III
x=3;y=0(1) x=4y=1(2) x=4;y=1(3) x=4;y=3(4)
[Nd2(Qdca)3(H,0)x]-yH,O orthorhombic, Pna2; triclinic, P-1 triclinic, P-1 triclinic, P-1
14.985/30.366/6.672 9.932/12.315/14.211 9.946/12.323/14.184 10.593/11.806/15.040
90/90/90 89.697/82.258/86.568 89.901/81.851/86.24 97.070/101.073/103.862
Type-III Type-II Type-II Type-II
x=4;y=3(5) x=4;y=1(6) x=4y=1(7) x=4;y=1(8)
[Euz(Qdca)3;(H>O)x]-yH,O triclinic, P-1 triclinic, P-1 triclinic, P-1 triclinic, P-1
10.531/11.698/14.9681 9.859/12.339/14.144 9.853/12.305/14.075 9.858/12.3124/14.055
96.498/101.195/104.43 89.89/97.53/93.55 90.02/98.182/93.877 90.133/98.245/94.016
Type-II Type-III Type-II1
x=4,y=1(9) x=4;y=3(10) x=4;y=3(11)
[Tb2(Qdca); (H,0)x]-yH,O triclinic, P-1 triclinic, P-1 triclinic, P-1
9.802/12.309/13.988 10.492/11.608/14.911 10.492/11.632/14.969
90.212/98.326/94.157 96.144/101.267/104.977 96.000/101.459/104.980
Type-IV Type-IV Type-V
x=4;y=4(12) x=4;y=4(13) x+y=14(14)
[Er,(Qdca)3; (H,O)x]-yH,O triclinic, P-1 triclinic, P-1 triclinic, P-1
9.937/12.285/15.121 9.936/12.269/15.093 11.75/13.39/15.37

84.246/86.472/89.165

84.151/86.415/89.199

91.27/105.56/114.09

Most of the studied coordination polymers (except group I) crystallized in the triclinic
P-1 space group, and they differed in the number of inner and outer coordination water
molecules, as well as in the coordination modes and conformation of Qdcaz’ anion. The
crystal structure of type I constituted only the neodymium(Ill) complex [Nd,(Qdca)3(H20)3]
(sample 1) obtained at 100 °C (the first crystal phase). The second group of compounds (type
IT) contained isostructural [Nd(Qdca)3(H0)4]-H,O observed as the second phase at 100 °C
(sample 2) and only phase at 120 °C (3), [Eup(Qdca)3(H20)4]-HyO formed at 100 °C (sample
6), 120 °C (sample 7), and 150 °C (sample 8), and [Tb,(Qdca);(H,0)4]-H2O (sample 9)
formed at 100 °C. The third group of isostructural metal complexes (type III) represented
by the general formula [Lny(Qdca)s(H20)4]-3H,0 formed lanthanide ions neodymium(III)
at 150 °C (sample 4), europium(Ill) second phase at 100 °C (sample 5), and terbium(III)
at 120 °C (sample 10) and 150 °C (sample 11). Erbium(III) coordination polymers of the
formula [Er(Qdca)3(H,0)4]-4H,O obtained at 100 °C (sample 12) and 120 °C (sample 13)
represented the fourth type (IV) of crystal structure. Unfortunately, the quality of single
crystals of recrystallized erbium(III) complex obtained at 150 °C (sample 14) only allowed
establishing its unit cell parameters. These data may point to the formation of a fifth
undefined type of crystal structure (V).

2.1. Structural Characterization

The best diffraction data were obtained for crystals selected from samples 1, 4, 8, 9, and
13 (Table 2), while, for the description of crystal structures representing the distinguished
series (I-IV) of isostructural coordination polymers, the crystal structures of 1 (type I), 8
(type II), 4 (type III), and 13 (type IV) were selected.
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Table 2. Crystal data and structure refinement details for crystals 1, 4, 8, 9, and 13.

Compound [Nd»(Qdca);(H,0)3] [Nd,(Qdca)3(H,0)4]-3H,0 [Euz(Qdca);(H,0)4]-H,O [Tb2(Qdca);(H,0)4]-H,O [Er(Qdca);(H,0)4]-4H,O
(Sample Number) (W0) @) 8) 9 (13)
Empirical formula C33H,1N3015Nd, C33H9N3019Ndy C33Hp5N3017Euy C33Hp5N3017Tb, C33H31N3050Er,
Formula weight 988.01 1060.07 1039.48 1053.40 1124.13
T/K 295(2) 295(2) 295(2) 295(2) 295(2)
Crystal system orthorhombic triclinic triclinic triclinic triclinic
Space group Pna2, P-1 P-1 P-1 P-1
a/A 14.9850(1) 10.5934(4) 9.8575(4) 9.8018(4) 9.9361(2)
b/A 30.3661(2) 11.8063(4) 12.3124(4) 12.3088(5) 12.2695(2)
/A 6.6721(1) 15.0403(3) 14.0546(4) 13.9881(5) 15.0930(3)
a/° 90 97.070(2) 90.133(2) 90.212(3) 84.151(1)
B/° 90 101.073(3) 98.245(3) 98.326(3) 86.415(1)
v/ 90 103.862(3) 94.016(3) 94.157(3) 89.199(2)
Volume/A3 3036.05(5) 1763.8(1) 1683.9(1) 1665.29(1) 1826.79(6)
Z 4 2 2 2 2
deare/g-cm3 2.162 1.996 2.050 2.101 2.044
}l/mm*1 26.57 23.00 27.16 21.39 9.09
20 range/° 8.29-136.85 7.84-136.94 7.20-138.06 7.20-136.83 8.87-136.03
Ref. collected 18,174 26,149 23,719 20,895 20,077
Independent 5154 6384 6084 6004 6525
reflections [Rint = 0.0326] [Rin = 0.0539] [Rint = 0.0437] [Rint = 0.0446] [Rin = 0.0228]
I;jizr/rf;sgs/ 5154/10/494 6384/21/518 6084/15/526 6004/13/526 6525/23/568
GooF on F? 1.020 1.110 1.044 1.100 1.064
oot oo o o o
i, ks e o o o ot =
Largest diff. peak/hole/e A-3 1.40/—-0.91 0.84/—-1.70 1.35/—-1.43 0.91/-2.26 1.39/-1.45
Flack parameter —0.016(4) - - - -
CCDC number 2281669 2281670 2281671 2281672 2281673
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The neodymium(III) coordination polymer [Nd,(Qdca);(H,O)3] (sample 1) formed at
100 °C, as the only representative of type I, crystallized in the orthorhombic Pna2; space
group. The structure of the complex is displayed in Figure 2, while the selected bond
lengths and angles are listed in Tables 52, S7 and S12. The asymmetric unit contained
two neodymium(III) ions, three quinoline-2,4-dicarboxylate ligands, and three coordinated
water molecules (Figure 2a). The complex had the form of a three-dimensional coordination
polymer with two crystallographically independent central atoms. Both neodymium atoms
were eight-coordinated. The coordination of Nd1 atom occurred through six carboxylate
oxygen atoms from five Qdca’?~ anions, one oxygen atom from the aqua ligand, and
one nitrogen atom from the Qdca?~ anion. The coordination sphere of the Nd2 atom
consisted of five carboxylate oxygen atoms from five Qdca®~ anions, two oxygen aqua
ligands, and one nitrogen atom (Figure 2b). The Nd—O¢,, bond distances were in the range
2.355(5)-2.581(5) A. The Nd-O,, bond distances ranged from 2.433(5) to 2.449(6) A, while
the Nd-N bond lengths varied in the range of 2.664(4)-2.888(4) A (Table S2). The remaining
bond lengths and angles in quionoline-2,4-dicarboxylate ligands were within their normal
ranges (Tables S2 and S7).

Three different coordination modes and conformations of Qdca?~ anion could be
distinguished in the structure of [Nd;(Qdca)3(H,O)3] (Figure 2¢c) (Tables S12, S22 and 523).
The molecule A-Qdca acted as a pentadentate bridging-chelating ligand with both bidentate-
bridging (uo-n'm') carboxylate groups. The adjacent carboxylate oxygen atom O1A, along
with the nitrogen atom of A-Qdca ligand, chelated the Nd1 atom to form a five-membered
ring. The non-planar syn-anti carboxylate group in position 2 was only slightly rotated
from the plane of the quinoline ring, as indicated by the value of the dihedral angle equals
to 12.9° (throughout the work, reference was made to the dihedral angle between the
carboxylate group and the pyridine plane of the quinoline). The non-planar anti-anti
carboxylate group at position 4 was almost perpendicular to the plane of an almost plane
quinoline ring, as shown by 88.37°. The B-Qdca ligand behaved as tetradentate ligand
coordinating four neodymium atoms through both bidentate-bridging carboxylate groups
(12n'mb). The COO group in position 2 was rotated from plane of the quinoline ring
by 6.11°, while rotation of the second carboxylate group was greater, being 62.61°. The
carboxylate group in position 2 coordinated Nd atoms in a non-planar syn—syn mode, while
the COO group in position 4 had non-planar anti—anti mode. The C-Qdca ligand could be
regarded as tetradentate bridging—chelating agent binding two neodymium atoms. The
carboxylate group in position 2 showed a monodentate mode and, along with the nitrogen
quinoline atom, chelated the neodymium atom into the five-membered ring. This group
was rotated by 6.96° from the quinoline ring. In comparison to the remaining Qdca?~
anion, the carboxylate group in position 4 was only rotated by 24.96° from the plane of the
heterocyclic ring.

The compound [Nd,(Qdca)s(H20)3] had the form of a three-dimensional coordination
polymer. Its crystal packing viewed along the a axis (Figure 2d) showed characteristic
structural motifs. The Nd1 atoms were connected through single carboxylate bridges from
A-Qdca ligands into the linear chains extended in the ¢ direction. Moreover, Nd2 atoms
were linked by single carboxylate bridges but from B-Qdca linkers into the linear chain in
the c direction (Figure 2d). The single neighboring chains of Nd1 and Nd2 centers were
further interconnected in the a direction by double carboxylate bridges from A-Qdca and
B-Qdca linkers forming an eight-membered wavy ring, as can be seen in packing view of
the compound along the c axis (Figure 2e). Among these structural motifs, there were free
spaces in which coordinated water molecules were located.

The shortest (5.409(5) A) distance between Nd atoms appeared when two carboxylate
groups bridged the atoms. When neodymium atoms were joined by a single carboxy-
late group from A-Qdca (B-Qdca) linker, the Nd1---Nd1 and Nd2---Nd2 distances were
6.672(5) A. The longest distances 10.037(5) A among Nd atoms were observed when metal
centers were connected by the C-Qdca ligand. As can be seen in Figure 2d, inorganic—
organic layers were connected via the A-Qdca ligand. The adjacent A-Qdca ligands were
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located in the ¢ direction in a head-tail fashion, forming stacks along the ¢ axis. The
intermolecular distances C---C in the stacks suggested the existence of 7t---7t interactions
between aromatic parts of the ligands.

Hd2

03c? 02A°

f 048"

oop  OsA*  O1F° ow ’

N1Co

S N1A

Nd1 Nd2

I r L

_ Nd1
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Figure 2. Part of the crystal structure of [Ndy(Qdca)3(H20)3] (type I): (a) central metal environments
in [Nd,(Qdca)3(Hp0)3]; (b) coordination polyhedra of Nd atoms; (c) coordination modes of the
Qdca?~ anions; (d) packing view along the a axis; and (e) packing view along the c axis.

The Nd(III), Eu(Ill), and Tb(III) ions formed 3D coordination polymers with quinoline-
2,4-dicarboxylic acid of the general formula [Ln,(Qdca);(H,0)4]-HyO (samples 2, 3, 6, 7, 8,
and 9). Such a type (II) of coordination polymer was formed as the only phase for Tb(III)
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ions and the second phase in the case of the coordination polymers of Nd(III) and Eu(III)
ions formed at 100 °C. Additionally, this type of coordination polymer was observed for
Nd(III) ions at 120 °C and Eu(IIl) at 150 °C. The coordination polymer of europium(Ill) ions
[Euz(Qdca)s(H,0)4]-HoO (sample 8) is described as the representative of type II crystal
structures (Figure 3). These coordination polymers crystallized in the triclinic P-1 space
group. The structure of complex 8 is displayed in Figure 3, and the selected bond lengths
and angles are listed in Tables 54, S5, 59, 510, S14 and S15.

The asymmetric unit of the compound comprised three Qdca®~ anions, two crystallo-
graphically independent metal ions, and five water molecules. The coordination environ-
ment of Eul atom was built up from five carboxylate oxygen atoms from five Qdca®~ anions,
two nitrogen atoms, and one oxygen atom from the aqua ligand. The second atom Eu2
was coordinated by four carboxylate oxygen atoms from four Qdca?~ anions, one nitrogen
atom, and three oxygen atoms from water molecules. In the outer coordination sphere of
the metal complex appeared one water molecule (Figure 3a). The Eu—O,,y, bond distances
were in the range 2.280(4)-2.424(4) A, while the bond lengths of Eu-N varied from 2.689(5)
to 2.830(4) A. The Eu-O,, bond lengths ranged from 2.454(4) to 2.473(5) A (Table S4). The
coordination polyhedra of eight-coordinated europium(Ill) atoms are given in Figure 3b.
In the complex [Euy(Qdca)s(H,0)4]-HyO, the Qdca?~ anion exhibited three coordination
types (Figure 3¢, Tables 514, 522 and S23). The A-Qdca ligand behaved as a tetradentate
bridging—chelating ligand binding three different metal centers. The carboxylate group in
the 2 position acted as a monodentate group, joining the europium atom with the nitrogen
from the quinoline ring into the five-membered ring. The non-planar syn-syn COO group in
the 4 position displayed a bidentate-bridging mode (up-n'm?). The carboxylate groups from
positions 2 and 4 were rotated from the quinoline ring by 6.7°and 32.20°, respectively. The
B-Qdca ligand functioned as a tetradentate bridging—chelating ligand. In comparison to the
A-Qdca ligand, carboxylate group in the 4 position deviated from the heterocyclic ring by
58.63°, showing a monodenate character, while the COO group in the 2 position exhibited
a syn—anti bidentate-bridging mode (1,-n'm?), being rotated from the quinoline ring by
10.64°. Similarly to the coordination fashion of A-Qdca, B-Qdca ligands also chelated the
metal center through neighboring N and O atoms. The C-Qdca ligand showed the same
coordination mode as the A-Qdca ligand but a different conformation, related to the diverse
rotation of the COO group from position 4 in relation to the quinoline ring plane (39.50°)
and the syn—syn conformation mode of COO group. The second carboxylate group of the
C-Qdca linker showed a rotation by 18.58° from the plane of pyridine ring.

In the crystal structure of the complex [Euy(Qdca);(H20)4]-HyO, the characteristic
motif in the form of layers composed of dimeric Eul units double-bridged by carboxylate
groups from A-Qdca located in a head-tail fashion was observed (Figure 3d). Such an
arrangement in this structural motif was enforced by strong -7 interactions between
aromatic parts of the A-Qdca ligands with intermolecular distances C---C of 3.176(9) A.
As can be seen from the packing view along the a axis (Figure 3e), in the structure of
complex [Euy(Qdca)s(Hp0)4]-HyO, a characteristic secondary building block in the form
of wavy chain could also be distinguished, containing alternatively arranged metallic
centers Eu2EulEulEu2Eu2Eul. The same type Eul coordination centers were bridged
by two carboxylate groups (position 4) from A-Qdca linkers with a Eul---Eul distance of
5.348(4) A, while Eu2 atoms were joined by carboxylate (position 4) bridges from C-Qdca
ligands with a distance of 5.426(4) A. Eul and Eu2 atoms were linked by a single carboxylate
bridge (position 2) from the B-Qdca ligand with a distance of 5.880(4) A. These chains
were connected by B-Qdca ligands into the two-dimensional inorganic-organic layers
extended in the bc plane direction. Further such layers were joined by A-Qdca and C-Qdca
linkers into the three-dimensional metal-organic framework. One-dimensional hexagonal
channels occupied by free water molecules were also visible in the crystal packing when
viewed along the a axis. The shape and character of such channels (Figure 3e) were defined
by the coordinated water molecules making such parts of structure more polar.
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Figure 3. Part of the crystal structure of [Eup(Qdca)3(H20)4]-HyO (type II): (a) central metal environ-
ments in [Euy(Qdca)s(H20)4]-H,O; (b) coordination polyhedra of Eu atoms; (c) coordination modes
of the Qdca?~ linker; (d) crystal packing in view along the c axis; and (e) crystal packing in view

along the a axis.

The coordination polymer of neodymium(III) ions [Nd(Qdca)3(H>0)4]-3H,O (sample
4) is described as the representative of III type of crystal structures (samples: 4, 5,10 and 11).
This metal complex crystallized in the triclinic P-1 space group. The structure of complex
[Nd,(Qdca);(Hy0)4]-3H,0 is displayed in Figure 4, and the selected bond lengths and
angles are listed in Tables S3, S8 and S13. The asymmetric unit of the compound contained
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two crystallographically independent Nd(III) ions, three Qdca?~ anions, four coordinated
water molecules, and three water molecules in the outer coordination sphere (Figure 4a).
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Figure 4. Part of the crystal structure of [Ndy(Qdca)3(H20)4]-3H,O (type III): (a) central metal envi-
ronments in [Ndy(Qdca);(H,0)4]-3H,0; (b) coordination polyhedra of Nd atoms; (c) coordination
modes of the Qdca®~ linker; and (d) crystal packing in view along the a axis.

Both neodymium atoms adopted a coordination number of eight. The coordination
sites of the Nd1 atom were occupied by five carboxylate oxygen atoms from five dif-
ferent Qdca®~ anions, one nitrogen atom, and two aqua ligands. The Nd2 atom was
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also coordinated by two oxygen atoms from water molecules, four carboxylate oxygen
atoms, and two nitrogen atoms from four Qdca?~ anions (Figure 4b). The bond distances
Nd—O,p varied from 2.302(5) to 2.508(5) A. The Nd-N bond lengths were in the range
2.724(5)-2.780(5) A. The Nd-Oy bond lengths ranged from 2.484(6) to 2.571(7) A (Table S3)
Similarly to the above-described structures, three independent Qdca®~ anions appeared in
the complex [Nd(Qdca)3(H,0)4]-3H,O (Figure 4c, Tables S18, 522, and 523). The tetraden-
tate bridging—chelating A-Qdca molecule coordinated three Nd1 atoms. The syn-anti COO
group in position 2 exhibited a bidentate-bridging character (up-n'm?!), while the second
COO group displayed only monodentate behavior. Additionally, this ligand chelated
the Nd1 atom through neighboring N and O atoms. The carboxylate group (position 2)
deviated from the plane of quinoline ring by 25.40°, while the second COO group (position
4) was rotated by 35.88°. The B-Qdca ligand showed a pentadentate bridging—chelating
character and coordinated four neodymium (Nd1 and Nd2) atoms. Both COO groups ex-
hibited a bidentate-bridging coordination mode (p-n'm?!), while their conformations were
different (syn—anti and anti—anti). The COO group (in 2 position) was only rotated from the
quinoline ring by 8.82°, while the second COO group was significantly deviated from the
quinoline plane by 61.65°. The C-Qdca ligand exhibited a three-dentate bridging—chelating
character with monodentate COO groups. These groups (positions 2 and 4) were rotated
from the quinoline ring plane by 28.88° and 51.93°.

The packing view of the [Nd,(Qdca)3(H0)4]-3H,O structure along a axis allowed
distinguishing the chain of metal centers of type Nd1Nd2Nd1Nd2 in which neighboring
neodymium atoms were connected by single carboxylate bridges from parallel head-to-tail
B-Qdca ligands. In the c axis direction, Nd1 atoms were joined by two carboxylate groups
(from position 2) of A-Qdca ligands with a Nd1---Nd1 distance of 5.669(5) A. The Nd2 atoms
from neighboring chains were linked by B-Qdca ligands in the ¢ axis direction. In addition
to the connectivity among Nd atoms, the packing view along the a axis clearly revealed
the presence of one-dimensional channels occupied by uncoordinated water molecules
(Figure 4d). The shape of pseudo-hexagonal channels was determined by the coordination
environment of six metal centers NdINd2Nd2Nd1Nd2Nd2. The Nd1---Nd2 distances
were 6.710(5) and 6.594(5) A, while metal sites were bridged by carboxylate groups from
position 4 and position 2 of the B-Qdca ligand, respectively. The Nd2.--Nd2 distances were
9.014(5) A.

Erbium(IIl) ions formed the same coordination polymer (IV type) with quinoline-2,4-
dicarboxylic acid at 100 and 120 °C of the formula [Er;(Qdca);(H,0)4]-4H,O (samples
13). Similarly to the above-described coordination polymers [Eu,(Qdca);(H;0)4]-H,O and
[Nd»(Qdca)3(H20)4]-3H0, the erbium compound also crystallized in the triclinic P-1 space
group. The structure of complex [Ery(Qdca);(H,0)4]-4H,O is displayed in Figure 5, and
the selected bond lengths and angles are listed in Tables 56, S11 and 516. The asymmetric
unit contained the same coordination components as in [Eup(Qdca)s;(Hp0)4]-HO, but
four water molecules appeared in the outer coordination sphere. The crystal structure of
the erbium(III) complex contained seven-coordinated Erl and eight-coordinated Er2 metal
centers (Figure 5a,b). The coordination environment of Erl was composed of one aqua
ligand, five carboxylate oxygen atoms from five Qdca®~ anions, and one nitrogen atom. The
coordination sphere of Er2 atoms contained three aqua ligands, four carboxylate oxygen
atoms from four Qdca?~ anions, and one nitrogen atom. The Er-O.,,}, bond distances were
in the range of 2.236(3)-2.375(3) A while the bond lengths of Er-O,, varied from 2.291(3) to
2.384(3) A. The Er-N bond lengths were 2.601(3) and 2.715(3) A (Table S6). The structure
of 13 also exhibited three types of Qdca?~ anions (Figure 5¢c, Tables S16, S22 and S23).
A-Qdca behaved as a three-dentate bridging linker coordinating Erl atoms. Monodentate
and syn—syn bidentate bridging carboxylate groups at positions 2 and 4 deviated from the
quinoline ring by 8.20° and 44.51°, respectively. The B-Qdca ligand acted as a tetradentate
bridging linker binding Erl and Er2 atoms. Carboxylate groups at position 2 (syn—anti)
and 4 were rotated from the quinoline ring by 11.70° and 69.12°, respectively. The C-Qdca
ligand behaved as a tetradentate bridging—chelating agent coordinating three Er2 atoms.
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The angles among the mean plane of the quinoline ring, the monodentate COO group at
the 2 position, and the bidentate-bridging (syn—syn) COO group at the 4 position were 8.74°
and 82.27°, respectively.

(d)

Figure 5. Part of the crystal structure of [Erp(Qdca)3(Hp0)4]-4H,O (type IV): (a) central metal
environments in [Erp(Qdca)3(H20)4]-4H;,O; (b) coordination polyhedra of Er atoms; (c) coordination
modes of the Qdca®~ linker; (d) packing view along the a axis.
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As can be seen from the packing view of [Ery(Qdca)s(H,0)4]-4H,O, similarly to the
[Euz(Qdca)3(Hp0)4]-HpO structure (Figure 5d), a characteristic motif could be distinguished
consisting of wavy chains of erbium atoms Er1Er1Er2Er2Er1 alternatively interconnected
by single (Er1Er2) and double (Er1Erl, Er2Er2) carboxylate bridges. They were further
connected by Qdca®~ anions into the three-dimensional coordination network.

As noted above, water molecules appeared in all crystal structures both in the inner
and in the outer coordination spheres, implying hydrogen-bond formation. The details of
O—H:--O and O—H---N hydrogen bonds in lanthanide quinoline-2,4-dicarboxylates are
given in Tables 517-521. Carboxylate oxygen atoms from C-Qdca ligands and quinoline
nitrogen atoms from the B-Qdca linker appeared in the crystal structure of 1 as proton
acceptor atoms in hydrogen bonds. In the crystal structures of the remaining lanthanide
coordination polymers, water molecules from the outer coordination sphere appeared as
additional proton donors and acceptors in Oy, —H:--Oy hydrogen bonds.

2.2. PXRD Analysis and Structural Transformations

The experimental XRD patterns of polycrystalline samples prepared at 100, 120, and
150 °C (including product of recrystallization) are given in Figure 6 and Figures S1-54.
Figure 6 shows the powder X-ray diffraction patterns of all crystalline phases synthesized at
various temperatures for neodymium complexes, as well as simulated XRD patterns from
the determined crystal structures. Good matching of the main diffraction peak positions in
the experimental and simulated XRD patterns reflected the phase purity and identity of
polycrystalline samples with isolated monocrystals of coordination polymers synthesized
at specific temperature. The analysis of XRD patterns of neodymium(III) quinolin-2,4-
dicarboxylate prepared at 100 °C confirmed the presence of two crystal forms of I and II
types. The experimental powder pattern of the europium(IIl) complex with the Qdca?~
ligand under hydrothermal conditions at 100 °C was also regarded as a mixture of crystals
of IT and III types.

[

samples 1+2
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sample 3 exp.

AU R skl e i . sample 3 _calc.
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sample 4 calc.
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Figure 6. The experimental XRD patterns of neodymium(III) samples (1-4) synthesized at different
temperatures (100, 120, and 150 °C), along with calculated XRDP from single-crystal data.

In addition to the X-ray analysis of the as-synthesized lanthanide complexes under
hydrothermal conditions, the recrystallization process of compounds formed at 120 °C
was investigated. In the case of Nd(III) complex, the formation of crystals with different
morphology was observed after only a few hours. Single-crystal X-ray diffraction reveled
that a transformation of phase II into phase III took place. This crystal-to-crystal process
was related to the rearrangement of the coordination sphere of neodymium(lIll) atoms,
changes in the coordination modes and conformation of ligands, and the larger amount of
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uncoordinated water molecules. No structural changes were observed in the Eu(Ill) (phase
II) and Er(IIl) (phase IV) complexes that were also recrystallized.

2.3. Infrared and Electronic Spectra

In order to characterize quinoline-2,4-dicarboxylic acid as a ligand prior to the com-
plexation reaction, the ATR/FTIR technique was performed (Figure 7). The obtained
results of the spectroscopic analysis show that the absorption bands at 3103 and 3088 cm !
(range 3110-3000 cm™ 1) came from the v(Cp,—H) stretching vibrations. In the range of
31002200 cm !, a broad, strong absorption band appeared, originating from the v(O-H)
stretching vibrations. A broad band ranging from 2100 cm~! to 1800 cm ! was the sum of
overtones from out-of-plane deformation vibrations y(Ca,—H), showing the substitution
of the aromatic ring. The sharp absorption band at 1711 cm~! came from the stretching
vibrations of the carbonyl groups v(C=0) derived from the carboxylic groups. Vibration
stretching of the aromatic ring v(C=N, C=C) gave rise to the bands observed at wavenum-
bers 1639, 1616, 1585, 1518, and 1459 cm 1. The bands at 1390, 1365, and 1348 cm~! and
those at 1252 and 1232 cm~! were ascribed to stretching vibrations v(C-O) and bending
vibrations (O-H, C-O-H). The in-plane bending vibrations of aromatic bonds &(Ca,—H)
gave several weak, sharp bands in the region of 1350-980 cm~!. The absorption bands at
wavenumbers 926 and 922 cm ! corresponded to the deformation vibrations y(O-H). Sharp
bands in the range from 880 to 650 cm ! were ascribed to the deformation out-of-plane
vibrations y(Ca,—H). The bands in the range from 650 to 530 cm™! belonged to out-of-plane
deformation vibrations y(Ca,=Ca,) [46,47].

H:Qdca
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Figure 7. ATR/FTIR spectra of the quinoline-2,4-dicarboxylic acid and obtained lanthanide(III)
complexes of the different crystal groups.

The ATR/FTIR spectra of as-synthesized lanthanide(III) quinoline-2,4-dicarboxylates
were very similar to each other (Figures S5-S8). All spectra were characterized by a
broad band in the 3700-2700 cm ™! range originating from the stretching vibrations of
hydroxyl groups v(OH), proving the presence of hydrogen-bonded water molecules in
the structures of the obtained complexes. The absence of characteristic bands from COOH
groups confirmed the existence of deprotonation forms of the ligand in the complexes.
The infrared spectra of metal complexes showed characteristic bands for the asymmetric
Vasym(COO) and symmetric stretching vibrations vsym(COO) in the regions 1552-1548 cm !
and 1381-1362 cm ™!, respectively. The great diversity of coordination modes of the Qdca®~
ligand in the metal complexes did not allow distinguishing different types of structures
only on the basis of their infrared spectra. The disappearance in the ATR/FTIR of metal
complex bands at 1639 and 1616 cm ™! from the aromatic skeleton, which were observed
in the infrared spectrum of free HyQdca acid, testified to the participation of the nitrogen
atom from the quinoline ring in metal bonding.

Three different types of transitions can be found in electronic spectra of lanthanide
trivalent ions: f<+d, LMCT/MLCT charge-transfer, and f<+f transitions [48,49]. Usually,
f<+d and LMCT/MLCT charge-transfer transitions are not observed in electronic spectra
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due to the fact that the f electrons are shielded by the 5s and 5p orbitals and, thus, less
affected by the ligand environment [48]. For this reason, the lanthanide ions generally
exhibit absorption and emission bands in visible, near-ultraviolet, and infrared, attributed
to the transitions between 4f levels, and they emerge as sharp lines with high oscillator
strengths (1079).

The electronic spectrum of quinoline-2,4-dicarboxylic acid (HyQdca) exhibited in-
tense absorptions with Apax of about 250 nm and a shoulder band of about 220 nm, as
well as a second broad asymmetric absorption with a maximum of about 340 nm and
two poorly separated bands in the region of 380—400 nm which overlapped the visible
range (Figures 59-512). All of these transitions may be described as ligand-centered 7—m*
and n—7t* transitions. The absorption spectra of lanthanide complexes showed no signifi-
cant differences from the spectrum of HyQdca in the range of 200-350 nm; however, the
maxima of the bands exhibited a slight hypsochromic shift in comparison with free acid
(Figures S9-512). Moreover, they did not show a subtle vibronic structure, potentially
indicating strong m-delocalization throughout the ligand. The visible spectra of lanthanide
complexes exhibited the presence of non-separated and asymmetric absorption bands
with very low intensities of about 444 nm for Tb(III) complexes and 475 nm for Eu(III)
complexes only. Furthermore, low absorptions with small intensities occurred in the range
of 480-670 nm and 530-880 nm in the case of Eu(Ill) and Nd(III) complexes, respectively,
which may have been related to the 4f electron transitions.

2.4. Thermal Analysis

The thermal behavior of as-synthesized lanthanide(Ill) quinoline-2,4-dicarboxylates was
investigated using simultaneous TG-DSC methods in air atmosphere (Figures 8 and S13-515,
Table S24). It was difficult to find significant differences in their thermal decomposition
due to their high structural similarity. Additionally, neodymium(IIl) and europium(III)
samples prepared at 100 °C were obtained as the mixture of two crystal phases. It was
impossible to separate them; therefore, the recorded TG-DSC curves refer to the mixtures
of compounds. In general, all investigated lanthanide(Ill) complexes were stable in air
atmosphere at room temperature and then started to exhibit multi-step decomposition
during heating. The first step in the temperature range of 30-357 °C corresponded to the
release of both coordinated and uncoordinated water molecules in the overlapping stages.
Dehydration processes were accompanied by the endothermic effects observed on the DSC
curves. It is worth emphasizing that the dehydrated forms of lanthanide(III) complexes
were unstable. This fact suggests that the elimination of coordinated water molecules from
the coordination sphere of atom centers implied the formation of unsaturated metal nodes
that were most probably crucial for the decomposition process [50]. Further heating caused
their decomposition and burning, accompanied by significant mass losses (about 50%)
recorded on the TG curves associated with strong exothermic effects. As the solid residues
of metal complex heating in air atmosphere, the corresponding metal oxides Nd,O3, Eu,O3,
Tb4O7, and Er, O3 were formed above 600 °C [51-53].

The profiles of TG-DSC curves for neodymium samples obtained at 100 and 120 °C
were very similar in spite of the fact that two crystal phases appeared at 100 °C. Their
dehydration process occurred in two quite well-separated stages in the temperature ranges
30-135 and 30-122 °C for samples prepared at 100 and 120 °C, respectively. Next, further
elimination of water molecules took place up to 357 and 345 °C with mass losses of 7.49%
and 8.33%, respectively. Endothermic effects recorded at 188 and 193 °C for phases as-
synthesized at 100 and 120 °C corresponded to the removal of coordinated water molecules.
In the case of the amorphous phase obtained at 150 °C, only a gradual mass loss of 10.54%
in the temperature range 30-304 °C without a visible effect on the DSC curve was recorded.
At higher temperature, the decomposition of neodymium samples took place, accompanied
by several exothermic effects on DSC curves. In all cases, the formation of some unstable
intermediate products at about 520 °C was postulated from the profiles of TG and DSC
curves. The final solid product, i.e., neodymium(III) oxide, was formed above 675 °C.
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Figure 8. (a) TG and (b) DSC curves (air atmosphere) of terbium complexes (samples 9-11) prepared
at 100, 120, and 150 °C.

The dehydration process of the europium(Ill) sample prepared at 100 °C proceeded in
four overlapping steps, as can be deduced from the profiles of TG and DSC curves. In the
range of 30-326 °C, mass losses of 3.05%, 1.67%, 2.17%, and 6.03% were observed. These
steps were related to the liberation of inner and outer coordination water molecules from
both types of crystal phases (II and III). The endothermic effects associated with these
stages were recorded at 152 and 199 °C. Next, the decomposition of the dehydrated forms of
complexes took place along with burning processes. The final product Eu,O3 was formed
at 697 °C. The TG curves of europium(Ill) samples obtained at 120 and 150 °C, which
presented the same type of crystal structure, exhibited a two-step dehydration process. The
first mass loss occurred up to about 150 °C, while the second one occurred up to 295 °C.
The removal of coordinated water molecules, which most probably occurred at higher
temperature, was reflected by the presence of endothermic effects at 192 and 205 °C on
the DSC curves. Next, the formation of europium(IIl) oxide was observed as the result of
decomposition and burning of desolvated forms of complexes.

The dehydration of terbium(Ill) complexes as-synthesized at 100 and 120 °C occurred
in two overlapping stages in the corresponding temperature ranges of 30-122, 30-132 °C
and 123-325, 133-314 °C, respectively (Figure 8). Similarly to the previously described
compounds, the second stage of water molecule liberation was associated with a strong en-
dothermic effect, whereas the first step was accompanied by a weak effect. The terbium(III)
complex obtained at 150 °C showed a gradual mass loss ranging from 30 to 323 °C at the
dehydration temperature, without a distinctive energetic effect on the DSC curve. Above
690 °C, all terbium complexes decomposed into the Tb4O7 oxide.

The dehydration process of the erbium(Ill) complex obtained at 100 °C occurred in
three distinct stages above 30 °C. The mass loss of 4.80% recorded in the range of 30-114 °C
was accompanied by an endothermic effect at 69 °C (peak top) on the DSC curve. This
stage could be attributed to the removal of weakly bonded, most probably uncoordinated
water molecules located in the 1D channel presence in its structure. At higher temperature,
two well-separated mass losses of 3.55% and 5.10%, derived from the elimination of
coordinated water molecules in the temperature ranges 115-190 and 190-330 °C, appeared
on the TG curve. Both stages were accompanied by endothermic effects at 170 and 226 °C.
For erbium(IlI) complexes synthesized at 120 and 150 °C, only gradual mass losses of
18.10% and 20.30% were observed on TG curves, not accompanied by endothermic effects.
Above 330 °C, the decomposition of desolated forms of complexes along with the burning
process yielded erbium(III) oxide formation as the final solid product of heating.
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2.5. Luminescence Investigations

In order to characterize the optical properties of the investigated materials, their
emission spectra were recorded. Figure 9 and Figure S16 demonstrates the emission spectra
of the Eu(Ill) complexes prepared at 100, 120, and 150 °C recorded under 360 and 392 nm
excitation at room temperature. As presented in Figure 9a, Eu(Ill) exhibited an intense
luminescent emission band at 612 nm upon excitation at 360 nm, confirming the efficient
energy transfer from the ligand to the excited states of the europium ions. To confirm
and check the excitation wavelengths for 612 nm emission, the excitation spectra were
monitored, as shown in Figure 9b. For comparison, Figure 10 shows the excitation and
emission spectra of the HyQdca ligand. As can be seen from Figure 10, the HyQdca ligand
showed a broad band in the blue-green region, assigned to 7— transitions. The very
intense metal-centered emission observed in the Eu(Ill) compounds and the lack of a
broad emission band coming from the organic ligand molecules observed in the blue-green
region indicated an effective energy transfer from the excited level of the ligand to the
europium(IIl) ions. In addition, the intensity of this emission was four times lower when
the complex was excited using Aex = 392 nm, typical for the Eu(IlI) ion (Figure S16). This
also confirmed the occurrence of intramolecular energy transfer from the HyQdca ligand to

Eu(II) ions.
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Figure 9. Solid-state emission spectra (a, Aex = 360 nm) and excitation spectra (b, obtained monitoring
emission on the hypersensitive 5Dy_"F, transition of the Eu(IIl) ion at 612 nm) of Eu(III) samples
prepared at different temperatures (100, 120, and 150 °C).

Furthermore the broad and intensive band with the intensity maximum at 360 nm
(Figure 9b) and weak band correspondence to 7Fy — 5L¢ transition in Eu(III) ions (392 nm)
gave evidence that the europium luminescence sensitizations through intramolecular
energy transfer from the Qdca®~ anion to Eu(IIl) ion were efficient.

From Figure 9a, it can be seen that the samples, excited at 360 nm, showed five narrow
spectral lines in the range of 500—720 nm, characteristic for Eu(Ill) ions. The emissions
at 580, 590, 612, 655, and 703 nm corresponded to the transitions 5Dy — 7Fy, °Dy — "F4,
Dy — "F,, °Dy — "F3, and °Dy — “Fy, respectively, with the dominant band at 612 nm
being the so-called “hypersensitive” transition. This is an electric-dipole emission which is
forbidden in free ions. The intensity of the °Dy — ”F, transition was greater than that of
the °Dy — 7F; transition (magnetic dipole). The intensity ratio of the 5Dy — 7F, transition
to 5Dy — ”F; transition of Eu(Ill) compounds was 6.2, 5.2, and 5.9, respectively. These
results could most likely be ascribed to the non-centrosymmetric coordination environment
around the Eu(IIl) centers [33,38,54].
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Figure 10. The excitation and emission spectra of HyQdca ligand recorded at room temperature

(Aex =360 nm, Ay, = 480 nm).

The intensity of emission of the europium(IIl) coordination polymers prepared at 120
and 150 °C was similar and higher than in the sample prepared at 100 °C (Figure 9a).
This observation is in good agreement with the crystal structures of europium com-
plexes. The same coordination polymer of the formula [Euy(Qdca);(H20)4]-HoO was
formed at 100 °C, whereas, at 120 and 150 °C, a mixture of [Euy(Qdca)3;(H,0O)4]-H,O
and [Euy(Qdca);(H20)4]-3H,O phases was observed. It can be postulated that the pres-
ence of a crystal phase with a greater number of outer coordination water molecules
yielded a decrease in luminescence intensity. In other words, a reduction in the number
of non-coordinated water molecules in the structure of europium complexes resulted in a
substantial enhancement of luminescence intensity. This is in accordance with the observa-
tions made by Salaam et al. [55]. Under identical experimental conditions, no emission was
observed in the case of Tb(IlI) complexes.

To elucidate the energy transfer processes in the Eu(Ill) complex, the triplet state energy of
the Qdca?~ anion was determined. The phosphorescence spectrum of [Gd;(Qdca)s(H,0)4]-H,O
was measured at —196 °C in ethanol. The gadolinium(III) complex was selected for the
determination of the triplet state energy of the Qdca?~ anion because the triplet energy level
of the ligand is not significantly affected by the Ln(IIl) ions, and the lowest-lying excited
level of the GA(III) ion, ®P; /5, is located above 32,000 cm ! [33]. Thus, the phosphorescence
spectrum of [Gd,(Qdca)s(H20)4]-H,O allowed evaluating the triplet energy level Qdca?~
for all our studied lanthanide(III) complexes. From this recorded spectrum, the triplet state
energy of Qdca?~ was determined to be 21,322 cm ™! on the basis of the maximum of the
phosphorescence band located at 469 nm (as shown in Figure S17). The triplet level of
Qdca?~ was found to be moderately higher than that of 2,4’-biphenyldicarboxylic acid
and slightly lower than that of 4-quinoline carboxylic acid [56,57]. In order to transfer the
energy from the ligand to the lanthanide ion, the triplet state energy needs to be higher
than the resonance level of the metal ion. The excited levels of Eu(IIl) °Dy, and Tb(III) °Dy
are 17,265 and 20,500 cm ™!, respectively [33]. The energy differences between the triplet
state of Qdca?~ and the resonance energy level of 5Dy and °Dy (E(T1) — E(5Dj)]) can be
calculated as 4057 and 822 cm ™!, respectively. A difference of 2000-5000 cm ™ is necessary
to efficiently sensitize the luminescence of the lanthanide [58,59]. These energy differences
show that Qdca?~ can effectively sensitize Eu(III) ions. On the other hand, the energy back
transfer is responsible for the lack of emission of Tb(III) ions [60]. Latva et al. reported
that the energy back transfer occurs when the difference between the lowest energy level
of the ligand in the triplet state and the °D emission level of the Tb(III) ion is less than
1850 cm ! [59].

In order to complete spectroscopic analysis of the obtained europium(IIl) coordination
polymers, the quantum yield and luminescent lifetimes were measured and analyzed. The
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luminescence decay curves of these complexes were investigated at the maximal excitation
and emission wavelengths (Figure S18). The decay curves for Eu(Ill) samples prepared in
100 °C and 150 °C were adjusted with a single exponential function, and the lifetime values
(1) of the Dy emitting level were found to be 202.7 4- 0.2 and 200.5 4= 0.2 s, respectively.
The experimental data were fitted with R? = 0.9980 using a single exponential function.
Because the luminescence lifetime of Ln(III) is very sensitive to the composition of the inner
coordination sphere [61,62], the short lifetimes determined herein can be attributed to the
presence of luminescence quenchers, H;O molecules, in the coordination spheres of Eu(III)
ions. The numbers of water molecules in these compounds calculated from Kimura’s
empirical rule [63] were determined to be 4.5 (with an accuracy of 0.5 molecule). The
obtained results indicate the presence of water molecules in the first coordination sphere
of the metal ions as shown earlier. The emission quantum efficiency of the 5Dy emitting
level of the Eu(Ill) ion for the sample prepared at 150 °C was determined according to
Equation (1)

TenE+ -100% 1)

IEXLIlzos — Loxpya+

where ¢ is the quantum yield, 1,5+ is the integrated intensity of sample luminescence,
and loy14,0, and I, 3+ are the integrated intensities of scattered excitation radiation not
absorbed by the reference (LayOs3) and the integrated intensities of the scattered excita-
tion light for the investigated material, respectively. All procedures were carried out in
accordance with [64,65]. The luminescence quantum yield was calculated as 0.023.

Figure 11 presents the emission spectra of the Nd(III) coordination polymers. These
spectra were recorded at room temperature under 369 nm LED pumping, in the near-
infrared (NIR) region from 900 to 1700 nm. The complexes show characteristic NIR
emissions of the Nd(III) and Er(Ill) ions. The emission spectra of Nd(III) arose from the
excited state 4F /2 in the form of two transitions, 4F, /2%4111 /2 (1047 nm) and 4F, /2%4113 /2
(1323 nm) [66]. All the emission peaks were identical, except for the peak intensities.
The *F; /2 —4p /2 transition (1047 nm) was the most intense and dominated the emission
spectra of the complexes. Slight differences in the intensity of these transitions could be
attributed to the slightly different number of water molecules in these compounds, as
shown in Table 1. The energy of the triplet state of Qdca®~ existed 9795 cm ™! above the
4F;,, (11,527 cm ') emitting level of Nd(IIT). The energy gap between the ligand triplet
state and the emitting level of lanthanide ion in the case of the present Nd(III) complexes is
larger than the optimum range for effective transfer of energy. Therefore, non-radiative
decay of excited states can occur with high efficiency, resulting in lower emission intensity
of Nd(III) ions.
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Figure 11. Solid-state NIR emission spectra of Nd(III) complexes prepared at 100, 120, and 150 °C,
recorded at room temperature (Aex = 369 nm).
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The NIR emission plot of Er(Ill) complexes, measured in the spectral range of 900-1700 nm,
upon the excitation at 369 nm is presented in Figure 12. The spectra show broad and weak
bands with maximum intensity at around 1524 nm, assigned to the 41,3 ,,—*1;5,, transition
of Er(Ill) ions. As in the case of europium and neodymium compounds, an increase in the
temperature at which the synthesis was carried out favored better emission properties of
the samples [67].
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Figure 12. Solid-state NIR emission spectra of Er(III) complexes prepared at 100, 120, and 150 °C,
recorded at room temperature (Aex = 369 nm).

3. Materials and Methods

Hydrates of lanthanide(III) nitrates(V) (99.9%) were purchased from Merck and used
without further purification. Quinoline-2,4-dicarboxylic acid (95%) was purchased from
Alfa Aesar and purified by heating with distilled water.

3.1. Synthetic Procedures

Synthesis of [Lny(Qdca)3(H20)x]-yH>O. The hydrothermal synthesis of lanthanide(III)
complexes required two steps. In the first step, dissolution and deprotonation of HyQdca
acid were performed using a 0.2 M NaOH solution. In the second stage, the synthesis of
complexes was carried out by mixing aqueous solutions of Ln(NOs3)3 (1.9 mmol, 20 mL)
(where Ln(Ill) = Nd, Eu, Tb, and Er) with sodium salt of acid (2.3 mmol, 25 mL). The pH of
the reaction mixture was 5. The obtained mixtures were placed in 100 mL Teflon vessels
and enclosed in steel autoclaves. In order to achieve hydrothermal conditions, the synthesis
proceeded at the temperatures of 100 °C, 120 °C, and 150 °C for 72 h. Then, the autoclaves
were allowed to cool to room temperature. The obtained suspensions were filtered, and the
resulting precipitates were washed with distilled water and dried in air.

The recrystallization process of the amorphous phases of Nd(III) and Er(III) complexes
hydrothermally obtained at 150 °C, as well as of metal complexes prepared at 120 °C, was
performed by adding 10 mL of distilled water to about 100 mg of pristine metal complexes,
followed by stirring (30 min.). After 24 h, in the case of all samples, new crystal phases
were noticed.

Additionally, the gadolinium(IIl) complex ([Gd,(Qdca)s(H,0O)4]-H,O) was prepared
according to the procedure given above (hydrothermal synthesis at 120 °C) for luminescence
analysis purposes.
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3.2. Analytical Methods

The contents of C, H, and N in the obtained compounds were determined by ele-
mental analysis using a EuroEA Elemental Analyzer, and the results are given in Table S1
(Supplementary Materials).

The X-ray powder diffraction patterns of the prepared complexes were obtained by means
of an Empyrean powder diffractometer PANalytical using the Bragg—Brentano method.

Optical images of the crystals were taken on a scanning confocal microscope MA200
Nikon. Images of the europium complexes were obtained using an excitation wavelength
of 420 nm.

The single-crystal X-ray measurements on obtained compounds were obtained using
the Rigaku XtaLAB MM7HFMR diffractometer equipped with a “quarter-chi single” go-
niometer, rotating anode generator (graphite monochromated Cu K« radiation), and Pilatus
200 K detector. The CrysAlisPro 1.171.39.27b program was used for data collection, cell
refinement, and data reduction [68]. The structures were solved using the direct methods
implemented in SHELXS-97 and refined with the SHELXL-18/3 program, both operating
under WinGX [69,70]. All hydrogen atoms attached to water oxygens were found in the
difference Fourier maps and initially freely refined. In the final refinement cycles, the
Ow-bonded H atoms were repositioned in their calculated positions and refined with the
O-H bond lengths restrained to 0.840(2) A, H---H distances restrained to 1.380(2) A, and
Uiso(H) = 1.5 Ueq(O). The hydrogen atoms attached to carbon were positioned geometrically
and refined using a riding model with Ujs,(H) = 1.2 Ueg(C).

The weak quality of the crystals of obtained erbium(Ill) quinoline-2,4-dicarboxylate
compound synthesized at 150 °C allowed only determining the unit cell parameters.

The infrared spectra (ATR/FTIR) of the ligand and the obtained compounds were
recorded using a Nicolet 6700 spectrophotometer equipped with the Smart iTR accessory
(diamond crystal) in the range of 4000-600 cm ! (Thermo Scientific, Waltham, MA, USA)

Solid electronic spectra for HyQdca and complexes were recorded on a PerkinElmer
Labmda 365+ double bean UV /Vis spectrometer, with BaSOj as the reference.

Thermal analyses of the prepared complexes were made by applying the thermo-
gravimetric (TG) and differential scanning calorimetry (DSC) methods using the SETSYS
16/18 analyzer (Setaram, Caluire, France). The samples (about 5-9 mg weighed on the
WAX62 (Radwag wagi elektroniczne, Radom, Poland) analytical balance with a precision
of 0.01 mg) were heated in alumina crucibles up to 1000 °C at a heating rate of 10 °C min~!
in a dynamic air atmosphere (v = 0.75 dm? h™1).

The emission and excitation spectra in the UV /Vis range were recorded on a Hitachi
F7000 Fluorescence Spectrometer using a 450 W Xenon lamp, with a wavelength range of
200-800 nm. The luminescence spectrum of the gadolinium complex in ethanol solution
was recorded at 148 °C using the same equipment, but operating in phosphorescence mode.
The photoluminescence spectroscopy experiments in the NIR range were performed in
an Andor Shamrock 500 spectrometer (300 1/mm—blaze 1200 nm) equipped with a CCD
camera iDus 420 and spectrometer QuantaMasterTM 40 s (Photon Technology Instrumental,
Pemberton, NJ, USA) equipped with Photomultiplier Tubes H10330C-75 (900-1800 nm).
The samples were excited using an LED revolver with high-power 360-370 nm LEDs.
Excitation and emission spectra were corrected for the instrumental response. Emission
intensity measurements were carried out using the adapter and holder supplied by the
manufacturer of the spectrofluorometer, for emission measurements of solid samples.
The QuantaMasterTM 40 (Photon Technology International) spectrophotometer equipped
with an Opolette 355LD UVDM (Opotek Incorporation, Carlsbad, CA, USA) tunable laser
(excitation source), which had a repetition rate of 20 Hz as the excitation source, and a
Hamamatsu R928 photomultiplier as a detector, was used to measure luminescence decays.
All measurements were collected at room temperature.
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4. Conclusions

We demonstrated the first examples of four structurally characterized groups of
novel three-dimensional coordination polymers built up from selected lanthanides (Nd(III),
Eu(I), Tb(IIl), and Er(IlI)) and quinoline-2,4-dicarboxylate ligand as the building block. We
showed that the structural diversity of coordination polymers was prompted by tempera-
ture. In general, a higher temperature of hydrothermal synthesis was advantageous for the
formation of more hydrated metal complexes. Only one crystal phase of Nd (at 100 °C) was
formed without non-coordinated water molecules, whereas the remaining 3D coordination
polymers exhibited structures with one-dimensional channels occupied by one, three, or
four water molecules. It can be assumed that the coordination and conformation flexibility
of Qdcaz’ anions, which exhibited seven different coordination modes in the prepared
complexes (Figure 13), was also affected by temperature.
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Figure 13. Coordination modes (a—g) of quinoline-2,4-dicarboxylate ligand observed in I-IV crystal
structure types.

The europium complexes exhibited luminescence in the red spectral range, while
the erbium and neodymium complexes displayed weak emission in the NIR region. The
Qdca?~ anion effectively sensitized Eu(III) ions, while, for Tb(III) ions, back transfer energy
was observed. The number of water molecules in the structure of complexes was crucial
for luminescence intensity.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /molecules28176360/s1: Figure S1. X-ray diffraction patterns of
neodymium(IIl) samples obtained at different temperatures (100, 120, and 150 °C); Figure S2. X-
ray diffraction patterns of europium(IIl) samples obtained at different temperatures (100, 120, and
150 °C); Figure S3. X-ray diffraction patterns of terbium(III) samples obtained at different tempera-
tures (100, 120, and 150 °C); Figure S4. X-ray diffraction patterns of erbium(IIl) samples obtained
at different temperatures (100, 120, and 150 °C); Figure S5. ATR/FTIR spectrum of neodymium(III)
samples obtained at different temperatures (100, 120, and 150 °C); Figure S6. ATR/FTIR spec-
trum of europium(III) samples obtained at different temperatures (100, 120, and 150 °C); Figure S7.
ATR/FTIR spectrum of terbium(IIl) samples obtained at different temperatures (100, 120, and 150 °C);
Figure S8. ATR/FTIR spectrum of erbium(IIl) samples obtained at different temperatures (100, 120,
and 150 °C); Figure S9. UV /Vis spectra of the neodymium(III) samples obtained at different tem-
peratures (100, 120, and 150 °C); Figure S10. UV /Vis spectra of the europium(IIl) samples obtained
at different temperatures (100, 120, and 150 °C); Figure S11. UV /Vis spectra of the terbium(III)
samples obtained at different temperatures (100, 120, and 150 °C); Figure S12. UV /Vis spectra of
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the erbium(IIl) samples obtained at different temperatures (100 and 120 °C); Figure S13. (a) TG
and (b) DSC curves of neodymium(III) complexes in air atmosphere, obtained at different temper-
atures (100, 120, and 150 °C); Figure S14. (a) TG and (b) DSC curves of europium(III) complexes
in air atmosphere, obtained at different temperatures (100, 120, and 150 °C); Figure S15. (a) TG
and (b) DSC curves of erbium(Ill) complexes in air atmosphere, obtained at different temperatures
(100, 120, and 150 °C); Figure S16. Room-temperature emission spectra of [EuyQdcas (H,O)4]-H,O
in solid state (Aex = 360 and 392 nm); Figure S17. Low-temperature phosphorescence spectrum
of [Gd,(Qdca)3(H,0)4]-H,O in ethanol solution at 148 °C (Aex = 360 nm); Figure S18. Typical lu-
minescence decay profiles observed for Eu(IIl) complexes in the solid state at room temperature
prepared at 100 °C and 150 °C (blue points are the raw data, while the red line is a monoexponential
fit); Table S1. Results of the elemental analysis of prepared complexes; Table S2. Bond lengths for (1)
[Nd»(Qdca)3(HO)s3]; Table S3. Bond lengths for (4) [Nd»(Qdca)3(Hp0)4]-3H,O; Table S4. Bond lengths
for (8) [Eup(Qdca)3(Hp0)4]-HyO; Table S5. Bond lengths for (9) [Tby(Qdca);(HyO)4]-HpO; Table S6. Bond
lengths for (13) [Ery(Qdca)s(HyO)4]-4H,0; Table S7. Bond angles for (1) [Nd,Qdcaz(H,O);3]; Table S8.
Bond angles for (4) [Ndy(Qdca)3(H,0)4]-3H,0; Table S9. Bond angles for (8) [Euy(Qdca)3(H;O)4]-HpO;
Table S10. Bond angles for (9) [Tby(Qdca);(H,0)4]-HyO; Table S11. Bond angles for (13) [Ery(Qdca)s
(H,0)4]-4H,0; Table S12. Torsion angles for (1) [Nd;Qdcasz(H,O)3]; Table S13. Torsion angles for (4)
[Nd,(Qdca);(H,0)4]-3H,O; Table S14. Torsion angles for (8) [Euy(Qdca);(H,0)4]-H,O; Table S15. Tor-
sion angles for (9) [Tb,(Qdca)s(Hp0)4]-HyO; Table S16. Torsion angles for (13) [Erp (Qdca);(HyO)4]-4H,O;
Table S17. Hydrogen bonds of (1) [Nd»(Qdca)3(HpO)3]; Table S18. Hydrogen bonds of (4) [Nd»(Qdca)s
(H20)4]-3H,0; Table S19. Hydrogen bonds of (8) [Eup(Qdca)3(H,0)4]-H20; Table 520. Hydrogen
bonds of (9) [Tby(Qdca)3(H,0)4]-HpO; Table S21. Hydrogen bonds of (13) [Erp(Qdca)s(HO)4]-4H,0;
Table 522. Conformation of the COO— groups of the quionoline-2,4-dicarboxylate ligand; Table S23.
Dihedral angles between best planes of carboxylic groups and quinolone ring; Table 524. Data of
thermogravimetric analysis; Table S25. The main crystallographic data for [Gd,(Qdca)3(H,0)4]-HO.

Author Contributions: Conceptualization, D.V. and R.L.; methodology, D.V,, R.L., A.P, Z.H. and
PW.; software, D.V,, Z.H., PW. and L.M.; formal analysis, D.V,, R.L., A.P. and Z.H.; investigation, D.V.,
RL., AP, ZH. and PW.,; data curation, D.V,, R.L. and Z.H.; writing—original draft preparation, D.V.,
R.L.and Z H.; writing—review and editing, D.V,, R.L., LM., A.P. and Z.H.; visualization, D.V,, ZH.,
L.M. and A P; supervision, D.V. and R.L.; project administration, D.V. and R.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying this article will be shared on reasonable request
from the corresponding authors.

Acknowledgments: The single-crystal X-ray diffraction measurements were supported by EcoTech
Lublin. A.P. thanks the Gdarisk Tech Core Research Facilities for providing the PerkinElmer Labmda
365+ double-beam UV /Vis spectrometer for measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Seidi, F; Jouyandeh, M.; Taghizadeh, M.; Taghizadeh, A.; Vahabi, H.; Habibzadeh, S.; Formela, K.; Saeb, M.R. Metal-Organic
Framework (MOF)/Epoxy Coatings: A Review. Materials 2020, 13, 2881. [CrossRef] [PubMed]

2. Lyszczek, R.; Rusinek, I.; Sienkiewicz-Gromiuk, J.; Iwan, M.; Pavlyuk, O. 3-D Lanthanide Coordination Polymers with the Flexible
1,3-Phenylenediacetate Linker: Spectroscopic, Structural and Thermal Investigations. Polyhedron 2019, 159, 93-101. [CrossRef]

3. Gustafsson, M.; Bartoszewicz, A.; Martin-Matute, B.; Sun, J.; Grins, J.; Zhao, T.; Li, Z.; Zhu, G.; Zou, X. A Family of Highly
Stable Lanthanide Metal —Organic Frameworks: Structural Evolution and Catalytic Activity. Chem. Mater. 2010, 22, 3316-3322.
[CrossRef]

4.  Gao, Y; Gong, S.-Y.; Chen, B.; Xing, W.-H.; Fei, Y.-F.; Hu, Z.-T.; Pan, Z. Progress in Metal-Organic Framework Catalysts for
Selective Catalytic Reduction of NOx: A Mini-Review. Atmosphere 2022, 13, 793. [CrossRef]

5. Liu, J.-Q.; Luo, Z.-D.; Pan, Y.; Kumar Singh, A.; Trivedi, M.; Kumar, A. Recent Developments in Luminescent Coordination

Polymers: Designing Strategies, Sensing Application and Theoretical Evidences. Coord. Chem. Rev. 2020, 406, 213145. [CrossRef]


https://doi.org/10.3390/ma13122881
https://www.ncbi.nlm.nih.gov/pubmed/32604965
https://doi.org/10.1016/j.poly.2018.11.049
https://doi.org/10.1021/cm100503q
https://doi.org/10.3390/atmos13050793
https://doi.org/10.1016/j.ccr.2019.213145

Molecules 2023, 28, 6360 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Liu, X.; Wang, X.; Kapteijn, F. Water and Metal-Organic Frameworks: From Interaction toward Ultilization. Chem. Rev. 2020, 120,
8303-8377. [CrossRef]

Wu, D.; Navrotsky, A. Thermodynamics of Metal-Organic Frameworks. J. Solid State Chem. 2015, 223, 53-58. [CrossRef]
Seetharaj, R.; Vandana, P.V.; Arya, P.; Mathew, S. Dependence of Solvents, PH, Molar Ratio and Temperature in Tuning Metal
Organic Framework Architecture. Arab. |. Chem. 2019, 12, 295-315. [CrossRef]

Pan, L.; Frydel, T.; Sander, M.B.; Huang, X.; Li, J. The Effect of PH on the Dimensionality of Coordination Polymers. Inorg. Chem.
2001, 40, 1271-1283. [CrossRef] [PubMed]

Lee, Y.-R.; Kim, J.; Ahn, W.-S. Synthesis of Metal-Organic Frameworks: A Mini Review. Korean |. Chem. Eng. 2013, 30, 1667-1680.
[CrossRef]

Stock, N.; Biswas, S. Synthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF Topologies, Morphologies, and
Composites. Chem. Rev. 2012, 112, 933-969. [CrossRef] [PubMed]

Rubio-Martinez, M.; Avci-Camur, C.; Thornton, A.W.; Imaz, I.; Maspoch, D.; Hill, M.R. New Synthetic Routes towards MOF
Production at Scale. Chem. Soc. Rev. 2017, 46, 3453-3480. [CrossRef]

Zhang, P.; Kang, X.; Tao, L.; Zheng, L.; Xiang, J.; Duan, R.; Li, J.; Chen, P; Xing, X.; Mo, G.; et al. A New Route for the Rapid
Synthesis of Metal-Organic Frameworks at Room Temperature. CCS Chem. 2022, 5, 1462-1469. [CrossRef]

Ehrling, S.; Senkovska, I; Efimova, A.; Bon, V.; Abylgazina, L.; Petkov, P; Evans, ].D.; Gamal Attallah, A.; Wharmby, M.T,;
Roslova, M,; et al. Temperature Driven Transformation of the Flexible Metal-Organic Framework DUT-8(Ni). Chem. Eur. ]. 2022,
28, €202201281. [CrossRef]

Khoshhal, S.; Ghoreyshi, A.A.; Jahanshahi, M.; Mohammadi, M. Study of the Temperature and Solvent Content Effects on the
Structure of Cu-BTC Metal Organic Framework for Hydrogen Storage. RSC Adv. 2015, 5, 24758-24768. [CrossRef]

Krause, S.; Bon, V.; Du, H.; Dunin-Borkowski, R.E.; Stoeck, U.; Senkovska, I.; Kaskel, S. The Impact of Crystal Size and Temperature
on the Adsorption-Induced Flexibility of the Zr-Based Metal-Organic Framework DUT-98. Beilstein |. Nanotechnol. 2019, 10,
1737-1744. [CrossRef] [PubMed]

Tanaka, H.; Ohsaki, S.; Hiraide, S.; Yamamoto, D.; Watanabe, S.; Miyahara, M.T. Adsorption-Induced Structural Transition of
ZIF-8: A Combined Experimental and Simulation Study. J. Phys. Chem. C 2014, 118, 8445-8454. [CrossRef]

Gallaba, D.H.; Albesa, A.G.; Migone, A.D. Evidence of Gate-Opening on Xenon Adsorption on ZIF-8: An Adsorption and
Computer Simulation Study. J. Phys. Chem. C 2016, 120, 16649-16657. [CrossRef]

Zhang, C.; Gee, ].A.; Sholl, D.S.; Lively, R.P. Crystal-Size-Dependent Structural Transitions in Nanoporous Crystals: Adsorption-
Induced Transitions in ZIF-8. J. Phys. Chem. C 2014, 118, 20727-20733. [CrossRef]

Yang, F.; Mu, H.; Wang, C.; Xiang, L.; Yao, K.X.; Liu, L.; Yang, Y,; Han, Y,; Li, Y;; Pan, Y. Morphological Map of ZIF-8 Crystals
with Five Distinctive Shapes: Feature of Filler in Mixed-Matrix Membranes on C3Hg/C3Hg Separation. Chem. Mater. 2018, 30,
3467-3473. [CrossRef]

Kavoosi, N.; Bon, V.; Senkovska, I.; Krause, S.; Atzori, C.; Bonino, F,; Pallmann, J.; Paasch, S.; Brunner, E.; Kaskel, S. Tailoring
Adsorption Induced Phase Transitions in the Pillared-Layer Type Metal-Organic Framework DUT-8(Ni). Dalton Trans. 2017, 46,
4685-4695. [CrossRef] [PubMed]

Miura, H.; Bon, V.; Senkovska, I.; Ehrling, S.; Watanabe, S.; Ohba, M.; Kaskel, S. Tuning the Gate-Opening Pressure and Particle
Size Distribution of the Switchable Metal-Organic Framework DUT-8(Ni) by Controlled Nucleation in a Micromixer. Dalton
Trans. 2017, 46, 14002-14011. [CrossRef] [PubMed]

Xia, Q.-H.; Guo, Z.-F; Liu, L.; Wang, Z.; Li, B. Catena—Poly[[[Diaquacopper(ll)]—u—Quinoline—Z,l%—Dicarboxylato—|<3N,OZ:O3]
Monohydrate]. Acta Crystallogr. E Struct. Rep. Online 2012, 68, m1395. [CrossRef] [PubMed]

Li, X.-L.; Liu, G.-Z. Crystal Structure of Bis(Hydrogen 2,3-Quinolinedicarboxylato)Copper(II), Cu(C1;H¢NOy),. Z. Fiir Krist. New
Cryst. Struct. 2010, 225, 761-762. [CrossRef]

Gong, Y.; Zhang, M.M.; Qin, ].B.; Li, J.; Meng, ].P,; Lin, ].H. Metal(II) Complexes Synthesized Based on Quinoline-2,3-Dicarboxylate
as Electrocatalysts for the Degradation of Methyl Orange. Dalton Trans. 2014, 43, 8454-8460. [CrossRef]

Hu, M.-Y,; He, Q.; Fan, S.-J.; Wang, Z.-C.; Liu, L.-Y,; Mu, Y.-].; Peng, Q.; Zhu, S.-F. Ligands with 1,10-Phenanthroline Scaffold for
Highly Regioselective Iron-Catalyzed Alkene Hydrosilylation. Nat. Commun. 2018, 9, 221. [CrossRef] [PubMed]

Awad, D.J.; Conrad, F;; Koch, A,; Schilde, U.; Poppl, A.; Strauch, P. 1,10-Phenanthroline-Dithiolate Mixed Ligand Transition Metal
Complexes. Synthesis, Characterization and EPR Spectroscopy. Inorganica Chim. Acta 2010, 363, 1488-1494. [CrossRef]

Biradha, K.; Sarkar, M.; Rajput, L. Crystal Engineering of Coordination Polymers Using 4,4'-Bipyridine as a Bond between
Transition Metal Atoms. Chem. Commun. 2006, 40, 4169—4179. [CrossRef]

Jia, J.; Blake, A.J.; Champness, N.R.; Hubberstey, P.; Wilson, C.; Schroder, M. Multi-Dimensional Transition-Metal Coordination
Polymers of 4,4’-Bipyridine-N,N’-Dioxide: 1D Chains and 2D Sheets. Inorg. Chem. 2008, 47, 8652-8664. [CrossRef]

Seidel, RW.; Goddard, R.; Zibrowius, B.; Oppel, LM. A Molecular Antenna Coordination Polymer from Cadmium(II) and
4,4’-Bipyridine Featuring Three Distinct Polymer Strands in the Crystal. Polymers 2011, 3, 1458-1474. [CrossRef]

Irwin, M.; Doyle, L.R.; Kramer, T.; Herchel, R.; McGrady, J.E.; Goicoechea, ].M. A Homologous Series of First-Row Transition-Metal
Complexes of 2,2'-Bipyridine and Their Ligand Radical Derivatives: Trends in Structure, Magnetism, and Bonding. Inorg. Chem.
2012, 51, 12301-12312. [CrossRef] [PubMed]

Constable, E.C.; Housecroft, C.E. The Early Years of 2,2"-Bipyridine—A Ligand in Its Own Lifetime. Molecules 2019, 24, 3951.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.chemrev.9b00746
https://doi.org/10.1016/j.jssc.2014.06.015
https://doi.org/10.1016/j.arabjc.2016.01.003
https://doi.org/10.1021/ic001012o
https://www.ncbi.nlm.nih.gov/pubmed/11300829
https://doi.org/10.1007/s11814-013-0140-6
https://doi.org/10.1021/cr200304e
https://www.ncbi.nlm.nih.gov/pubmed/22098087
https://doi.org/10.1039/C7CS00109F
https://doi.org/10.31635/ccschem.022.202202155
https://doi.org/10.1002/chem.202201281
https://doi.org/10.1039/C5RA01890K
https://doi.org/10.3762/bjnano.10.169
https://www.ncbi.nlm.nih.gov/pubmed/31501745
https://doi.org/10.1021/jp500931g
https://doi.org/10.1021/acs.jpcc.6b03481
https://doi.org/10.1021/jp5081466
https://doi.org/10.1021/acs.chemmater.8b01073
https://doi.org/10.1039/C7DT00015D
https://www.ncbi.nlm.nih.gov/pubmed/28332683
https://doi.org/10.1039/C7DT02809A
https://www.ncbi.nlm.nih.gov/pubmed/28976513
https://doi.org/10.1107/S1600536812043206
https://www.ncbi.nlm.nih.gov/pubmed/23284367
https://doi.org/10.1524/ncrs.2010.0335
https://doi.org/10.1039/C3DT53505C
https://doi.org/10.1038/s41467-017-02472-6
https://www.ncbi.nlm.nih.gov/pubmed/29335560
https://doi.org/10.1016/j.ica.2010.01.021
https://doi.org/10.1039/B606184B
https://doi.org/10.1021/ic800422g
https://doi.org/10.3390/polym3031458
https://doi.org/10.1021/ic301587f
https://www.ncbi.nlm.nih.gov/pubmed/23110751
https://doi.org/10.3390/molecules24213951
https://www.ncbi.nlm.nih.gov/pubmed/31683694

Molecules 2023, 28, 6360 25 of 26

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.

47.
48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Biinzli, ].C.G.; Choppin, G.R. Lanthanide Probes in Life, Chemical and Earth Sciences; Theory and Practice; Elsevier: Amsterdam, The
Netherlands, 1989; Volume 7, pp. 219-293.

Yu, X; Ryadun, A.A,; Pavlov, D.I; Guselnikova, T.Y.; Potapov, A.S.; Fedin, V.P. Highly Luminescent Lanthanide Metal-Organic
Frameworks with Tunable Color for Nanomolar Detection of Iron(IlI), Ofloxacin and Gossypol and Anti-counterfeiting Applica-
tions. Angew. Chem. Int. Ed. 2023, 62, €202306680. [CrossRef] [PubMed]

Yu, X,; Ryadun, A.A.; Kovalenko, K.A.; Guselnikova, T.Y.; Ponomareva, V.G.; Potapov, A.S.; Fedin, V.P. 4 in 1: Multifunctional
Europium-Organic Frameworks with Luminescence Sensing Properties, White Light Emission, Proton Conductivity and Reverse
Acetylene—Carbon Dioxide Adsorption Selectivity. Dalton Trans. 2023, 52, 8695-8703. [CrossRef]

Ivanova, E.A.; Smirnova, K.S.; Pozdnyakov, L.P.; Potapov, A.S.; Lider, E.V. Synthesis, Crystal Structures, and Luminescence
Properties of Lanthanide(III) Complexes with 1-(1H-Benzimidazol-1yl-Methyl)-1H-Benzotriazole. Inorganica Chim. Acta 2023,
557,121697. [CrossRef]

Ivanova, E.A.; Smirnova, K.S.; Pozdnyakov, I.P.; Potapov, A.S.; Lider, E.V. Photoluminescent Lanthanide(III) Coordination
Polymers with Bis(1,2,4-Triazol-1-YI)Methane Linker. Inorganics 2023, 11, 317. [CrossRef]

Lis, S.; Elbanowski, M.; Makowska, B.; Hnatejko, Z. Energy Transfer in Solution of Lanthanide Complexes. . Photochem. Photobiol.
A Chem. 2002, 150, 233-247. [CrossRef]

Ktonkowski, A.M.; Lis, S.; Pietraszkiewicz, M.; Hnatejko, Z.; Czarnobaj, K.; Elbanowski, M. Luminescence Properties of Materials
with Eu(Ill) Complexes: Role of Ligand, Coligand, Anion, and Matrix. Chem. Mater. 2003, 15, 656—-663. [CrossRef]

Eliseeva, S.V.; Biinzli, J.-C.G. Lanthanide Luminescence for Functional Materials and Bio-Sciences. Chem. Soc. Rev. 2010, 39,
189-227. [CrossRef]

Weissleder, R.; Ntziachristos, V. Shedding Light onto Live Molecular Targets. Nat Med 2003, 9, 123-128. [CrossRef]

Lenaerts, P; Driesen, K.; Van Deun, R.; Binnemans, K. Covalent Coupling of Luminescent Tris(2-Thenoyltrifluoroacetonato)
Lanthanide(IIT) Complexes on a Merrifield Resin. Chem. Mater. 2005, 17, 2148-2154. [CrossRef]

Hasegawa, Y.; Wada, Y.; Yanagida, S. Strategies for the Design of Luminescent Lanthanide(III) Complexes and Their Photonic
Applications. J. Photochem. Photobiol. C: Photochem. Rev. 2004, 5, 183-202. [CrossRef]

Chen, L.; Chen, H; Bai, G.; Yang, X.; Xie, H.; Xu, S. Near-Infrared Excitation and Emitting Thermometer Based on Nd3* Doped
Ytterbium Molybdate with Thermally Enhanced Emissions. . Lumin. 2020, 228, 117655. [CrossRef]

Bart, S.C. What Is the “Lanthanide Contraction”? Inorg. Chem. 2023, 62, 3713-3714. [CrossRef]

Sharma, S.K. Comparative Vibrational Spectroscopic Studies of 7-Chloro-4-Hydroxy-3-Quinolinecarboxylic Acid Based on Density
Functional Theory. IOSRJAP 2012, 1, 27-37. [CrossRef]

Ozel, AE,; Buytikmurat, Y.; Akytiz, S. Infrared-Spectra and Normal-Coordinate Analysis of Quinoline and Quinoline Complexes.
J. Mol. Struct. 2001, 565-566, 455-462. [CrossRef]

Biinzli, J.-C.G. On the Design of Highly Luminescent Lanthanide Complexes. Coord. Chem. Rev. 2015, 293-294, 19-47. [CrossRef]
Biinzli, J.-C.G. Lanthanide Luminescence for Biomedical Analyses and Imaging. Chem. Rev. 2010, 110, 2729-2755. [CrossRef]
Howarth, AJ; Liu, Y,; Li, P; Li, Z,; Wang, T.C.; Hupp, J.T.; Farha, O.K. Chemical, Thermal and Mechanical Stabilities of
Metal-Organic Frameworks. Nat. Rev. Mater 2016, 1, 15018. [CrossRef]

Vlasyuk, D.; Lyszczek, R. Effect of Different Synthesis Approaches on Structural and Thermal Properties of Lanthanide(III)
Metal-Organic Frameworks Based on the 1H-Pyrazole-3,5-Dicarboxylate Linker. J. Inorg. Organomet. Polym. 2021, 31, 3534-3548.
[CrossRef]

Lyszczek, R.; Vlasyuk, D.; Podkoscielna, B.; Gluchowska, H.; Piramidowicz, R.; Jusza, A. A Top-Down Approach and Ther-
mal Characterization of Luminescent Hybrid BPA.DA-MMA®@Ln2L3 Materials Based on Lanthanide(Ill) 1H-Pyrazole-3,5-
Dicarboxylates. Materials 2022, 15, 8826. [CrossRef]

Gluchowska, H.; Lyszczek, R.; Jusza, A.; Piramidowicz, R. Effect of N,N’-Dimethylformamide Solvent on Structure and Thermal
Properties of Lanthanide(IIl) Complexes with Flexible Biphenyl-4,4’-Dioxydiacetic Acid. J. Therm. Anal. Calorim. 2022, 147,
1187-1200. [CrossRef]

Keene, FR; Szalda, D.J.; Wilson, T.A. Mode of Coordination of Tris(2-Pyridyl)Methanol to Ruthenium(II): Synthetic, Spectral, and
Structural Studies of the Bis(Ligand) Species. Inorg. Chem. 1987, 26, 2211-2216. [CrossRef]

Salaam, J.; N'Dala-Louika, I.; Balogh, C.; Suleimanov, I; Pilet, G.; Veyre, L.; Camp, C.; Thieuleux, C.; Riobé, F.; Maury, O.
Tris-dipicolinate Lanthanide Complexes: Influence of the Second Hydration Sphere on the Solid-State Luminescence Properties.
Eur. J. Inorg. Chem. 2022, 2022, €202200412. [CrossRef]

Chen, S.; Fan, R-Q.; Sun, C.-F; Wang, P; Yang, Y.-L.; Su, Q.; Mu, Y. Synthesis, Structure, and Luminescent Properties of
Lanthanide-Based Two-Dimensional and Three-Dimensional Metal-Organic Frameworks with 2,4’-Biphenyldicarboxylic Acid.
Cryst. Growth Des. 2012, 12, 1337-1346. [CrossRef]

Gao, Q.; Zhang, C.-Y.; Gao, W.-H.; Wu, Y;; Xie, Y.-B.; Sun, ].-H. Two Binuclear Lanthanide Complexes with 4-Quinoline Carboxylic
Acid: Crystal Structures and Luminescent Properties. J. Coord. Chem. 2009, 62, 2689-2697. [CrossRef]

Yan, B.; Zhou, B. Photophysical Properties of Dysprosium Complexes with Aromatic Carboxylic Acids by Molecular Spectroscopy.
J. Photochem. Photobiol. A Chem. 2005, 171, 181-186. [CrossRef]

Latva, M.; Takalo, H.; Mukkala, V.-M.; Matachescu, C.; Rodriguez-Ubis, ].C.; Kankare, J. Correlation between the Lowest Triplet
State Energy Level of the Ligand and Lanthanide(III) Luminescence Quantum Yield. |. Lumin. 1997, 75, 149-169. [CrossRef]


https://doi.org/10.1002/anie.202306680
https://www.ncbi.nlm.nih.gov/pubmed/37414736
https://doi.org/10.1039/D3DT01323E
https://doi.org/10.1016/j.ica.2023.121697
https://doi.org/10.3390/inorganics11080317
https://doi.org/10.1016/S1010-6030(01)00637-2
https://doi.org/10.1021/cm0202557
https://doi.org/10.1039/B905604C
https://doi.org/10.1038/nm0103-123
https://doi.org/10.1021/cm0486868
https://doi.org/10.1016/j.jphotochemrev.2004.10.003
https://doi.org/10.1016/j.jlumin.2020.117655
https://doi.org/10.1021/acs.inorgchem.3c00440
https://doi.org/10.9790/4861-0132737
https://doi.org/10.1016/S0022-2860(00)00793-6
https://doi.org/10.1016/j.ccr.2014.10.013
https://doi.org/10.1021/cr900362e
https://doi.org/10.1038/natrevmats.2015.18
https://doi.org/10.1007/s10904-021-02018-w
https://doi.org/10.3390/ma15248826
https://doi.org/10.1007/s10973-020-10435-1
https://doi.org/10.1021/ic00261a010
https://doi.org/10.1002/ejic.202200412
https://doi.org/10.1021/cg201411b
https://doi.org/10.1080/00958970902919030
https://doi.org/10.1016/j.jphotochem.2004.10.012
https://doi.org/10.1016/S0022-2313(97)00113-0

Molecules 2023, 28, 6360 26 of 26

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.
70.

Huskowska, E.; Turowska-Tyrk, I.; Legendziewicz, J.; Riehl, J.P. The Structure and Spectroscopy of Lanthanide(iii) Complexes
with 2,2'-Bipyridine-1,1’-Dioxide in Solution and in the Solid State: Effects of Ionic Size and Solvent on Photophysics, Ligand
Structure and Coordination. New J. Chem. 2002, 26, 1461-1467. [CrossRef]

Aebischer, A.; Gumy, F; Biinzli, ].-C.G. Intrinsic Quantum Yields and Radiative Lifetimes of Lanthanide Tris(Dipicolinates). Phys.
Chem. Chem. Phys. 2009, 11, 1346. [CrossRef]

Kwiatek, D.; Kubicki, M.; Tolinski, T.; Ferenc, W.; Lis, S.; Hnatejko, Z. A Series of New Pyridine Carboxamide Complexes and
Self-Assemblies with Tb(III), Eu(III), Zn(II), Cu(II) Ions and Their Luminescent and Magnetic Properties. J. Coord. Chem. 2019, 72,
727-748. [CrossRef]

Kimura, T.; Kato, Y. Luminescence Study on the Inner-Sphere Hydration Number of Lanthanide(III) Ions in Concentrated
Aqueous Salt Solutions in Fluid and Frozen States. J. Alloys Compd. 1998, 278, 92-97. [CrossRef]

Wong, K.-L.; Biinzli, ].-C.G.; Tanner, P.A. Quantum Yield and Brightness. J. Lumin. 2020, 224, 117256. [CrossRef]

Wozny, P; Soler-Carracedo, K.; Stopikowska, N.; Martin, L.R.; Runowski, M. Structure-Dependent Luminescence of Eu3+—Doped
Strontium Vanadates Synthesized with Different V: Sr Ratios—Application in WLEDs and Ultra-Sensitive Optical Thermometry.
J. Mater. Chem. C 2023, 11, 4792-4807. [CrossRef]

Kolesnikov, LE.; Kalinichev, A.A.; Kurochkin, M.A.; Golyeva, E.V.; Kolesnikov, E.Y.; Kurochkin, A.V.; Ldhderanta, E.; Mikhailov,
M.D. YVO4:Nd3+ Nanophosphors as NIR-to-NIR Thermal Sensors in Wide Temperature Range. Sci. Rep. 2017, 7, 18002.
[CrossRef]

Manyum, P; Rittisut, W.; Mool-am-kha, P.; Ekwongsa, C.; Wantana, N.; Ruangtaweep, Y.; Popanao, M.; Rujirawat, S.; Yimnirun,
R.; Kidkhunthod, P; et al. Structural and Luminescence Investigations of Gd3*-Er3+ Doped in Lithium Aluminum Borate Glasses
Using XANES and EXAFS Techniques. Radiat. Phys. Chem. 2023, 206, 110801. [CrossRef]

CrysAlisPRO Software System; Rigaku: Oxford, UK, 2016.

Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 2015, 71, 3-8. [CrossRef]

Faruggia, L.J. WinGX suite for small-molecule single-crystal crystallography. J. Appl. Crystallogr. 1999, 32, 837-838. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/B201846M
https://doi.org/10.1039/b816131c
https://doi.org/10.1080/00958972.2019.1574344
https://doi.org/10.1016/S0925-8388(98)00600-8
https://doi.org/10.1016/j.jlumin.2020.117256
https://doi.org/10.1039/D2TC05341A
https://doi.org/10.1038/s41598-017-18295-w
https://doi.org/10.1016/j.radphyschem.2023.110801
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889899006020

Jod molecules )

Supplementary Materials
A Series of Novel 3D Coordination Polymers Based on the

Quinoline-2,4-dicarboxylate Building Block and
Lanthanide(III) Ions — Temperature Dependence Investigations

Dmytro Vlasyuk *, Renata Lyszczek *, Liliana Mazur !, Agnieszka Pladzyk ?, Zbigniew Hnatejko 3
and Przemystaw Wozny 3

1 Department of General and Coordination Chemistry and Crystallography, Faculty of Chemistry, Institute of
Chemical Sciences, Maria Curie-Sktodowska University, M. C. Sktodowskiej Sq. 2, 20-031 Lublin, Poland;
liliana.mazur@mail.umcs.pl

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

3 Department of Rare Earths, Faculty of Chemistry, Adam Mickiewicz University in Poznan, Uniwersytetu

Poznanskiego 8, 61-614 Poznan, Poland; zbigniew.hnatejko@amu.edu.pl (Z.H.);

przemyslaw.wozny@amu.edu.pl (P.W.)

Correspondence: dmytro.vlasyuk@mail.umcs.pl (D.V.), renata.lyszczek@mail.umcs.pl (R.L.)

Neodymium(lll) complexes

"J\JJ . samples 1+2 exp.
J sample 3 exp.

Intensity (a.u)

sample 4 exp.

T T T T T T T T T

5 10 15 20 25 30 35 40 a5 50
2 theta (degree)

Figure S1. X-ray diffraction patterns of neodymium(IIl) samples obtained at different temperature
(100, 120 and 150 °C).

Molecules 2023, 28, 6360. https://doi.org/10.3390/molecules28176360 www.mdpi.com/journal/molecules



Molecules 2023, 28, 6360 2 of 29

Europium(lll) complexes

samples 5+6 exp.

sample 7 exp.

Intensity (a.u)

sample 8 exp.

sample 8 calc.

4 8 12 16 20 24 28 32
2 theta (degree)
Figure S2. X-ray diffraction patterns of europium(IIl) samples obtained at different temperature

(100, 120 and 150 °C).
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Figure S3. X-ray diffraction patterns of terbium(IIl) samples obtained at different temperature (100,
120 and 150 °C).
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Figure S4. X-ray diffraction patterns of erbium(IlI) samples obtained at different temperature (100,
120 and 150 °C).
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Figure S5. ATR/FTIR spectrum of neodymium(IIl) samples obtained at different temperature (100,
120 and 150 °C).
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Figure S6. ATR/FTIR spectrum of europium(IIl) samples obtained at different temperature (100, 120
and 150 °C).
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Figure S7. ATR/FTIR spectrum of terbium(III) samples obtained at different temperature (100, 120
and 150 °C).
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Figure S8. ATR/FTIR spectrum of erbium (IIT) samples obtained at different temperature (100, 120
and 150 °C).
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Figure S9. UV-VIS spectra of the neodymium(IIl) samples obtained at different temperature (100,
120 and 150 °C).
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Figure S10. UV-VIS spectra of the europium(IIl) samples obtained at different temperature (100, 120
and 150 °C).
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Figure S11. UV-VIS spectra of the terbium (IIT) samples obtained at different temperature (100, 120
and 150 °C).
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Figure S12. UV-VIS spectra of the erbium (III) samples obtained at different temperature (100 and
120 °C).
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Figure S13. a) TG and b) DSC curves of neodymium (III) complexes in air atmosphere, obtained at
different temperature (100, 120 and 150 °C).
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Figure S14. a) TG and b) DSC curves of europium (III) complexes in air atmosphere, obtained at
different temperature (100, 120 and 150 °C).
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Figure S15. a) TG and b) DSC curves of erbium (III) complexes in air atmosphere, obtained at dif-
ferent temperature (100, 120 and 150 °C).

1600 -

5 .

o 1200

> Aex=360 nm

g | AeX:392 nm

9 u

c 800

o i

9 7

7} .

R] i

e

0 400-_
0 +—r—~r—r—rrrrrpr—rrrrtr
400 450 500 550 600 650 700

A [nm]

Figure S16. Room temperature emission spectra of [Eu2Qdcas(H20)4]+H20 in solid state (Aex= 360
and 392 nm).
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Figure 517. Low temperature phosphorescence spectrum of [Gd2(Qdca)s(H20)s]+H20 in ethanol so-
lution at 148 °C (Aex=360 nm).
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Figure S18. Typical luminescence decay profiles observed for Eu(IIl) complexes in the solid state at
room temperature prepared in 100 °C and 150 °C (blue points are the raw data while the red line is
a monoexponential fit).

Table S1. Results of the elemental analysis of prepared complexes.

Name of Complex Temperature of Number of C (%) H (%) N (%)
P Synthesis Compounds Cal. Exp. Cal. Exp. Cal. Exp.
40.10M 2.12M 4.25M
100 °© 1+2 7 . .84
Neodymium com- 00°C ’ 38.69?@ 3576 2.44 3.08 4.102 38
plexes 120 °C 3 38.69 36.84 2.44 2.42 4.10 3.85
150 °C 4 37.37 37.22 2.74 2.40 3.96 3.87
36.830) 2.690) 3.91®
. 1 100 °C 5+6 8116 3469 oo 29 Lo 3.83
uropiuim complexes 120 °C 7 38.11 3411 241 292 391 3.93
150 °C 8 38.11 34.55 241 2.67 3.91 3.88
100 °C 9 37.61 35.77 2.37 2.96 3.99 3.92

Terbium complexes 120 °C 10 36.36 34.61 266 295 386 406
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150 °C 11 36.36 34.25 2.66 2.76 3.86 4.07
) 100 °C 12 35.24 33.95 2.76 2.82 3.74 3.74
Erbium
complexes 120 °C 13 35.24 33.63 2.76 2.85 3.74 3.84
150 °C 14 32.15 28.74 3.49 2.38 3.41 3.74
Table S2. Bond Lengths for (1)[Nd2(Qdca)s(H20)s].
Atom Atom Length/A Atom Atom Length/A
C2A C3A 1.417(7) C9B C10B 1.420(8)
C2A Cl11A 1.507(8) CoC C10C 1.425(9)
C2A NI1A 1.320(7) C10A NI1A 1.374(7)
C2B C3B 1.415(8) C10B N1B 1.350(8)
C2B C11B 1.530(8) C10C Ni1C 1.374(8)
C2B N1B 1.315(8) Cl1A O1A 1.269(7)
Cc2C C3C 1.398(8) Cl1A O2A 1.240(7)
C2C C11C 1.509(8) C11B O1B 1.254(8)
C2C Ni1C 1.331(7) C11B O2B 1.270(8)
C3A C4A 1.361(8) C11C o1C 1.251(7)
C3B C4B 1.365(9) C11C 02C 1.250(8)
C3C C4C 1.353(9) CI12A O3A 1.256(10)
C4A C5A 1.412(7) C12A O4A 1.239(10)
C4A CI2A 1.517(7) C12B O3B 1.251(11)
C4B C5B 1.422(8) C12B 04B 1.243(11)
C4B C12B 1.524(8) C12C 03C 1.250(7)
C4C C5C 1.421(9) C12C 04C 1.255(7)
C4C C12C 1.519(7) C12C Nd1 2.883(5)
C5A C6A 1.427(8) NI1A Nd1 2.664(4)
C5A C10A 1.412(8) N1C Nd2! 2.888(4)
C5B C6B 1.411(8) O1A Nd1 2.414(5)
C5B C10B 1.427(8) O1B Nd2? 2.581(5)
C5C C6C 1.432(9) 01C Nd2! 2.358(4)
C5C C10C 1.428(8) O2A Nd22 2.476(4)
C6A C7A 1.355(9) O1W Nd1 2.449(6)
C6B C7B 1.378(9) 0O2B Nd1 2.409(5)
C6C C7C 1.353(10) O2W Nd2 2.433(5)
C7A C8A 1.404(9) O3A Nd13 2.464(5)
C7B C8B 1.414(10) O3B Nd2 2.355(5)
C7C C8C 1.411(10) 03C Nd1 2.534(4)
C8A C9A 1.359(8) O3W Nd2 2.438(5)
C8B C9B 1.357(9) O4A Nd14 2.425(6)
C8C CcoC 1.353(10) 0O4B Nd25 2.469(5)
C9A C10A 1.420(7) 04C Nd1 2.502(4)
Symmetry code:'1/2+x,3/2-y 4z; 2-1/2+x,3/2-y +2; 31-x,1-y,-1/2+z; *1-x,1-y,1/2+z; 5+x,+y,-1+z.
Table S3. Bond Lengths for (4) [Nd2(Qdca)s(H20)4]-3H:0.
Atom Atom Length/A Atom Atom Length/A
Nd1 O1A! 2.368(4) C5B C4B 1.415(9)
Nd1 O4A 2.360(5) C5B C6B 1.427(9)
Nd1 O2A? 2.508(5) C10B C9B 1.432(9)
Nd1 O2B? 2.381(4) C4B C3B 1.375(9)
Nd1 0O4B 2.368(5) C4B C12B 1.504(8)
Nd1 NIA! 2.780(5) C10A C5A 1.421(9)
Nd1 O1wW 2.501(6) C10A C9A 1.413(9)
Nd1 O4W 2.571(7) C3B C2B 1.411(9)
Nd2 O3B 2.354(4) C4A C5A 1.429(9)
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Nd2 O1B* 2.402(4) C4A C3A 1.367(9)
Nd2 01C 2.400(5) C4A C12A 1.525(9)
Nd2 04C 2.302(5) C5A C6A 1.414(9)
Nd2 O3W 2.484(6) C2B C11B 1.496(9)
Nd2 N1B* 2.724(5) C5C C6C 1.433(10)
Nd2 N1C5 2.727(5) C5C C10C 1.412(9)
Nd2 O2wW 2.518(6) C5C C4C 1.409(9)
OlA C11A 1.270(8) C3A C2A 1.399(9)
O3B C12B 1.255(8) 03C C12C 1.212(9)
O4A C12A 1.245(8) C2A C11A 1.503(9)
O2A C11A 1.255(8) C9B C8B 1.359(10)
O1B C11B 1.261(8) C6B C7B 1.352(10)
O2B C11B 1.248(8) C6C C7C 1.342(10)
O4B C12B 1.236(8) C9A C8A 1.353(11)
0O1C C11C 1.267(8) C10C C9C 1.407(9)
04C C12C 1.257(8) c2C C3C 1.403(9)
N1A C10A 1.377(8) C2C C11C 1.505(10)
N1A C2A 1.325(8) C4C C3C 1.371(10)
N1B C10B 1.355(8) C4C C12C 1.524(9)
N1B C2B 1.335(8) C9C C8C 1.351(11)
O3A C12A 1.240(9) C6A C7A 1.372(11)
02C C11C 1.251(8) C7A C8A 1.400(11)
N1C C10C 1.382(9) C8B C7B 1.390(10)
N1C C2C 1.322(8) C8C C7C 1.424(10)
C5B C10B 1.434(8)

Symmetry code: 12-x,2-y,1-z; 2-1+x,+y,+z; 31-x,2-y,1-z; *1-x,1-y,1-z; 5-x,1-y,-z.
Table S4. Bond Lengths for (8) [Euz(Qdca)s(H20)4]-H20.

Atom Atom Length/A Atom Atom Length/A
Eul N1A 2.830(4) Cc4C C12C 1.527(7)
Eul N1B! 2.775(4) C5A C6A 1.412(8)
Eul O1A 2.287(4) C5A C10A 1.420(7)
Eul O1B! 2.374(3) C5B C6B 1.419(8)
Eul O3A? 2.367(4) C5B C10B 1.425(8)
Eul O4A3 2.301(4) C5C C6C 1.417(9)
Eul 0O4B 2.296(4) C5C C10C 1.427(7)
Eul O4W 2.454(4) C6A C7A 1.377(9)
Eu2 C11C 3.224(5) C6B C7B 1.364(9)
Eu2 N1C 2.689(5) C6C C7C 1.338(9)
Eu2 01C 2.280(4) C7A C8A 1.410(9)
Eu2 O1wW 2.473(5) C7B C8B 1.395(9)
Eu2 O2B 2.424(4) C7C C8C 1.406(9)
Eu2 O2W 2.458(5) C8A C9A 1.357(9)
Eu2 032 2.376(4) C8B C9B 1.359(9)
Eu2 O3W 2.462(5) C8C C9C 1.355(9)
Eu2 O4C* 2.319(4) C9A C10A 1.412(8)
C2A C3A 1.403(7) C9B C10B 1.419(8)
C2A Cl11A 1.496(8) CoC C10C 1.411(8)
C2A N1A 1.328(7) C10A N1A 1.383(7)
C2B C3B 1.410(8) C10B N1B 1.364(7)
C2B C11B 1.499(8) C10C N1C 1.381(7)
C2B N1B 1.330(7) C11A O1A 1.278(7)
C2C C3C 1.412(7) C11A O2A 1.238(7)
C2C C11C 1.492(8) C11B O1B 1.257(6)
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Cc2C N1C 1.327(7) C11B O2B 1.251(7)
C3A C4A 1.362(8) C11C 01C 1.278(7)
C3B C4B 1.369(8) C11C 02C 1.234(7)
C3C Cc4C 1.354(8) C12A O3A 1.239(7)
C4A C5A 1.413(8) CI12A O4A 1.254(7)
C4A C12A 1.533(7) C12B O3B 1.219(7)
C4B C5B 1.421(7) C12B 0O4B 1.273(7)
C4B C12B 1.510(8) C12C 03C 1.248(7)
C4C C5C 1.421(8) C12C 04C 1.245(7)

Symmetry code: 12-x,1-y,1-z; 21+x,+y,+z; ’1-x,-y,1-z; 41-x,1-y,2-z.
Table S5. Bond Lengths for (9) [Tb2(Qdca)s(H20)4]-H=0.

Atom Atom Length/A Atom Atom Length/A
C2A C3A 1.416(8) C9B C10B 1.419(8)
C2A Cl11A 1.518(8) CoC C10C 1.403(8)
C2A NI1A 1.322(7) C10A N1A 1.379(7)
C2B C3B 1.406(8) C10B N1B 1.386(7)
C2B C11B 1.499(8) C10C N1C 1.390(7)
C2B N1B 1.321(7) C11A O1A 1.262(7)
C2C C3C 1.423(7) Cl11A O2A 1.231(7)
C2C C11C 1.511(8) C11B O1B 1.257(6)
C2C N1C 1.305(7) C11B O2B 1.258(7)
C3A C4A 1.345(8) C11C 01C 1.281(7)
C3B C4B 1.361(8) C11C 02C 1.221(7)
C3C C4C 1.360(8) C12A O3A 1.241(7)
C4A C5A 1.434(8) CI12A O4A 1.242(7)
C4A C12A 1.530(7) C12B O3B 1.225(7)
C4B C5B 1.431(8) C12B 0O4B 1.268(7)
C4B C12B 1.524(8) C12C 03C 1.241(8)
C4C C5C 1.426(8) C12C 04C 1.255(7)
C4C C12C 1.528(8) N1A Tbl 2.817(5)
C5A C6A 1.408(8) N1B Tbh1! 2.751(5)
C5A C10A 1.410(8) N1C Tb2 2.661(5)
C5B C6B 1.416(8) O1A Tbl 2.269(4)
C5B C10B 1.419(8) O1B Tb1! 2.349(4)
C5C C6C 1.416(8) o1C Tb2 2.263(4)
C5C C10C 1.419(8) O1W Tbh2 2.421(4)
C6A C7A 1.373(9) 0O2B Tb2 2.386(4)
C6B C7B 1.343(9) O2W Tb2 2.431(5)
C6C C7C 1.347(10) O3A Tb12 2.340(4)
C7A C8A 1.406(9) 03C Tbh22 2.351(4)
C7B C8B 1.388(9) O3W Tb2 2.443(5)
C7C C8C 1.406(10) O4A Tb13 2.286(4)
C8A C9A 1.351(9) 04B Tbl 2.263(4)
C8B C9B 1.354(9) 04C Tbh24 2.290(4)
C8C CoC 1.353(9) O4W Tb1 2.444(5)
C9A C10A 1.431(8)

Symmetry code: 12-x,1-y,1-z; 2-1+x,+y,+z; 31-x,-y,1-z; 41-x,1-y,2-z.



Molecules 2023, 28, 6360 13 of 29
Table S6. Bond Lengths for (13) [Er2(Qdca)3(H20)4]-4H20.

Atom Atom Length/A Atom Atom Length/A
Erl N1B! 2.715(3) C5A C6A 1.419(6)
Erl O1A 2.236(3) C5A C10A 1.430(5)
Erl O1B! 2.320(3) C5B C6B 1.425(6)
Erl O1wW 2.384(3) C5B C10B 1.422(5)
Erl O3A2 2.313(3) C5C C6C 1.416(6)
Erl O4A3 2.249(3) C5C C10C 1.413(5)
Erl 04B 2.237(3) C6A C7A 1.356(7)
Er2 N1C 2.601(3) C6B C7B 1.350(6)
Er2 o1C 2.285(3) C6C C7C 1.358(7)
Er2 02B 2.357(3) C7A C8A 1.412(7)
Er2 O2W 2.380(3) C7B C8B 1.406(6)
Er2 03¢t 2.296(3) C7C C8C 1.417(7)
Er2 O3W 2.357(3) C8A C9A 1.363(7)
Er2 04C? 2.375(3) C8B C9B 1.361(6)
Er2 O4W 2.291(3) C8C coC 1.360(6)
C2A C3A 1.401(5) C9A C10A 1.409(6)
C2A C11A 1.518(5) C9B C10B 1.417(5)
C2A N1A 1.318(5) C9C C10C 1.415(6)
C2B C3B 1.419(5) C10A NI1A 1.374(5)
C2B C11B 1.507(5) C10B N1B 1.365(5)
C2B N1B 1.323(5) C10C N1C 1.375(5)
C2C C3C 1.405(5) CI11A O1A 1.273(5)
C2C C11C 1.506(5) CI11A O2A 1.226(5)
c2C N1C 1.329(5) C11B O1B 1.249(4)
C3A C4A 1.373(5) C11B O2B 1.262(5)
C3B C4B 1.370(5) C11C 01C 1.258(5)
C3C C4C 1.363(6) C11C 02C 1.238(5)
C4A C5A 1.410(5) C12A O3A 1.242(5)
C4A CI12A 1.530(5) CI2A O4A 1.237(5)
C4B C5B 1.422(5) C12B O3B 1.232(5)
C4B C12B 1.519(5) C12B O4B 1.247(5)
C4C C5C 1.423(5) C12C 03C 1.269(5)
C4C C12C 1.507(5) C12C 04C 1.232(5)

Symmetry code:'-x,1-y,1-z; 2-1+x,+y,+z; 31-X,-y,1-z; 41-x,1-y,2-z.
Table S7. Bond Angles for (1) [Nd2(Qdca)s(H20)s].

Atom Atom Atom Angle/® Atom Atom Atom Angle/
C3A C2A C11A 121.6(5) C2C N1C Nd2! 111.0(3)
N1A C2A C3A 123.0(5) C10C N1C Nd2! 132.0(4)
NIA C2A Cl1A 115.4(5) Cl1A O1A Nd1 125.9(4)
C3B C2B C11B 121.8(5) C11B O1B Nd22 158.6(5)
N1B C2B C3B 122.3(6) C11C 01C Nd2! 132.2(4)
N1B C2B C11B 115.8(5) CIl1A O2A Nd22 116.4(3)
C3C C2C C11C 119.6(5) C11B 0O2B Nd1 139.4(4)
N1C C2C C3C 123.7(5) CI12A O3A Nd13 155.2(4)
N1C C2C C11C 116.7(5) C12B O3B Nd2 154.4(5)
C4A C3A C2A 119.2(5) C12C 03C Nd1 92.9(3)
C4B C3B C2B 118.9(5) CI12A O4A Nd1¢ 159.3(5)
C4C C3C c2C 120.8(6) C12B O4B Nd25 149.9(5)
C3A C4A C5A 119.2(5) C12C 04C Nd1 94.3(3)
C3A C4A C12A 124.4(5) NI1A Nd1 C12C 124.10(15)
C5A C4A C12A 116.4(4) O1A Nd1 C12C 170.29(19)
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C3B C4B C5B 120.4(5) O1A Nd1 N1A 62.19(14)
C3B C4B C12B 120.5(5) O1A Nd1 O1W 77.1(2)
C5B C4B C12B 119.0(5) O1A Nd1 O3A* 90.36(18)
C3C C4C C5C 118.4(5) O1A Nd1 03C 157.32(16)
C3C C4C C12C 117.7(5) O1A Nd1 O4A3 110.02(19)
C5C C4C C12C 123.8(5) O1A Nd1 04C 148.51(14)
C4A C5A C6A 123.3(5) O1wW Nd1 C12C 93.3(2)
C4A C5A C10A 118.5(5) O1wW Nd1 NI1A 125.1(2)

C10A C5A C6A 118.2(5) O1W Nd1 O3A* 69.51(19)
C4B C5B C10B 116.2(5) O1wW Nd1 03C 108.2(2)
C6B C5B C4B 124.9(5) O1W Nd1 04C 77.6(2)
C6B C5B C10B 118.9(5) O2B Nd1 C12C 102.61(18)
C4C C5C C6C 124.1(6) 0O2B Nd1 NI1A 119.39(18)
C4C C5C C10C 117.7(6) O2B Nd1 O1A 78.01(16)

C10C C5C C6C 118.1(6) O2B Nd1 O1W 82.9(2)
C7A C6A C5A 120.8(5) 02B Nd1 O3A* 151.86(19)
C7B C6B C5B 120.4(6) O2B Nd1 03C 124.11(19)
Cc7C C6C C5C 120.5(6) 02B Nd1 O4A3 76.9(2)
C6A C7A C8A 120.1(5) O2B Nd1 04C 80.54(16)
C6B C7B C8B 120.2(6) O3A* Nd1 C12C 84.7(2)
C6C C7C C8C 121.1(6) O3A* Nd1 N1A 75.2(2)
C9A C8A C7A 121.7(5) O3A* Nd1 03C 71.9(2)
C9B C8B C7B 121.0(6) O3A* Nd1 04C 98.03(19)
CoC C8C C7C 120.5(6) 03C Nd1 C12C 25.66(15)
C8A CI9A C10A 119.2(5) 03C Nd1 NI1A 98.77(13)
C8B C9B C10B 120.2(6) O4A3 Nd1 C12C 79.4(2)
C8C CoC C10C 120.5(6) O4A3 Nd1 N1A 76.4(2)
C5A C10A C9A 120.0(5) O4A3 Nd1 O1wW 156.3(2)
NI1A C10A C5A 121.4(4) O4A3 Nd1 O3A* 131.19(14)
N1A C10A C9A 118.6(5) O4A3 Nd1 03C 74.2(2)
C9B C10B C5B 119.3(6) O4A3 Nd1 04C 87.0(2)
N1B C10B C5B 122.2(5) 04C Nd1 C12C 25.72(16)
N1B C10B C9B 118.3(5) 04C Nd1 N1A 149.30(14)
CoC C10C C5C 119.2(6) 04C Nd1 03C 51.37(14)
N1C C10C C5C 122.5(6) O1B! Nd2 N1C? 142.66(18)
N1C C10C CcoC 118.3(6) 01¢? Nd2 N1C? 61.18(14)
O1A Cl11A C2A 115.5(5) o012 Nd2 O1B! 131.58(15)
O2A Cl11A C2A 121.1(5) o1 Nd2 O2A! 143.23(15)
O2A Cl11A O1A 123.4(5) o1 Nd2 O2W 66.01(15)
O1B C11B C2B 117.8(5) o012 Nd2 O3W 89.76(18)
O1B C11B O2B 125.2(6) o1 Nd2 O4B¢ 71.12(16)
O2B C11B C2B 117.0(5) O2A! Nd2 N1C? 85.63(13)
O1C C11C Cc2C 118.5(5) O2A1! Nd2 O1B! 84.27(16)
02C C11C Cc2C 117.8(5) O2W Nd2 N1C? 113.31(17)
02C C11C 01C 123.7(6) O2W Nd2 O1B! 65.57(16)
O3A CI12A C4A 116.7(7) O2W Nd2 O2A! 148.86(18)
O4A CI12A C4A 117.3(8) O2W Nd2 O3W 78.8(2)
O4A C12A O3A 126.0(5) O2wW Nd2 O4B¢ 126.54(19)
O3B C12B C4B 115.8(7) O3B Nd2 N1C? 71.95(19)
O4B C12B C4B 120.0(7) O3B Nd2 O1B! 71.71(18)
O4B C12B O3B 124.2(5) O3B Nd2 o012 96.27(17)
C4C C12C Nd1 177.7(5) O3B Nd2 O2A! 87.1(2)
03C C12C C4C 119.9(5) O3B Nd2 O2W 76.6(2)
03C C12C 04C 121.3(5) O3B Nd2 O3W 149.5(2)
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03C C12C Nd1 61.4(3) O3B Nd2 0O4B¢ 139.57(18)
04C C12C C4C 118.7(5) O3W Nd2 N1C2 135.36(19)
04C C12C Nd1 60.0(3) O3W Nd2 O1B! 81.96(19)
C2A N1A C10A 118.6(4) O3W Nd2 O2A! 105.6(2)
C2A NI1A Nd1 116.5(3) O3W Nd2 O4B¢ 70.5(2)
C10A NI1A Nd1 124.9(3) O4B¢ Nd2 N1C? 68.35(18)
C2B N1B C10B 119.9(5) O4B° Nd2 O1B! 144.86(17)
C2C N1C C10C 117.0(5) O4B¢ Nd2 O2A! 82.7(2)

Symmetry codes: '1/2+x,3/2-y,+z; 21/2+x,3/2-y+z; 31-x,1-y,-1/2+z; *1-x,1-y,1/2+z; S+x+y,-1+z;

o+x,+y,1+z.

Table S8. Bond Angles for (4) [Nd2(Qdca)s(Hz20):]-3Hz0.
Atom Atom Atom Angle/" Atom Atom Atom Angle/
O1A! Nd1 0O2A2 73.53(16) C2C N1C Nd25 111.9(4)
O1A! Nd1 02B3 79.32(16) C2C N1C C10C 117.9(5)
O1A! Nd1 NI1A! 61.64(16) C4B C5B C10B 117.9(6)
O1A! Nd1 O1wW 140.7(2) C4B C5B C6B 123.5(6)
O1A! Nd1 O4W 156.3(2) C6B C5B C10B 118.6(6)
04A Nd1 O1A!  91.86(17)  NIB C10B C5B 122.7(6)
O4A Nd1 0O2A2 149.90(18) N1B C10B C9B 118.8(6)
O4A Nd1 O02B°  76.04(17)  C9B C10B C5B 118.5(6)
O4A Nd1 O4B 130.47(18) C5B C4B C12B 122.7(6)
O4A Nd1 N1A! 71.75(16) C3B C4B C5B 118.4(6)
O4A Nd1 O1wW 107.2(2) C3B C4B C12B 118.9(6)
O4A Nd1 O4W 73.4(2) NI1A C10A C5A 122.3(6)
02A2 Nd1 NI1A! 119.94(16) NI1A C10A C9A 118.1(6)
02A2 Nd1 O4W 127.8(2) C9A C10A C5A 119.5(6)
O2B> Nd1 02A  7546(17)  C4B C3B C2B 120.0(6)
0O2B3 Nd1 N1A! 127.37(16) C5A C4A CI12A 123.7(6)
O2B> Nd1 O1W 72.8(2) C3A C4A C5A 118.5(6)
0O2B3 Nd1 O4W 113.7(2) C3A C4A CI12A 117.6(6)
O4B Nd1 O1A! 100.93(17) C10A C5A C4A 117.4(6)
O4B Nd1 0O2A2 78.92(18) C6A C5A C10A 118.1(6)
O4B Nd1 0O2B? 153.19(18) C6A C5A C4A 124.5(6)
O4B Nd1 N1A! 73.07(16) N1B C2B C3B 123.2(6)
O4B Nd1 O1W 92.3(2) N1B C2B C11B 116.6(5)
O4B Nd1 O4W 76.6(2) C3B C2B C11B 120.2(6)
O1W Nd1 02A? 73.1(2) C10C C5C C6C 117.9(6)
O1W Nd1 NI1A! 156.7(2) C4C C5C C6C 123.4(6)
O1W Nd1 O4W 62.8(3) C4C C5C C10C 118.7(6)
O4W Nd1 NI1A! 95.6(2) C4A C3A C2A 120.3(6)
O3B Nd2 O1B* 105.81(17) O3B C12B C4B 116.7(6)
O3B Nd2 o1C 138.61(17) O4B C12B O3B 125.5(6)
O3B Nd2 O3W 146.89(19) O4B C12B C4B 117.8(6)
O3B Nd2 N1B* 73.48(16) N1A C2A C3A 123.2(6)
03B Nd2 NI1C5  87.50(16)  NI1A C2A Cl1A 115.6(5)
O3B Nd2 O2W 73.4(2) C3A C2A Cl11A 121.1(6)
O1B* Nd2 O3W 72.4(2) CSB C9B C10B 119.6(6)
O1B4 Nd2 N1B* 62.48(16) C7B C6B C5B 120.4(6)
O1B4 Nd2 N1Cs 140.09(17) C7C C6C C5C 121.3(7)
O1B4 Nd2 O2W 69.72(19) O4A C12A C4A 118.0(6)
o1C3 Nd2 O1B* 82.60(16) O3A C12A O4A 124.8(6)
01C Nd2 O3W 74.50(19) O3A C12A C4A 117.1(6)
o1C3 Nd2 N1B* 140.17(15) O1A Cl11A C2A 115.4(6)




Molecules 2023, 28, 6360 16 of 29
o1¢ Nd2 N1C3 64.23(16) O2A Cl11A O1A 125.7(6)
o1¢ Nd2 O2W 72.0(2) O2A C11A C2A 118.9(6)
04C Nd2 O3B 92.59(19) O1B C11B C2B 117.0(6)
04C Nd2 O1B* 142.29(18) O2B C11B O1B 124.3(6)
04C Nd2 o1¢° 105.10(18) O2B C11B C2B 118.6(6)
04C Nd2 O3W 74.3(2) C8A C9A C10A 120.8(7)
04C Nd2 N1B* 93.12(16) N1C C10C C5C 121.7(6)
04C Nd2 N1C3 71.68(17) N1C C10C C9C 118.9(6)
04C Nd2 O2W 148.0(2) C9C C10C C5C 119.4(6)
O3W Nd2 N1B* 76.97(18) N1C Cc2C C3C 123.0(6)
O3W Nd2 N1C3 115.53(19) N1C c2C C11C 117.0(6)
O3W Nd2 O2W 131.8(2) C3C C2C C11C 120.0(6)
N1B+ Nd2 N1C3 155.28(16) C5C C4C C12C 123.5(6)
O2W Nd2 N1B* 109.45(18) C3C C4C C5C 118.2(6)
O2wW Nd2 N1C3 78.92(18) C3C C4C C12C 118.3(6)
C11A O1A Nd1! 126.9(4) C8C CoC C10C 121.2(7)
C12B O3B Nd2 173.7(4) C4C C3C C2C 120.3(6)
CI2A O4A Nd1 159.6(5) C7A C6A C5A 120.6(7)
Cl1A O2A Nd1¢ 128.9(4) C6A C7A C8A 120.7(7)
C11B O1B Nd2# 128.9(4) 01C C11C C2C 117.3(6)
C11B O2B Nd13 146.4(5) 02C C11C o1C 124.7(7)
C12B 0O4B Nd1 161.6(4) 02C C11C C2C 118.0(6)
C11C o1C Nd2° 124.4(4) C9B C8B C7B 121.8(6)
C12C 04C Nd2 171.2(5) C6B C7B C8B 121.0(7)
C10A N1A Nd1! 128.8(4) 04C C12C C4C 117.3(6)
C2A N1A Nd1! 113.0(4) 03C C12C 04C 125.5(7)
C2A N1A C10A 117.9(5) 03C C12C C4C 117.2(6)
C10B N1B Nd2+ 127.1(4) CI9A C8A C7A 120.3(7)
C2B N1B Nd2* 114.3(4) C9C C8C C7C 120.1(7)
C2B N1B C10B 117.8(5) C6C C7C C8C 120.0(7)
C10C N1C Nd25 127.8(4)

Symmetry codes:12-x,2-y,1-z; 2-1+x,+y,+z; 31-x,2-y,1-z; 41-x,1-y,1-z; 5-x,1-y,-z; *1+x,+y,+Z.
Table S9. Bond Angles for (8) [Euz(Qdca)s(H20)4]- H20.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®
N1B! Eul NI1A 86.89(12) C3A C4A C12A 116.1(5)
O1A Eul N1A 62.30(13) C5A C4A CI12A 125.4(5)
O1A Eul N1B! 76.98(15) C3B C4B C5B 117.9(5)
O1A Eul O1B! 83.12(14) C3B C4B C12B 120.4(5)
O1A Eul O3A2 146.39(14) C5B C4B C12B 121.7(5)
O1A Eul O4A3 99.33(15) C3C C4C C5C 119.4(5)
O1A Eul 0O4B 136.45(15) C3C C4C C12C 117.7(5)
O1A Eul O4W 77.08(16) C5C C4C C12C 122.9(5)
O1B! Eul N1A 138.37(13) C4A C5A C10A 117.5(5)
O1B! Eul N1B! 61.91(13) C6A C5A C4A 124.2(5)
O1B! Eul O4W 75.37(15) C6A C5A C10A 118.2(5)
O3A2 Eul NI1A 147.69(13) C4B C5B C10B 118.2(5)
O3A2 Eul N1B! 110.47(14) C6B C5B C4B 123.1(5)
O3A2 Eul O1B! 73.14(13) C6B C5B C10B 118.8(5)
O3A2 Eul O4W 74.17(15) C4C C5C C10C 117.3(5)
O4A3 Eul N1A 67.31(13) C6C C5C C4C 124.6(5)
O4A3 Eul N1B! 151.81(13) C6C C5C C10C 118.1(5)
O4A3 Eul O1B! 146.08(14) C7A C6A C5A 121.2(5)
O4A3 Eul O3A2 88.24(14) C7B C6B C5B 121.0(6)
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SLL Eul
O4W
O4B Eul N 72.32(15) Te
O4B 1A 83.92(1 Coc
Eul 92(14) C6A C5C B
04B Eul N1B! 74.39(14) C7A CoA 0.5(6)
04B O1B! 1104 CéB C7B 119.6(6)
Eul 46(14)  C6C C8B m
O4B O3A2 7543 c7C 9.8(6)
Eul 43(15)  C9A C8C 5
o418 O4A° 9110 CcsA 1.8(6)
O4W O4W 1456 CSB 07(6)
Eul 60(15)  C9C C7B 12
O4W N1A 1148 c8C 1.5(6)
Eul 83(14)  C8A c7C 11
N1C o NIB' 1319514 C C9A C10A 9.8(6)
SLS Eu2 ClIC 47.03(14) 5B C9B C10B 120.7(5)
0o1C C11C 18.28 C8C Coc 1206(6)
o1¢ NIC 65.08 C10A 0.6(5)
Eu2 0 .08(15) N1A C5A o
O1¢ W 78.69 Cl0A 56)
Eu2 69(18)  NI1A CsA 123
01€ O2W 75.81 9B C10B 117.5(5)
Eu2 .81(16) NIB 5B m
O1C 3¢ 137.11 C10B 8.4(5)
Eu2 o 11(16)  N1B C5B ™
0O1C w2 W 73.15(17) C C10B C9B 8(5)
1w O4Ct 103.4 9C C10C 118.8(5)
fu2 43(16)  NIC GC 1
O1W a2 C11c 92.85(17) N C10C e 9.2(5)
W Rz NIE 1RO N e o 12205)
O2B C11C 131.60 1A Cl1A 118.8(5)
Eu2 .60(15) O2A CoA e
028 N1C 91.68 C11A 8(5)
Eu2 o 68(14)  O2A C2A 119
O2B Ew2 1W_ 104.15(19) o CliA O1A 8(5)
o2b Eu2 OZW 74.45(15) o1B CliB C2B 123.4(5)
02w Eo O3W__ 140.10(16) 02B C11B B 117.6(5)
O2W C11C 70.05 2B C11B 117.6(5)
Eu2 .05(15) CoC O1B -
02w N1C 72.71 C11C 8(5)
Eu2 @) 71(15) 01C Eu2 53
O2W 1W 69.10(1 C11C 7(3)
Eu2 @) 10(19) 01C Eu2 34
e haohe el o e o iiess
3¢ Cl1C 155.10 2C C11C 116.5(5)
Eu2 .10(17) 02C a2 T
o3¢ N1C 154.36 C11C 6.4(4)
Eu2 36(15)  02C 2C m
R Eu2 OIW ___ 72.30(17) 0 ClIC 01C 8.5()
03C2 O2wW 119.91 3A C12A 115.5(5)
Eu2 o 9l(1e)  O4A O4A o6
oW Fw BW_ 692518) O Cl2A | CaA 86)
W Eu2 cle 87.86(17) 03}3 C12B C4B 117.7(5)
O3W a2 NIC 118.93(17) 033 C12B 4B 120.2(5)
04C Cle 96.73 S C12C 114.8(5)
O4¢t Eu2 NIC 71.60(14) o C12C cacC 58(5)
04C OIW 15029 4C chc 11676)
Eu2 29(19)  C2A o 1
O4ct 028 90.25 N1A 5.4(5)
Eu2 o .25(16) CoA Eul 0
O4¢! 2W  140.53 N1A 0(3)
Eu2 .53(17) C10A C10A m
04Ct 03¢ 87.99 N1A 7.0(4)
Eu2 .99(15) CoB Ful 5
T S e a—s NID B 1140
NAon oa e &5 NBcIs 113.46)
C3A 17165
3B C2B 117.5(5) te - 12
akl C2B LB 120.3(5) C10C NiC C10C 1 1)
C3B 18.1(5
N1B C2B C 123.7(5) CliA N1C " o (5)
€3¢ 1B 1160 OlA 10)
IS C2C C11C 119'9(5) C11B O1B Eul 132.4(4)
C 95 Eul!
NE G o oE EeTTa—— )
Clic 117.4(5) CI1B O2B ") 127.7(4)
C124 O3A Eu15 128.0(4)
= 138.8(4)
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C4A C3A C2A 121.1(5) C12C 03C Eu2’ 138.7(4)
C4B C3B C2B 120.1(5) CI12A O4A Euld 157.1(4)
C4C C3C C2C 120.2(5) C12B 0O4B Eul 174.7(4)
C3A C4A C5A 118.4(5) C12C 04C Eu24 166.7(5)

Symmetry codes:!2-x,1-y,1-z; 21+x,+y,+z; 31-x,-y,1-z; 41-x,1-y,2-z; 5-1+x,+y,+z.
Table S10. Bond Angles for (9) [Tb2(Qdca)s(H20)4]-H20.

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C3A C2A CI11A 119.5(5) C2B N1B C10B 116.1(5)
N1A C2A C3A 122.7(5) C2B N1B Tb1! 114.0(4)
N1A C2A Cl1A 117.8(5) C10B N1B Tb1! 129.4(3)
C3B C2B C11B 120.0(5) C2C N1C C10C 117.9(5)
N1B C2B C3B 124.7(6) C2C N1C Tb2 111.2(4)
N1B C2B C11B 115.3(5) C10C N1C Tb2 130.1(4)
C3C c2C C11C 118.4(5) Cl1A O1A Tbl 132.7(4)
N1C C2C C3C 123.7(5) C11B O1B Tb1! 130.6(4)
N1C C2C C11C 117.9(5) C11C O1C Tb2 127.4(4)
C4A C3A C2A 121.1(5) C11B O2B Tb2 129.2(4)
C4B C3B C2B 120.0(5) CI12A O3A Tb12 139.3(4)
C4C C3C Cc2C 119.3(6) C12C 03C Tb22 139.1(4)
C3A C4A C5A 118.8(5) CI12A O4A Tb13 157.4(4)
C3A C4A CI2A 115.9(5) C12B O4B Tb1 173.7(4)
C5A C4A CI12A 125.1(5) C12C 04C Tb2* 168.1(5)
C3B C4B C5B 118.4(5) N1B! Tbl N1A 86.80(13)
C3B C4B C12B 121.1(5) O1A Tbl N1A 62.96(14)
C5B C4B C12B 120.5(5) O1A Tbl N1B! 76.83(15)
C3C C4C C5C 119.4(5) O1A Tbl O1B! 82.97(14)
C3C Cc4C C12C 116.8(5) OlA Tbl O3A5 146.44(15)
C5C C4C C12C 123.7(5) O1A Tbl O4A3 99.13(15)
C6A C5A C4A 123.8(5) OlA Tbl O4W 76.85(16)
C6A C5A CI10A 119.8(5) O1B! Tbl N1A 138.74(13)

C10A C5A C4A 116.4(5) O1B! Tbl N1B! 62.00(14)
C6B C5B C4B 123.7(5) O1B! Tbl O4W 74.84(15)
C6B C5B C10B 118.8(5) O3A5 Tbl N1A 146.96(14)
C10B C5B C4B 117.5(5) O3A5 Tbl N1B! 110.83(14)
C6C C5C C4C 124.0(5) O3A5 Tbl O1B! 73.43(14)
C6C C5C C10C 118.7(6) O3A> Tbl O4W 74.19(16)
C10C C5C C4C 117.2(5) O4A3 Tbl N1A 67.29(14)
C7A C6A C5A 119.9(6) O4A3 Tbl N1B! 152.00(15)
C7B C6B C5B 120.9(6) O4A3 Tbl O1B! 145.74(15)
C7C C6C C5C 120.6(6) O4A3 Tbl O3A> 88.03(15)
C6A C7A C8A 120.6(6) O4A3 Tbl O4W 72.45(16)
C6B C7B C8B 120.7(6) O4B Tbl N1A 83.02(14)
Ce6C C7C C8C 120.3(6) 0O4B Tbl N1B! 74.23(14)
C9A C8A C7A 120.6(6) O4B Tbl O1A 136.09(16)
C9B C8B C7B 120.8(6) 0O4B Tbl O1B! 110.65(14)
CoC C8C C7C 120.8(6) O4B Tbl O3A5 75.79(16)
C8A C9A C10A 120.6(5) 0O4B Tbl O4A3 91.57(15)
C8B C9B C10B 120.7(6) O4B Tbl O4W 146.27(16)
C8C CoC C10C 120.5(6) O4W Tbl N1A 115.53(15)
C5A C10A C9A 118.4(5) O4W Tbl N1B! 131.43(15)
N1A C10A C5A 124.1(5) 0O1C Tb2 N1C 65.67(15)
N1A C10A C9A 117.5(5) 01C Tb2 O1wW 75.39(17)
C9B C10B C5B 118.0(5) 01C Tb2 0O2B 146.69(17)
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N1B C10B C5B 123.2(5) 01C Tb2 Oo2w 72.69(18)
N1B C10B C9B 118.8(5) O1C Tb2 03C> 136.52(16)
C9C c10C C5C 119.0(5) O1C Tb2 O3wW 77.79(18)
N1C C10C C5C 122.2(5) O1C Tb2 04cCt 104.26(17)
N1C c10C c9C 118.8(5) O1wW Tb2 N1C 72.74(15)
O1A Cl11A C2A 116.3(5) O1wW Tb2 o2w 136.1(2)
02A Cl11A C2A 119.3(5) O1W Tb2 O3W 69.73(19)
02A Cl11A O1A 124.4(6) O2B Tb2 N1C 91.71(15)
O1B C11B C2B 117.3(5) 02B Tb2 O1w 74.59(16)
O1B C11B 02B 124.3(5) 02B Tb2 o2wW 140.49(18)
02B C11B C2B 118.4(5) 02B Tb2 O3wW 104.70(19)
O1C C11C Cc2C 115.2(5) O2W Tb2 N1C 118.24(18)
02C C11c Cc2C 119.3(5) O2W Tb2 O3wW 74.6(2)
02C C11C O1C 125.5(6) 03C® Tb2 N1C 154.18(15)
O3A CI12A C4A 115.2(5) 03¢ Tb2 Oo1w 120.46(16)
O3A CI12A O4A 126.8(5) 03C* Tb2 02B 72.83(17)
O4A CI12A C4A 118.0(5) 03cs Tb2 o2w 69.43(18)
O3B C12B C4B 118.9(5) 03C® Tb2 O3wW 72.31(17)
03B C12B 04B 126.5(5) O3W Tb2 N1C 132.75(16)
04B C12B C4B 114.6(5) 04ct Tb2 N1C 71.66(15)
03C C12C Cc4C 116.5(5) 04ct Tb2 Oo1w 140.60(17)
03C C12C 04C 125.3(6) 04ct Tb2 0O2B 90.10(16)
0O4C C12C C4C 118.1(6) 04cC Tb2 o2w 77.1(2)
C2A N1A C10A 116.9(5) 04ct Tb2 o3cs 87.46(15)
C2A NIA Tb1 109.4(4) 04Ct Tb2 O3wW 149.57(19)
C10A N1A Tbl 132.7(4)

Symmetry codes:2-x,1-y,1-z; 2-1+x,+y,+z; 31-X,-y,1-z; 41-x,1-y,2-z; 51+x,+y,+z.
Table S11. Bond Angles for (13) [Er2(Qdca)s(H20)4]-4H20.
Atom Atom Atom  Angle/ Atom Atom Atom Angle/*
O1A Erl NI1B!  79.49(10) C3C c4C C5C 118.7(3)
O1A Erl O1B'  84.74(10) C3C C4C C12C 119.4(3)
O1A Erl O1W  7890(11)  C5C c4C C12C 121.9(3)
O1A Erl O3A2  149.85(11) C4A C5A CoA 124.3(4)
O1A Erl 0O4A3  97.06(10)  C4A C5A C10A 117.4(3)
O1A Erl O4B  132.48(11)  CeA C5A C10A 118.3(4)
O1B! Erl N1B! 62.89(9) C4B C5B Co6B 123.8(4)
O1B! Erl O1W  75.20(10)  C10B C5B C4B 118.0(3)
Oo1w Erl NI1B' 134.12(10) CI10B C5B Co6B 118.2(3)
O3A? Erl NI1B! 110.04(10) C6C C5C c4cC 122.4(3)
0O3A? Erl O1B'  75.45(10) C10C C5C C4C 118.2(3)
O3A? Erl O1W  74.24(11) C10C C5C C6C 119.4(4)
O4A3 Erl NI1B! 149.43(10) C7A CoA C5A 120.7(4)
O4A3 Erl O1B!'  147.54(10) C7B C6B C5B 121.0(4)
O4A3 Erl O1W  7339(11)  CrC C6C C5C 120.8(4)
O4A3 Erl O3A%  88.26(10)  C6A C7A C8A 120.8(4)
04B Erl NI1B!  71.41(10) CéB C7B C8B 120.9(4)
04B Erl O1B' 11243(10) CeC Cc7C C8C 119.7(4)
04B Erl O1W  146.99(11) C9A C8A C7A 120.3(4)
04B Erl 0O3A%  76.87(11) C9B C8B C7B 120.0(4)
0O4B Erl O4A%  90.21(10)  C9C C8C C7C 120.7(4)
01C Er2 NIC  65.66(10) C8A C9A C10A 120.5(4)
01C Er2 O2B  153.87(11) C8B C9B C10B 121.1(4)
01C Er2 O2W  70.43(11)  C8C C9C C10C 120.7(4)
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O1C Er2 O3C*  110.82(11) C9A C10A C5A 119.4(4)
01C Er2 O3W  79.41(13) NI1A C10A C5A 122.7(3)
01C Er2 04C?2  133.94(10) NI1A C10A C9A 117.9(4)
01C Er2 O4W  75.63(11) C9B C10B C5B 118.8(3)
0O2B Er2 N1C 95.63(10) N1B C10B C5B 122.6(3)
0O2B Er2 O2W  135.14(10) NI1B C10B C9B 118.6(3)
0O2B Er2 04C2  69.34(10) C5C C10C CoC 118.6(4)
O2W Er2 N1C 108.69(10) NI1C C10C C5C 122.2(3)
O3C* Er2 N1C 73.62(9) N1C C10C CoC 119.2(3)
O3C# Er2 02B 78.58(10) O1A Cl11A C2A 116.4(3)
03¢ Er2 O2W  73.27(11) O2A Cl1A C2A 119.4(3)
O3CH* Er2 O3W  134.52(12) O2A Cl11A O1A 124.1(4)
03¢ Er2 04C>  85.54(10) O1B C11B C2B 117.3(3)
O3W Er2 N1C 71.18(11) O1B C11B O2B 124.6(3)
O3W Er2 O2B 77.19(12) O2B C11B C2B 118.2(3)
O3W Er2 O2W  145.84(13) O1C C11C c2C 116.4(3)
O3W Er2 04C2 119.96(11) O2C C11C Cc2C 119.5(3)
04C? Er2 N1C 156.59(10) O2C C11C 01C 124.1(4)
04C2 Er2 O2W  74.24(10) O3A C12A C4A 115.5(3)
O4W Er2 NI1C  132.25(11) O4A C12A C4A 118.6(3)
O4W Er2 O2B  109.05(11) O4A C12A O3A 125.8(3)
O4W Er2 O2W  81.88(13) O3B C12B C4B 118.7(3)
O4W Er2 O3C*  149.66(12) O3B C12B O4B 124.8(4)
O4W Er2 O3W  75.30(14) O4B C12B C4B 116.5(3)
O4W Er2 04C2  70.92(11) 03C C12C C4C 116.1(3)
C3A C2A Cl1A 119.7(3) 04C C12C C4C 118.1(3)
N1A C2A C3A 123.6(4) 04C C12C 03C 125.8(3)
N1A C2A Cl1A 116.7(3) C2A N1A C10A 117.4(3)
C3B C2B C11B 120.9(3) C2B N1B Erl! 113.1(2)
N1B C2B C3B 124.0(3) C2B N1B C10B 117.5(3)
N1B C2B C11B 115.0(3) C10B N1B Erl! 127.8(2)
C3C Cc2C C11C 119.7(3) Cc2C N1C Er2 113.4(2)
N1C c2C C3C 123.9(4) C2C N1C C10C 117.4(3)
N1C c2C C11C 116.4(3) C10C N1C Er2 129.1(2)
C4A C3A C2A 120.2(4) Cl11A O1A Erl 137.6(3)
C4B C3B C2B 119.2(3) C11B O1B Erl? 129.9(2)
C4C C3C Cc2C 119.6(4) C11C 01C Er2 127.7(3)
C3A C4A C5A 118.6(3) C11B O2B Er2 122.9(2)
C3A C4A C12A 116.9(3) C12A O3A Erl® 145.4(2)
C5A C4A CI12A 124.4(3) C12C 03C Er2¢ 139.6(3)
C3B C4B C5B 118.5(3) C12A O4A Erl3 168.6(3)
C3B C4B C12B 121.3(3) C12B O4B Erl 161.5(3)
C5B C4B C12B 120.2(3) C12C 04C Er25 137.3(2)
Symmetry codes: 1-x,1-y,1-z; 2-1+x,+y,+z; 31-x,-y,1-z; 41-x,1-y,2-z; 51+x,+y,+z.
Table S12. Torsion Angles for (1) [Nd2(Qdca)s(H20)s].

A B C D Angle/* A B C D Angle/*
C2A C3A C4A C5A -1.6(14) C5C C10C N1C Nd22 -177.7(5)
C2A C3A C4A C12A 178.6(9) C6A C5A C10A C9A 3.7(13)
C2A Cl11A O1A Nd1 25.4(9) C6A C5A C10A N1A -177.5(8)
C2A Cl1A O2A Nd2! -172.3(6) C6A C7A C8A C9A 2.4(18)
C2B C3B C4B C5B 1.5(9) C6B C5B C10B C9B 1.6(11)
C2B C3B C4B C12B 177.3(6) C6B C5B C10B N1B -175.0(7)
C2B C11B O1B Nd2! -92.7(13) C6B C7B C8B C9B 1.2(11)
C2B C11B O2B Nd1 158.2(5) C6C C5C C10C C9C -0.4(10)
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C2C C3C C4aC C5C 0.4(11) C6C C5C C10C N1C 179.1(7)
C2C C3C C4C C12C  176.9(7) C6C C7C C8C C9C -2.4(12)
C2C C11C 01C Nd22 -8.49) C7A C8A C9A C10A -2.3(17)
C3A C2A Cl1A O1A 166.8(8) C7B C8B C9B C10B 0.6(12)
C3A C2A Cl1A O2A  -12.1(13) C7C C8C C9C C10C 1.7(12)
C3A C2A N1A CI0A  -3.5(13) C8A C9A C10A C5A -0.8(14)
C3A C2A N1A Nd1 177.3(7) C8A C9A C10A N1A -179.6(9)
C3A C4A C5A C6A 177.8(9) C8B C9B C10B C5B -2.0(12)
C3A C4A C5A CI0A  -0.8(13) C8B C9B C10B N1B 174.8(7)
C3A C4A CI2A O3A 88.4(10) C8C C9C C10C C5C -0.3(11)
C3A C4A CI2A O4A  -93.1(10) C8C C9C C10C N1C -179.9(8)
C3B C2B C11B O1B 174.3(6) C9A C10A N1A C2A 179.7(9)
C3B C2B C11B O2B -5.4(9) C9A C10A N1A Nd1 -1.2(11)
C3B C2B N1B C10B -1.6(9) C9B C10B N1B C2B -176.8(6)
C3B C4B C5B C6B 174.2(7) Cc9C C10C N1C C2C 179.1(7)
C3B C4B C5B C10B -3.0(10) CcoC C10C N1C Nd22 1.9(10)
C3B C4B C12B O3B -61.5(8) CI10A C5A C6A C7A -3.8(14)
C3B C4B C12B O4B 120.1(7) C10B C5B C6B C7B 0.2(11)
C3C C2C C11C 0O1C  -173.5(6) C10C C5C C6C C7C -0.2(11)
C3C C2C C11C 02C 7.0(10) Cl1A C2A C3A C4A -174.4(8)
C3C C2C N1C C10C -0.4(11) C11A C2A N1A C10A 175.0(8)
C3C C2C N1C Nd22 177.4(6) CIl1A C2A N1A Nd1 -4.3(10)
C3C C4C C5C C6C -1789(7) Cl11B C2B C3B C4B -174.8(6)
C3C C4C C5C C10C -1.2(10) C11B C2B N1B C10B 174.4(6)
C3C C4C C12C 0O3C  -152.6(8) Cl11C C2C C3C C4C -179.3(7)
C3C Cc4C C12C 04C 24.4(10) C11C C2C N1C C10C 179.3(6)
C4A C5A C6A C7A  177.6(10) Cl11C C2C N1C Nd22 -2.8(8)
C4A C5A C10A C9A  -177.6(9) CI12A C4A C5A C6A -2.4(13)
C4A C5A C10A N1A 1.2(13) C12A C4A C5A C10A 179.0(9)
C4A CI12A O3A Nd13 63.9(12) C12B C4B C5B C6B -1.6(12)
C4A C12A O4A Nd1¢+ -51.0(16) CI12B C4B C5B C10B -178.9(7)
C4B C5B C6B C7B -177.0(7)  C12C C4C C5C C6C 4.8(11)
C4B C5B C10B C9B 179.0(7)  C12C C4C C5C C10C -177.5(6)
C4B C5B C10B N1B 2.4(10) N1A C2A C3A C4A 3.9(15)
C4B C12B O3B Nd2 10.7(13) N1A C2A C11A O1A -11.7(11)
C4B C12B O4B Nd2> -80.4(9) N1A C2A Cl11A O2A 169.4(8)
C4C C5C C6C C7C 177.5(7) N1B C2B C3B C4B 0.9(9)
Cc4C C5C C10C Cc9C -178.3(7) N1B C2B C11B O1B -1.7(9)
C4C C5C C10C N1C 1.3(10) N1B C2B C11B O2B 178.7(6)
C4C C12C 03C Nd1 177.8(6) N1C C2C C3C C4C 0.5(12)
Cc4C C12C 04C Nd1 -177.8(6) N1C C2C C11C 01C 6.7(9)
C5A C4A CI2A O3A -91.4(9) Ni1C C2C C11C 02C -172.8(6)
C5A C4A C12A O4A 87.1(9) O1A C11A O2A Nd2! 9.0(10)
C5A C6A C7A C8A 0.8(16) O1B C11B O2B Nd1 -21.4(12)
C5A C10A N1A C2A 0.9(13) O2A C11A O1A Nd1 -155.8(6)
C5A C10A N1A Nd1 -180.0(6) O2B C11B O1B Nd2! 86.9(13)
C5B C4B C12B O3B 114.3(7) 02C C11C O1C Nd22 171.1(5)
C5B C4B C12B O4B -64.1(8) O3A C12A O4A Nd14 127.3(13)
C5B C6B C7B C8B -1.6(11) O3B C12B O4B Nd2s5 101.4(9)
C5B C10B N1B C2B -0.1(10) 0O3C C12C 04C Nd1 -1.0(9)
C5C C4C C12C 03C 23.8(12) O4A C12A O3A Nd13 -114.5(11)
C5C C4C C12C O4C  -159.3(7) O4B C12B O3B Nd2 -171.1(8)
C5C C6C C7C C8C 1.6(12) 04C C12C 03C Nd1 1.009)
C5C C10C N1C C2C -0.4(10)

Symmetry codes: '-1/2+x,3/2-y,+z; 21/2+x,3/2-y,+z; 31-x,1-y,-1/2+z; 41-x,1-y,1/2+z; 5+x,+y,-1+z.
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Table S13. Torsion Angles for (4) [Nd2(Qdca)s(H20)4]-3H=0.

A B C D  Angle” A B C D  Angle/
Ndl! OIA CIIA O2A 1450(5) C3B C2B CIIB  OIB  171.2(6)
Nd1' OIA CIIA C2A -352(8) C3B C2B CIIB  O2B  -7.0(10)
Ndl  O4A CI2A  O3A 83.0(15) C4A C5A C6A  C7JA  178.7(7)
Ndl  O4A CI2A  C4A -914(14) C4A  C3A  C2A  NIA  -3.9(10)
Nd12 O2A CIIA OIA -347(10) C4A  C3A C2A  ClIA 172.3(6)
Nd12 O2A CIIA C2A 1455(5) C5A CI0A C9A  C8A  -0.3(11)
Nd1® O2B CIIB OIB 923(10) C5A C4A  C3A  C2A  6.5(10)
Ndli® OB CIIB C2B -89.79) C5A  C4A CI2A  O4A -32.9(10)
Ndl  O4B CI2B O3B -153.0(12) C5A  C4A CI2A  O3A  152.4(7)
Ndl O4B CI2B  C4B  28(2) C5A C6A C7A  C8A  04(12)
Ndl' NIA CI0A C5A -169.05) C2B  NIB  CIOB  C5B  -3.009)
Ndl! NIA CI0A C9A 81(9 C2B  NIB CIOB C9B 177.1(6)
Ndl! NIA C2A  C3A 1727350 C5C  C6C  C7/C  C8C  -0.7(13)
Ndl! NIA C2A ClIA 377 C5C CI0C C9C  C8C  0.2(I1)
Nd2¢ OIB  CIIB  O2B -1793(5 C5C  CAC  C3C  C2C  -4.8(10)
Nd2* OIB CIIB C2B 279 CC CAC CI2C  O4C  59.5(10)
Nd2s OIC Cl1IC 02C -1553(6) C5C  C4C  CI2C  03C  -120.3(9)
Nd2» OIC ClIC C2C 2459) C3A C4A  C5A  CI0OA  -3.8(9)
Nd2 NIB CIOB C5B 16625 C3A C4A  C5A  C6A  176.5(7)
Nd2¢ NIB CIOB C9B -13.7(8) C3A C4A CI2A  O4A 142.7(7)
Nd2 NIB C2B  C3B -1703(5) C3A  C4A CI2A  O3A -32.0(10)
Nd2¢ NIB C2B CIIB 97(7) GC3A C2A ClIA OlA -1542(6)
Nd2» NIC CI0C C5C  156.1(5) C3A  C2A  CIIA  O2A  256(9)
Nd2s NIC Cl0C  C9C -24009) CI2B C4B  C3B  C2B  177.3(6)
Nd2> NIC C2C  C3C -1624(5) C2A NIA CI0A C5A  4.3(9)
Nd2> NIC C2C CIIC 155(7) C2A  NIA CI0OA  C9A -1785(6)
NIA CI0A C5A  C4A -1.7(10) C9B C8B C7B C6B  0.0(12)
NIA CI0A C5A  C6A 1781(6) C6B C5B CIOB  NIB -1785(6)
NIA CI0A C9A  C8A -1775(7) C6B C5B CIOB  C9B  1.5(9)
NIA C2A CIIA OIA 223(8) C6B C5B C4B  C3B  -179.1(6)
NIA C2A CIIA O2A -157.9(6) C6B C5B C4B  CI12B  2.2(10)
NIB CIOB C9B C8B 1787(7) C6C  C5C  CIOC  NIC -178.7(6)
NIB C2B  CIIB OIB -889) C6C C5C  CIOC  C9C  1.4(10)
NIB C2B CIIB O2B 17306) C6C C5C  C4C  C3C  -176.2(7)
NIC Cl0C C9C  C8C -179.7(7) C6C  C5C  C4C  CI2C  0.7(11)
NIC C2C  C3C  C4C  34(11) CI2A C4A  C5A  CI0A 171.8(6)
NIC C2C CIIC OIC -266(9) CI2A C4A  C5A  C6A  -7.9(11)
NIC C2C CIIC 02C 1533(7) CI2A C4A  C3A  C2A  -169.4(6)
C5B CIOB  C9B  C8B  -12(10) C9A  CIOA C5A  C4A  -178.8(6)
C5B C4B C3B (2B -15(10) C9A CI0OA C5A  C6A  1.0(10)
C5B  C4B  CI2B O3B 60.69) C10C NIC C2C  C3C  1.6(10)
C5B  C4B  CI2B O4B -1200(7) C10C NIC  C2C  CIIC  179.5(6)
C5B C6B C7B C8B 03(12) CIOC C5C  C6C  C7C  -11(11)
ClIoB NIB (2B C3B 0409 Cl0C C5C  C4C  C3C  1.5(10)
CI0B NIB (2B Cl1B -179.6(6) CIOC C5C  C4C  CI2C  178.3(7)
C10B  C5B C4B  C3B -109) CIOC C9C C8C  C7C  -2.0(13)
Cl0B  C5B C4B  CI2B -1798(6) C2C  NIC Cl0C  C5C  -5.0(10)
C10B  C5B C6B  C7B  -1.010) C2C  NIC CIOC  C9C  174.9(7)
CI0B  C9B C8B C7B  05(12) C4C C5C  C6C  C7C  176.5(7)
C4B C5B  CI0B NIB 3409 C4C C5C  CI0OC  NIC  3.5(10)
C4B C5B  CIOB  C9B -1767(6) C4C  C5C  CIOC  C9C  -176.4(7)
C4B  C5B C6B  C7B 1770(7) C9C  C8C  C7/C  C6C  2.2(13)
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C4B C3B C2B N1B 1.9(10) C3C C2C C11C O1C  151.4(7)
C4B C3B C2B Cl11B  -178.1(6) C3C C2C C11C 02C  -28.7(10)

C10A N1A C2A C3A  -1.6(10) C3C C4C C12C 04C  -123.6(8)
C10A N1A C2A CI11A -178.0(5) C3C C4C C12C 0O3C  56.6(11)
C10A C5A C6A C7A  -1.1(11) C6A C7A C8A C9A 0.3(12)
CI10A C9A C8A C7A  -04(12) Cl11C C2C C3C C4C  -174.4(7)
C3B C4B C12B O3B -118.2(7) C12C C4C C3C C2C 178.1(6)
C3B C4B C12B 0O4B 61.2(9)

Symmetry codes: '2-x,2-y,1-z; 21+x,+y,+z; 31-x,1-y,1-z; 41-x,2-y,1-z; 5-x,1-y,-z.

Table S14. Torsion Angles for (8) [Euz(Qdca)3(H20)4]- H20.

A B C D Angle/® A B C D Angle/®
C2A C3A C4A C5A 1.9(8) C5C C10C N1C C2C -4.0(8)
C2A C3A C4A CI2A  -173.5(55) C6A C5A C10A C9A 2.6(8)
C2A C11A Ol1A Eul 4.5(8) C6A C5A C10A N1A -178.7(5)
C2B C3B C4B C5B 3.3(8) C6A C7A C8A C9A 1.3(10)
C2B C3B C4B C12B -175.5(5) C6B C5B C10B C9B -0.5(8)
C2B C11B O1B Eul! -1.8(8) C6B C5B C10B N1B  -180.0(5)
C2B C11B O2B Eu2 154.6(4) C6B C7B C8B C9B 1.1(11)
C2C C3C C4C C5C -5.6(8) C6C C5C C10C C9C -0.3(8)
c2C C3C C4C C12C  171.2(5) C6C C5C C10C NI1C -179.1(5)
Cc2C C11C O1C Eu2 16.7(8) C6C C7C C8C C9C  -1.5(11)
C3A C2A CI11A O1A -172.05) C7A C8A C9A CI10A  -0.5(10)
C3A C2A C11A O2A 5.5(9) C7B C8B C9B C10B  0.5(10)
C3A C2A N1A Eul 167.7(4) C7C C8C C9C C10C  2.6(10)
C3A C2A N1A CI0A  -24(8) C8A C9A C10A C5A -1.5(9)
C3A C4A C5A C6A  177.3(5) C8A C9A C10A N1A  179.7(6)
C3A C4A C5A CI0A  -2.9(8) C8B C9B C10B C5B -0.7(9)
C3A C4A C12A O3A  -32.1(7) C8B C9B C10B N1B  178.8(6)
C3A C4A CI12A O4A  145.6(5) (C8C C9C C10C C5C -1.7(9)
C3B C2B C11B O1B -171.0(5) C8C C9C C10C N1C  177.0(6)
C3B C2B C11B 0O2B 10.2(8) CI9A C10A NI1A Eul 12.4(7)
C3B C2B N1B Eul' 169.6(4) C9A C10A N1A C2A  179.9(5)
C3B C2B N1B C10B  -3.0(8) C9B C10B N1B Eul! 12.3(8)
C3B C4B C5B C6B  176.8(6) C9B C10B N1B C2B  -176.5(5)
C3B C4B C5B C10B  -3.2(8) C9C C10C N1C Eu2  -13.3(8)
C3B C4B C12B O3B -58.7(8) (C9C C10C N1C C2C  177.2(5)
C3B C4B C12B O4B  120.7(6) CI10A C5A C6A C7A -1.7(9)
C3C C2C C11C Eu2 171.4(5) CI10B C5B C6B C7B 2.0(9)
C3C C2C C11C O1C 162.1(5) C10C C5C C6C C7C 1.5(9)
C3C C2C C11C 02C  -17.2(8) Cl11A C2A C3A C4A  178.5(5)
C3C C2C N1C Eu2 -169.14) Cl11A C2A N1A Eul -9.9(6)
C3C C2C N1C C10C 2.3(8) C11A C2A N1A CI10A 179.9(5)
C3C C4C C5C C6C  -176.1(6) C11B C2B C3B C4B  179.6(5)
C3C C4C C5C C10C 3.8(8) C11B C2B N1B Eul'  -10.3(6)
C3C  C4C CI2C 03C 37.78) Cl11B  C2B NIB  CI0B 177.2(5)
C3C C4C C12C 04C  -139.2(6) Cl11C C2C C3C C4C  -176.9(5)
C4A C5A C6A C7A  178.1(6) Cl11C C2C N1C Eu2 10.4(6)
C4A C5A C10A C9A -177.3(5) Cl11C C2C N1C C10C -178.2(5)
C4A C5A C10A N1A 1.4(8) CI12A C4A C5A C6A -7.8(9)
C4A C12A O3A Eul? -151.0(4) CI12A C4A C5A C10A  172.0(5)
C4A C12A O4A Eul® -103.2(10) CI12B C4B C5B C6B -4.4(9)
C4B C5B C6B C7B  -178.0(6) CI12B C4B C5B C10B  175.6(5)
C4B C5B C10B C9B  179.6(5) Cl12C C4C C5C C6C 7.3(9)
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C4B C5B C10B N1B 0.1(8) C12C C4C C5C C10C -172.8(5)
C4C C5C C6C C7C  -178.6(6) NIA C2A C3A C4A 0.9(9)
C4C C5C C10C C9C  179.8(5) NIA C2A C11A O1A 5.7(8)
C4C C5C C10C N1C 1.0(8) N1A C2A Cl11A O2A  -176.7(6)
C4C C12C 03C Eu2? 156.5(5) NI1B C2B C3B C4B -0.2(9)
C4C C12C 04C Eu2¢ 83.8(18) NI1B C2B C11B O1B 8.8(8)
C5A C4A C12A O3A  152.8(5) NI1B C2B C11B O2B  -169.9(5)
C5A C4A C12A O4A  -294(8) NIC C2C C3C C4C 2.6(9)
C5A C6A C7A C8A  -0.2(10) NI1C C2C C11C Eu2 -8.2(5)
C5A C10A N1A Eul -166.3(4) NI1C C2C C11C 01C  -17.5(8)
C5A C10A N1A C2A 1.2(8) N1C C2C C11C 02C  163.2(6)
C5B C4B C12B O3B  1225(6) OI1B C11B O2B Eu2 -24.1(8)
C5B C4B C12B O4B  -58.0(7) O2A Cl11A O1A Eul -173.0(5)
C5B C6B C7B C8B -2.3(10) O2B C11B O1B Eul!  176.9(4)
C5B C10B N1B Eul' -168.2(4) 0O2C C11C 01C Eu2 -164.1(5)
C5B C10B N1B C2B 3.0(8) O3A C12A O4A Eul®  74.2(11)
C5C C4C C12C O3C -145.6(6) O3C C12C 04C Eu2¢ -92.8(17)
C5C C4C C12C 04C 37.5(8) O4A C12A O3A Eul?  31.5(10)
C5C C6C Cc7C C8C  -0.7(10) 0O4C C12C 03C Eu2?  -26.8(11)
C5C C10C N1C Eu2 165.4(4)

Symmetry codes: 12-x,1-y,1-z; 2-1+x,+y,+z; 31-x,-y,1-z; 41-x,1-y,2-z.
Table S15. Torsion Angles for (9) [Tb2(Qdca)3(H20)4]-H20.

A B C D Angle/® A B C D Angle/®
C2A C3A C4A C5A 3.2(8) C5C C10C N1C Tb2 164.3(4)
C2A C3A C4A CI2A -1723(55) C6A C5A C10A C9A 3.0(8)
C2A Cl11A O1A Tb1 2.5(8) C6A C5A C10A N1A -178.8(5)
C2B C3B C4B C5B 3.6(8) C6A C7A C8A C9A 3.1(10)
C2B C3B C4B C12B -175.6(5) C6B C5B C10B C9B 0.109)
C2B C11B O1B Th1! -2.6(8) C6B C5B C10B NI1B -179.9(5)
C2B C11B O2B Tb2 153.8(4) C6B C7B C8B C9B 0.4(12)
c2C C3C C4C C5C -5.4(9) C6C C5C C10C CoC -1.3(8)
c2C C3C Cc4C C12C 171.2(5) C6C C5C C10C N1C  -179.0(5)
c2C C11C 0O1C Tb2 17.8(8) C6C C7C C8C CcoC 0.0(11)
C3A C2A Cl1A OlA -171.6(55) C7A C8A C9A CI0A  -1.9(10)
C3A C2A Cl11A O2A 5.7(9) C7B C8B C9B C10B  0.6(11)
C3A C2A N1A C10A  -1.3(8) C7C C8C CoC C10C  1.8(11)
C3A C2A N1A Tb1 168.4(4) C8A C9A C10A C5A -1.1(9)
C3A C4A C5A C6A 1769(6) C8A C9A C10A NI1A -179.3(6)
C3A C4A C5A CI0A  -3.5(8) C8B C9B C10B C5B -0.9(10)
C3A C4A C12A O3A  -32.3(7) C8B C9B C10B NI1B  179.2(6)
C3A C4A C12A O4A  146.3(6) C8C CcoC C10C C5C -1.1(9)
C3B C2B C11B O1B -170.3(5) C8C CoC C10C N1C  176.7(6)
C3B C2B C11B 0O2B 10.3(8) C9A C10A N1A C2A  179.0(5)
C3B C2B N1B C10B -3.7(8) C9A C10A N1A Tb1 12.2(7)
C3B C2B N1B Tb1'  169.3(5) C9B C10B N1B C2B  -176.4(6)
C3B C4B C5B C6B  176.3(6) C9B C10B N1B Tb1! 11.9(8)
C3B C4B C5B C10B -3.5(8) CcoC C10C N1C C2C  177.5(5)
C3B C4B C12B O3B  -59.3(8) C9C C10C N1C Tb2 -13.4(8)
C3B C4B C12B O4B  119.6(6) CI10A C5A C6A C7A -2.009)
C3C C2C C11C 01C  161.2(6) C10B C5B C6B C7B 0.9(9)
C3C C2C C11C 02C  -182(9) cCi10C C5C C6C C7C 3.1(9)
C3C C2C N1C C10C 2.4(8) C11A C2A C3A C4A  177.4(5)
C3C C2C N1C Tb2  -168.7(5) CI11A C2A N1A CI0A -179.5(5)
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C3C C4C C5C C6C -175.7(6) CIl1A C2A N1A Tb1 -9.8(6)
C3C C4C C5C C10C 3.0(8) C11B C2B C3B C4B  179.3(5)
C3C C4C C12C 03C 37.8(8) Cl11B C2B N1B C10B  177.1(5)
C3C C4C C12C 04C  -139.1(6) C11B C2B N1B Tb1! -9.9(6)
C4A C5A C6A C7A  177.6(6) C11C C2C C3C C4C  -176.8(6)
C4A C5A C10A C9A  -176.6(5) Cl11C c2C N1C C10C -178.1(5)
C4A C5A C10A N1A 1.6(8) C11C Cc2C N1C Tb2 10.8(6)
C4A C12A O3A Tb12 -151.4(4) CI2A C4A C5A C6A -8.0(9)
C4A C12A O4A Tb1® -102.8(10) CI12A C4A C5A C10A  171.6(5)
C4B C5B C6B C7B  -1789(7) Cl12B C4B C5B C6B -4.6(9)
C4B C5B C10B C9B  179.9(6) Cl12B C4B C5B C10B  175.7(5)
C4B C5B C10B N1B -0.2(9) C12C C4C C5C C6C 7.909)
C4C C5C C6C C7C  -178.2(6) C12C C4C C5C C10C  -173.3(5)
C4C C5C C10C CI9C  1799(5) NI1A C2A C3A C4A -0.7(9)
C4C C5C C10C N1C 2.2(8) NI1A C2A C11A O1A 6.7(8)
C4C C12C 03C Tb22  155.4(5) NI1A C2A C11A O2A  -176.0(6)
C4C C12C 04C Tbh2* 82(2) N1B C2B C3B C4B 0.29)
C5A C4A C12A O3A  152.4(5) NI1B C2B C11B O1B 8.9(8)
C5A C4A CI12A O4A  -29.08) NIB C2B C11B O2B  -170.5(6)
C5A C6A C7A C8A  -1.1(10) Ni1C Cc2C C3C C4C 2.8(9)
C5A C10A N1A C2A 0.9(8) Ni1C c2C C11C O1C  -18.3(8)
C5A C10A N1A Tbl  -1659(4) NI1C c2C C11C 02C  162.3(6)
C5B C4B C12B O3B 121.5(7) O1B C11B O2B Tb2 -25.6(9)
C5B C4B C12B 0O4B -59.5(7) O2A C11A O1A Tbl  -174.6(5)
C5B C6B C7B C8B -1.2(11) 0O2B C11B O1B Tb1!  176.8(4)
C5B C10B N1B C2B 3.7(8) 02C C11C 0O1C Tb2  -162.8(5)
C5B C10B N1B Tb1' -168.1(4) O3A C12A O4A Tb13  75.7(12)
C5C C4C C12C 0O3C -145.7(6) O3C C12C 04C Tbh2* -95(2)
C5C C4C C12C 04C 37.3(8) O4A C12A O3A Tb12  30.1(10)
C5C C6C C7C C8C  -24(10) 0O4C C12C 03C Tb22  -27.9(11)
C5C C10C N1C c2C -4.8(8)

Symmetry codes: 12-x,1-y,1-z; 2-1+x,+y,+z; 31-x,-y,1-z; 41-x,1-y,2-z.
Table S16. Torsion Angles for (13) [Er2(Qdca)s(H20)4]-4H-0.

A B C D Angle/® A B C D Angle/
C2A C3A C4A C5A -0.9(6) C5C C10C N1C c2C 1.4(5)
C2A C3A C4A C12A  177.5(3) C6A C5A C10A C9A -2.9(6)
C2A Cl11A O1A Erl -9.1(6) C6A C5A C10A N1A  178.0(4)
C2B C3B C4B C5B -4.0(5) C6A C7A C8A C9A -3.6(9)
C2B C3B C4B CI12B 175.2(3) C6B C5B C10B C9B 2.7(6)
C2B C11B O1B Erl! -2.3(5) C6B C5B C10B N1B -177.9(4)
C2B C11B O2B Er2 -156.02) C6B C7B C8B C9B 1.7(8)
c2C C3C C4C C5C 1.2(6) C6C C5C C10C CcoC 1.7(6)
Cc2C C3C C4C C12C  -176.7(3) C6C C5C C10C NI1C  179.94)
c2C C11C 0O1C Er2 -4.4(5) C6C Cc7C C8C CcoC 2.3(8)
C3A C2A Cl1A O1A 170.7(4) C7A C8A C9A C10A 2.5(8)
C3A C2A Cl11A O2A -7.7(6) C7B C8B C9B C10B -1.1(7)
C3A C2A N1A C10A 2.0(5) Cc7C C8C CcoC c10C  -2.7(7)
C3A C4A C5A C6A -177.0(4) CB8A C9A C10A C5A 0.7(7)
C3A C4A C5A C10A 1.8(5) C8A C9A C10A NI1A 179.8(4)
C3A C4A C12A O3A 44.8(5) C8B C9B C10B C5B -1.1(6)
C3A C4A C12A O4A  -1342(4) C8B C9B C10B NI1B  179.5(4)
C3B C2B C11B O1B  169.3(3) (C8C C9C C10C C5C 0.7(6)
C3B C2B C11B O2B -11.5(5) C8C CcoC C10C N1C -177.6(4)
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C3B C2B N1B Erl? -164.6(3) C9A C10A N1A C2A  179.9(4)
C3B C2B N1B C10B 1.7(5) C9B C10B N1B Erl! -20.5(5)
C3B C4B C5B C6B  -178.1(4) C9B C10B N1B C2B  175.6(4)
C3B C4B C5B C10B 1.9(5) CoC C10C N1C Er2 4.1(5)
C3B C4B C12B O3B 68.6(5) CoC C10C N1C C2C  179.6(3)
C3B C4B C12B O4B  -110.8(4) CI10A C5A C6A C7A 1.9(6)
C3C C2C C11C 01C -171.8(4) C10B C5B C6B C7B -2.2(6)
C3C C2C C11C 02C 8.2(6) C10C C5C C6C C7C -2.1(6)
C3C C2C N1C Er2 172.5(3) CI11A C2A C3A C4A  -179.4(3)
C3C C2C N1C cioC  -3.75) Cl1A C2A N1A CI10A -179.7(3)
C3C C4C C5C CceC  179.04) C11B C2B C3B C4B  -177.1(3)
C3C C4C C5C C10C  -3.3(5) C11B C2B N1B Erl! 14.8(4)
C3C C4C C12C 03C 79.4(5) Cl1B C2B N1B C10B -178.9(3)
C3C C4C C12C 04C  -97.3(5) C11C Cc2C C3C C4C  -178.0(4)
C4A C5A C6A C7A  -179.3(4) Cl11C c2C N1C Er2 -7.1(4)
C4A C5A C10A C9A 178.2(4) Cl11C Cc2C N1C C10C  176.7(3)
C4A C5A C10A NI1A -09(5) CI2A C4A C5A C6A 4.7(6)
C4A C12A O3A Er12  155.8(33) CI2A C4A C5A C10A  -176.5(3)
C4A CI12A O4A Erl® 112.8(13) C12B C4B C5B C6B 2.7(6)
C4B C5B C6B C7B  177.8(4) CI12B C4B C5B C10B -177.3(3)
C4B C5B C10B C9B  -177.3(4) Cl12C C4C C5C C6C -3.2(6)
C4B C5B C10B N1B 2.1(6) C12C C4C C5C C10C  174.6(3)
C4B C12B O4B Erl  -100.1(8) NI1A C2A C3A C4A -1.1(6)
C4C C5C C6C C7C  175.7(4) NI1A C2A C11A O1A -7.8(5)
C4C C5C C10C Co9C -176.1(4) NI1A C2A C11A O2A  173.9(4)
Cc4C C5C C10C Ni1C 2.1(5) N1B C2B C3B C4B 2.3(6)
C4C C12C 03C Er24 88.6(4) N1B C2B C11B O1B -10.1(5)
Cc4C C12C 04C Er22  1629(3) NI1B C2B C11B O2B  169.1(3)
C5A C4A C12A O3A -1369(4) NI1C c2C C3C C4C 2.5(6)
C5A C4A CI12A O4A 44.1(5) Ni1C Cc2C C11C 0O1C 7.8(5)
C5A C6A C7A C8A 1.3(8) N1C c2C C11C 02C  -172.2(4)
C5A C10A N1A C2A -1.0(5) O1B C11B O2B Er2 23.1(5)
C5B C4B C12B O3B -112.2(5) O2A Cl11A O1A Erl 169.2(3)
C5B C4B C12B 0O4B 68.4(5) 0O2B C11B O1B Erl? 178.6(3)
C5B C6B C7B C8B 0.0(7) 02C C11C O1C Er2 175.7(3)
C5B C10B N1B Erl? 160.1(3) O3A C12A O4A Erl®  -66.1(15)
C5B C10B N1B C2B -3.9(5) O3B C12B O4B Erl 80.5(9)
C5C C4C C12C 0O3C  -98.4(4) 0O3C C12C 04C Er22 -13.5(7)
C5C C4C C12C 04C 84.8(5) O4A CI12A O3A Er12 -25.3(7)
C5C C6C Cc7C C8C 0.1(7) 04C C12C 03C Er2¢ -94.9(5)
C5C C10C N1C Er2  -174.1(3)

Symmetry codes: '-x,1-y,1-z; 21+x,+y,+z; 31-X,-y,1-z; 41-x,1-y,2-z.
Table S17. Hydrogen bonds of the (1) [Nd2(Qdca)s(H20)s].

D-H..A dD-H)/A  dH..A)/A  d(D..A)/A  <DHA/°
O1W-H1WB...02C! 0.84 1.85 2.666 163.93
O2W-H2WA...04C 0.84 1.96 2.778 163.93
O2W-H2WB...N1B? 0.84 1.92 2.746 168.50
O3W-H3WA...O1A? 0.84 2.60 3.364 152.90
O3W-H3WB...N1B3 0.84 2.50 3.053 123.92
OIW-H1IWA...O1A 0.84 2.37 3.032 135.84
O1W-HIWA...O3A* 0.84 2.37 2.800 112.85

Symmetry codes: ! x-1/2, -y+3/2, z; 2 x+1/2, -y+3/2, z; 3 x+1/2, -y+3/2, z+1; *-x+1, -y+1, z+1/2.
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Table S18. Hydrogen bonds of the (4) [Nd2(Qdca)s(H20)4]-3H20.

D-H.A d(D-H)/A  dH..A)/A  d(D..A)/A <DHA/°
O3W-H3WA... O3A! 0.84 1.85 2.670 164.86
O2W-H2WA... 02C2 0.84 2.06 2815 149.73
O2W-H2WB... O6W 0.84 2.26 2.949 139.76
O1W-HIWA... O7TW 0.84 1.95 2.699 148.15
O4W-H4WA... O2C2 0.84 2.02 2.778 149.21
O5W-H5WA... O3A3 0.84 1.92 2.695 153.77
O5W-H5WB... O6W+ 0.84 2.19 2.852 135.27
O7W-H7WA... O5W 0.84 1.92 2.709 156.50
O7W-H7WB... O1C5 0.84 2.02 2.779 150.25
O6W-H6WA... O1B¢ 0.84 1.91 2.733 166.27
O6W-H6WB... 03C2 0.84 2.10 2.867 151.44

Symmetry codes:! x-1, y-1, z; 2 x+1, y, z; 3-x+1, -y+2, -z; 4-x+1, -y+1, -z; 5-x, -y+2, -z; 6-x+1, -y+1, -z+1.

Table S19. Hydrogen bonds of the (8) [Euz(Qdca)s(H20)4]-H=0.

D-H.A dD-H)/A  dH..A)/A  d(D..A)/A  <DHA/°
O2W-H2WA... O1B 0.84 2.10 2.799 139.98
O2W-H2WB...02A! 0.84 1.87 2.698 166.67
O3W-H3WA...O3B?2 0.84 1.98 2.756 153.43
O4W-H4WA...O5W? 0.84 2.01 2.757 147.26
O4W-H4WB...O3B* 0.84 2.18 2.989 160.94
O5W-H5WA...01C5 0.84 2.81 3.407 129.21
O5W-H5WA...O2C> 0.84 1.91 2.741 169.08
O5W-H5WB...01A3 0.84 2.27 2.936 136.20
O5W-H5WB...02A3 0.84 2.70 3.490 156.66

Symmetry codes:! -x+1, -y+1, -z+1; 2 -x+2, -y+1, -z+2; 3 -x+2, -y+1, -z+1; 4 -x+2, -y, -z+1; 5-x+2, -y+2, -

zZ+2.

Table S20. Hydrogen bonds of the (9) [Tb2(Qdca)s(H20)4] H20.

D-H.A dD-H)/A  dH..A)/A  d(D..A)/A  <DHAP
O1IW-H1WA...O1B 0.84 2.09 2.800 142.55
O1W-HIWB...02A! 0.84 1.90 2.711 163.27
O2W-H2WB...O3B? 0.84 1.93 2.758 169.96

O3W-H3WA...O5W3 0.84 1.92 2.710 156.72
O4W-H4WA...O3B* 0.84 221 3.013 159.21
O4W-H4WB...O5W5 0.84 1.94 2.761 167.17
O5W-H5WA...O1A¢ 0.84 2.51 2.942 113.38
O5W-H5WB...02C 0.84 1.89 2.726 175.54
Symmetry codes: !-x+1, -y+1, -z+1; 2-x+2, -y+1, -z+2; 3-x+2, -y+2, -z+2; 4 -x+2, -y, -z+1;%x, y-1, z-1, -z+1;

x, y+1, z+1.

Table S21. Hydrogen bonds of the (13) [Er2(Qdca)s(H20)4]-4H20.

D-H..A dD-H)/A  dH..A)/A dD..A)/A <DHA/F
O1W-HIWA...O3B! 0.84 2.08 2.904 165.59
O1W-H1WB...06W?2 0.84 1.96 2.741 154.95
O2W-H2WA...03C3 0.84 1.98 2.761 154.28
O2W-H2WB...O5W 0.84 1.94 2.681 147.00
O3W-H3WA...O1B 0.84 2.27 2.895 131.92
O3W-H3WB...02A4 0.84 1.87 2.708 171.34
O4W-HAWA...O6W 0.84 1.84 2.673 171.96
O4W-H4WB...08W 0.84 1.96 2.656 140.33

O5W-H5WB...O3B° 0.84 1.89 2.700 160.76
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O6W-H6WA..O7W 0.84 1.88 2.688 160.16
O6W-H6WB...01A? 0.84 2.34 2.810 116.04
O6W-H6WB...02A? 0.84 2.54 3.261 145.06
O7W-H7WA...02C3 0.84 1.95 2.728 152.70
O7W-H7WB...02C* 0.84 1.96 2.793 175.13
O8W-H8WB...O7W¢ 0.84 1.95 2.779 169.31
O8W-H8WA...O5W¢ 0.84 2.16 2.788 131.06

Symmetry codes: '-X, -y, -z+1; 2 -x, -y+1, -z+1; 3x-1, y, z; *-x+1, -y+1, -z+1; 5-x, -y+1, -z+2; 0 X, -y+2, -

z+2.

Table S22. Conformation of the COO- groups of the quionoline-2,4-dicarboxylate ligand.

(1) [Nd2(Qdca)s(H20)s]

Position of

COO- A-Qdca B-Qdca C-Qdca
C3A-C2A-C11A-O1A 166.8(8) C3B-C2B-C11B-O1B 174.3(6) C3C-C2C-C11C-01C -173.5(6)
2 C3A-C2A-C11A-O2A -12.1(13) C3B-C2B-C11B-O2B -5.4(9) C3C-C2C-C11C-02C 7.0(10)
p C3A-C4A-C12A-O3A 88.4(10) C3B-C4B-C12B-O3B -61.5(8) C3C-C4C-C12C-03C -152.6(8)
C3A-C4A-C12A-O4A -93.1(10) C3B-C4B-C12B-0O4B 120.1(7) C3C-C4C-C12C-04C 24.4(10)
(4) [Nd2(Qdca)3(H20)4]-3H20
A-Qdca B-Qdca C-Qdca
’ C3A-C2A-C11A-O1A -154.2(6) C3B-C2B-C11B-O1B 171.2(6) C3C-C2C-C11C-01C 151.4(7)
C3A-C2A-C11A-O2A 25.6(9) C3B-C2B-C11B-O2B -7.0(10) C3C-C2C-C11C-02C -28.7(10)
4 C3A-C4A-C12A-O3A -32.0(10) C3B-C4B-C12B-O3B 118.2(7) C3C-C4C-C12C-03C 56.6(11)
C3A-C4A-C12A-O4A 142.7(7) C3B-C4B-C12B-0O4B 61.2(9) C3C-C4C-C12C-04C -123.6(8)
(8) Eu2(Qdca)s(H20)+H>0
A-Qdca B-Qdca C-Qdca
’ C3A-C2A-C11A-O1A -172.0(5) C3B-C2B-C11B-O1B -171.0(5) C3C-C2C-C11C-01C 162.1(5)
C3A-C2A-C11A-O2A 5.5(9) C3B-C2B-C11B-O2B 10.2(8) C3C-C2C-C11C-02C -17.2(8)
C3A-C4A-C12A-O3A -32.1(7) C3B-C4B-C12B-O3B -58.7(8) C3C-C4C-C12C-03C 37.7(8)
4 C3A-C4A-C12A-O4A 145.6(5) C3B-C4B-C12B-O4B 120.7(6) ~ C3C-CAC-C12C-04C -139.2(6)
(13) [Er2(Qdca)s(H20)4]-4H20
A-Qdca B-Qdca C-Qdca
2 C3A-C2A-C11A-O1A 170.7(4) C3B-C2B-C11B-O1B 169.3(3) C3C-C2C-C11C-01C -171.8(4)
C3A-C2A-C11A-O2A -7.7(6) C3B-C2B-C11B-O2B -11.5(5) C3C-C2C-C11C-02C 8.2(6)
4 C3A-C4A-C12A-O3A 44.8(5) C3B-C4B-C12B-O3B 68.6(5) C3C-C4C-C12C-03C 79.4(5)
C3A-C4A-C12A-O4A -134.2(4) C3B-C4B-C12B-0O4B -110.8(4) C3C-C4C-C12C-04C -97.3(5)
Table S23. Dihedral angles between best planes of carboxylic groups and quinolone ring.
(1) [Nd>(Qdca)s(H20)s]
Posclg((); of A-Qdca B-Qdca C-Qdca
atoms: C4A C3A C2A N1A atoms:C3B C4B C5B C10B atoms: C2C C3C C4C C5C
2 C10A C5A 12.900 N1B C2B 6.11° C10C N1C 6.96°
atoms:O1A C11A O2A atoms: O2B C11B O1B atoms: O1C C11C O2C
atoms:C4A C3A C2A N1A atoms: C3B C4B C5B C10B atoms: C2C C3C C4C C5C
4 C10A C5A 88.370 N1B C2B 62.61° C10C N1C 24.960
atoms:O4A C12A O3A atoms: O3B C12B O4B atoms: O4C C12C O3C
(4) [Nd2(Qdca)3(H20)4]-3H20
A-Qdca B-Qdca C-Qdca
atoms: C2A N1A C10A C5A atoms: C10B N1B C2B C3B atoms:C10C N1C C2C C3C
2 C4A C3A 25.400 C4B C5B 8.820 C4C C5C 28.88¢
atoms: O1A C11A O2A atoms: O2B C11B O1B atoms: O2C C11C O1C
atoms: C2A N1A C10A C5A atoms: C10B N1B C2B C3B atoms:C10C N1C C2C C3C
4 C4A C3A 35.88° C4B C5B 61.65° C4C C5C 51.93¢
atoms: O4A C12A O3A atoms:O3B atoms:04C C12C O3C
(8) Eu2(Qdca)3(H20)4]-H20
A-Qdca B-Qdca C-Qdca
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atoms: C2A C3A C4A C5A atoms:C4B C5B C10B N1B atoms:C4C C5C C10C N1C
2 C10A N1A 6.700 C2B C3B 10.64° C2C C3C 18.58¢°
atoms:O2A C11A O1A atoms: O2B C11B O1B atoms:0O1C C11C O2C
atoms: C2A C3A C4A C5A atoms: C4B C5B C10B N1B atoms: C4C C5C C10C N1C
4 C10A N1A 32.200 C2B C3B 58.63¢ C2C C3C 39.500
atoms: O3A C12A O4A atoms:0O4B C12B O3B atoms:04C C12C O3C
(13) [Er2(Qdca)s(H20)4]-4H20
A-Qdca B-Qdca C-Qdca
atoms:N1A C2A C3A C4A atoms:C4B C5B C10B N1B atoms:N1C C10C C5C C4C
2 C5A C10A 8.20° C2B C3B 11.700 C3C C2C 8.74°
atoms:O2A C11A O1A atoms:O1B C11B O2B atoms:01C C11C O2C
atoms:N1A C2A C3A C4A atoms:C4B C5B C10B N1B atoms:N1C C10C C5C C4C
4 C5A C10A 44570 C2B C3B 69.120 C3C C2C 82.270
atoms:O3A C12A O4A atoms:04B C12B O3B atoms:O3C C12C 04C
Table S24. Data of thermogravimetric analysis.
Neodymium Mass Mass Mass Mass loss Mass loss
AT1(°C AT2(°C ATs(°C ATs(eC ATs (°C
complexes 10 loss (%) 2(:0) loss (%) 26C) loss (%) 10 (%) +0 (%)
100°C 30-135 2.38 135-357 7.49 357-527 50.53 527-592 4.19 592-697 2.69
120°C 30-122 3.91 122-345 833 345522 4881  522-587 4.40 587-680 3.12
150°C 30-304 10.54 - - 304-487 42.75 487-591 11.23 591-675 3.83
Europium com- Mass Mass Mass Mass loss Mass loss
AT1(°C AT2(-C ATs3(°C ATs(eC ATs (°C
plexes O 1oss ) A9 goss @) ATCO 1gss ) ATHO T (@) #0 (%)
30-121 4.67
100°C 191-165* 5 17 165-326 6.02 326-443 30.69 443-516 49.25 516-628 5.81
120°C 30-143 3.86 143-294 6.85 294-430 25.83 430-516 23.86 516-667 5.81
150°C 30-153 7.07 153-285 4.28 285-443 37.42 443-534 14.52 534-638 3.98
Terbium com- Mass Mass Mass Mass loss Mass loss
AT1(-C AT2(C ATs3(cC ATs(C ATs (C
plexes O 1oss @) ATCO toss @) AT 1gss o) ATHO (%) +0 (%)
100°C 30-122 363  122-325 806  325-704  53.08 - - - -
120°C 30-132 4.43 132-314 6.97 314-689 53.73 - - - -
150°C 30-323 10.47 323-712 52.00 - - - - - -
Erbium com- Mass Mass Mass Mass loss Mass loss
AT1(C AT2(-C AT3(C ATa(C ATs (<C
plexes 10 loss (%) 2(:0) loss (%) 26C) loss (%) +C) (%) #0 (%)
114-190* 3.58*
100 -114 4.7 -57 .57 - - 70-72! 2.
00°C 30 6 190-330 5.09 330-570 50.5 570-720 00
144-192* 2.25*
120°C 30-144 9.69 192-303 272 303-544 48.32 - - 544-723 2.90
150°C 30-326* 9.52 - - 326-573 46.10 - - 573-741 3.85

Table S25. The main crystallographic data for [Gd2(Qdca)s(H20)4]«H:20.

Compound [Gd2(Qdca)3(H20)4]-H20
Empirical formula C33H2sN3017Gd2
Formula weight 1049.5
T /K 295(2)
Crystal system Triclinic
Space group P-1
alA 9.8314(1)
b/A 12.3257(2)
c/A 14.1759(1)
al 89.643(9)
Bl 82.577(1)
y/° 86.612(1)
Volume /A? 1700.44(1)
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Abstract: A series of homogeneous hybrid BPA.DA-NVP@Eu:Ls materials were obtained through
an in situ approach where the luminescent dopant was formed at the molecular level with different
contents (0.1; 0.2; 0.5; 1; and 2% by weight). A Europium(Ill) complex (EuzL3) with quinoline-2,4-
dicarboxylic acid was applied as a luminescence additive while a polymer matrix consisted of a
combination of bisphenol A diacrylate (BPA.DA) and N-vinylpyrrolidone (NVP) monomers. Syn-
thesis steps and the final materials were monitored by NMR and Fourier transform infrared spec-
troscopy (FTIR). The emission, excitation spectra, lifetime, and quantum yield measurements were
applied for the determination of the photophysical characteristics. The thermal and mechanical
properties of the obtained materials were tested via thermal analysis methods (TG/DTG/DSC and
TG-FTIR) in air and nitrogen atmospheres, dynamic mechanical analysis (DMA), and hardness and
bending measurements. Generally, even a small addition of the metal complex component causes
changes in the thermal, mechanical, and luminescent properties. Hybrid materials with a greater
europium complex content are characterized by a lower stiffness and hardness while the heteroge-
neity and the flexibility of the samples increase. A very small amount of an EuzLs admixture (0.1%
wt.) in a hybrid material causes an emission in the red spectral range and the luminescence intensity
was reached for the BPA-DA-NVP@1%EuzLs material. These materials may be potentially used in
chemical sensing, security systems, and protective coatings against UV.

Keywords: hybrid materials; polymeric matrix; metal complex; thermal properties; luminescence;
mechanical properties; hardness; dynamic mechanical analysis

1. Introduction

From year to year, the tendency to develop and obtain new hybrid materials with
specific properties is growing. This is due, among others, to the wide application spec-
trum of such materials and the high requirements for their properties, such as good ther-
mal stability and mechanical strength. The combination of inorganic and organic compo-
nents allows for obtaining hybrid materials with advanced properties that are widely
used in modern fields, such as chemical sensors, optoelectronics, laser systems, environ-
mental protection, medicine, etc. [1-9].
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Polymer matrices play an important role in the process of construction of hybrid ma-
terials. They have a direct impact on such properties as flexibility, refractive index, con-
ductivity, density, thermal stability, and mechanical strength. A properly selected poly-
mer matrix will mainly determine the form and structure of the obtained material; there-
fore, before designing a new material, selecting and synthesizing the appropriate matrix
is a very important stage. Widely used polymer matrices are PMMA, PVA, PLA, PAN,
PBO, PA6, PDMS, PLGA, NVP, and BPA.DA, PSS, EGDMA, PEG, epoxy, cellulose, etc.
Polymer matrices are mainly composed of synthetic molecules, monomers, and polymer-
based materials, structurally distinguished as coatings and carriers, while composition-
ally, they consist of hydrogels, layer-by-layer (LbL) assemblies, polymer brushes, and
block copolymer structures [10-15].

Inorganic compounds and metal complexes are utilized as functional additives for
polymer matrices due to their good magnetic and optical properties, which, together with
high chemical and thermal stability, allow for their use in various operating conditions.
These additives are incorporated into the structure of the polymer matrix through various
types of interactions (e.g., electrostatic attraction, hydrogen bonds, covalent bonds, Van
der Waals forces) at the molecular level, allow for improving the properties of the pure
matrix, and/or introducing additional functions, thus creating new materials [16-21].

The choice of the appropriate method for the synthesis of hybrid material is essential
in the formation of a material with the desired properties. The dispersion and homogeni-
zation of monomers and functional additives in the polymeric hybrid materials are key
factors influencing their mechano—physical properties. There are two possible main ways
of combining the polymer—inorganic components: in situ or ex situ. The in situ method
consists of the formation of the polymer part and dopant simultaneously during the for-
mation of the hybrid material [22]. On the other hand, the ex situ method involves the
formation of polymeric and inorganic components separately, and the hybrid material is
created when they are combined [17,18,23-27]. Both of the presented general methods for
the synthesis of hybrid materials have their advantages and disadvantages. The in situ
method ensures a high level of homogenization and dispersion of material components
which is the obvious benefit of such a method. Additionally, the formation of active do-
pant particles is often associated with direct bonding to the polymer backbone of the ma-
trix through functional groups. In the ex situ method, the incorporation of a pre-synthe-
sized dopant into the polymeric matrix can lead to inhomogeneity that negatively impacts
on the material properties. Adding an admixture with a confirmed chemical composition
is a positive aspect of this synthesis approach [24,26,28,29]. Hybrid material synthesis of-
ten involves a combination of these approaches that are tailored to the properties of the
material’s components [1,2,13].

Lanthanide compounds, particularly europium(lll) complexes, are commonly uti-
lized as luminescent additives in multifunctional materials [2,30-38]. The low emission
efficiency of lanthanide ions which is related to poor light absorption can be obtained by
a complex formation in which the organic ligand plays the role of an “antenna”. Such a
ligand effectively transfers the absorbed energy to the europium ions, improving the f-f
transitions and thus increasing the red luminescence [2,39-43]. The incorporation of a lan-
thanide complex as admixtures in polymeric matrices during the synthesis routes men-
tioned above gives materials in block forms [30,32,44] while hybrid materials in film forms
are often formed as the result of solvent evaporation from the mixture dissolved and syn-
thesized in the solid metal complex and matrix [45].

Herein, we present investigations aimed at the two-stage in situ synthesis and char-
acterization of BPA.DA-NVP@Eu:Ls hybrid materials on the grounds of the bisphenol A
glycerolate diacrylate and N-vinylpyrrolidone monomers as the polymeric matrix and eu-
ropium(Ill) quinoline-2,4-dicarboxylate complex (Eu:zLs) as a luminescent dopant. This
metal complex was chosen based on our previous studies on the structure and properties
of the lanthanide coordination polymers constructed from a quinoline-2,4-dicarboxylate
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ligand which behaves as an effective coordinating agent and sensitizer of Eu(IIl) ions lu-
minescence [45]. Two-stage synthesis includes the formation of in situ europium(III) com-
plex (EuzLs) at concentrations of 0.1, 0.2, 0.5, 1, and 2% wt. and the main UV photopoly-
merization process leading to the final uniformly doped polymer materials. A different
content of the additive was applied for the purpose of determining the effect of the ad-
mixture concentration on the luminescence, thermal, and mechanical properties of the
materials which were investigated in detail. Additionally, a pure polymeric matrix as well
as hybrid materials based on the precursors of the europium(Ill) complex, i.e., Eu(NOs)s
and quinoline-2,4-dicarboxylic acid (HzL), were obtained and tested. A comparison of the
properties of these materials with the hybrid materials being the main subject of this study
allowed us to better determine the impact of the EuzLs admixture on the structure and
characteristics of the materials. The NMR and infrared spectroscopy were applied for the
conformation of the formation of the hybrid materials and a better understanding of the
impact of the dopant addition on the polymeric matrix features. The emission, excitation
spectra, lifetime, and quantum yield measurements allowed for the determination of the
luminescence properties of materials concerning the europium(IIl) complex content. Ther-
mal stability and thermal decomposition mechanisms both in the oxidative and inert at-
mosphere were determined via the TG-DTG-DSC and TG-FTIR methods. We have also
focused on the estimation of the mechanical properties of hybrid materials functionalized
by the europium(III) complex dopant. To the best of our knowledge, these investigations
are rather omitted [46] for such types of hybrid materials while they are routinely con-
ducted for pure polymeric matrices [47-49]. Awareness of the mechanical properties of
the tested materials will allow for the design of materials with optimal compositions, in
which the functional dopant will bring the expected properties (in our case luminescence)
[20,42,43,50], without a significant deterioration of the matrix properties or obtaining new
features, beneficial in the context of their target application.

2. Results and Discussion

A series of homogeneous hybrid materials were synthesized based on a cross-linked
BPA.DA-NVP matrix and europium(IIl) complex as a luminescent dopant during the UV
polymerization process (Figure 1). The in situ approach was utilized to form a luminescent
dopant evenly distributed throughout the volume of the hybrid materials. This route al-
lowed for overcoming the problem connected with the solubility of pre-synthesized pow-
der europium(Ill) quinoline-2,4-dicarboxylate [51] in precursors of the polymeric matrix.
Various contents (in stoichiometric ratio 2:3) of metal complex substrates (Table S1), i.e.,
europium(Ill) nitrate(V) and quinoline-2,4-dicarboxylic acid (H:L), were dissolved in N-
vinylpyrrolidone to form the in situ coordination dopant (Scheme 1a). Taking into account
the fact that not only the incorporated quinoline-2,4-dicarboxylate ligand (as a result of
H:L deprotonation in alkaline NVP solution) will coordinate Eu(Ill) ions, but also NVP
and/or PVP moieties may coordinate metal ions through carbonyl oxygen atoms [52], the
formation of different coordination assemblies was assumed (Scheme 1a). Because we are
unable to determine the exact composition of the resulting europium(Ill) complexes, fur-
ther in the work we will use the abbreviation Eu:Ls to define the dopant. In the second
stage of the synthesis of the materials, the BPA.DA monomer was mixed with NVP-EuzL3
and the UV polymerization took place, yielding the hybrid BPA.DA-NVP@Eu:Ls materials
with a 0.1%, 0.2%, 0.5%, 1%, and 2% concentration of the dopant (Figure 1). For compara-
tive purposes, materials based on the BPA.DA-NVP matrix were obtained, with the addi-
tion of individual substrates, 1% wt. of Hz2L and 1% wt. of Eu(NOs)s.
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Figure 1. Images of hybrid materials with different contents of the europium(IIl) complex and sub-
strates used in DMA analysis: (a) in daylight; (b) at UV light (364 nm).

The obtained hybrid materials are characterized by high transparency with a shade
of yellow color. Hybrid materials take on a more intense yellow color and are slightly
turbid with an increasing concentration of the lanthanide(Ill) complex (Figure 1a). A com-
parison of all materials including the free matrix, separate components of the metal do-
pant as well as those containing different contents of the europium(III) complex allow us
to conclude that quinoline-2,4-dicarboxylic acid (or its anion) is responsible for the inten-
sity of the yellow color in the tested samples. It is also worth mentioning that the elasticity
of the obtained materials increases with the growing content of the admixture. Material
with a 2% content of the dopant is the most elastic.

2.1. NMR Analysis

The course of the formation of the hybrid material has been monitored using the
NMR technique. In Figure 2a, the combined 'H NMR spectra of several samples has been
presented. All samples were prepared using chloroform-d as a solvent and in each case, a
good solubility suitable for NMR analysis has been achieved.
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Figure 2. A combined "H NMR spectra of NVP (blue), PVP (red), NVP with dissolved Eu(NOs)s
(green), NVP with dissolved Eu(NOs)s and ligand (violet), a mixture of NVP, BPA, Eu(NOs)s, and
ligand (yellow).

The most characteristic signals in N-vinylpyrrolidone (NVP) (blue line), appearing
as doublets or a doublet of doublets at 4.40 ppm, 4.46 ppm, and 7.11 ppm, respectively,
belong to vinyl moiety bonded to a nitrogen atom. Polymerization of NVP yields polyvi-
nylpyrrolidone (PVP) which lacks signals of this substituent in the 'H NMR spectra (red
line). The mixing of europium(IIl) nitrate(V) with NVP resulted in a complete dissolution
of the salt after a short heating of the mixture at 70 °C. The NMR analysis of this mixture
initially showed no additional new signals (spectra not shown) but after heating for 3 h at
70 °C, the '"H NMR analysis revealed the presence of three new signals in the vinylic re-
gion, at 4.69—4.78 ppm, 4.83-4.90 ppm, and 6.94 ppm, respectively (Figure 3). The relative
intensity of these three signals (1:1:1) points toward the presence of another compound
possessing vinylic moiety. Based on the multiplicity, it can be concluded that there is a
strong shielding of the signal of the starting NVP at 7.11 ppm which appears at 4.83-4.90
ppm in the newly formed species and a remarkable deshielding of the signal at 4.40 ppm
in the starting NVP which appears at 6.94 ppm in the observed species. The third signal
of the vinylic hydrogen appearing at 4.46 ppm in the starting NVP has been observed at
4.69—-4.78 ppm, suggesting a small deshielding of the signal. All this also suggests the for-
mation of a complex between the NVP and europium(III) ions and a remarkable change
in the electron density around the N-vinylamido group. The nature of this complex cannot
be judged based on the NMR analysis but based on the literature data, it can be assumed
that the coordination occurs through carbonyl oxygen as the more appropriate ligating
center of europium [53]. Another interesting feature of the newly formed species derived
from NVP was associated with the multiplicity of the analyzed signals. In the starting
NVP, the signal at 7.11 ppm appears as a doublet of doublets due to the different coupling
constants of a vinylic proton with two protons of a vinylic CHz group with the coupling
constants being Juu = 9.1 Hz for cis hydrogen and Ju-x = 15.9 Hz for trans hydrogen, re-
spectively. In the newly formed species, this signal appears as a doublet of doublets with
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Figure 3. A combined inset of "H NMR spectra of NVP (blue), NVP with dissolved Eu(NOs)s (red),
and NVP with dissolved Eu(NOs)s and ligand (green).

When both europium(IlI) salt and a ligand were dissolved in warm NVP (Figure 2,
pink line), the intensity of new signals at 4.69-4.78 ppm, 4.83-4.90 ppm, and 6.94 ppm
increased remarkably compared to the mixture containing the sole europium salt. This
might suggest the formation not only of a NVP-Eu:Ls complex but rather the formation of
aggregates containing NVP, europium(IIl) ions, and a ligand. This could include the for-
mation of relatively stable aggregates via hydrogen bonding between a ligand and NVP
but also between two or more NVP molecules.

One should also mention that the formation of PVP via Lewis acid-catalyzed
polymerization of NVP has not been detected using the NMR technique although this
cannot be completely excluded due to the low sensitivity of the NMR analysis and over-
lapping of the signals.

2.2. ATR/FTIR Analysis

The comparison of the infrared spectra of the reaction mixture obtained in the first
stage of the synthesis (NVP-Eu:Ls) with the spectra of the pure NVP monomer and poly-
vinylpyrrolidone (PVP) suggests that there is a partial linear polymerization of N-vi-
nylpyrrolidone (NVP) to poly-vinylpyrrolidone (PVP) (Figure 4). This is confirmed by the
decrease in the intensity of the bands at wavenumbers 1624 and 980 cm™! originating from
the stretching v(C=C) and out-of-plane deformation y(=CH:) vibrations, respectively, as
the result of polymer formation [54]. The polymerization of the NVP monomer is initial-
ized most probably by the formation of europium(IIl) complexes as can be proposed based
on the lack of changes in the intensity of those bands in the FTIR spectra of the NVP-H:L
and NVP-Eu(NOs)s materials. The reaction mixture obtained in the first stage of the syn-
thesis is still characterized by the content of free NVP monomers, which later take part in
cross-linking with BPA.DA, and also contains NVP-EuzLs3 coordination oligomers. The in-
frared spectra of free NVP, NVP@Eu(NOs)s, and NVP@H:L are dominated by a strong
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band at 1694 cm™' derived from the stretching vibrations of a carbonyl group v(C=0) char-
acteristic of a five-membered lactam ring. This band is shifted to lower wavenumber 1690
cm™ in the spectrum of the NVP@EuzLs3, most probably as the result of covalent bond for-
mation between the oxygen atom of the carbonyl group and Eu(Ill) ion. In the spectrum
of PVP, this band appears at 1651 cm'. The ATR/FTIR spectra of all samples based on
NVP exhibit vibrations at 2976 and 2884 cm™ from the asymmetric and symmetric stretch-
ing vibrations of methylene groups v(CHz) as well as bending modes d(CHz) of such
groups at 1421 and 1372 cm-'. The band at 1285 cm™ was ascribed to the stretching v(C-
N) vibrations. At 843 cm™, quite a strong band appears associated with the bending &(=C-
H) vibrations [55].
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Figure 4. Comparison of the ATR/FTIR spectra of products formed in the first and the second stage
of the synthesis of hybrid materials with infrared spectra of dissolved NVP substrates of euro-
pium(Ill) complex, NVP, and PVP.

The infrared spectra of the matrix (BPA-NVP) as well as hybrid materials are given
in Figures 4, S1, and S2. All spectra are dominated by the bands derived from the bi-
sphenol A glycerolate diacrylate (BPA.DA) compound. The band from the stretching vi-
brations of the hydroxyl groups v(OH) from BPA.DA is observed in the range of 3100-
3660 cm™. In the spectrum of BPA.DA-NVP, the bands derived from the asymmetrical
stretching vas(CHz) and symmetrical stretching vs(CH:) vibrations are observed at 2961
and 2926 cm™. The intense bands at 1727 and 1660 cm were assigned to the stretching
vibrations of the carbonyl groups C=0O from the N-vinylpyrrolidone and ester moieties.
The bands recorded at 1630, 1606, and 1507 cm™ were assigned to the stretching vibrations
v(CarCar) and v(CN) of aromatic and pyrrolidone rings. The combination of bands at 1460,
1420, and 1385 cm™ were assigned to the das(CHs), 0s(CHz), and ds(CHz), respectively. In
the region 1300-1000 cm™, the bands’ characteristic of the stretching vibrations v(C-O)
group of esters is observed from the BPA.DA moieties. The infrared spectra of all obtained
hybrid materials exhibit several bands at 1287, 1244, 1179, 1103, and 1036 cm™ which can
be ascribed to the stretching vibrations of C—(C=0)-C and C-O-C moieties [46]. The out-
of-plane deformation y(Ca:H) mode of benzene rings appears at 827 cm™. The bands de-
rived from the ligands of doped complexes are almost invisible in the spectra of the ob-
tained materials due to their low concentrations. Moreover, the bands from the complexes
overlapped those from the polymeric matrix.

2.3. Luminescence Properties

The photophysical properties of the hybrid BPA.DA-NVP@Eu:Ls materials doped
with different contents of the europium(Ill) complex with quinoline-2,4-dicarboxylate lig-
and were studied using the emission, excitation spectra, lifetime, and quantum yield
measurements.
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The excitation spectra of the BPA.DA-NVP@1%Eu:ls and BPA.DA-
NVP@1%Eu(NOs)s are shown in Figure 5. In the case of the BPA.DA-NVP@1%Eu:Ls ma-
terial, a weak, sharp band at 393 nm and one intense broad band, attributed to ligand-
centered m—7* transitions, with a maximum of 340 nm are present. The spectrum of the
BPA.DA-NVP@1%Eu(NO:s)s consists of three weak bands corresponding to the f-f transi-
tions in the europium(IIl) ion. The use of the mentioned excitation wavelength values for
these samples provides the typical red luminescence lines of the Eu(IIl) ion at nearly 580,
595, 620, 650, and 700 nm, attributed to the *Do-"F; (] = 0-4) transitions, respectively.

—— BPA.DA-NVP@1% Eu L,
6000 —— BPA.DA-NVP@1% Eu(NO,),

5000 -
4000 -
3000 4

2000 4

Intensity [a.u.]

1000 -

250 300 350 400
&[nm]
Figure 5. Excitation spectra of BPA.DA-NVP@1%Eu:Ls and BPA.DA-NVP@1%Eu(NOs)s materials,
Aob =618 nm.

Figure 6 shows the luminescence spectra of the hybrid materials with different con-
centrations (0.1%, 0.2%, 0.5%, 1%, and 2% wt.) of the EuzLs complex and for comparison,
the BPA.DA-NVP matrix doped with Eu(NOs)s excited with A = 340 nm, while Figure S3
shows the emission spectra of the pure matrix and the matrix doped with the H2Qdca
(H2L) ligand under the same experimental conditions. The emission spectra present the
two most intense bands at 594 and 618 nm which are associated with the 5Do-7F1 and 5Do-
’F2 (exhibiting hypersensitivity) transitions. In addition, luminescence from the matrix
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Figure 6. Comparison of the emission intensity of materials with Eu(IIl) complex and Eu(NOs)s in
BPA.DA-NVP matrix, Aex = 340 nm.

Table 1 collects the luminescence lifetime results and quantum yields measured for
the BPA-DA-NVP@Eu:L3 materials with different concentrations of the europium(Ill)
complexes as well as the ratio of the emission band intensity. The lifetime values were
calculated using the bi-exponential decay method (Figure S5) with Equation (1):

—Xx
I=A; X exp (—) + A, X exp (—) 1)
T T2

where /is the luminescence intensity at time x, A is the amplitude, and 7 is the emission
lifetime.

Table 1. Spectral characteristics of Eu(III) ion in complex incorporated into BPA.DA-NVP matrix,
(Aex =340 1’11’1’1).

Sample/% 0.1% 0.2% 0.5% 1% 2%
t1=781+0.69 t©1=9342+058 11=119.29+0.62 1=143.57+0.85 11=147.71+1.06

12=4473+084 12=460.72+0.78 12=605.69+1.56 112=670.30+1.95 12=>535.87+1.38
= 5.20 5.07 4.86 4.71 4.50

P/% 14.0 11.8 11.8 9.0 9.3

Lifetime t/us

The calculated luminescent lifetimes increase, as in the case of the emission intensity,
with the increase in the percentage of the europium(Ill) complex in the matrix, reaching
t
h
e  For the full luminescence characteristics, the emission quantum efficiency was deter-
mined for all samples containing the europium(Ill) dopant. The emission quantum effi-
aiency of the °Do emitting level of the Eu(lll) ion was determined according to Equation

@) [571:

?( I 3+

1 ¢ — em Eu -100% (2)
m exLay0;  ex Eut

u

wihere ¢ is the quantum yield, Iemew+ is the integrated intensity of the sample lumines-
cence, and lexta203 and Iexews+ are the integrated intensities of the scattered excitation radia-
tion not absorbed by the reference (La20s) and integrated intensities of the scattered exci-
gation light for the investigated material, respectively. All procedures were carried out in
accordance with [56,57]. The sample containing 0.1% of the Eu(Ill) complex reached the
highest ¢ values among these materials. The determined-by-us values of the absolute lu-
minescent quantum yields (¢) of the °Do europium ion excited state, measured using an

f
o
r
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integrating sphere, are similar or lower than those of the silica—polymeric and mesoporous
hybrids containing these ions [58-61].

The lack of correlation between the lifetime and emission quantum yields is probably
due to specific interactions between the ligand and the matrix and/or Eu(III) ions with the
matrix, which influence these parameters [62].

2.4. Thermal Analysis in Air Atmosphere

Taking into account the profiles of the TG and DTG curves (Figure 7), it can be a
statement that the thermal decomposition of all investigated samples occurs in the main
three overlapping stages (Table 2). Additionally, the increase in the additive content re-
sults in a more complex decomposition process. The first mass loss took place in the tem-
perature range of 90-355 °C and is generally connected with continuous mass changes in
the range of 8.7-37.8%. The greatest mass loss in this stage was observed for the BPA.DA-
NVP@2%Euw:Ls material. The next step in the decomposition of the tested samples was
recorded in the range of 256—474 °C accompanied by significant mass changes of 36.3—
69.8%. The last stage of thermal degradation was observed in the range of 445-645 °C with
a mass loss of 22.5-29.0%.
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Figure 7. Comparison of TG and DTG curves of tested samples in air atmosphere: (a) TG and (b)
DTG of the BPA.DA-NVP matrix and hybrid materials (BPA.DA-NVP@0.1/0.2/0.5/1/2%Eu:Ls); (c)
TG and (d) DTG of the BPA.DA-NVP matrix and materials doped with @1%EuzLs/H2L/Eu(NO3)s.
The temperatures of the maximum rates of mass losses (Tbremax) along with DTG curves are given.

Table 2. Thermal data for investigated materials” decomposition in air atmosphere.
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Materials Stage I Stage 11 Stage III
Temperature Mass Loss Temperature Mass Loss Temperature Mass Loss

Range (°C) (%) Range (°C) (%) Range (°C) (%)
BPA.DA-NVP 105-323 8.7 323458 63.9 458-645 26.8
BPA.DA-NVP@0.1%Eu:Ls 117-321 10.9 321459 62.2 459-610 27.1
BPA.DA-NVP@0.2%Eu:Ls 144-262 6.3 262472 69.8 472-585 241

BPA.DA-NVP@0.5%Eu:Ls 122-256 8.8 256445 62.2 445-563 29
BPA.DA-NVP@1%Euzls 115-345 23.2 345474 54.1 474-553 22.4
BPA.DA-NVP@2%Euzls 90-355 37.8 355453 36.2 453-545 25.8
BPA.DA-NVP@1%Eu(NOs)s 128-334 10.8 334468 61.9 468-564 27.3
BPA.DA-NVP@1%H>L 115-310 14.9 310467 61.4 467-627 23.7

The profiles of the DTG curves along with the temperature of the maximum rate of
mass loss (Tpremax) in the main three steps confirm changes in the mechanisms of the ther-
mal decomposition of the tested samples due to the effect of the dopant addition (Figure
7b,d).

The thermal behavior stability (Figure 7) of the studied materials was described in
relation to the temperature of specific mass losses, given in Table 3. As can be suggested
from the thermal data, the addition of Eu(NOs)s increases the thermal stability of the ma-
terial in comparison to the parent matrix, taking into account the temperature of the 1%
mass loss. A similar effect was observed for the BPA.DA-NVP@0.2%EuzLs material. The
incorporation of 1% wt. of HzL as well as 0.1, 0.5, 1, and 2% of EuzLs leads to the decrease
in the thermal stability by 18, 7, 4, 7, and 32 °C, respectively. The greatest decrease in the
temperature was observed for the highest amount of metal complex addition (2% wt. of
Eu:Ls). At a higher temperature, the investigated materials started to decompose. It is
worth mentioning that the shapes of the TG-DTG curves of the BPA.DA-NVP, BPA.DA-
NVP@0.1%Eu:Ls, BPA.DA-NVP@0.2%EuzLs, and BPA.DA-NVP@1%Eu(NOs)s materials
up to about 450 °C are very similar. This observation points to the fact that the supple-
mentation of the polymeric matrix by a very small amount of metal complex or inorganic
salt does not change its thermal properties drastically. The temperature recorded at mass
losses of 5, 20, and 50% for these materials is lower by 11-24, 12-17, and 1-7 °C in relation
to the free matrix. For the BPA.DA-NVP@0.5%Eu2Ls, BPA.DA-NVP@1%Eu:Ls, BPA.DA-
NVP@2%Eu:Ls, and BPA.DA-NVP@1%H:L materials, the temperature changes in the
abovementioned mass losses regarding the matrix are 35-72, 35-111, and 1-25 °C, respec-
tively. The materials containing 0.5, 1, and 2% wt. of the europium(IIl) complex as well as
1% wt. of H2L show an additional mass loss in the temperature range of 200—400 °C.

Table 3. Comparison of thermal behavior of investigated materials in air/nitrogen atmosphere.

Temperature (°C) for Materials BPA.DA-NVP with Different Content of Metal Complex and Substrates

Mas:/ Loss in Air/Nitrogen Atmosphere
(%) 0% Eu:Ls 0.1% EuzLs  0.2% Euzls 0.5% Eu2ls 1% Eu2ls 2% Euzls 1 1% H:L
1 144/106 137/145 165/164 140/155 137/145 112/123 153/161 126/140
251/223 227/238 238/239 203/226 216/211 179/179 240/246 189/200
20 396/398 384/391 379/384 331/356 325/321 285/278 382/385 361/376
50 422/430 423/420 418/420 416/413 409/406 397/392 415/409 421/420

The shapes of the DTG curves (Figure 7b,d) allow for concluding that the highest rate
of mass loss in the first stage (I) of the decomposition of the tested materials is observed
for the material doped with 2% wt. of EuzLs. In the second stage (II) of the decomposition
of the materials, the highest rate and Toremax were observed for the free matrix, BPA.DA-
NVP@1%H:L, and BPA.DA-NVP@0.1%EuzLs. The addition of Eu(NOs)s and increase in
the additive contents (above 0.1% wt. of EuzLs) lead to the decrease in the temperature of
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the maximum rate of mass loss while the incorporation of Hz:L very slightly increases such
a temperature. The highest rate and the lowest Tpremaxin the third stage of the decompo-
sition of the investigated materials were noticed for the BPA.DA-NVP@1%Eu:Ls and
BPA.DA-NVP@2%EuzLs. On the other hand, the lowest rate of mass loss and highest
Toremax in this stage of decomposition were noticed for the free matrix, BPA.DA-
NVP@1%H:L, BPA.DA-NVP@0.1%Eu:Ls and BPA.DA-NVP@0.2%Eu:Ls.

The DSC curves (Figures S6 and S7) recorded up to about 450 °C are dominated by
overlapping and hardly distinguishable endothermic effects, most likely due to the melt-
ing of the polymeric matrix and cleavage of covalent bonds in polymeric frameworks and
applied dopants. The thermal cracking inside the materials gives fragments of polymer
molecules that burn at higher temperatures. All materials above 450 °C show the second
distinct mass loss, which provides a total decomposition of the tested materials. The high-
est rate of mass change and the lowest temperature of Torcmax were observed for the ma-
terials with the highest content of EuzLs (1% wt. and 2%wt.) and containing Eu(NOs3)s. The
free matrix BPA.DA-NVP and BPA.DA-NVP@1%H:L materials decompose at the highest
temperature. This last step of mass loss is accompanied by a strong exothermic effect vis-
ible on the DSC curves at a maximum temperature of 500-550 °C caused by the burning
processes of organic moieties present in the solid residues formed in the earlier processes.
Only traces of Eu20s as the solid products of the materials” decomposition were observed
for materials with 1 and 2% wt of the complex.

2.5. Thermal Analysis in Nitrogen

The thermal behavior of the tested samples was also investigated in the nitrogen at-
mosphere (Table 3, Figure 8). Regarding the temperature at the 1% mass loss for the TG
curves, the increase in thermal stability in the nitrogen atmosphere in comparison to the
oxidative atmosphere is observed for all hybrid materials. Similarly, as in the air, the
BPA.DA-NVP@0.2%Eu:Ls and BPA.DA-NVP@1%Eu(NOs)s materials are characterized by
the highest stability. It is noteworthy to mention that the free matrix shows the lowest
temperature at a 1% mass loss. Further heating results in gradual mass losses of the ma-
terials in two main stages. The profiles of the TG curves and thermal data clearly show
that the incorporation of greater amounts of dopants causes the decomposition process
shifts toward a lower temperature. This trend is especially seen for mass losses higher
than 5%. In general, the overall effect of the increased amount of additives on the stability
is in agreement with those observed in the air atmosphere but this influence is more ex-
pectable. Above ca. 350 °C, the second stage of decomposition with a rapid mass loss up
to ca. 500 °C can be distinguished (for hybrid materials at lower temperatures). In this
stage, the free matrix shows the highest rate of mass loss as well as Tprcmax temperature.
The increase in the metal complex content in the hybrid materials results in the decrease
in the Tormax temperature. Further heating causes only very small mass changes and leads
to the formation of solid residues (6.7-13.2%), i.e., unburnt carbon and europium(III) ox-
ide (for materials containing europium compound).
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Figure 8. Comparison of TG and DTG curves of tested samples in nitrogen atmosphere: (a) TG and
(b) DTG of the BPA.DA-NVP matrix and hybrid materials (BPA.DA-NVP@0.1/0.2/0.5/1/2%Eu:zLs);
(c) TG and (d) DTG of the BPA.DA-NVP matrix and materials doped with @1%Eu2Ls/H2L/Eu(NOs)s.
The temperatures of the maximum rates of mass losses (Torcmax) along with DTG curves are given.

The pyrolysis process of the BPA.DA-NVP and BPA.DA-NVP@2%Eu:Ls was also
monitored by recording the FTIR spectra of the decomposition of the gaseous products in
nitrogen (Figure 9). The stacked infrared spectra of the evolved products of the material
degradation show that molecules of water, carbon dioxide, and pyrrolidone derivatives
are evolved at first (Figure S8). Decomposition of the matrix leads to the release of such
gases after 5 min of heating (127 °C) while for the hybrid material, after 4 min (110 °C).
The weak bands of stretching and deformation vibrations of the water molecules are ob-
served in the ranges of 4000-3500 and 1800-1300 cm™, respectively. Carbon dioxide mol-
ecules give bands in the ranges of 2358-2310 and 700-600 cm™! (the strongest at 668 cm™)
due to the stretching and deformation vibration modes. One of the main products of ma-
terial degradation is 2-pyrrolidone as the product of the polymeric matrix degradation.
The most intense band appears at 1750 cm™ due to the stretching vibrations of the carbonyl
group from the lactam ring. The bands at 2969, 2884 cm™!, and those at 1386 and 1269 cm™,
are ascribed to the stretching and deformation vibrations of the aliphatic C-H groups and
the stretching vibrations of the C-N group. The confirmation of 2-pyrrolidone formation
is also a band at 3481 cm™ due to the presence of N-H stretching vibrations [46,63].
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Figure 9. The 3D projection of FTIR spectra of volatile product decomposition of (a) free matrix
(BPA.DA-NVP), (b) hybrid materials (BPA.DA-NVP@2%EuzLs) in the nitrogen atmosphere. Evolved
gases: 1—H20; 2—COz 3—CO; 4—CHg; 5—N-vinylpyrrolidone (NVP); 6 —2-pyrrolidone; 7-10 —4-
methylphenol, 4-propylphenol, phenol, Bisphenol A.

On the other hand, it can also be concluded that the N-vinylpyrrolidone monomer
also evolved during the heating of the materials as the product of depolymerization. The
FTIR spectra exhibit medium strong bands at 1635 and 841 cm™! diagnostics for the stretch-
ing vibrations of C=C and deformation vibrations of the =C-H groups, respectively, in al-
kenes that may be indicative of vinyl group appearance [64]. The abovementioned prod-
ucts dominated the first stage of the decomposition of the BPA.DA-NVP and BPA.DA-
NVP@2%Eu:Ls materials and are evolved up to about 385 °C (18 min) and 215 °C (9.40
min), respectively.

In the next steps, the further decomposition of the polymeric materials takes place.
In addition to the pyrrolidone/N-vinylpyrrolidone-evolved compounds, the FTIR spectra
point out the release of other volatile products which perfectly fit with the reference spec-
tra (Figures S9-S12) of several different compounds such as 4-methylphenol, 2-
methylphenol, bisphenol, phenol, methane, and carbon monoxide.

The presence of phenol derivatives is reflected in the most diagnostic and strongest
bands at 1255 and 1176 cm™ derived from the stretching vibrations of the Car-O groups
[65]. Absorption bands additionally appear due to the stretching vibrations of OH groups
at 3648 cm™, stretching vibrations of CarCarat 1602 and 1507 cm™ as well as out-of-plane
deformation vibrations of CarH at 827 and 746 cm™ from the aromatic ring [46]. Moreover,
at a higher wavenumber range of 3100-3000 cm™!, several bands can be distinguished at
3085, 3067, and 3031 cm™ assigned to the stretching vibrations of the Car-H groups. Along
with phenols, methane molecules are evolved because of the diagnostic sharp band at
3015 cm™ derived from the stretching vibrations of the C-H bonds. In addition to the car-
bon dioxide molecules which are evolved with a greater intensity in this stage, weak
bands at 2150 and 2090 cm™ in the infrared spectra are also seen due to carbon monoxide
evolution [63]. It should be noted that the release of phenol derivatives occurs at a much
lower temperature and with a greater intensity during the heating of the hybrid material
compared to the matrix.

The most intense gas evolution during the degradation of the investigated materials
takes place in the range of 20-25 min (426-527 °C). The single FTIR spectra recorded at
460 °C both for the matrix and BPA.DA-NVP@2%Eu:Ls material clearly show a different
quantitative composition of evolved gases as can be suggested by the ratio of the intensity
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of bands C=0/Ca-O. For the free matrix, this ratio is about 3 which indicates the domina-
tion of pyrrolidone moieties while for the hybrid material, this ratio is about 1, pointing
out that phenol derivatives are the second main components of the evolved gaseous mix-
ture. Above 500 °C, only traces of gaseous products of the degradation of the tested mate-
rials (mainly carbon oxides and water) are evolved.

2.6. DMA Analysis

To study the effect of the different wt.% content of the europium(IIl) complex on the
viscoelastic properties, a dynamic mechanical thermal analysis (DMA) was performed.
The results from the DMA analysis of the tested samples are presented in Figures 10 and
11 and Table 4.

Table 4. Data of dynamic mechanical analysis (DMA) measurements of obtained materials.

Name of Sample

Eonset (OC) E’20 (GPa) E” max (OC) tan Omax (OC) tan Omax FWHM (OC)

BPA.DA-NVP 99.87 3.18 99.79 137.6 0.548 34.28
BPA.DA-NVP@0.1%EuzLs 89.36 3.52 80.55 132.21 0.515 35.28
BPA.DA-NVP@0.2%EuzL3s 52.73 3.95 55.92 98.57 0.800 36.84

o 61.091 0.7481
BPA.DA-NVP@0.5%EuzLs 31.45 3.56 32.73 73.08 2 0.763 2 43.68

50.111 0.7051

_ )

BPA.DA-NVP @1%EuzLs 28.60 2.96 29.89 70.74 2 0.648 2 52.09
BPA.DA-NVP@1%Eu(NOs)s 85.58 3.94 86.51 134.05 0.492 42.24

o 70211 0.4371
BPA.DA-NVP@1%H:L 38.88 3.37 41.46 99.442 0.578 2 56.30

12_two maxima of the tan Omax.

Determining the glass transition temperature(Tg) via three different methods, Omax,
E'onset, and E"'max, generally shows a trend of the glass transition temperature of the obtained
materials decreasing with the increasing content of the europium(Ill) complex or inde-
pendent substrates (Table 4, Figures 10 and 11).
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Figure 10. Storage (E’) and loss (E") modulus versus temperature (a,b) polymer matrix (BPA.DA-
NVP) and hybrid materials doped with europium(IIl) complex; (c¢,d) comparison of the polymer
matrix with hybrid materials obtained with the addition of only 1% of substrates (Eu(NOs)s and
H:L, as well as doped with 1% of europium(IIl) complex.
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Figure 11. Tangent d (tan d) versus temperature: (a) polymer matrix (BPA.DA-NVP) and hybrid
materials doped with europium(Ill) complex; (b) comparison of the polymer matrix with hybrid
materials obtained with the addition of only 1% of substrates (Eu(NOs)s and HaL, as well as 1%-
doped europium(IIl) complex; 2~two maxima of the tan dmax.

By analyzing the shape of the storage modulus versus the temperature curves, it was
observed that the storage modulus (E') gradually decreases above 20 °C for the obtained
materials (Figure 10a,c). The fastest change in the decay rate of E’ is observed for materials
with the highest addition of the europium(Ill) complex (BPA.DA-NVP@0.5%Eu:Ls,
BPA.DA-NVP@1%Eu:Ls) and ligand (BPA.DA-NVP@1%H:L). These changes also reflect
the lowest glass transition temperatures (31.45 °C, 28.6 °C, and 38.88 °C, respectively) com-
pared to the polymer matrix (BPA.DA), where Ty is 99.87 °C. From the shapes of the stor-
age modulus and DSC curves (Figures S6 and S7), the area responsible for the partial
cross-linking of the obtained materials is also determined. In the DSC curves, this area is
observed for the range of 190-200 °C. A drastic reduction in the storage modulus (E’) is
noticed in the region related to the glass transition temperature (Tg) of the investigated
materials. In this region, the chain segments, in contrast to the elastic energy range, are
subject to increased displacement or rotational movements. This region is often referred

to as the polymer softening region [66].
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Determining the glass transition temperature as the position of the maximum value
of the tan dmax (°C) peak, a tendency to decrease the value of the glass transition tempera-
ture (tan dmax (°C)) with the increasing addition of the europium(III) complex in compari-
son to the matrix polymer matrix (BPA.DA-NVP) is also observed. The only material with
similar values of tan dmax (°C) to the BPA.DA-NVP matrix (tan d = 137.6 °C) is the BPA.DA-
NVP@1%Eu(NOs)s material (tan dmax=134.05 °C) (Figure 11, Table 4). The shape of the tan
0 peaks and the full width at half maximum (FWHM) of the tan d peak are used to measure
the polymer heterogeneity. Based on the FWHM(°C) value in the series of the obtained
materials, it can be concluded that the pure BPA.DA-NVP matrix is the most homogene-
ous (FWHM = 34.28 °C), while with an increase in the addition of the europium(III) com-
plex, the heterogeneity of the materials increases. The highest FWHM values are observed
for the BPA.DA-NVP@1%Eu2L3s and BPA.DA-NVP@1%H:L materials, which are 52.09 °C
and 56.3 °C, respectively (Table 4). These materials show the greatest degree of heteroge-
neity. Also, the confirmation of the increased heterogeneity of the material is the presence
of two maxima tan din the curves observed for the BPA.DA-NVP@0.5%Eu2ls, BPA.DA-
NVP@1%Eu:Ls, and BPA.DA-NVP@1%H:L materials, which may be the result of weaker
interfacial interactions (hydrogen bonds and Van der Waals forces) between the polymer
matrix and the formed europium(Ill) complex [67].

2.7. Flexural Test

The crack resistance was designated during the three-point bending determining the
modulus of the flexural strength of the conventional yield strength, and bending defor-
mation. The test was carried out on samples (2 mm x 10 mm x 80 mm) of a pure polymer
matrix and hybrid materials. The results of the flexural tests are presented in Table 5. The
value of the Young’s modulus at the beginning with the increase in the europium(III) com-
plex content increased to 3.79 and 3.9 GPa for the BPA.DA-NVP@0.1%EuzLs and BPA.DA-
NVP@0.2%Eu:Ls materials (respectively), but no significant changes in the stresses and
bending deflections were observed. Then, with the increase in the amount of the EuzLs
complex in the materials, the Young’s modulus decreases to 2.98GPa, 2.48GPa, and
0.34GPa for the BPA.DA-NVP@0.5%Eu:Ls, BPA.DA-NVP@1%Eu:ls, and BPA.DA-
NVP@1%H:L samples, respectively. Also, for these samples, there are changes in the stress
values toward smaller values of 75.77, 14.55, and 61.31 MPa (respectively), while the de-
gree of deflection increases (Table 5). Reducing the stresses in the material causes a loss of
stiffness, while increasing its flexibility. For the BPA.DA-NVP@1%Eu:Ls sample, the de-
gree of deflection exceeds >7%, which also shows that the sample is the most flexible in
the series. The observed changes may be the result of a weakening of the interactions be-
tween the polymer chains and the introduced europium complex, and an increase in the
heterogeneity of the material with a higher content of the additive, which was previously
confirmed by the DMA analysis.

Table 5. Flexural strength data for obtained materials.

Relative Elongate at

Sample Stress at Break (MPa) Break (%) Young’'s Modulus (GPa)
Avg Avg Avg

BPA.DA-NVP 111.5+0.5 3.48 £0.05 3.66 +0.08
BPA.DA-NVP@0.1%Eu:Ls 104.8 +4.8 3.05+0.14 3.79 £ 0.09
BPA.DA-NVP@0.2%Eu:Ls 107.76 + 4.47 3.34+0.36 3.90+0.29
BPA.DA-NVP@0.5%Eu:Ls 75.77 +4.91 3.95+0.40 2.98+0.18
BPA.DA-NVP@1%EuzLs 14.55 +0.26 >7*+1.0 0.34+0.02
BPA.DA-NVP@1%Eu(NOs)s 97.17 +1.52 2.67+0.22 3.81+0.08
BPA.DA-NVP@1%H:L 61.31+3.92 3.75+0.34 2.48 +0.30

*—the sample did not break due to high elasticity.
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2.8. Hardness Measurements

The measurements of hardness consisted of the vertical immersion of the indenter
into the composite surface. The data of these parameters are expressed in the D scale in
Table 6.

Table 6. Data of hardness test of the synthesized samples.

Hardness (°Sh) (D Scale)

Sample Samples before DMA Samples after DMA
BPA.DA-NVP 81.7+1.1 83.0+1.1
BPA.DA-NVP@0.1%EuzLs 81.0+0.4 83.2+1.5
BPA.DA-NVP@0.2%EuzLs 80.7+1.3 80.7+1.0
BPA.DA-NVP@0.5%EuzLs 59.5+1.5 59.2+15
BPA.DA-NVP@1%EuzLs 42.0+15 442 +0.8
BPA.DA-NVP@2%EuzLs 19.8+1.9 =¥
BPA.DA-NVP@1%Eu(NOs)s 81.0+0.3 84.2+1.5
BPA.DA-NVP@1%H:L 77.8 £0.7 76.0+1.5

*—no measurement was made due to the inappropriate form of the sample.

The hardness of the composites before and after the DMA analysis was in the range
of 83-19 ShD. The hardness of the analyzed samples after the DMA analysis increased
slightly by 2% compared to the samples before the DMA analysis, which is related to the
cross-linking of the polymer matrix at higher temperatures. The highest hardness is ob-
served for the sample (BPA.DA-NVP) without the functional additive; then, a decrease in
the hardness was observed with the increase (wt.%) in the addition of the EuzLs complex.
The lowest value was assigned to the sample with 2 wt.% of the content of the EuzLs com-
plex. Additions of substrates Eu(NOs)s and HzL also reduce the hardness of the material
in a slight way (2-4%), but not as significantly as the addition of the whole complex. With
an increase in the wt. % of the complex content in the hybrid material, its hardness de-
creases as follows: 0.1 wt.% =>0.85%; 0.2 wt.% =>1.2%; 0.5 wt.% =>27%; 1 wt.% = >48.5%;
2 wt.% =>75%. These results show the increasing ductility of the polymeric hybrid mate-
rials based on the BPA.DA-NVP and the use of europium(IIl) complexes as the functional
dopant which also have characteristics of the plasticizer properties.

3. Materials and Methods

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (BPA.DA), N-vinylpyrrolidone
(NVP), and 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651, IQ) were purchased from
Sigma-Aldrich (Darmstadt, Germany). All the chemical reagents and materials were ob-
tained from commercial sources and used without further purification. Hydrate of Euro-
pium(IIl) nitrate(V) (99.9%) was purchased from Merck and used without further purifi-
cation. Quinoline-2,4-dicarboxylic acid (95%) was purchased from Alfa Aesar and purified
by heating with distilled water.

3.1. Synthesis of Hybrid Materials

NVP and BPA.DA monomers were used in proportions of 70:30% by weight. In the
first stage, europium(IIl) nitrate(V) hydrate and quinoline-2,4-dicarboxylic acid were dis-
solved in the NVP monomer in stoichiometric amounts, forming together 0.1%, 0.2%,
0
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min, and then, the resulting composites were heated at 80 °C for 2 h for final cross-linking.
For comparative purposes, the same method was applied to obtain the pure matrix and
materials containing admixtures with only 1% wt. of europium(Ill) nitrate(V) or quino-
line-2,4-dicarboxylic acid. All materials were obtained in the form of blocks.

3.2. Instrumentation and Methods

The infrared spectra (ATR/FTIR) of the tested samples were recorded using a Nicolet
6700 spectrophotometer (Thermo Scientific) equipped with the Smart iTR accessory (dia-
mond crystal) in the range of 4000-600 cm™.

The '"H NMR spectra (zg30 pulse program) were recorded with Bruker Ascend 500
MHz spectrometer in chloroform-d (Deutero, 99.8 atom %D) as a solvent at room temper-
ature. Chemical shifts are reported in ppm relative to the residual solvent peak. Samples
for analysis were prepared as follows: 20 mg of the analyzed sample was placed in a 5 mm
NMR tube, followed by adding chloroform-d (0.7 mL). The tube was closed by a stopcock
and shaken intensely until a homogeneous solution was obtained.

Thermal analyses were carried out on a SETSYS 16/18 thermal analyzer (Setaram)
using the thermogravimetric (TG), derivative thermogravimetry (DTG), and differential
scanning calorimetry (DSC) methods. The block samples (about 6—-8 mg) were heated in
the alumina crucibles up to 1000 °C at a heating rate of 10 °C min™ in the dynamic air
atmosphere (12.5 cm® min™). The thermograms (TGs) along with the FTIR spectra of the
volatile products of the decomposition were recorded by the Q5000 thermal analyzer (TA
Instruments) coupled with the Nicolet 6700 spectrophotometer. The samples of 25-30 mg
were heated in the dynamic nitrogen atmosphere (25 cm® min) at a heating rate of 20 °C
min! from room temperature to 700 °C in the open platinum crucibles. The gas cell of the
spectrophotometer was heated up to 240 °C while the temperature of the transfer line was
250 °C.

The emission and excitation spectra in the UV-Vis range were recorded on a Hitachi
E7000 Fluorescence Spectrometer using a 450 W Xenon lamp, with a wavelength range of
200-800 nm. Excitation and emission spectra were corrected for the instrumental re-
sponse. The QuantaMasterTM 40 (Photon Technology International) spectrophotometer
equipped with an Opolette 355LD UVDM (Opotek Incorporation) tunable laser (excitation
source), which had a repetition rate of 20 Hz as the excitation source and a Hamamatsu
R928 photomultiplier as a detector, was used to measure luminescence decays. All meas-
urements were collected at room temperature.

Dynamic mechanical analysis (DMA) was performed using DMA Q800 Analyzer TA
Instruments (New Castle, DE, USA). Thermomechanical properties of the cured materials
were determined from the storage modulus, loss modulus, and damping factor (tan Omax)
versus temperature. Measurements for all samples were made in the scanning tempera-
tures ranging from 0 to broken sample 190 °C, under natural air conditions, at a constant
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The hardness of samples was compared employing the Shore Hardness Tester
Zwick/Roell Z010 in D scale. Five measurements were made for each sample and the av-
erage hardness was calculated for all samples.

r

4. Conclusions

t  In summary, we have successfully fabricated a series of novel luminescent, transpar-
ént, and homogenous hybrid materials based on the BPA.DA-NVP matrix endowed with
different concentrations of europium(IIl) quinoline-2,4-dicarboxylate as a luminescent ad-

ditive. Furthermore, investigations of the free polymeric matrix and materials doped with
f

°C/min. The experiments were conducted using rectangular samples of dimensions close
to 2+ 0.1 mm thick, 10 + 0.2 mm wide, and 35 + 0.1 mm long. Mechanical properties were
determined using a Zwick/Roell testing machine (model Z010, Zwick GmbH & Co. KG,
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distinct precursors of additive were conducted to gain a deeper understanding of the
mechanism of the formation of the final materials. The applied in situ strategy was very
effective, rapid, and low energy-consuming and allowed for the formation of the effective
luminescence dopant covalently bonded with the polymer matrix at the molecular level.
Even a small amount of EuzLs (0.1% wt.) dopant could incorporate luminescence features
into the material due to the proper choice of ligand in the europium(IIl) complex but also
changed the mechanical properties. The most intense red luminescence was observed for
the hybrid material with 1% wt. of the Eu(Ill) complex. The thermal stability and path-
ways of the degradation of the materials in air and nitrogen were studied in detail. It was
shown that the thermal behavior of the tested samples strongly depends on the content
and character of the used dopant. The gaseous products of the free matrix and hybrid
material were identified. A higher dopant content in the hybrid materials caused in-
creased elasticity while their hardness was reduced. Furthermore, the temperature of the
glass transition decreased as the content of the admixture increased. These changes in the
mechanical properties are highly informative from the processability perspective in the
context of their potential application. In addition, this work showed that the rational mo-
lecular design can easily change the mechanical properties of the hybrid materials which
may potentially be used in chemical sensing, security systems, and protective coatings
against UV.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: ATR/IR spectra of polymeric BPA.DA-NVP matrix and hybrid
BPA.DA-NVP@0.1/0.2/0.5/1/2%Eu2L3 materiais; Figure S2: ATR/IR spectra of polymeric BPA.DA-NVP
matrix and hybrid BPA.DA-NVP@1%Eu(NOs)s, BPA.DA-NVP@1%H:L, BPA.DA-NVP@1%Eu2L53 ma-
rerials; Figure S3: emission spectra of BPA.DA-NVP@1%H:L in matrix and free matrix (BPA.DA-NVP),
Aex = 340 nm; Figure S4: comparison of emission intensity of materials with Eu(III) complex and
sample of Eu(NOs)s in BPA-DA-NVP matrix, Aec = 393 nm; Figure S5: luminescence decay curves;
Figure S6: DSC curves of polymeric BPA.DA-NVP matrix and hybrid BPA.DA-
NVP@0.1/0.2/0.5/1/2%Eu2L3 materiais; Figure S7: DSC curves of polymeric BPA.DA-NVP matrix and
hybrid BPA.DA-NVP@1%Eu(NOs)s, BPA.DA-NVP@1%H:L, BPA.DA-NVP@1%Eu2L3 materiats; Figure
S8: FTIR spectra of the 2-pyrrolidone as gaseous product in the decomposition process; Figure S9:
FTIR spectra of the 4-methylphenol as gaseous product in the decomposition process; Figure S10:
FTIR spectra of the 4-propylphenol as gaseous product in the decomposition process; Figure S11:
FTIR spectra of the Bisphenol A as gaseous product in the decomposition process; Figure S12: FTIR
spectra of the phenol as gaseous product in the decomposition process; Table S1: amounts of sub-
strates used for synthesis of materials.
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Figure A.1. ATR/IR spectra of: polymeric matrix BPA.DA-NVP and hybrid materials BPA.DA-
NVP@0.1/0.2/0.5/1/2%EusLs.
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Figure A.2. ATR/IR spectra of: polymeric matrix BPA.DA-NVP and hybrid materials BPA.DA-
NVP@1%Eu(NOs)s, BPA.DA-NVP@1%H,L, BPA.DA-NVP@1%Eu,Ls.
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Figure A.3. Emission spectra of BPA.DA-NVP@1%H,L in matrix and free matrix (BPA.DA-NVP), Aex =340
nm
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Figure A.4. Comparison of emission intensity of materials with Eu(lll) complex and sample of Eu(NOs)s in
BPA-DA-NVP matrix, Aex=393 nm.



Figure A.5. Luminescence decay curves.
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Figure A.6. DSC curves of: polymeric matrix BPA.DA-NVP and hybrid materials BPA.DA-
NVP@0.1/0.2/0.5/1/2%EusLs.
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Figure A.7. DSC curves of: polymeric matrix BPA.DA—NVP and hybrid materials BPA.DA-
NVP@1%Eu(NOs)s, BPA.DA-NVP@1%H,L, BPA.DA-NVP@1%Eu,Ls.
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Figure A.8. FTIR spectra of the 2-pyrrolidone as gaseous product in the decomposition process.
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Figure A.9. FTIR spectra of the 4-methylphenol as gaseous product in the decomposition process.
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Figure A.10. FTIR spectra of the 4-propylphenol as gaseous product in the decomposition process.
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Figure A.11. FTIR spectra of the Bisphenol A as gaseous product in the decomposition process.
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Figure A.12. FTIR spectra of the phenol as gaseous product in the decomposition process.
Table A.1. Amounts substrates used for materials synthesis.
Material Eu(NOs); H,L Eusls BPA.DA NVP Irgacure 651
(g) (g) (g) (g) (g) (g)
BPA.DA-NVP - - - 5.6 24 0.08
BPA.DA-NVP@1%Eu(NOs)s 0.08 - - 5.6 2.4 0.08
BPA.DA-NVP@1%H,L - 0.08 - 5.6 2.4 0.08
BPA.DA-NVP@0.1%Eu,L; 0.0062 0.0052 0.008 5.6 2.4 0.08
BPA.DA-NVP@0.2%Eu,L 3 0.0125 0.0105 0.016 5.6 2.4 0.08
BPA.DA-NVP@0.5%Eu,L 3 0.0313 0.0262 0.04 5.6 2.4 0.08
BPA.DA-NVP@1%Eu,L 3 0.0625 0.0525 0.08 5.6 2.4 0.08
BPA.DA-NVP@2%Eu,L 3 0.1251 0.1052 0.16 5.6 2.4 0.08
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