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Wykaz skrotow stosowanych w pracy
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PMMA — poli(metakrylan metylu) (ang. poly(methyl methacrylate))

R — wspotczynnik redukcji (ang. reduction index)

RFT — reaktywne formy tlenu (ang. reactive oxygen species)
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near edge structure)



Streszczenie

Opracowanie nowych metod oczyszczania wody oraz przeciwdziatanie narastajacej
oporno$ci mikroorganizmdw na antybiotyki to istotne wyzwania wspotczesnej nauki. Gtowne
zrodta zanieczyszczen wody obejmuja dzialalnos¢ przemystowa i rolnicza, ktore przyczyniaja
si¢ do obecnosci substancji takich jak farmaceutyki, pestycydy, barwniki oraz metale ci¢zkie.
Te zanieczyszczenia stanowig powazne zagrozenie zarowno dla zdrowia ludzi, jak i dla fauny
zamieszkujacej skazone srodowiska. Jednoczes$nie, wedtug raportow WHO, problem opornosci
mikroorganizméw na antybiotyki narasta, gtdéwnie z powodu nadmiernego stosowania

antybiotykéw w medycynie i rolnictwie.

W odpowiedzi na te wyzwania swoje badania skoncentrowalam na syntezie oraz
charakterystyce kompleksow okso-tytanu(IV) (TOCs), a takze analizie ich wiasciwosci
fotokatalitycznych i biologicznych, indukowanych promieniowaniem ultrafioletowym
I widzialnym. Badania obejmowaly rowniez ocen¢ potencjatu aplikacyjnego TOCs jako
aktywnych skladnikow powtok kompozytowych, w ktérych wspomniane kompleksy
rozproszone byly w matrycy polimerowej. W ramach przeprowadzonych syntez uzyskatam
kompleksy o zroznicowanej strukturze rdzenia {Ti.Op}, stabilizowane ligandami
karboksylanowymi, takimi jak 4-hydroksybenzoesan, 4-aminobenzoesan i 9-fluoreno-
karboksylan, oraz o-hydroksykarboksylanowymi, w tym migdatlowym i 9-hydroksy-9-
fluorenokarboksylanowym. Dodatkowo dokonatam oceny aktywnosci fotokatalitycznej
kompleksow rutenu(III), co jest zagadnieniem stosunkowo stabo zbadanym. Uzyskane wyniki
poréwnatam z danymi dotyczacymi TOCs, co pozwolito lepiej zrozumie¢ mechanizmy ich

dziatania.

Aktywnos$¢ fotokatalityczng 1 biologiczng TOCs badatam biorgc pod uwage wptyw rodzaju
liganda stabilizujgcego oraz struktury rdzenia tytan-tlen na kompleks wprowadzony do matrycy
z polimetakrylanu metylu (PMMA + TOCs) [P1, P2]. Oceniatam takze wptyw ligandow
w kompleksach o rdzeniu {TisO.}, stabilizowanych 4-aminobenzoesanem lub
9-fluorenokarboksylanem, po ich wprowadzeniu do matrycy z poli(kaprolaktonu) (PCL) [P3].
Kolejnym etapem byta synteza i charakterystyka strukturalna TOCs o rdzeniach {TisO},
{TieO4} 1 {TigO2}, stabilizowanych ligandami a-hydroksykarboksylanowymi, takimi jak
9-hydroksy-9-fluorenokarboksylan oraz migdatowy [P4, P5]. Ocenitam rowniez aktywnos$¢

fotokatalityczng oraz zdolno$¢ adsorpcyjng kompozytow PMMA + TOCs stabilizowanych



ligandami a-hydroksykarboksylanowymi i otrzymane wyniki porownatam z kompozytami
PMMA + Ru(lll) [P6].

Podsumowujgc, w ramach przeprowadzonych badan uzyskatam osiem nowych okso-
kompleksow  tytanu(IV), ktore zostaly poddane charakterystyce  strukturalnej
i spektroskopowe;j. Badania aktywnosci fotokatalitycznej przeprowadzono dla siedmiu nowych
oraz trzech wczesniej zsyntetyzowanych okso-komplekséw Ti(IV), jak réwniez dla dwoch
znanych kompleksow Ru(IIl). Aktywno$¢ przeciwdrobnoustrojowa analizowano dla pigciu

nowych i trzech znanych wcze$niej okso-kompleksow Ti(IV).



Abstract

Developing new methods for water purification and combating the growing resistance of
microorganisms to antibiotics are crucial challenges in modern science. The main sources of
water pollution include industrial and agricultural activities, which contribute to the presence
of substances such as pharmaceuticals, pesticides, dyes, and heavy metals. These pollutants
pose a significant threat to both human health and the fauna living in contaminated
environments. At the same time, according to WHO reports, the problem of antibiotic resistance
in microorganisms is increasing, primarily due to the excessive use of antibiotics in medicine

and agriculture.

In response to these challenges, my research focused on the synthesis and characterization
of oxo-titanium(IV) complexes (TOCs), as well as an analysis of their photocatalytic and
biological properties induced by ultraviolet and visible radiation. The research also included an
evaluation of the application potential of TOCs as active components in composite coatings, in
which these complexes were dispersed within a polymer matrix. During the synthesis,
I isolated complexes with varied core structures {Ti,Op}, stabilized by carboxylate ligands such
as 4-hydroxybenzoate, 4-aminobenzoate, and 9-fluorene-carboxylate, as well as a-hydroxy-
carboxylate ligands, including almond and 9-hydroxy-9-fluorenecarboxylate. Additionally,
I conducted studies on the photocatalytic activity of ruthenium(III) complexes, a relatively
underexplored scientific area. The results were compared with data on TOCs, which allowed

for a better understanding of their mechanisms of action.

I studied the photocatalytic and biological activity of TOCs in terms of the effect of the
stabilizing ligand type and the titanium-oxygen core structure in composite systems (PMMA +
TOC:s) [P1, P2]. I also assessed the impact of the ligand in complexes with the {Ti4O2} core,
stabilized by 4-aminobenzoate or 9-fluorene-carboxylate ligands, after incorporation into
a poly(caprolactone) (PCL) matrix [P3]. The next step involved synthesizing and structurally
characterizing TOCs with {Ti4sO}, {TisOs4}, and {TisO2} cores, stabilized by
a-hydroxycarboxylate ligands such as 9-hydroxy-9-fluorenecarboxylate and almond [P4, P5].
I also compared the photocatalytic activity and adsorption capacity of PMMA + TOCs
composites stabilized by a-hydroxycarboxylate ligands and compared them with PMMA +
Ru(III) composites [P6].



In summary, my research resulted in the synthesis of eight new oxo-titanium(IV)
complexes, which were subjected to structural and spectroscopic characterization.
Photocatalytic activity was tested for seven new and three previously synthesized Ti(IV) oxo-
complexes, as well as two known Ru(IIl) complexes. Antimicrobial activity was analysed for

five new and three previously known Ti(IV) oxo-complexes.
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1. Wprowadzenie

Synteza 1 analiza wlasciwo$ci zwigzkéw chemicznych charakteryzujacych sig¢
aktywnoscig fotokatalityczng stanowig podstawe dwoch waznych wyzwan wspotczesnej nauki,
jakimi s3: (1) przeciwdziatanie degradacji $rodowiska, ze szczegdlnym uwzglednieniem
ochrony zasobéw wody pitnej, oraz (2) poszukiwanie nowych $rodkow
przeciwdrobnoustrojowych w odpowiedzi na narastajaca oporno$¢ mikroorganizméw na
antybiotyki 1 dotychczas stosowane preparaty [1-6]. Fotokataliza stanowi obiecujace
rozwigzanie obu tych zagadnien. Modyfikacja strukturalna fotokatalizatorow pozwala na
optymalne wykorzystania okreslonego zakresu promieniowania widzialnego, ktore indukuje
ich aktywno$¢ i dostosowanie tej aktywnosci do okre§lonych potrzeb [7-9].

Przeprowadzone przeze mnie badania wpisujg si¢ w przedstawiony wyzej nurt badan. Ich
innowacyjno$¢ polega na tym, ze dotycza aktywnos$ci fotokatalitycznej komplekséw okso-
Ti(IV) (TOCs), a takze mikrobiologicznej. Najwigcej czasu poswigcitam badaniu zwigzkow
z grupy TOCs. W trakcie swoich badan zainteresowatam si¢ réwniez aktywnoscia
fotokatalityczng kompleksow Ru(Ill), ktora zaczyna by¢ intensywniej analizowana w ostatnich

latach.

1.1. Fotokatalityczna aktywnos$¢ zwigzkow tytanu(IV)

Do grupy fotokatalizatoréw zaliczamy substancje, ktore utatwiaja lub inicjuja reakcje
chemiczne poprzez pochlanianie energii swietlnej, najczesciej w zakresie UV lub Swiatla
widzialnego. Absorbowana przez fotokatalizator energia aktywuje reakcje chemiczne
w sposob, ktory nie wystapitby w normalnych warunkach [10]. Ditlenek tytanu (TiOz) jest
fotokatalizatorem intensywnie badanym i wykorzystywanym w roznych technologiach, np.
w celu redukcji zanieczyszczen powietrza i wody [11,12], samooczyszczania powierzchni [13],

produkcji wodoru w wyniku rozktadu wody [14], czy w dezaktywacji mikroorganizmow [15].

Aby lepiej zrozumie¢ mozliwosci aplikacyjne ditlenku tytanu jako fotokatalizatora,
konieczne jest poznanie mechanizmu jego dziatania (Rysunek 1). W wyniku absorpcji fotonow
o energii rownej lub wiekszej od wartosci przerwy energetycznej (w przypadku TiO: jest to
zakres 3.0-3.2 eV), dochodzi do przeniesienia elektronéw (e”) z pasma walencyjnego do pasma
przewodnictwa, i powstania w pasmie walencyjnym dodatnio natadowanych dziur (4"). Para
elektron-dziura bierze udziat w reakcjach redoks z woda lub tlenem, ktéore maja kontakt

z powierzchnig czgstek ditlenku tytanu. W rezultacie procesOw redoks generowane sg
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reaktywne formy tlenu (RFT). Dziura powstala w pasmie walencyjnym (A") uczestniczy
w procesach utleniania czasteczek wody lub jonu OH™ do rodnika hydroksylowego (OHze),
natomiast elektron (e”) redukuje tlen do rodnika ponadtlenkowego (O°), ktory nastepnie zostaje
przeksztatcony do rodnika hydroksylowego (OH¢). Generowanie RFT prowadzi do procesow

degradacji zanieczyszczen, ktérych produktami sg woda i ditlenek wegla [16—-19].

0y — Redukeja
il 0y
Promieniowanie UV
Pasmo przewodnictwa

&

+ Zanieczyszczenia organiczne
— CO,+H,0

Przerwa energetyczna

H,0

3.0-32eV
h+

Pasmo walencyjne

Rysunek 1. Mechanizm dziatania fotokatalitycznego TiO>. Opracowanie wtasne na podstawie

literatury [20].

Jak juz wspomniatam TiO; jest szeroko stosowny jako fotokatalizator, np. do
oczyszczania powietrza z lotnych zwigzkow organicznych (LZO), ktére powstaja w rezultacie
spalania paliw kopalnych oraz obecnosci kwasnych deszczy lub smogu [11,13,21,22]. Ditlenek
tytanu stosowany jest rowniez do oczyszczania wody, w ktorej znajduja si¢ rozmaite
niepozadane substancje takie jak: barwniki, pestycydy, pozostatosci lekow [12,23]. Nalezy
rowniez zauwazy¢, ze aktywnos¢ fotokatalityczna TiO, w zakresie UV zostata wykorzystana

w procesach wytwarzania wodoru w wyniku rozszczepienia wody pod wplywem Swiatta [14].

Ograniczeniem szerszego zastosowania ditleneku tytanu (pomimo jego wielu zalet) jest
jego zdolno$¢ absorpcji promieniowania elektromagnetycznego tylko w zakresie ultrafioletu
(UV), co wynika z szerokiej przerwy energetycznej (anataz 3.20 eV, rutyl 3.02 eV). Powoduje
to, ze TiOz tylko czg$ciowo wykorzystuje Swiatto stoneczne, w ktorym promieniowanie UV
stanowi jedynie 5%. Dlatego istotne znaczenie maja badania nad modyfikacja materiatéw
bazujacych na ditlenku tytanu w celu obnizenia przerwy energetycznej lub otrzymywaniu
zupelnie nowych zwiazkow, ktore absorbuja promieniowanie elektromagnetyczne w zakresie

widzialnym.
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1.2. Kompleksy okso-tytanu(IV)

Jednym z proponowanych rozwigzan majacych na celu wykorzystanie zakresu
widzialnego promieniowania elektromagnetycznego do procesow fotokatalitycznych jest
zastosowanie wielordzeniowych kompleksow okso-tytanu(IV) (TOCs), ktore byty gtownym
przedmiotem moich badan. Kompleksy te wyrdzniaja si¢ roznorodnoscia tworzonych struktur,
a takze interesujacymi wiasciwosciami optycznymi, fotokatalitycznymi oraz reaktywnos$cig.
Do tej grupy zwiazkow nalezg kompleksy o wzorze sumarycznym [Ti.On(OR)xLy], gdzie a > 2,
b=2a—-x/2—-y/2,x>1,y> 1. Rdzen tych zwigzkéw tworza uklady typu {Ti.Op}, ktore sa
stabilizowane przez ligandy alkoholanowe (OR) oraz ligandy (L), ktorymi moga by¢ grupy
karboksylanowe, fosfonianowe, fosfinianowe, sulfonianowe, p-diketonianowe lub
B-ketoestrowe [24,25]. Aby lepiej zrozumie¢ wplyw struktury wielordzeniowych okso-
kompleksow tytanu na ich wlasciwosci i aktywno$¢ fotokatalityczna, nalezy przeanalizowac,
ktore czynniki strukturalne mogg mie¢ na nie bezposredni wplyw. Ze wzgledu na fakt, ze
kompleksy o rdzeniu stabilizowanym ligandami alkoholanowymi 1 karboksylanowymi
stanowig liczng grupe zwigzkow [26], w swoich badaniach skoncentrowatam si¢ wiasnie na

nich.

Substratami niezbednymi do syntezy tych zwiazkow sa alkoholan tytanu(IV) oraz kwas
karboksylowy, a proces przebiega w warunkach bezwodnych. Mechanizm reakcji zaktada
hydrolize in situ, ktéra polega na wytwarzaniu wody podczas reakcji estryfikacji, bez
dostarczania jej z zewnatrz. Proces tworzenia okso — kompleksu obejmuje sekwencj¢ trzech
réwnoczesnie zachodzacych etapow reakcji (Rownania 1-3) [27]. W pierwszym z nich jedna
lub kilka grup alkoholanowych alkoholanu Ti(IV) zostaje podstawiona przez ligandy
karboksylanowe. Waznym produktem tego etapu jest utworzenie czasteczki alkoholu (1). Etap
drugi polega na wspomnianej reakcji estryfikacji (2). W procesie tym bierze udziat czasteczka
alkoholu, ktora powstata w etapie pierwszym oraz nieprzereagowany kwas karboksylowy.
W ostatnim etapie zachodza procesy hydrolizy i kondensacji prowadzace do utworzenia

wielordzeniowego kompleksu okso-Ti(IV) (3) o wzorze TiaOp(OR)c(OOCR’)4a-20-c [27].

Ti(OR)4 + R"COOH —» [Ti(OR)3(OOCR")]. + ROH (1)
ROH + R°"COOH — R’COOR + H,0 )
Ti(OR)4-n(OOCR" )y + H2O — TiaO(OR)e(OOCR )40 + ROH 3)
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Rodzaj alkoholanu i kwasu karboksylowego, stosunek molowy alkoholanu tytanu(1V) do
kwasu, rodzaj rozpuszczalnika oraz temperatura to gléowne czynniki wptywajace na strukture
i wlasciwo$ci tworzonych kompleksow okso-tytanu(lV) [27,28]. Sposrod tych czynnikoéw
kluczowe znaczenie ma rodzaj zastosowanego kwasu karboksylowego, ktory bezposrednio
wplywa na stabilno$¢ struktury rdzenia {TiaOb}, wlasciwosci fizykochemiczne oraz
fotokatalityczne okso — kompleksu. Rodzaj kwasu determinuje liczbg tworzonych mostkow
tlenowych w rdzeniu oraz wplywa na geometri¢ 1 stabilno§¢ kompleksu, a takze decyduje
o topologii potagczen. Analiza danych literaturowych wskazuje, ze mate ligandy, takie jak octan
lub propionian, maja tendencje¢ do szybkiej estryfikacji i tworzenia mniejszych, zwartych rdzeni
[29,30]. Z kolei zastosowanie bardziej rozbudowanych ligandow, takich jak p-nitrobenzoesan
lub metakrylan, spowalnia proces estryfikacji, prowadzac do powstania bardziej ztozonych
struktur. Karboksylany moga pemi¢ role ligandow monodentnych, mostkujacych lub
chelatujacych, co wplywa na reaktywno$¢ i stabilno$¢ okso — kompleksu. Rdzenie
stabilizowane przez chelaty uznawane sg za bardziej stabilne, poniewaz zapobiegaja hydrolizie

i utrzymujg integralno$¢ tworzonych struktur [31,32].

Kolejnym waznym czynnikiem jest stosunek molowy alkoholanu tytanu(IV) do kwasu
karboksylowego (Ti:0), ktory wptywa na strukture tworzacego si¢ rdzenia, jego geometrig,
a takze decyduje o wlasciwos$ciach otrzymanego zwiazku. Gdy ilo$¢ uzytego kwasu jest mata,
wowczas w reakcji estryfikacji powstaje mniejsza ilos¢ wody, poniewaz wigkszo$¢ kwasu
karboksylowego jest zuzywana do podstawienia grup alkoholanowych. Otrzymany okso —
kompleks charakteryzuje si¢ wysokim stopniem kondensacji (dc) Ti:O oraz duza liczba
ligandow alkoholanowych. Z drugiej strony uzycie duzej ilosci kwasu karboksylowego
powoduje, ze wigcej wody moze si¢ wytworzy¢ podczas estryfikacji a dc rdzenia otrzymanej
struktury jest mniejszy. Przyktadem potwierdzajacym te zalezno$¢ s reakcje Ti(O'Pr)s z 1 lub
2 molami kwasu mrowkowego, ktore doprowadzily do otrzymania klastrow odpowiednio

[Ti402(OPr)10(O0CH).] i [TisOs(O'Pr)s (OOCH)s] [33].

1.2.1. Przyklady najczeSciej otrzymywanych struktur TOCs

Dotychczasowe badania wykazaty, ze wielordzeniowe kompleksy okso-Ti(IV)
charakteryzuja si¢ rozmaitoscia struktur, w ktorych rdzenie {Ti.Op}moga by¢ tworzone przez
atomy tytanu w ilo$ci od 2 do 52. W tej czegsci rozprawy przedstawitam informacje o strukturach

TOCs (Rysunek 2), ktore miaty istotne znaczenie dla mojej pracy.
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Rysunek 2. Rdzenie znanych klastréw TiaOp(OR)c(OOCR’)4a20-c Otrzymanych w wyniku

reakcji Ti(OR)4 z kwasami karboksylowymi. Opracowanie na podstawie literatury [27].

1.2.1. ) {Ti30}

Rdzen {Ti30} jest zaliczany do tzw. jednostek podstawowych, ktore czesto stuzg do
budowania bardziej skomplikowanych struktur (Rysunek 2 (a)). Przyktadem jest kompleks
[Ti30(OR)8(OOCR")2], ktorego rdzen tworzy mostek p3-O [34-36]. W tej grupie kompleksow

mozna wyrdznic:

1. Uktady, w ktérych ligandy karboksylanowe tacza rézne krawedzie rdzenia; jeden
z karboksylandéw znajduje si¢ w ptaszczyznie trojkata {TizO} a drugi jest prostopadty do tej
ptaszczyzny. Sprawia to, ze kazdy z atomow tytanu ma inng sfer¢ koordynacyjng [34-38].

2. Ukfady, w ktorych najdtuzsza krawedz trojkata {Ti3O} jest mostkowana przez oba ligandy
karboksylanowe. Pojawiajacy si¢ w tej strukturze tytan pieciokoordynacyjny nie jest

potaczony z Zadnym ligandem karboksylanowym [39].
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1.2.1.b) {TisO2}

W rdzeniu kompleksu o wzorze ogoélnym [Ti4O2(OR)s(OOCR’)s] oktaedry jonow
centralnych (TiOg) polaczone sg za pomocg mostkow p3-O, tworzac strukture w ksztatcie litery
“T” (Rysunek 2 (b)). W tym przypadku ligandy alkoholanowe sa glownie terminalne,
natomiast ligandy karboksylanowe mostkujg atomy tytanu, faczac wierzchotki tych oktaedrow.
Powyzsze struktury sg bardziej otwarte w porownaniu ze zwigzkami o wzorze ogolnym
[Ti402(OR)10(OOCR)2], co wynika z luzniejszego upakowania oraz tworzenia otwartych
przestrzeni w strukturze, za sprawg wigkszej ilosci ligandow karboksylanowych [28,40,41].
Natomiast rdzen uktadu [Ti4O2(OR)10(OOCR).] tworza cztery atomy tytanu, ktore potgczone
sg mostkiem ps4-O, oraz mostkiem p-O, co prowadzi do utworzenia znieksztatconego
czworoscianu (Rysunek 2 (c)). Rdzen jest stabilizowany ligandami alkoholanowymi, ktére
moga by¢ mostkujace lub terminalne, przy czym ligandy mostkujace tacza atomy tytanu przez
uwspoélnianie krawedzi oktaedrow. Ligandy karboksylanowe maja charakter mostkujacy

[33,42-45].

1.2.1. ¢) {TiaO4}

Rdzen okso — komplekséw o wzorze ogdlnym [Ti4O4(OR)4(OOCR’)4] zbudowany jest
z czterech oktaedrycznie otoczonych atomoéw tytanu, ktére tworza strukture szescianu
(Rysunek 2 (d)). Jest to najbardziej zwarta struktura sposrod klastrow zawierajacych cztery
atomy tytanu i moze tworzy¢ si¢ w trakcie procesow przemian strukturalnych uktadéw np.
[Tis06(OR)s(OOCR")s]. W tego typu zwigzkach ligandy alkoholanowe zawsze sg terminalne,
a ligandy karboksylanowe mostkujace [44,46—48].

1.2.1.d) {Ti6O4}

Uktady zawierajace rdzenie {TisO4} stanowig najbardziej strukturalnie zr6znicowang
grupe TOCs. Ich wzor og6lny to: [TisO4(OR)16x(O2CR")x], gdzie warto$¢ x zalezy od stopnia
podstawienia (ds), czyli stosunku alkoholanu do kwasu. Wraz ze zmiang ds, warto$¢
X przyjmuje wartos$ci odpowiednio: x = 2, 4, 6, 8. Odpowiednie zwigzki otrzymywano dla ds
wynoszgcego: 0.33, 0.67, 1.0, 1.33, co prowadzilo do powstania zwigzkéw o wzorach
ogo6lnych: [Ti604(OR)14(02CR")2], [TisO4(OR)12(02CR")4], [TisO4(OR)10(O2CR")s],
[TisO4(OR)3(02CR")s] [49-53]. Badajac struktury tych kompleksow nalezy zwrdci¢ uwage na
[Tis04(OR)12(02CR")4], dla ktérego mozliwe sg dwa typy struktur rdzeni przedstawione na
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Rysunkach 2 (e) i (f). Sktadaja si¢ one z dwoch podjednostek typu [TizO2(OR)s(O2CR')2],
potaczonych mostkujagcymi anionami tlenu. Ligandy karboksylanowe mostkuja atomy tytanu
znajdujace si¢ w obszarze tylko tej samej podjednostki. Obie struktury sg centrosymetryczne
tworzac:
1. Ukfad typu (1) (Rysunek 2 (e)):
Obie podjednostki [Tiz02(OR)s(O2CR")2] polaczone sg przez dwa mostki (p-O) [51,54—
56].
2. Uktad typu (2) (Rysunek 2 (f)):
Obie podjednostki [Ti302(OR)s(O2CR")2] uwspolniaja krawedz, a wszystkie atomy tlenu
tworza mostki typu (u3-O) [47,54].
Jednak najczesciej tworzone sa zwigzki o wzorze ogoélnym [TisOs(OR)s(O2CR")s],
w ktorym cztery mostkujace ligandy karboksylanowe oraz dwa mostki typu (n-O) tacza dwie
podjednostki {Tis3(u3-O)(u-OR)}. Pozostate cztery grupy karboksylanowe spinaja jony Ti(IV)
w podjednostkach (Rysunek 2 (g)) [53,57-61].
Syntezujac ten rodzaj komplekséw nalezy zwrdci¢ szczegolng uwage na precyzyjna kontrolg
stopnia podstawienia (ds) oraz rodzaj ligandéw, co pozwala na uzyskanie ztozonych, ale dobrze

zdefiniowanych uktadow.

1.2.1. ¢) {TisOs}

Klastry o wzorze TisOs(OR)s(O2CR')s podobnie jak Ti4O4(OR)4(O2CR")s charakteryzuja
si¢ stopniem kondensacji (dc) rownym 1. W literaturze mozna znalez¢ wiele przykladow tego
typu struktur, co potwierdza, ze sa one niezwykle liczng grupa. Rdzeh ma postaé
znieksztalconego graniastostupa szeSciokatnego, w ktoérym atomy tytanu 1 tlenu sa
naprzemiennie utozone a kazdy z aniondéw tlenu jest mostkiem typu (u3-O) (Rysunek 2 (h)).
Wszystkie ligandy alkoholanowe sg terminalne a trzy z nich sg ustawione prostopadle do kazde;j
ptaszczyzny {Ti303}, natomiast atomy tytanu na kazdej $cianie pryzmatu s3 mostkowane przez

ligandy karboksylanowe [62—68].

Jak juz wspomniatam, omowione wyzej rodzaje struktur okso — kompleksow mialy
istotne znaczenie dla mojej pracy. Nalezy jednak pamigtac, Ze zmieniajac stosunek alkoholanu
do tytanu mozna otrzyma¢ duzo bardziej rozbudowane struktury rdzeni w TOCs, np. {TigsOs}

[69], Ti12012} [64], {T132016} [70], {Ti240s2} [44], czy tez {Ti52074} [52].
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1.2.2. Stabilnosé struktur TOCs

Wielordzeniowe kompleksy okso-tytanu(IV) uznawane sg za struktury tatwo ulegajace
procesom hydrolizy. Ustalono, ze rdzen {Ti.Op}, ktory stabilizowany jest jedynie ligandami
alkoholanowymi pierwotnie zachowuje swoja struktur¢ (Rysunek 3 (a)), ale pod wptywem
dziatania srodowiska wodnego dochodzi do kurczenia si¢ klastrow i utworzenia amorficznych
agregatow (Rysunek 3 (b)). Nastepnie, w wyniku dalszego zaggszczania powstajg nanoczastki
ditlenku tytanu (Rysunek 3 (c)) [71]. Ta cecha bedzie szczegdlnie ceniona w przypadku, gdy
chcemy uzyskaé¢ material, ktéry postuzy jako prekursor do otrzymywania ditlenku tytanu.
Natomiast w przypadku, gdy taki zwigzek chcemy wykorzysta¢ jako fotokatalizator lub §rodek
przeciwdrobnoustrojowy, wazne jest, aby struktura zwigzku nie zmieniata si¢. W celu poprawy
stabilno$ci okso — kompleksu wprowadza si¢ dodatkowe ligandy takie jak karboksylany,
fosfoniany, kaliksareny [24,72,73]. Kluczowe znaczenie ma rodzaj liganda oraz sposob jego
koordynacji. Kompleksy otrzymane przy pomocy ligandow organicznych sa duzo bardziej
odporne na hydrolize, za sprawa mozliwosci utworzenia pierscieni chelatowych oraz efektow

sterycznych [74].

(a) ‘ (b) (c) d
‘ e \ H,0 H,0 ‘

0y,

7 o) '
Rysunek 3. Schemat przebiegu hydrolizy okso — kompleksow tytanu. (a) struktura nie zmienia

sig, (b) kurczenie si¢ TOCs pod wplywem wody, (c) powstanie struktury amorficzne;.

Opracowanie wlasne na podstawie literatury [75].

Zhang et al. otrzymali zwigzek o rdzeniu {TisuOe¢2}, ktory mimo swych rozmiarow
charakteryzuje si¢ wyjatkowa stabilnoscig, co zawdzigcza doktadnemu ekranowaniu rdzenia
przez karboksylany, poniewaz struktura ta nie zawiera ligandéw alkoholanowych [44].
Natomiast kompleks o rdzeniu {Tis2Os0} uzyskany przez Gao et al. budowa przypomina
fulleren, ale jest niestabilny, zapewne za sprawa duzej ilos$ci ligandow alkoholanowych,
poniewaz zawiera ich az 42 [76]. Hou et al. postanowili porownaé stabilno$¢ zwigzkow

zawierajacych rdzenie {TigOs}, stabilizowane ligandami katecholowymi i1 alkoholanowymi
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oraz zwiazki o rdzeniach {TiisOs}, ktore byly stabilizowane tylko ligandami katecholu.
Badania prowadzono w $rodowisku wielu rozpuszczalnikow (dichlorometanu, chloroformu,
acetonitrylu, izopropanolu, toluenu) oraz w roztworach o szerokim zakresie pH. Okazatlo sig,
ze klaster {Ti160s} charakteryzuje si¢ najwigksza stabilnoscig, co zawdziecza 20 ligandom
katecholowym, ktore ekranuja rdzen przed niekorzystnymi czynnikami (rozpuszczalniki
organiczne, pH). Natomiast klaster {TigOs} nie jest tak efektywny za sprawa ligandow

alkoholanowych, ktore niedostatecznie chronig rdzen [71].
1.3. Kompleksy okso-tytanu(IV) jako fotokatalizatory

Zainteresowanie kompleksami okso-Ti(IV) wynika z faktu, ze modyfikujgc strukture
tych zwigzkéw mozemy kontrolowa¢ ich aktywno$¢ fotokatalityczng [53,77]. Nalezy
zauwazy¢, ze mechanizm aktywnosci fotokatalitycznej powyzszej grupy zwigzkow tytanu jest
inny niz w przypadku wspomnianego wczesniej ditlenku tytanu, ktory jest potprzewodnikiem.
Opiera si¢ on na mechanizmie przeniesienia fadunku z liganda do metalu (LMCT). Absorpcja
promieniowania z zakresu UV lub widzialnego powoduje przeniesienie elektronu
z najwyzszego obsadzonego orbitalu molekularnego (HOMO), ktéry zlokalizowany jest na
ligandzie (tlenie) do najnizszego nieobsadzonego orbitalu molekularnego (LUMO), ktory
znajduje si¢ na atomie tytanu. W trakcie tego procesu zachodzi redukcja Ti(IV) do Ti(IIl),
a uwolniony elektron reaguje z tlenem, ktory znajduje si¢ w srodowisku reakcji, co prowadzi

do generowania reaktywnych form tlenu (Rysunek 4) [78,79].

Promieniowanie UV/Vis

+ Zanieczyszezenia organiczne

—_— COQ + HED

Rysunek 4. Mechanizm fotokatalityczny okso — komplekséw tytanu. Opracowanie wtasne na

podstawie literatury [80].

A zatem modyfikujac strukture okso — kompleksu (strukture rdzenia oraz rodzaj liganda

stabilizujacego) mozemy kontrolowa¢ przebieg procesow fotokatalitycznych. Na temat
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wplywu struktury rdzenia {Ti.Op} nie ma zbyt wiele doniesien, chociaz literatura dostarcza
informacji mogacych usystematyzowa¢ wiedz¢ w tym temacie. Liu et al. otrzymali okso —
kompleksy o rdzeniach: {TicO2}, {TioOs}, {T111011}, {Ti19018} tworzacych uktady amino-
polialkoholowe [81]. Z przeprowadzonych badan wynika, ze najlepsza aktywnos¢ wykazywaty
kompleksy o rdzeniu {Ti19O1s} [81]. Stwierdzono, ze wigksza liczba mostkéw tlenowych
sprawia, ze transfer elektronow miedzy atomami tytanu jest utatwiony. Wowczas reakcje
redoks na powierzchni kompleksu mogg zachodzi¢ szybciej, a degradacja zanieczyszczen
takich jak barwniki jest bardziej efektywna [82]. Potwierdzaja to réwniez badania
przeprowadzone przez Li et al., ktorzy ustalili, ze fotoaktywno$¢ okso — kompleksow tytanu
mozna uszeregowac nastepujaco: {Ti1cOs} > {Ti704} > {TisO2} [73,83]. Sposrdd struktur
o rdzeniach {TisO4}, {TicOs}, {Ti18025} stabilizowanych cykloheks-3-en-1-karboksylanem
1 badanych pod katem aktywnos$ci w reakcjach wydzielania wodoru, najbardziej efektywne
okazaly si¢ zwigzki zawierajace rdzenie {TisO4} oraz {Ti18025}. Wynikalo to z roznic w ich
strukturze oraz sposobie koordynacji ligandéw [56]. Kolejnym przyktadem jest
funkcjonalizowanie struktury TOCs ligandami ferrocenu [84]. W ukladzie o rdzeniu {TisO4}
stabilizowanym ligandami trifluorooctanowymi oraz fenylofosfonianowymi w wyniku przejs¢
O—Ti absorbowane jest tylko promieniowanie z zakresu UV, natomiast struktury o rdzeniach
{Ti602} 1 {TigO4}, stabilizowane ferrocenem sg zdolne do absorpcji promieniowania z zakresu
widzialnego. Aktywnos¢ fotokatalityczna kompleksow zawierajacych powyzsze rdzenie byta
badana w kontek$cie mozliwosci przeksztalcenia dwutlenku wegla do kwasu mrowkowego pod
wpltywem $wiatla widzialnego. Dla kazdego zwigzku efektywnos¢ wynosita odpowiednio 4.03

{TisO4}, 17.03 (TicO2} i 35.00 {TisOs} pumol [84].

Innym sposobem zwigkszenia aktywnos$ci fotokatalitycznej TOCs jest wprowadzenie
dodatkowego metalu, co skutkuje utworzeniem rdzenia heterometalicznego. Wang et al.
przygotowali trzy zwigzki o rdzeniach: {T14C0202}, {TisCusOs} 1 {Ti12CdsO15}. Wedlug ich
badan, dodatek kobaltu powoduje uzyskanie najlepszej aktywnos$ci fotokatalitycznej, a sam
mechanizm tego procesu roézni si¢ w poroéwnaniu z klasycznymi TOCs. Jest to spowodowane
mieszanymi przejSciami przenoszenia fadunku, obejmujacymi zarowno O—Ti, jak 1 MCCT

(przeniesienie tadunku z metalu do rdzenia) [85].

Najlepiej zbadang metoda umozliwiajaca kontrolowanie aktywnosci fotokatalitycznej
TOCs jest zastosowanie odpowiedniego liganda stabilizujacego (np. liganda

karboksylanowego), ktory pozwala na regulacje wielkosci przerwy energetycznej HOMO-
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LUMO. W tym przypadku kontrolujemy ilo$¢ energii niezbednej do przeniesienia elektronu,
a w konsekwencji — wygenerowania RFT. Dotychczasowe badania potwierdzity, ze rodzaj
grupy karboksylanowej ma bezposredni wptyw na zmniejszenie wielkosci przerwy HOMO-
LUMO okso — kompleksow, czemu towarzyszylo przesuni¢cie maksimum absorpcji
w kierunku $wiatta widzialnego. Janek et al. [35,42] zauwazyli, Ze klastry o rdzeniach {Ti3O}
1 {Ti4O,} stabilizowane ligandami 9-fluorenokarboksylanowymi wptywaty na zmniejszenie
wielkosci przerwy energetycznej HOMO-LUMO, w poréwnaniu do struktur stabilizowanych
ligandami  3-chlorobenzoesanowymi oraz 3-nitrobenzoesanowymi. Skutkowato to
najefektywniejsza  degradacja blekitu metylenowego (MB) podczas naswietlania
promieniowaniem UV-Vis. Zagadnieniem tym szerzej zajeli si¢ Liu et al. badajac wplyw
ligandow karboksylanowych, fosfonianowych 1 sulfonianowych (w syntezie TOCs
zastosowano kwas octowy, kwas propanowy, kwas piwalowy, kwas bromooctowy, kwas
trifluorooctowy, kwas 2-naftalenokarboksylowy, kwas 4-bromo-benzenokarboksylowy, kwas
pentafluorobenzoesowy, kwas m-nitrobenzoesowy, kwas p-toluenosulfonowy, kwas
fenylofosfonowy) na wielko$¢ przerwy energetyczneg HOMO-LUMO oraz aktywno$¢
fotokatalityczng [72]. Modyfikacja stabilnego klastra o rdzeniu {TicOs} pozwolita na
efektywne wykorzystanie jego aktywnych miejsc, bez zmiany struktury. Badania wykazaty, ze
najmniejszg warto$¢ przerwy HOMO-LUMO (3.21 eV) zaobserwowano w przypadku
stabilizacji rdzenia ligandami m-nitrobenzoesanowymi, w poréwnaniu do najwyzszej wartosci
(3.70 eV), gdzie modyfikatorem byt kwas octowy [72]. Wiaczajac si¢ w ten kierunek prac, Kim
et al. badali efekty modyfikacji ligandow benzoesowych przez grupy aminowe oraz
halogenowe, ktore stabilizowaly klastry o rdzeniach {TicOs}. Badanie procesow
fotokatalitycznego rozktadu btekitu metylenowego (MB) oraz rodaminy B (RhB) wykazato,
ze najlepsza aktywnos$¢ wykazywaty okso kompleksy stabilizowane drugorzgdowymi grupami
aminowymi [86]. Yu et al. otrzymali sze$¢ struktur, ktorych rdzen sktadat si¢ z szeSciu atomow
tytanu 1 byl stabilizowany ligandami zdolnymi do modyfikacji wilasciwosci optycznych
kompleksu (2-hydroksypirydyna, salicyloaldoksymem 1 katecholem). Przeprowadzone testy
potwierdzity, Zze rodzaj zastosowanego liganda oraz ich liczba powoduja przesunigcie absorpcji
w kierunku $wiatta widzialnego oraz zmniejszenie wielkosci przerwy HOMO-LUMO z 3.41
eV do 1.98 eV. Tak waska przerwa energetyczna wydaje si¢ by¢ bardzo obiecujgca w kontekscie
rozktadu barwnikow lub produkcji wodoru pod wptywem $wiatta widzialnego [87]. Czgsto
stosowanym ligandem byt katechol, ktory cho¢ nie jest chromoforem, to z powodzeniem jest
stosowany do stabilizowania rdzeni TOCs [43]. Zastosowanie katecholu, jego pochodnych

a takze ligandoéw karboksylanowych umozliwia redukcje przerwy energetycznej z 2.09 eV do
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1.51 eV. Obecnos¢ grupy metoksylowej lub alkilowej w strukturze katecholu wptywa na jej
znaczne zmniejszenie [88]. Interesujagcym sposobem poprawy wiasciwosci optycznych oraz
aktywnos$ci fotokatalitycznej okso — kompleksow o rdzeniu {Ti4sO,} bylo zastosowanie
ligandow kaliks[8]arenu [89]. Wprowadzenie ligandéw O lub N donorowych (izopropanol,
kwas piwalowy, acetonitryl, kwas propionowy, kwas octowy, DMF) w celu modyfikacji gérnej
1 dolnej powierzchni rdzenia {Ti4O.} powoduje, ze krawedz absorpcji przesuwala si¢ do
zakresu 600 — 700 nm. Badanie aktywnosci fotokatalitycznej tych zwigzkéw wykazato, ze
najlepsze wyniki otrzymano w wyniku modyfikacji rdzenia ligandami karboksylowymi [89].
Do podobnych wnioskéw doszli He et al. oraz Kumar et al. ktérzy wykazali, ze kaliksareny
oraz tiakaliks[4]aren powoduja redukcje przerwy HOMO-LUMO, wigc ulatwiajg transfer
elektronow. W przypadku tiakaliks[4]arenu efekt ten jest dodatkowo wzmacniany przez
utworzone mostki siarczkowe. W rezultacie zwigkszona jest aktywno$¢ fotokatalityczna
w postaci produkcji wodoru lub utleniania siarczkoéw, ktora zachodzi pod wpltywem
naswietlania promieniowaniem widzialnym lub UV/Vis [77,90,91]. Inny kierunek
zaprezentowali Liu et al., ktorzy badali wplyw ligandéw 9-antracenokarboksylanowych oraz
ferrocenowych, a takze obu wyzej] wymienionych ligandow na wlasciwosci
fotoelektrokatalityczne TOCs. Uzyskane wyniki wykazaty, ze okso — kompleksy mieszane
osiggaty najlepsze rezultaty w kontekscie degradacji 4-chlorofenolu pod wptywem naswietlania
lampa ksenonowa, wspomaganej elektrochemicznie. Wynika to z wigkszej liczby centrow
aktywnych w tej strukturze, w poréwnaniu do struktur stabilizowanych jednym rodzajem
ligandow. Wowczas mozliwe jest wygenerowanie wigkszej 1losci RFT. Druga przyczynag jest
synergistyczny efekt ligandow. Ligandy ferrocenowe powoduja zwigkszenie przewodnictwa
elektronowego, a ligandy octanowe odpowiadaja za ulatwienie dostgpnosci miejsc aktywnych

dla czgsteczek 4-chlorofenolu [92].

1.4. Kompleksy rutenu jako fotokatalizatory

Biorac udzial w projekcie OPUS-19, nr 2020/37/B/ST4/01082, w ktorym badatam
kompleksy rutenu(IIl) zwrdcitam uwage, na efekt odbarwiania roztworu biekitu metylenowego
(MB) w trakcie oswietlania probek swiattem dziennym, co sugerowato, ze zwigzki te mogg by¢
aktywne w zakresie §wiatla widzialnego. Analizujac doniesienia literaturowe zwrdcitam uwage
na informacje dotyczace modyfikacji ditlenku tytanu kompleksami rutenu, w celu poprawy

wlasciwosci fotokatalitycznych 1 przesunigcia absorpcji w kierunku $wiatta widzialnego [93—
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96]. Dlatego zdecydowalam si¢ zbada¢ aktywnos¢ fotokatalityczng wybranych kompleksow

Ru(IIT) i porownaé¢ do badanych wczesniej okso-kompleksoéw Ti(IV).

Dotychczasowe doniesienia wskazuja, ze jako fotokatalizatory stosowane sg gldwnie
kompleksy tris(bipirydyny) rutenu(Il). Wynika to z faktu, ze zwiazki te charakteryzuja si¢
dlugim okresem zycia w stanie wzbudzonym oraz wysoka absorpcja $wiatla. Mechanizm
aktywnosci fotokatalitycznej kompleksow rutenu zgodnie z literaturg opiera si¢ na
przeniesieniu fadunku z metalu do liganda (MLCT) pod wptywem ekspozycji na swiatto, co
powoduje wzbudzenie kompleksu [Rull]*. Wzbudzony kompleks moze dziata¢ jako utleniacz
lub jako reduktor, w =zaleznosci od obecnosci akceptorow lub donoréw elektronow

w $rodowisku reaktywnym (Rysunek 5) [97].

Ru2+
H,0 Utlenianie \

}ledukqa
Rysunek 5. Mechanizm fotokatalityczny kompleksow rutenu(Il). Opracowanie wlasne na

podstawie literatury [97].

Efektywnos¢ fotokatalityczna kompleksow rutenu zalezy od: (a) stabilnosci kompleksow oraz
(b) obecnosci takich ligandéw jak: bipirydynowe, pyrazynowe lub fenantrolinowe [98—101].
Przeprowadzane badania wykazaty, Ze biekit bromotymolowy (BTB) najlepiej rozktadany jest
przez kompleks rutenu(Il) z ligandem fenantroliny w otoczeniu silnie alkalicznym (pH ok. 12).

Jak juz wspomniatam, niewiele jest doniesien, ktore opisywatyby aktywnos¢ komplekséw
rutenu(Ill). Dopiero w ostatnich latach pojawity si¢ doniesienia 0 mozliwosci zastosowania
réwniez komplekséw Ru(IIl), jako fotokatalizatorow. Przykladem jest praca Dhanaraj et al.
[102], w ktorej badano kompleksy Ru(IIl) stabilizowane 4-aminoantipiryng. Stwierdzono, ze
zwiazki RuL!'Cly, RuL?Clz, RuL3Clz, RuL*Cly i RuL’Cl, na$wietlane promieniowaniem UV
odbarwiajg roztwory blekitu metylenowego odpowiednio w 69,7, 70,0, 78,5, 80,7 1 87,3%.
Autorzy tej pracy proponuja mechanizm zaktadajacy, ze kompleksy Ru(Ill) wytwarzaty rodniki
hydroksylowe podczas reakcji [102]:
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[RuLCl,] + voy — [RuLCL]* +30, — OH®

Przyjeto, ze generowane rodniki OH® w kolejnym etapie tego procesu prowadzity do zmiany

barwy roztworu MB.
OH*® + MB — Produkty utlenienia

Gao et al. [103] wykazali, ze dirdzeniowe kompleksy [{(Mestacn)Rulll}2(x2-S2COR)(k2 -S2C
= 0)(u-S2)]PFs (R = Me, Et, "Pr, 'Pr) naswietlane $wiattem widzialnym wykazywaty aktywnos¢
fotokatalityczng w procesach wytwarzania wodoru poprzez rozszczepienie czasteczek wody
wobec metanolu. Autorzy sugeruja, ze uktad Ru---Ru zwigksza absorpcje $wiatta, co ulatwia
tworzenie aktywnego posredniego produktu Ru-H i sprzyja wytwarzaniu wodoru [103].
Pomyslne wyniki badan nad zastosowaniem fotokatalizatora Ru--Rh w procesie redukcji CO»
opisali Ghosh et al. [104]. Badany uktad fotokatalityczny skladat si¢ z kompleksu
[Rh(BL)(Cp*)CI]* jako katalizatora i kompleksu [Ru(dmb),(BL)]** jako fotosensybilizatora
(Cp* = 1,2,3,4,5-pentametylocyklopentadienyl, BL = 1,2-bis(4'-metylo[2,2"-bipirydyno]-4-
ylo)etan, dmb = 4,4'-dimetylo-2,2"-bipirydyna). Autorzy tej pracy wykazali, ze mieszany uktad

obu komplekséw monordzeniowych wytwarzat fotokatalitycznie H» jako gtowny produkt.

Kompleksy rutenu(Ill) wykazuja znaczng aktywno$¢ fotokatalityczna w redukcji jonow
wodoroweglanowych (HCOs") do mréwczanow (HCOO), co zostalo opisane w pracy
Chatterjee 1 van Edik’a [105]. W badaniach tych zastosowano kompleks [Rulll(edta)(H-O)]~
zaadsorbowany na powierzchni TiO2 modyfikowanego niemetalami (C-TiOz, N-TiO2, S-TiO-).
Mechanizm reakcji obejmuje absorpcj¢ $wiatta przez podtprzewodnik, transfer elektronéw do
kompleksu rutenu oraz redukcje skoordynowanego jonu wodoroweglanowego do mréwczanu.

W tym przypadku kompleks Rulll(edta)(H-0), petni rol¢ posrednika w transferze elektronow.
[Rulll(edta)(HCOs)]* + ¢~ —[Rulll(edta)(HCO2)]” + OH"

Biorac pod uwage wyniki tych badan zdecydowatam si¢ na wiaczenie do swoich prac nad

aktywnoscig fotokatalityczng tytanu(IV) takze wybranych kompleksow Ru(III).
1.5. Aktywnos¢ przeciwdrobnoustrojowa zwiazkow tytanu

Zagrozenie dla naszego zdrowia 1 Zycia ze strony drobnoustrojow powoduje,

ze efektywna walka z nimi wymaga poszukiwania nowych czynnikow pozwalajacych na ich
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zwalczanie oraz poznania podstawowych mechanizméw dziatania mikrobiobdjczego.
W ostatnich latach szczegolne zainteresowanie budza tlenki metali, a zwtaszcza ditlenek tytanu,
ktory z powodzeniem znajduje zastosowanie do zwalczania bakterii oraz grzybow

[15,106,107].

Aktywnos¢ przeciwdrobnoustrojowa ditlenku tytanu zostala odkryta przez Mutsunaga et
al. w 1985 roku, ktorzy zauwazyli, ze platyna pokryta TiO», pod wplywem promieniowania UV,
powoduje zmniejszenie liczebnosci bakterii Lactobacillus acidophilus, Saccharomyces
cerevisiae 1 Escherichia coli [108]. Za sprawa wczesniejszych prac Hondy i Fujishimy
wiedziano, ze przyczyng redukcji iloSci drobnoustrojéw sa mechanizmy generowania
reaktywnych form tlenu (RFT) [109]. RFT docierajac do $ciany komoérkowej powoduja
zaburzenie jej integralno$ci przez uszkodzenie dwuwarstwy lipidowej. Sciana traci funkcje
ochronng a RFT maja prosta droge do dostania si¢ do wnetrza komorki. Tam powoduja
uszkodzenia DNA oraz denaturacj¢ bialek. W efekcie, komorka nie jest zdolna do przezycia,
dochodzi do nekrozy lub apoptozy (Rysunek 6) [110]. W przypadku TiO: jego silna aktywnos¢
przeciwdrobnoustrojowa bedzie ograniczona do zakresu UV, co wynika z szerokiej przerwy

energetycznej (3.0-3.2 eV) i aktywnosci fotokatalitycznej w tym zakresie.

Promieniowanie UV

7N

Uszkodzenie $ciany
komorkowej

OH. Uszkodzenie DNA

Rysunek 6. Mechanizm dziatania przeciwdrobnoustrojowego ditlenku tytanu. Opracowanie

wlasne na podstawie literatury [111].

Podjeto i nadal podejmuje si¢ wiele prob poprawy tej wiasciwosci, tak aby ditlenek tytanu
moégl by¢ czynnikiem przeciwdrobnoustrojowym rowniez w zakresie $wiatta widzialnego.

Najpopularniejszym sposobem jest domieszkowanie TiO> takimi metalami jak miedz, nikiel,
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srebro, platyna czy tez wanad. Zastosowanie miedzi okazato si¢ bardzo skuteczne w stosunku
do bakterii Gram-dodatnich i Gram-ujemnych. Przy czym bakterie Gram-dodatnie sg bardziej
podatne na dziatanie tego czynnika, co wynika z faktu, ze miedz fatwo koordynuje z biatkami
powierzchniowymi 1 utatwia wnikni¢cie RFT do wnetrza komoérki [112,113]. Dodatek niklu
rowniez szybciej unieszkodliwia bakterie Gram-dodatnie, ktére w poréwnaniu do bakterii
Gram-ujemnych, posiadaja grubsza warstwe peptydoglikanu, jednak to bakterie Gram-ujemne
otoczone sg blong zewnetrzna, co stanowi dodatkowga barier¢ wymagajaca wigkszej ilosci RET
[114,115]. Utworzenie kompozytow Ag-TiO>» powoduje zwigkszong aktywnosc
przeciwdrobnoustrojowa wobec E. coli, w porownaniu do czystego TiO, a wytworzenie
kompozytéw mieszanych Cu/Ag-TiO,, dodatkowo poteguje ten efekt [ 116]. Nanoczastki Pt lub
Ag poszerzaja zakres dziatania ditlenku tytanu na zakres widzialny. Zjawisko
powierzchniowego rezonansu plazmonowego (LSPR) sprawia, ze elektrony na powierzchni
metalu, pod wptywem $§wiatla o okreslonej dlugosci fali zaczynaja drgac, tworzac rezonans.
Skutkuje to powstaniem silnego pola elektromagnetycznego wokot kompozytu metal
szlachetny — TiO21 w efekcie mozliwe jest pochtanianie rowniez promieniowania widzialnego.
Zwigksza to zakres dzialania zwigzku, poprawiajac wilasciwosci przeciwdrobnoustrojowe
[117,118]. Domieszkowanie wanadem (V) skutecznie hamuje adhezje S. aureus i E. coli przez

generowanie wigkszej ilosci RFT w §wietle widzialnym, w poréwnaniu do samego TiO> [119].

Niemetale takie jak azot, wegiel, fluor, czy tez bor rowniez stosowane sg do modyfikacji
przerwy energetyczne] TiO» w celu poprawy wlasciwosci przeciwdrobnoustrojowych.
Mukherjee et al. wykazali, ze dodatek azotu oraz fluoru powoduje zahamowanie kietkowania
zarodnikow grzybow Fusarium oxysporum pod wplywem $wiatta widzialnego [120].
Zastosowanie boru spowodowato, ze naswietlanie materiatow w obecnosci bakterii prowadzi
do $mierci komoérek Gram-dodatnich (S. aureus i Streptococcus pyogenes) oraz Gram-
ujemnych (Acinetobacter baumannii i E. coli) a takze do inaktywacji bakterii Gram-dodatnich
(S. aureus i Pseudomonas aeruginosa) [121,122]. Koli et al. udowodnili rowniez, ze
otrzymanie kompozytéw na bazie ditlenku tytanu, boru oraz nanorurek wegla (B-TiO2-CNT)

zwigksza fotokatalityczng aktywnos$¢ przeciwdrobnoustrojowg wobec E. coli [123].

Svensson et al. zwrdcili uwage na mozliwo$¢ wykorzystania komplekséw okso-Ti(IV)
o rdzeniu {Ti4O2}, stabilizowanych przez ligandy triklosanowe, jako $rodka
przeciwbakteryjnego przeciwko szczepom S. aureus. Prace te skupily sie jednak na badaniu

wlasciwosci  hydrolizowanego kompleksu, ktory moze by¢ stosowany w aplikacjach
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dostarczania przeciwbakteryjnego triklosanu do okre§lonych obszaréw naszego ciata
[124]. Luo et al. dokonali modyfikacji rdzenia kompleksu Ti(IV) wprowadzajac atomy srebra
1 otrzymujgc rdzenie {AgoTis} stabilizowane przez ligandy salicylanowe. Udowodnili oni
skutecznos¢ bakteriostatyczng tego typu zwiazkow przeciwko szczepom S. aureus
(94.51%) 1 E. coli (95.42%). Natomiast efekt mikrobiobdjczy uzyskano przez utworzenie
hydrozelu {AgoTis-zel} (99,6% wobec S. aureus 1 99,95% wobec E. coli). Autorzy sugeruja, ze
wzrost aktywnosci przeciwdrobnoustrojowej badanych uktadéw jest wynikiem synergicznego
dziatania klastra {AgoTis} 1 polidopaminy, ktéra zostala dodana jako s$rodek sieciujacy

w procesach tworzenia hydrozelu [125].

Opierajac si¢ na wynikach badan aktywnos$ci fotokatalitycznej komplekséw okso-
tytanu(IV) oraz mozliwosci przesunigcia zakresu absorpcji w kierunku $wiatla widzialnego
wydaje sie, ze moga one by¢ réwniez dobrym czynnikiem przeciwdrobnoustrojowym. Co

postanowitam zbada¢ w trakcie swoich prac.
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2. Cel rozprawy doktorskiej

Celem rozprawy doktorskiej byto opracowanie syntezy nowych kompleksow okso-
tytanu(lV) (TOCs) wykazujacych aktywnos¢ fotokatalitycza i przeciwdrobnoustrojowsa,
zdolnych do dziatania w $§wietle widzialnym. Rosngca potrzeba poszukiwania innowacyjnych
metod oczyszczania wody oraz skutecznych s$rodkéw przeciwdrobnodustrojowych
spowodowata, ze badania skoncentrowatly si¢ na syntezie oraz ocenie wlasciwosci kompozytow
zawierajgcych kompleksy okso-tytanu(lV). Ponadto celem pracy byto okreslenie aktywnoSci

fotokatalitycznej wybranych kompleksow rutenu(lll).

Realizacja gléwnego celu badawczego wymagata przeprowadzenia badan

W nast¢pujacych etapach:

1. Opracowanie metod syntezy TOCs oraz ich charakterystyka strukturalna —
opracowanie metody otrzymywania nowych kompleksow TOCs z odpowiednich
alkoholanow tytanu(lV) oraz kwasow karboksylowych. Uzyskanie wysokiej jakosci
krysztalow, umozliwiajacych dokladng analize¢ strukturalng metoda dyfrakcji
rentgenowskiej 1 spektroskopii. Zbadanie = wlasciwosci  fizykochemicznych

wyizolowanych zwigzkow.

2. Synteza wybranych kompleksow rutenu(III) o znanej strukturze, ich charakterystyka

spektroskopowa i okreslenie wiasciwosci fizykochemicznych.

3. Wytworzenie kompozytéw poprzez wprowadzenie wyizolowanych zwigzkow
kompleksowych Ti(IV) i Ru(lll) do matrycy polimerowej w celu uzyskania materiatow

(np. powlokowych) o dziataniu fotokatalitycznym i przeciwdrobnoustrojowym.

4.  Ocena aktywnosci fotokatalitycznej — analiza aktywnos$ci fotokatalitycznej badanej
grupy zwigzkow kompleksowych oraz uzyskanych uktadow kompozytowych,

naswietlanych promieniowaniem UV oraz §wiatlem widzialnym.

5. Ocena  aktywno$ci  przeciwdrobnoustrojowej = —  analiza  aktywnosci

przeciwdrobnoustrojowej TOCs oraz uzyskanych uktadow kompozytowych.
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Nowatorski charakter tej pracy wynikal z oceny aktywnos$ci fotokatalitycznej oraz
przeciwdrobnoustrojowych komplekséw okso-tytanu(lIV) osadzonych w matrycy polimerowej
(polimer + TOCs). Wyniki tych badan otwierajg nowe mozliwosci zastosowania takich
uktadow w technologii oczyszczania wody oraz w projektowaniu materiatow
samoczyszczacych. Istotnym aspektem pracy byta réwniez analiza aktywnosci

fotokatalitycznej kompleksow rutenu(Ill) w kompozytach polimerowych (polimer + Ru(III)).
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3. Uklad pracy

Rozprawa jest przegladem sze$ciu prac, ktore opublikowatam w czasopismach o zasiegu

mi¢dzynarodowym:
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Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic and the
Antimicrobial Activity. IJMS 2021, 22, 7021, doi:10.3390/ijms22137021. IF2021= 6.208,
PM=140
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Ponadto w rozprawie zaprezentowatam i przeanalizowatam wyniki badan, ktore majg istotne
znaczenie dla tematyki pracy. Badania te zostaly juz przeprowadzone lub sa nadal w toku,

jednak ich wyniki nie zostaty dotychczas opublikowane.
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4. Streszczenie zbioru artykulow wchodzacych w sklad rozprawy

P1. Oxo-Titanium(1V) Complex/Polymer Composites—Synthesis, Spectroscopic
Characterization and Antimicrobial Activity Test.

P. Piszczek*, B. Kubiak, P. Golinska, A. Radtke*, JJMS 2020, 21, 9663.

W niniejszej pracy dokonatam oceny wptywu rodzaju liganda karboksylanowego na
aktywnos$¢ fotokatalityczng 1 przeciwdrobnoustrojowa kompleksow okso-tytanu(IV). Badania
przeprowadzono stosujagc kompozyty uzyskane poprzez wprowadzenie TOCs do matrycy
polimerowej. Praca wpisuje si¢ w nurt badan nad modyfikacja okso kompleksow w celu
przesunigcia absorpcji promieniowania elektromagnetycznego w kierunku §wiatla widzialnego,
co powinno zwiekszy¢ ich skuteczno$¢ zard6wno w procesach fotodegradacji barwnikéw, jak

1 w dziataniu przeciwbakteryjnym.

Kompleksy zawierajace rdzenie {Ti3O} i1 {TisO2} otrzymano w wyniku reakcji
izobutanolanu Ti(IV) lub izopropanolanu Ti(IV) z kwasem 4-aminobenzoesowym lub kwasem
4-hydroksybenzoesowym w temperaturze pokojowej, atmosferze gazu obojetnego i w stosunku
molowym alkoholan-kwas wynoszacym 4:1. Wyizolowane zwigzki o wzorach ogolnych
[Ti30(O'Pr)s(02CCsHaNH2)2] (1), [TizO(O'Pr)s(0.CCeH4sOH)2] (2), [TisO2(0O'Bu)io(O2C-
CeHsNH2)2] (3), [TisO2(O'Bu)io(0.CC6H4sOH):] (4) scharakteryzowano spektroskopowo.
Analiza widm IR oraz Ramana zwigzkow (1)-(4) wykazala obecno$¢ skoordynowanych
ligandow karboksylanowych, alkoholanowych oraz mostkéw tlenowych tworzacych rdzenie
{T1aOp}. Interpretacja widm spektrometrii mas z jonizacjg przez elektro-rozpylanie (ESI— MS),
udowodnita obecnos¢ jonow fragmentacyjnych zawierajacych rdzenie {Ti3O} oraz {Ti4Oz}, co
potwierdzito struktur¢ otrzymanych TOCs. Zarejestrowane widma UV-Vis DRS pozwolity
ustali¢, ze kompleksy trirdzeniowe wykazywaty maksimum absorpcji przy 400 nm (1) oraz
360 nm (2), natomiast kompleksy tetrardzeniowe odpowiednio przy 405 nm (3) 1 390 nm (4).
Wartosci przerwy energetycznej HOMO-LUMO (AE), na ktéra bezposredni wplyw ma rodzaj
stabilizujacych grup karboksylanowych wynosity odpowiednio 2,0 eV dla (1)12,15 eV dla (3),
tj. okso — kompleksow stabilizowanych ligandami 4-aminobenzoesanu. Natomiast wyzsze
wartos$ci AE wynoszace odpowiednio 2,38 eV (2) 12,25 eV (4) posiadaty zwigzki stabilizowane

ligandami 4-hydroksybenzoesanu.
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Otrzymane zwigzki (TOCs) wprowadzono do matrycy z poli(metakrylanu metylu)
(PMMA), wytwarzajac w ten sposob uklady kompozytowe (PMMA + TOCs). W publikacji
(P1) opisano wtasciwosci folii kompozytowych zawierajacych 20% wagowych badanego
zwigzku (PMMA + TOCs 20% wag.). Dyspersje ziaren kontrolowano za pomoca analizy
obrazéw uzyskanych ze skaningowego mikroskopu elektronowego (SEM). Wyniki tych badan
wykazaty, ze kompozyty PMMA + TOCs 20 wt.% zawieraty ziarna kompleksow (1), (2) oraz
(4) o $rednicach od 100 do 300 um. Z kolei kompozyt PMMA + (3) 20 wt.% zawierat ziarna
o znacznie mniejszych $rednicach (3—5 pum), ktore miaty zdolnos¢ do tworzenia wigkszych
agregatow. Analiza map Ramana potwierdzita obecno$¢ badanych kompleksow
w wytwarzanych foliach kompozytowych, ponadto brak zmian w ich strukturze po

wprowadzeniu do matrycy PMMA.

Wiasciwosci  termiczne otrzymanych kompozytow okre§lono stosujac analizg
termograwimetryczng (TGA) oraz skaningowa kalorymetri¢ r6znicowg (DSC). Stabilnos¢
termiczna byta badana w zakresie temperatur 30 — 500°C w atmosferze oboj¢tnej. Badania
wykazaty, ze probki traca niewielkg ilo§¢ masy (10 — 15%) ponizej 280°C, co wynika
z odparowania resztek rozpuszczalnika potrzebnego do wytworzenia kompozytu. Przemiana
termiczna, ktérej towarzyszy wicksza utrata masy (70 — 85%) zostata zarejestrowana miedzy
280°C a 450°C 1 jest wynikiem termicznego rozktadu badanych probek. Temperatura zeszklenia
(Tg) czystego PMMA wynosi 99.6°C a temperatura topnienia 368.6°C. Wprowadzenie TOCs
(1)—(3) do matrycy polimerowej spowodowalo podwyzszenie temperatury topnienia, natomiast

w przypadku probki PMMA + (4) byla ona nizsza 1 wynosita 364.5°C.

Aktywnos¢ fotokatalityczng badanej grupy kompozytow okreslano zgodnie z norma ISO
10678:2010, analizujagc procesy odbarwiania roztworu bigkitu metylenowego (MB) lub
rodaminy B (RhB), pod wplywem promieniowania UV oraz $wiatla widzialnego przez 180
minut. Na podstawie uzyskanych wynikdw stwierdzono, ze najlepsze wlasciwosci
fotokatalityczne w §wietle UV wykazywaly kompozyty wzbogacone przez okso — kompleksy
o rdzeniu {TisO2}. W S$wietle widzialnym najwyzsza efektywno$¢ osiagnal kompozyt

zawierajacy TOCs o rdzeniu {Ti4O2} 1 stabilizowany ligandami 4-hydroksybenzoesanu.

W  ostatniej czeSci artykulu  skupiono si¢ na  okresleniu  aktywnosci
przeciwdrobnoustrojowej uktadéw kompozytowych PMMA + TOCs 20% wag. (TOCs = (1)-
(4)). Badania prowadzono w odniesieniu do bakterii Gram-dodatnich (S. aureus ATCC 6538
1S. aureus ATCC 25923), Gram-ujemnych (E. coli ATCC 8739 i E. coli ATCC 25922) oraz
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grzybow Candida albicans (Tabela 1). Probki wszystkich uktadéow kompozytowych
wykazywaty aktywnos$¢ przeciwdrobnoustrojowa wobec wszystkich badanych bakterii (R =
2,5-6,0). Dodatkowo, kompozyty zawierajagce zwigzki (2)—(4) charakteryzowaty si¢ wysoka

aktywnos$cig mikrobiobdjcza wobec komoérek grzybow C. albicans.

Badanie aktywnos$ci  przeciwdrobnoustrojowej przeprowadzono rowniez dla
kompozytéw zawierajacych 1, 2, 5 1 10% wag. komplekséw stabilizowanych ligandami
4-hydroksybenzoesanu ((2) i (4)). Uzyskane wyniki nie zostaly uwzglednione w artykule P1,
poniewaz przeprowadzono je juz po jego napisaniu, jednak ze wzgledu na ich istotno$¢

przedstawiono je w niniejszej czesci rozprawy (Tabela 1).

Tabela 1. Aktywno$¢ przeciwdrobnoustrojowa kompozytow (PMMA + TOCs) po

24-godzinnej inkubacji. R > 2 determinuje aktywnos$¢ przeciwdrobnoustrojowa.

Mikroorganizmy
Nr Probki E. coli E. coli S. aureus S. aureus C. albicans
ATCC ATCC ATCC ATCC ATCC
8739 25922 6538 25923 10231
1 PMMA 0 0 0 0 0
2 PMMA + (1) 20% wag. 2.5 33 6.0 6.0 1.7
3  PMMA +(2) 20 % wag. 6.0 6.0 6.0 6.0 6.0
4  PMMA + (3) 20% wag. 6.0 6.0 6.0 6.0 6.0
5 PMMA + (4) 20% wag. 6.0 6.0 6.0 6.0 6.0
6 PMMA + (2) 1% wag. 1.7 1.1 0.9 0.2 0
7  PMMA + (2) 2% wag. 2.1 1.2 0.7 2.6 0
8  PMMA +(2) 5% wag. 2.4 2.2 5.8 6.0 0
9 PMMA +(2) 10% wag. 4.5 5.9 5.8 6.0 0
10 PMMA + (4) 1% wag. 1.6 1.6 1.5 1.2 0
11 PMMA + (4) 2% wag. 1.2 2.0 1.6 1.8 0
12 PMMA + (4) 5% wag. 3.5 3.8 5.8 6.0 0
13 PMMA + (4) 10% wag. 5.9 5.9 5.8 6.0 0

Efekt biobdjczy wobec E. coli ATCC 8739 oraz S. aureus ATCC 25923 obserwowano przy
uzyciu 2% dodatku kompleksu (2) oraz przy 1% dodatku kompleksu (4) wobec E. coli ATCC
25922. Natomiast 5% dodatek kazdego z kompleksow wywotuje efekt mikrobiobdjczy wobec
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wszystkich bakterii. Badane folie nie wykazuja aktywnos$ci wobec C. albicans. Postulowanym
mechanizmem odpowiedzialnym za aktywnos$¢ przeciwdrobnoustrojowa kompozytow jest
generowanie reaktywnych form tlenu (RFT) pod wplywem promieniowania UV lub §wiatla

widzialnego.

Podsumowujac, przeprowadzone badania doprowadzily do wyizolowania okso —
kompleksow zawierajgcych rdzenie {Ti3O} oraz {TisO.}, stabilizowanych ligandami
4-aminobenzoesanu lub 4-hydroksybenzoesanu. Strukture tych zwigzkéw potwierdzono za
pomocg spektroskopii IR i Ramana oraz spektrometrii ESI-MS. Aktywnos¢ fotokatalityczna
wytworzonych kompozytéw z 20% wagowym dodatkiem TOCs byta glownie uzalezniona od
rodzaju ligandu stabilizujacego. Zwrocono réwniez uwage na mozliwos¢ wptywu struktury
rdzenia  {Ti.O»} okso na wyzej wymieniona aktywnos$¢. Badania aktywnoS$ci
przeciwdrobnoustrojowej kompozytéw wzbogaconych o 20% masowy dodatek TOCs
wykazaty, ze materialy te w wickszo$ci wykazuja dziatanie mikrobiobdjcze wobec wszystkich
zastosowanych drobnoustrojow. Przy nizszych st¢zeniach (1% wag.) najbardziej obiecujacy

okazat si¢ kompozyt PMMA + (4).
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P2. Photocatalytic and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of
Different Core Structure

B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziot, G. Wrzeszcz, P. Golinska, Crystals 2023, 13,
998.

Jednym ze sposobow kontrolowania aktywnosci fotokatalitycznej komplekséw okso-
tytanu(IV) moze by¢ modyfikacja struktury rdzenia {Ti.Op}. W niniejszej pracy staratam si¢
okresli¢ wplyw struktury rdzenia w zwigzkach: [TisO4(O'Bu)s(02C13Ho)s] - 2(CH3).CO (1),
[TisOs(O'Bu)s(02C13Ho)s] (2), (3), [TisO(O'Pr)s(02C13Ho)2] (4), [TiaO2(O'Bu)1o(02C13Ho)2] (5),
stabilizowanych ligandami 9-fluorenokarboksylanu oraz alkoholanu na ich wtasciwosci

fotokatalityczne i przeciwdrobnoustrojowe.

Zwigzki o wzorach ogdlnych: [TisOs(O'Bu)s(02Ci3Ho)s] - 2(CH3)CO (1) oraz dwie
polimorficzne formy [TisOs(O'Bu)s(02C13Ho)s] (2) i (3) zostaly otrzymane w wyniku reakcji
izobutanolanu tytanu(IV) z kwasem 9-fluorenokarboksylowym w stosunku molowym 1:1, przy
zastosowaniu acetonu jako rozpuszczalnika, w atmosferze obojetnej.  Struktury zostaly
rozwigzane przy pomocy dyfrakcji rentgenowskiej pojedynczego krysztatu. Rdzen (1) sktada
si¢ z dwoch jednostek {Ti3-(u3-O)} (Rysunek 7). Kazda z nich stabilizowana byta przez dwa
karboksylany i jeden mostek alkoholanowy. Jednostki te potaczone byty ze sobg za pomoca
dwoch mostkow (pn-O) 1 czterech mostkow karboksylowych. Dodatkowo, rdzen stabilizowany

byl szeScioma terminalnymi ligandami alkoholanowymi.
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Rysunek 7. Struktura kompleksu [TisO4(O'Bu)s(02C13Ho)s] - 2 (CH3)2CO (1) [P2].

Struktura zwiazku (2) 1 (3) jest podobna do wczesniej otrzymanych heksardzeniowych
TOCs (Rysunek 8). Rdzen utworzony jest z dwoch sze$ciokatow {TizO3} potaczonych
szescioma ligandami karboksylanowymi. Kazdy z atomow tytanu koordynowany jest przez trzy

mostkujace atomy tlenu (pu3-O), dwa atomy tlenu z karboksylanow oraz jeden atom tlenu
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z terminalnego liganda alkoholanowego. Kompleks (2) krystalizuje w ukladzie jednosko$nym
a w sieci krystalicznej charakteryzuje si¢ gestym upakowaniem. Natomiast zwigzek (3) tworzy
analogiczny rodzaj struktury rdzenia, jednak krystalizuje w uktadzie tetragonalnym, a w jego

sieci krystalicznej mozna zauwazy¢ wolne przestrzenie wskazujace na luzniejsze upakowanie.
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Rysunek 8. Struktura kompleksu [TisOs(O'Bu)s(02C13Ho)s] (2) i (3) [P2].

Synteza i struktury zwigzkow (4) i (5) (Rysunek 9) zostaly opisane we wczesniejszych

publikacjach [35,42].
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Rysunek 9. Struktura kompleksu: a) [Tiz;O(O'Pr)s(02C13Ho)2] (4) [35] i b) [TisO2(O'Bu)io-
(O2C13Ho)2] (5) [35,42].

Kompozyty PMMA + TOCs zostaly utworzone w celu ochrony zwigzkow przed
ewentualnymi procesami hydrolizy, na co zwracali uwage recenzenci naszych wcze$niejszych
publikacji. Materialy kompozytowe otrzymano przez dyspersje¢ 10 lub 20% wag. TOCs (1), (2),
(4), (5) w matrycy PMMA. Mikroskopia SEM pozwolita ustali¢, Ze rozmiar ziaren (2), (4), (5)
wynosi od 30 do 70 um, natomiast w przypadku zwigzku (1) rozmiar jest mniejszy 1 wynosi od

3 do 15 pm. Obecno$¢ kompleksow (1) i (2) w kompozytach potwierdzono przy pomocy
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techniki SEM EDX a rejestracja map Ramana wykazata, ze 20% dodatek TOCs wskazuje na
mozliwy efekt agregacji, w przeciwienstwie do 10% dodatku, gdzie zwigzek jest dobrze
rozdrobniony i zdyspergowany. Analiza wtasciwosci termicznych kompozytéw zawierajacych
zwiazek (1) lub (2) wykazala, ze materiaty te charakteryzujg si¢ rozkltadem dwuetapowym,

a dodatek kompleksu nie miat wigkszego wplywu na zmiane¢ temperatury rozktadu.

Zarejestrowano rowniez widma UV-Vis DRS kompleksow (1) oraz (2) i wyznaczono
ich przerwy energetyczne HOMO-LUMO (AE). Wartosci te sg bardzo zblizone dla obu
zwigzkoéw 1 wynosza odpowiednio: 2.98 1 2.99 eV. Maksimum absorpcji (Amax) Wynosi 326 nm
a krawedz absorpcji rozciaga si¢ do 395 — 400 nm. Dla poréwnania zarejestrowano réwniez
widma wczesniej otrzymanych klastrow (4) 1 (5). Analiza tych danych wykazala, ze Amax Wynosi

3801395 nm, podczas gdy AE=2,1712,55 eV odpowiednio dla (4) i (5).

Badanie aktywnos$ci fotokatalitycznej przeprowadzono wylacznie wobec probek
kompozytéw zawierajacych 20% dodatek kompleksow (1), (2), (4) 1 (5). Proces opierat si¢ na
dekoloryzacji btekitu metylenowego (MB) pod wptywem naswietlania promieniowaniem UV
lub Vis, w obecnos$ci kompozytéw. Zaobserwowano, ze odbarwienie MB przebiega szybciej
pod wptywem $wiatla UV, natomiast najbardziej aktywnym materiatem, zaré6wno pod

wptywem promieniowania UV jak i Vis, jest kompozyt zawierajacy zwigzek (2).

Aktywnos¢ fotokatalityczng badanych kompozytow powigzano z efektem generowania
reaktywnych form tlenu (RFT) w trakcie naswietlania probek promieniowaniem UV-Vis. Dla
potwierdzenia ich tworzenia zarejestrowane zostaly widma EPR otrzymanych materiatow.
Widmo probki PMMA + (1) oraz PMMA + (5) potwierdzito generowanie anionéow Oz 1 O,
a takze jonow Ti(I1I). W przypadku PMMA + (2) pojawiajg si¢ sygnaly przypisywane O™ oraz
Ti(III), natomiast nie mozna wykluczy¢ obecnosci Oz", jednak ich ilo$¢ na powierzchni probki
jest prawdopodobnie znacznie nizsza. Dla materiatu PMMA + (4) zaobserwowano sygnaty od

0271 O oraz sygnat Ti(IIl), jednak byly one bardzo stabe i szybko tracity intensywnos¢.

Badanie aktywnos$ci przeciwdrobnoustrojowej wykazalo, ze kompozyty sa bardziej
efektywne wobec bakterii Gram-dodatnich (R = 5.3 — 5.4) niz wobec bakterii Gram-ujemnych
(R=1.3-3.2). Probki PMMA + (2) 20% wag. oraz PMMA + (4) 20% wag. charakteryzujg si¢
aktywnos$cig bakteriostatyczng i bakteriobdjcza wobec szczepow E. coli (R = 1.3 — 3.2),
natomiast materiaty PMMA + (1) 20% wag. oraz PMMA + (5) 20% wag. wykazywaly
aktywno$¢ biobodjcza (R = 2.0 — 3.2) wobec tych szczepéw. Zadna z folii nie okazala sie

biobdjcza wobec grzybow C. albicans. Postulowanym mechanizmem dzialania
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przeciwdrobnoustrojowego jest interakcja RFT z komorkami mikroorganizméw, co prowadzi
do peroksydacji lipidow, utleniania aminokwasow w bialtkach, uszkodzenia kwasow
nukleinowych, skutkujac zaburzeniem normalnego funkcjonowania drobnoustrojow. Probki
PMMA + (1) oraz PMMA + (5) generowaty oba rodzaje aniondéw tlenowych (02 oraz O"),
potwierdzajac kluczows role reaktywnych form tlenu (RFT) w dziataniu przeciwbakteryjnym.
Z kolei uktad PMMA + (2), ktéry generowat tylko formy O™ , wykazywat stabsza aktywnos¢

wobec szczepdw E. coli w porownaniu do PMMA + (1).

Oceng cytotoksycznosci kompozytu zawierajacego 20% wag. (5), przeprowadzono w oparciu
o norm¢ PN-ISO 10993-5:2009 z uzyciem linii komoérkowej mysich fibroblastow L1929
w warunkach in vitro. Srednia przezywalno$¢ fibroblastow po kontakcie z kompozytem

wyniosta 77,20%, a zatem nie wykazuje on dziatania cytotoksycznego (Tabela 2).

Tabela 2. Srednia przezywalno$é komorek po inkubacji z materiatem PMMA + (5) 20% wag.

Dla 100% ekstraktu % przezywalnosci
Powtorzenie 1 74,88
Powtorzenie 2 73,26
Powtérzenie 3 83,48

Srednia 77,20

Badanie dziatania draznigcego 1 uczulajgcego na skorg przeprowadzono zgodnie z normg PN-
EN ISO 10993-10:2015-02. Do przeprowadzenia badania wykorzystano kawie domowe
(Swinki morskie), na ich skér¢ natozono materiat badany oraz materiat kontrolny negatywny.
Zmiany zachodzace na skorze zwierzat oceniano wg skali Magnussona-Kligmana. Zgodnie

z tg skala, kompozyt zawierajacy 20% wag. (5) nie wykazuje dziatania uczulajacego (Tabela 3).

Tabela 3. Sposob obliczen wskaznika uczulenia i przecigtnej skali uczulenia dla probki PMMA
+ (5) 20 wt.% oraz kontroli negatywne;.

Grupa Liczba Przeci¢tna skala uczulenia Wskaznik uczulenia [%]
zwierzat Po 24h Po 48h Po 24h Po 48h

Material

10 0,0 0,0 0,0 0,0
badany
Kontrola

5 0,0 0,0 0;0 OJO
negatywna
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Reasumujgc, badania zawarte w artykule pozwolily ustali¢ wptyw struktury rdzenia
{T1aOp}, stabilizowanego ligandami 9-fluorenokarboksylanu, na aktywno$¢ fotokatalityczna
oraz przeciwdrobnoustrojowga TOCs. Analiza widm UV — Vis DRS wskazuje, ze absorpcja
sze$ciojadrowych struktur ({TisO4} oraz {TisOs}) ma tendencje do przesuwania si¢ w kierunku
zakresu UV, w poréwnaniu do kompleksow sktadajacych si¢ z prostych jednostek ({TizO} oraz
{Ti402}), gdzie przesunigcie nastepuje w kierunku zakresu widzialnego. Aktywno$é
fotokatalityczna kompozytow PMMA + TOCs byta wyzsza w zakresie UV niz Vis. Materiaty
zawierajace kompleksy z rdzeniami o ggstej strukturze, takie jak {TisOs} (2) oraz {TisO2} (5),
wykazywaty wyzsza aktywno$¢ w poréwnaniu z uktadami o ptaskim rdzeniu, a mianowicie
{Ti30} (4) 1 {TisO4} (1). Wszystkie badane probki wykazywatly aktywno$¢ przeciwbakteryjna
wobec szczepow bakterii Gram-dodatnich, natomiast aktywno$¢ wobec szczepdéw Gram-
ujemnych mozna uszeregowac nastgpujaco: {Tiz0} (4) <{TicOs} (2) <{T1402} (5) <{Ti604}
(1). Wysoka aktywno$¢ zwiazkow o rdzeniach {Ti4O.} oraz {TisO4} powigzano z faktem, ze
w trakcie nas$wietlania powierzchni tych kompozytdw promieniowaniem UV oraz Vis

generowane byty RFT, ktore zidentyfikowano jako aniony Oz jak 1 O™.
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P3. The Composites of PCL and Tetranuclear Titanium(IV) — Oxo Complexes as
Materials Exhibiting the Photocatalytic and the Antimicrobial Activity.

B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak, M. Sobota,
J. Wlodarczyk, M. Stojko, P. Piszczek*, IJMS 2021, 22, 7021.

Z medycznego punktu widzenia, korzystne jest otrzymywanie kompozytéw
biodegradowalnych, ktére zdolne sg do uwalniania $rodkéw przeciwdrobnoustrojowych.
Jednym z bardziej znanych polimerdw, ktére petnig funkcje matrycy dla sktadnikow aktywnych
jest poli(e-kaprolakton) (PCL), od lat z powodzeniem stosowany do produkcji wyrobow
medycznych, np. stentéw, cewnikow oraz wkladek wewnatrzmacicznych. W pracy P1
przedstawiono wyniki badan aktywno$ci przeciwdrobnoustrojowej kompozytéow, ktérych
matryc¢ stanowilo PMMA, tj. polimer, ktory nie jest biodegradowalny. Z tego powodu
zdecydowatam si¢ sprawdzi¢ jak zastosowanie matrycy PCL wplywa na aktywnos¢

fotokatalityczng i przeciwdrobnoustrojowa TOCs o rdzeniu {Ti4O>}.

W niniejszej pracy przedstawiono wyniki badan dotyczacych materiatéw kompozytowych,
ktore zostaty otrzymane przez wprowadzenie do matrycy PCL, 5 lub 20% wag. TOCs, o wzorze
ogo6lnym [Tis02(0O'Bu)10(02CR")2] (R' = PhNH: (1) oraz C13Ho (2)). Struktury tych kompleksow
zostaty opublikowane wcze$niej [42]. Probki zostaly wyprodukowane przy uzyciu urzadzen do
przetworstwa tworzyw sztucznych sktadajacych si¢ z wytlaczarki dwuslimakowe;j
1 pneumatycznej miniwtryskarki. Prace te prowadzono przy wspolpracy z dr hab. Michatem

Sobotg z Centrum Materiatow Polimerowych 1 Weglowych Polskiej Akademii Nauk.

Analiza widm IR rejestrowanych technika dyfuzyjnego rozproszenia (DRIFT) oraz widm
Ramana pozwolita na potwierdzenie struktury obu zwigzkoéw przed otrzymaniem kompozytow.
Analiza obrazéw SEM gotowych ksztattek PCL + TOCs, wykazata stosunkowo jednorodne
rozmieszczenie ziaren w probkach zawierajacych 5% wag. kompleksow. Przewazaty ziarna
o $rednicy od 3 do 15 pm, jednak stwierdzono rowniez obecnos$¢ wiekszych ziaren (30-90 um).
W przypadku zwigkszenia stezenia TOCs do 20% wag. widaé, ze rozmieszczenie ziaren jest
rOwnomierne 1 majg one wielko$¢ ok. 20—70 um. Rejestracja widm Ramana kompozytow
potwierdzita obecnos¢ oraz stabilnos$¢ struktur zwigzkow (1) 1 (2). Powyzsza informacja byta
wazna, gdyz otrzymanie materialdow kompozytowych wymagato podgrzania mieszaniny
sktadnikow do okoto 70°C, co mogto zmieni¢ struktur¢ kompleksow. Sygnaty przypisane do
Ti, C, O w widmach SEM EDX potwierdzaty rowniez wystepowanie ziaren TOCs w matrycy

PCL, natomiast sygnaty pochodzace od Ti nie byly obecne w czystym polimerze.
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Wplyw dodatku kompleksow (1) i (2) na wtasciwosci termiczne PCL zostat okreslony
przy pomocy analizy termograwimetrycznej (TGA) i réznicowej kalorymetrii skaningowej
(DSC). Pomiary przeprowadzone w zakresie temperatur 30-550°C, w atmosferze azotu
wykazaty, ze rozklad termiczny PCL jest procesem jednoetapowym i zachodzi w zakresie
temperatur od 20 do 460°C. Dla poréwnania rozktad materiatow na bazie PMMA jest
dwuetapowy. Poréwnanie krzywych DSC czystych polimeréw PCL i PMMA oraz ich
kompozytéw z dodatkiem kompleksow (1) 1 (2) wykazato, ze rdznig si¢ one temperaturg
termicznego rozkladu. W przypadku probki PCL + (2) 20% wag. zaobserwowano obnizenie
temperatury rozktadu o okoto 34°C w poréwnaniu do czystego PCL. Kompozyty zawierajace
5% wag. TOCs w matrycy PCL posiadaja temperaturg rozktadu (Ta/max) nieco nizszg (398°C;
395°C) niz dla czystego polimeru (402°C). Analiza DSC kompozytéw PMMA + TOCs
wykazala, ze dodatek kompleksow eliminuje efekt termiczny pojawiajacy si¢ przy 151°C, ktory
byt obecny w przypadku czystego PMMA. Wzrost temperatury rozktadu kompozytow

w poréwnaniu do czystego PMMA sugeruje poprawe stabilnosci termicznej tych materiatow.

Probki PCL oraz kompozytow PCL + (1) 20% wag. i PCL + (2) 20% wag. zostaty
poddane statycznej probie rozciggania w celu okreslenia wptywu TOCs na wytrzymalosé
mechaniczng kompozytow. Po wprowadzeniu komplekséw (1) i (2) do matrycy polimerowej
obserwuje si¢ zwigkszenie warto$ci modutu Younga (E) w porownaniu z czystym PCL i wzrost
ten byt wigkszy w przypadku zwigzku (1) w poréwnaniu do (2). Wytrzymato$¢ na rozciaganie
1 wydluzenie przy zerwaniu zmniejszyly swoje wartosci niezaleznie od zastosowanego TOCs.
W tescie $ciskania rowniez zaobserwowano wzrost modutu Younga, ale r6znice byty mniej
wyrazne. Rezultaty te pokazuja, Ze nawet przy 20% wag. dodatku TOCs, kompozyty zachowuja

elastycznos¢.

Przed przystgpieniem do badania aktywnosci fotokatalitycznej zarejestrowano widma
UV — Vis — DRS kompozytow PCL + TOCs, aby okresli¢ w jakim zakresie absorbuja
promieniowanie. Analiza widm wykazala, ze po wprowadzeniu kompleksow do matrycy
polimerowej nastepuje przesuni¢cie maksimum absorpcji z 236 nm (PCL) do 375 — 400 nm
(kompozyty). Zgodnie z tymi danymi, badanie aktywnosci fotokatalitycznej bylo prowadzone
w obecnosci $wiatla widzialnego, obserwujac odbarwianie roztworu blekitu metylenowego
(MB) w czasie 30 godzin. Dla poréwnania okre$lono takze aktywnos$¢ fotokatalityczna
kompozytoéw PMMA + 20TOC (TOCs = (1) lub (2)). Z przeprowadzonych badan wynika, ze
czysty PCL nie wykazuje aktywnosci fotokatalitycznej, natomiast juz 5% dodatek kompleksu

poprawia t¢ wilasciwos¢. Zwigkszenie zawartosci TOC do 20% wag. znaczaco poprawito
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aktywnos¢ fotokatalityczng badanych materialow, szczeg6lnie w przypadku systemu PCL + (2)
20% wag. (dekoloryzacja wynosita 87%). Wérdd kompozytow PMMA + TOCs, najlepsze
rezultaty uzyskano dla probki PMMA + (2) 20% wag. (85%).

Aktywno$¢ przeciwdrobnoustrojowg badano wobec bakterii Gram-dodatnich
(Staphylococcus aureus), bakterii Gram-ujemnych (Escherichia coli) oraz grzybow Candida
albicans (Tabela 4). Zaden z kompozytéw nie wykazuje dziatania mikrobiobdjczego wobec
grzybow, natomiast w przypadku 5% wag. dodatku (1) uzyskuje si¢ jedynie efekt
bakteriostatyczny, o czym $wiadczy warto$¢ wspotczynnika redukcji (R) na poziomie 0.2 — 1.6.
Materiat PCL + (2) 5%wt. wykazuje dziatanie bakteriobojcze wobec bakterii Gram-dodatnich
1 Gram-ujemnych, z wyjatkiem szczepu Staphylococcus aureus ATCC 6538. Zwigkszenie
zawartos$ci TOCs do 20% wag. powoduje, ze kompozyty maja charakter bakteriobdjczy wobec

wszystkich badanych szczepow bakterii.

Tabela 4. Aktywnos¢ przeciwdrobnoustrojowa PCL 1 PCL + nTOC:s.

Mikroorganizmy
Nr Probki E. coli E. coli S. aureus S. aureus C. albicans
ATCC ATCC ATCC ATCC ATCC 10231
8739 25922
6538 25923
1 PCL 0.9 0.9 0.1 0.6 0.0
2 PCL+ (1) 5% wag. 1.6 0.7 0.2 0.7 0.3
3 PCL + (2) 5% wag. 2.0 2.6 1.1 2.3 0.3
4  PCL+ (1) 20% wag. 2.0 2.0 2.0 2.5 0.7
5 PCL+(2) 20% wag. 4.5 3.5 2.0 2.6 0.9

Zarowno aktywno$¢ fotokatalityczna jak 1 przeciwdrobnoustrojowa wynika ze
zdolnosci do generowania RFT. Ich obecnos$¢ zostata potwierdzona przy pomocy spektroskopii
EPR. W przypadku probki PCL + (1) 20% wag. na powierzchni wykryto aniony O, natomiast
na powierzchni probki PCL + (2) 20% wag. zarowno O™ jak 1 Oy". Z tego powodu kompozyt
zawierajacy kompleks z ligandami 9-fluorenokarboksylanu jest lepszym fotokatalizatorem

1 czynnikiem przeciwdrobnoustrojowym.

Podsumowujac, utworzenie kompozytow na bazie matrycy PCL poprzez wprowadzenie
kompleksow o rdzeniu {TisO.} stabilizowanych ligandami 4-aminobenzoesanu (1) oraz

9-fluorenokarboksylanu (2), powoduje niewielkie zmiany we wlasciwosciach termicznych

42



1 mechanicznych matrycy polimerowej. Utworzenie kompozytu powoduje przesunigcie
maksimum absorpcji w kierunku $wiatta widzialnego, co sugeruje, ze tego rodzaju kompozyty

powinny by¢ aktywne w zakresie $wiatta widzialnego.

Wyraznie widoczny byl wplyw rodzaju liganda na aktywno$¢ fotokatalityczng
1 przeciwdrobnoustrojowa, poniewaz najlepsze rezultaty uzyskano dla kompozytu z dodatkiem
kompleksu (2), ktorego rdzen jest stabilizowany ligandami 9-fluorenokarboksylanu. Wynika to
z faktu, ze w wyniku ekspozycji na §wiatlo, na jego powierzchni generowane sg aniony O™ oraz
02", w przeciwienstwie do probki PCL + (1) 20% wag., na ktérego powierzchni potwierdzono

generowanie jedynie O .
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P4. Structural Characterization and Bioactivity of a Titanium(IV) — Oxo Complex
Stabilized by Mandelate Ligands.

B. Kubiak*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski, S. Wrotek,
P. Piszczek™, Molecules 2024, 29, 1736.

Badania oméwione w pracach P1 — P3 wykazaty, ze TOCs, ktorych rdzenie s3
stabilizowane ligandami karboksylanowymi charakteryzujg si¢ obiecujacg aktywnoscig
przeciwdrobnoustrojowa. Aby wzmocni¢ wlasciwosci mikrobiobojcze syntetyzowanych TOC,
zdecydowatam si¢ wlaczy¢ do ich struktury ligandy a-hydroksykarboksylanowe, znane ze
swoich wlasciwosci przeciwbakteryjnych i przeciwzapalnych. a-hydroksykwasy maja wigcej
mozliwo$ci koordynacji z Ti(IV), co skutkuje powstawaniem roéwniez bardziej stabilnych

strukturalnie uktadow w porownaniu do zwigzkow stabilizowanych grupami karboksylowymi.

Artykut P4 przedstawia wyniki badan dotyczacych kompleksu o wzorze ogo6lnym
[TisO2(O'Pr)a0(man)4] (1) (man = ligand migdatowy), ktory otrzymano w wyniku reakcji
izopropanolanu tytanu(I'V) i kwasu migdatlowego (HOOCCH(OH)CsHs) w stosunku molowym
4:1, z zastosowaniem THF jako rozpuszczalnika. Analiza danych dyfrakcji rentgenowskiej
pojedynczego krysztalu wykazala, ze struktura tego zwiazku sktada si¢ z jednostki centralnej
{Ti402}, do ktorej, za pomoca ligandow migdatowych, przylaczone sa dwa dimery {Ti2}
(Rysunek 10). Rdzen {TisO»} kompleksu stabilizowany jest przez mostki (u3-O), aniony
izopropionianowe oraz grupy hydroksylowe z anionu kwasu migdalowego. Anion tlenowy
tworzy jedno krotkie 1 dwa dtugie wigzania, co wyrdznia t¢ topologie od wczesniej opisanych
rdzeni {Ti4O2} [42]. Kationy Til, Ti2 i Ti3 znajduja si¢ w otoczeniu oktaedrycznym, podczas
gdy zewnetrzny kation Ti4 jest pieciokoordynacyjny i tworzy silnie znieksztalcong bipiramide
trygonalng. Ligandy migdalowe tworza mostki 1 pierscienie chelatowe, prowadzac do

wzmozone] koncentracji gestosci elektronowej w powyzszych pierscieniach.

Analiza widm IR oraz dyfraktogramow proszkowych zarejestrowanych przed i po
zanurzeniu w wodzie na 72h pozwolila na ustalenie stabilnosci zwigzku (1). Dyfraktogramy
potwierdzity brak transformacji w kierunku krystalicznego TiO: czy innych form
krystalicznych, natomiast widma IR nie wykazaly zadnych zmian w intensywnosci i pozycjach

pasm w badanych zakresach, co wskazuje na odpornos¢ probki na proces hydrolizy.
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Rysunek 10. Struktura [Tis(us-O)2(u-O'Pr)a(O™Pr)is(man)s] (1). Jednostke asymetryczna
przedstawiono za pomocg wigzan pokazanych w kolorze szarym, a atomy symetrycznie zalezne

poprzez operacj¢ inwersji pokazano na czarno [P4].

Kolejnym etapem bylo wytworzenie materiatow kompozytowych PMMA + (1), ktore
zawieraty: 2, 5, 10120% wag. TOCs. Procedura byla taka sama jak w pracach P11 P2. Obecno$¢
zwigzku w matrycy polimerowej potwierdzono za pomocg metody SEM EDX. Dodatkowo,
aby zbada¢ ewentualne zmiany strukturalne spowodowane wytworzeniem kompozytu,
porownano widma Ramana kompleksu (1), czystego PMMA oraz probki PMMA + (1) 20%
wag. Otrzymane wyniki potwierdzily, ze struktura zwiazku pozostaje niezmieniona po

wprowadzeniu go do matrycy.

Naswietlenie proszku (1) i kompozytdw, promieniowaniem widzialnym, powoduje
generowanie RFT na powierzchni probek, co zostato potwierdzone przy pomocy spektroskopii
EPR. IntensywnoS$¢ sygnatlow ros$nie wraz ze wzrostem ilosci kompleksu w matrycy
polimerowej. Zidentyfikowano obecno$¢ anionow O~ 1 Oz na powierzchni materialow

kompozytowych, natomiast Oz~ jest generowany na powierzchni proszku (1).

Ocenie aktywnos$ci przeciwdrobnoustrojowej zostal poddany zaréwno sproszkowany
kompleks, jak 1 probki kompozytow. Badanie to wykonano wobec bakterii Staphylococcus
aureus 1 Escherichia coli, a takze grzybow Candida albicans. Zgodnie z norma ISO
22196:2011, zawiesiny wykazuja efekt mikrobiobojczy, gdy warto$¢ wspotczynnika redukceji
(R) wynosi > 3. Uzyskane rezultaty wskazuja, ze kompleks (1) wykazuje dziatanie
bakteriobojcze juz w stezeniu 2% (w/v) (E. coli (R=6.0)1S. aureus (R =4.2 —5.4)), natomiast
dzialanie grzybobdjcze w 20% (w/v). Kompozyty wykazaty silng aktywnos¢ wobec E. coli (R
=2.0-4.9)18S. aureus (R =4.7—5.1) we wszystkich testowanych stezeniach TOCs (2% wag.,
5% wag., 10% wag., 20% wag.). Nie wykazuja jednak dzialania grzybobojczego. Wyjasnienie
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wlasciwos$ci biobojczych zwigzku (1) 1 jego kompozytow PMMA + (1) wymaga uwzglednienia
dwoch czynnikow: (i) zdolnosci fotokatalitycznych kompleksu oraz (ii) czynnikoéw
strukturalnych, w szczeg6élnosci tworzenia pierscieni chelatowych. RFT generowane na
powierzchni proszku oraz kompozytow prowadza do indukowania stresu oksydacyjnego
a w rezultacie upos$ledzenia lipidow, biatek i kwasow nukleinowych, co ostatecznie prowadzi
do $mierci mikroorganizmu. Natomiast zgodnie z teorig chelatacji Tweedy'ego i koncepcja
Overtone'a, koordynacja zmniejsza polarno$¢ jonow metali. Zwickszona delokalizacja
n-elektronéw w pierscieniu chelatowym zwigksza lipofilowy charakter zwigzku. Sprzyja to
rozpuszczalnosci kompleksu w lipidach, prowadzac do nieodwracalnego uszkodzenia blony

1 funkcji komorki.

Cytotoksyczno$¢ kompozytow zawierajacych zwigzek (1) badano za pomocg testow
MTT wobec linii komorkowej fibroblastow mysich 1.929. Material uznaje si¢ za
niecytotoksyczny, jesli zywotno$¢ komorek jest wigksza niz 70%. Testy wykazaty, ze poziom
zywotno$ci komorek zmierzony dla referencyjnych probek PMMA byt porownywalny
z warto$ciami otrzymanymi dla probek zawierajacych kompleks (1) we wszystkich badanych
stezeniach. Co wazne, wyniki te wykazaty rowniez, ze wraz ze wzrostem czasu inkubacji na
wszystkich badanych probkach namnazato si¢ wigcej fibroblastow 1.929. Te obserwacje
potwierdzita rowniez analiza obrazow SEM po procesie hodowli. Wydtuzony ksztalt komorek
obserwowany po 24h inkubacji wskazuje na prawidlowa adhezj¢. Po 72h liczba wypustek
cytoplazmatycznych wzrosta, a ich obecnos¢ odgrywa kluczowg role w migracji, proliferacji

1 tworzeniu polaczen migdzykomodrkowych.

Podsumowujac, reakcja izopropanolanu tytanu(IV) z kwasem migdatowym prowadzita
do otrzymania stabilnego zwigzku [TisO2(O'Pr)x(man)s] (1). Zaréwno czysty proszek (1) jak
1 kompozyty uzyskane przez wprowadzenie zwigzku do matrycy polimerowej charakteryzuja
si¢ aktywnos$cig przeciwbakteryjng wobec szczepow Gram-dodatnich i Gram-ujemnych.
Wysoka aktywno$¢ przeciwdrobnoustrojowa kompleksu (1) przypisuje si¢ synergicznemu
efektowi generowaniu RFT oraz obecnosci pierscienia chelatowego. Materialy PMMA + (1)
okazaly si¢ nietoksyczne dla fibroblastow 1929, co potwierdza ich potencjal jako powtok
antybakteryjnych do zastosowan w miejscach publicznych lub szpitalach, zmniejszajac ryzyko

zakazen bakteryjnych.
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PS. Investigation of Titanium(IV) — Oxo Complexes Stabilized with o-Hydroxy
Carboxylate Ligands: Structural Analysis and DFT Studies.

B. Kubiak*, T. M. Muziol, M. Jablonski, A. Radtke, P. Piszczek*, Dalton Trans. 2024, 53,
14457-14468.

Kontynuujac badania nad synteza TOCs z wykorzystaniem kwasow a-hydroksy-
karboksylowych przeprowadzitam badania nad reakcjami izopropanolanu tytanu(IV) z kwasem
9-hydroksy-9-fluorenokarboksylowym, a otrzymane wyniki przedstawitam w artykule PS5.
W pracy tej przedstawilam wyniki badan nad strukturg dwéch okso — komplekséw, ich
stabilnos$cia, a takze potencjalng reaktywnos$cia, ktora zostata oszacowana za pomoca teorii

funkcjonatu gestosci (DFT).

Kompleks (1) o wzorze ogélnym [TisO(O'Pr)19(03C14Hs)2] (Rysunek 11) zostal otrzymany
w wyniku reakcji izopropanolanu tytanu(I'V) z kwasem 9-hydroksy-9-fluorenokarboksylowym
w stosunku molowym 4: 1, stosujac mieszaning tetrahydrofuran/izopropanol (THF/HO'Pr) (1:1)
jako rozpuszczalnik. Reakcja byla prowadzona w temperaturze pokojowej i w komorze
rekawicowej. Zwiazek krystalizowal w jednosko$nej grupie przestrzennej C2/c. Na uwage
zastuguje unikalna architektura rdzenia {Tis-O} wyizolowanego zwiazku, ktérego centralng
czg$¢ tworzyt mostek Ti-O-Ti. Wczesniejsze badania kompleksow tworzacych podobny typ
rdzenia wskazaly na tworzenie si¢ uktadu, w ktorym cztery kationy Ti(IV) potaczone byly
z czterokrotnym mostkiem tlenowym (ns—0O) tworzac {Tis-(us-O)}. Innym sposobem
uzyskania rdzenia {Ti4-O} jest wykorzystanie trzech kationow Ti(IV), ktére potaczone sa
mostkiem (u3—0), natomiast czwarty jon Ti(IV) jest przylaczony poprzez ligand fosfonianowy.
Taka struktura charakteryzuje si¢ wigksza asymetriag w poréwnaniu do rdzenia, w ktérym
wystepuje mostek (ps—0O). Natomiast w otrzymanym przeze mnie zwigzku (1), rdzen tworzg
cztery atomy Ti(IV), z ktorych dwa (Til) potaczone sg za pomocg mostka p-O a pozostate dwa
(Ti2) sa wiagzane poprzez ligandy a-hydroksykarboksylanowe (Rysunek 11). Kationy Til
tworzg otoczenie oktaedryczne, ztozone z trzech atomow tlenu pochodzacych od anionow
izopropylanowych (dwoch terminalnych 1 jednego mostkowego), dwoch atomow tlenu,
ligandéw 9-hydroksy-9-fluorenokarboksylowych 1 atomu tlenu anionu okso. Natomiast
pigciokoordynacyjne kationy Ti2 znajdowaty si¢ w otoczeniu piramidy kwadratowej, ktorej
sfera koordynacyjna sktadata si¢ z trzech atomow tlenu, anionéw izopropylanowych (dwéch
terminalnych 1 jednego mostkujgcego) oraz dwdch atomow tlenu pochodzacych od ligandow

a-hydroksykarboksylanowych. Kationy Til 1 Ti2 byly potagczone asymetrycznymi mostkami
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izopropylanowymi i ligandami 9-hydroksy-9-fluorenokarboksylowymi, podczas gdy centralne
kationy Til byty polaczone grupami karboksylowymi dwdch anionéw a-hydroksykwasow

1 jedynego anionu okso (Rysunek 11).
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Rysunek 11. Struktura [TisO(O'Pr)10(O3C14Hs)2] (1) [P5].

Okso kompleks (2) o wzorze ogdlnym [TicO4(O'Pr)2(03C14Hs)4(02CEt)s] zostat
otrzymany w wyniku reakcji izopropanolanu tytanu(IV), kwasu 9-hydroksy-9-
fluorenokarboksylowego oraz kwasu propionowego stosujac THF jako rozpuszczalnik.
Stosunek molowy alkoholanu do kwasdéw organicznych wynosit 1:1.2. Reakcja byta
prowadzona w temperaturze 70°C, w komorze rgkawicowej. Kompleks ten krystalizowat
w trojskosnej grupie przestrzennej P-1. Rdzen kompleksu zostal utworzony przez szesé
kationow tytanu(IV) utozonych w dwa niemal wspotplaszczyznowe trojkaty (Tiz(us-O)).
W kazdym z nich, trzy kationy tytanu(IV) sa potaczone mostkiem p3-O, a dodatkowo
stabilizowane ligandami 9-hydroksy-9-fluorenokarboksylowymi i propionianowymi. Oba
trojkaty {Ti30} sa potaczone dwoma mostkami p-okso 1 dwoma anionami propionianowymi.
Nalezy zauwazy¢, ze w tej strukturze ligandy 9-OH-9-fluorenokarboksylanu tworzg pierscien
chelatowy, ale jedna grupa karbonylowa w kazdym ligandzie karboksylanowym pozostaje

nieskoordynowana i moze by¢ wystawiona na dziatanie rozpuszczalnika (Rysunek 12).
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Rysunek 12. Struktura [TicO4(O'Pr)2(03C14Hs)s(02CEt)s] (2) [P5].

W dalszej czegsci pracy przedyskutowatam widma zarejestrowane stosujac metody
spektroskopii IR oraz Ramana. Obecno$¢ mostkow karboksylowych skoordynowanych
z atomami Ti(IV) w strukturze (1) potwierdzaja pasma pochodzace od asymetrycznych
1 symetrycznych drgan rozciagajacych grup —COO, pojawiajace si¢ odpowiedni w zakresie
1600-1640 cm™ i ok. 1449 cm™. Obecnoé¢ dwoéch roéznych ligandéw karboksylanowych
(9-OH-9-fluorenokarboksylanowych 1 propionianowych) w strukturze kompleksu (2)
powoduje pojawienie si¢ dwoch rdznych pasm pochodzacych od asymetrycznych drgan
rozciggajacych grup —COO. Pasma te pojawialy sic odpowiednio przy 1711 i 1510 cm™.
Przypisanie pasm drgan dla mostka Ti—O-Ti bylo trudne ze wzgledu na naktadanie si¢ tych
pasm z pasmami grup funkcyjnych ligandéow organicznych ponizej 1000 cm ' w widmach IR
1 Ramana. Zastosowanie metoy DFT pozwolito przewidzie¢ potozenie pasm pochodzacych od
drgan normalnych mostkow Ti—O-Ti zaréwno w rdzeniach {Ti4O} (1), jak 1 {TicO4} (2).
Przeprowadzone obliczenia sugeruja, ze drgania rozciagajace mostow Ti—O—Ti moga pojawiac

sie odpowiednio przy 740 i 795 cm™! oraz 538 i 434 cm™' w widmach IR i Ramana (1) i (2).

Analiza widm UV—Vis—DRS obu zwiazkoéw wykazala, ze maksima absorpcji pojawiaja
si¢ przy 306 nm (1) oraz przy 330 1 395 nm (2). Wynik ten jest jakoSciowo zgodny
z obliczeniami DFT, gdzie Amax wynoszg 283 nm dla (1) 1 420 nm dla (2). Wyznaczone warto$ci
przerwy HOMO-LUMO wynosity 2,96 eV dla (1) 1 2,39 eV dla (2). Teoretyczne warto$ci
przerwy HOMO-LUMO sg wigksze od eksperymentalnych (4,31 eV dla (1)1 3,21 eV dla (2)),
ale zachowana jest tendencja wskazujaca na to, ze przerwa w przypadku (2) jest zdecydowanie

mniejsza.

Zarejestrowanie dyfraktogramow XRD obu zwigzkow przed 1 po 72h kontaktu z woda,

potwierdzito, ze struktury obu zwigzkoéw sg stabilne, tj. nie ulegajg procesom hydrolizy. Nie
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wykryto Zadnej istotnej transformacji w kierunku krystalicznego TiO2, form amorficznych lub
innych form krystalicznych zwigzanych z przegrupowaniem sfer koordynacyjnych tytanu

1 zmiang topologii.

Obliczenia teoretyczne wykazaly, ze w obu zwigzkach orbitale HOMO sa
zlokalizowane na fragmentach aromatycznych, z kolei orbitale LUMO s3 zdominowane przez
d-orbitale atomow tytanu. Wygenerowanie map elektrostatycznego potencjatu molekularnego
(MEP) oraz obliczen tadunkéw atomowych Hirshfelda pozwolito na poréwnanie rozktadu
tadunkéw w obu strukturach. Zgodnie z mapami MEP, w zwigzku (1) ujemny potencjat
rozciaga si¢ na pierscienie fluorenu i sgsiadujacych atomoéw, natomiast w przypadku zwigzku
(2) obszar ujemny obejmuje mostki zawierajace tlen oraz nieskoordynowane grupy C=0O
(Rysunek 13). Z kolei, dodatni obszar obejmuje prawie catg czasteczke zwigzku (2). Analiza
tadunkéw atomowych pokazata, ze najbardziej ujemny tadunek, w przypadku obu struktur,
zlokalizowany jest na mostkowych atomach tlenu. Dodatkowo, w przypadku struktury (2),
warto$ci te sa wyzsze niz na atomach tlenu z grup karbonylowych. Wyznaczone wskazniki
reaktywnos$ci wskazuja, ze kompleks (2) jest zdecydowanie bardziej reaktywny niz kompleks
(1). Warto$¢ powinowactwa elektronowego (A) wskazuje, ze zwigzek (2) chetniej akceptuje
elektrony niz zwigzek (1) (odpowiednio 2,19 eV i 0,76 eV). Potwierdza to rowniez wyzsza
warto$¢ indeksu elektrofilowosci o dla systemu (2) (2,20 eV w pordwnaniu do 1,21 eV dla
systemu (1)), co lepiej opisuje jego wlasciwosci elektrofilowe. Dodatkowo, nizsza twardo$¢
chemiczna systemu (2) (4,85 eV) w poréwnaniu do systemu (1) (6,30 eV) sugeruje, ze system

(2) jest bardziej podatny na zmiany struktury elektronowej, co czyni go bardziej reaktywnym.

(1) (2)

Rysunek 13. Mapy potencjatu elektrostatycznego (od —0,02 (czerwony) do +0,02
(ciemnoniebieski)) uktadow (1) 1 (2) [P5].
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Podsumowujac, omawiana praca dostarczyta nowych informacji o syntezie TOCs,
ktérych rdzen jest stabilizowany ligandami a-hydroksykarboksylanowymi. W strukturze obu
zwigzkOw powstajg pierscienie chelatowe, ktore mogg mie¢ istotne znaczenie z punktu
widzenia aktywnosci przeciwdrobnoustrojowej tych zwigzkow. W przypadku kompleksu (2),
aktywno$¢ ta moze by¢ dodatkowo wspomagana przez nieskoordynowane grupy C=0, gdzie
zwigkszona gestos$¢ elektronowa wystepuje na tlenach z grup karboksylowych. Sugerowana

wieksza reaktywno$¢ okso — kompleksu (2) zostata potwierdzona obliczeniami DFT.

Dla otrzymanych zwiazkoéw (1) 1 (2) wykonatam rowniez wstepne badania aktywnosci
przeciwdrobnoustrojowej, ktére przedstawilam w niniejszej rozprawie (Tabela 5). Badania te
byly prowadzone we wspotpracy z prof. Patrycja Golinska z Wydziatu Nauk Biologicznych
1 Weterynaryjnych Uniwersytetu Mikotaja Kopernika w Toruniu. Szczegoétowe badania sa
prowadzone takze przez dr Oleksandre Pryshchepe z zespotu dr hab. Pawta Pomastowskiego,
prof. UMK w Interdyscyplinarnym Centrum Nowoczesnych Technologii UMK i po ich

zakonczeniu zostang opublikowane.

Aktywnos¢ przeciwdrobnoustrojowa zwigzkow (1) 1 (2) oraz kwasu 9-hydroksy-9-
fluorenokarboksylowego oceniono na podstawie minimalnego stezenia hamujacego (MIC)
1 minimalnego st¢zenia bakteriobdjczego wobec bakterii Gram-dodatnich, Gram-ujemnych
oraz grzybow. Szczepy S. aureus byly bardziej wrazliwe na kwas 9-hydroksy-9-
fluorenokarboksylowy (MIC = 0,125% 1 0,5%, MBC = 0,5%) niz
E. coli MIC =MBC =0,5%) 1 C. albicans (MIC = MBC = 1%). Kompleks (1) nie wykazywat
zadnej aktywno$ci w badanych stezeniach, natomiast wartosci MIC (0.0625%) kompleksu (2)
w stosunku do bakterii Gram-dodatnich byly zdecydowanie nizsze niz w badaniu kwasu
9-hydroksy-9-fluorenokarboksylowego. W przypadku bakterii Gram-ujemnych oraz drozdzy
C. albicans zaobserwowano jedynie efekt hamujacy. Zauwazy¢ mozna, ze dodatek kwasu
propionowego do syntezy zwigzku (2) znaczaco wplywal na polepszenie wlasciwosci
przeciwbakteryjnych. Przeprowadzenie obliczen teoretycznych okazalo si¢ by¢ bardzo
pomocne w opisaniu mechanizmu dziatania przeciwdrobnoustrojowego badanych zwigzkow.
Zgodnie z tymi obliczeniami, zmniejszenie przerwy HOMO-LUMO (4.31 eV dla(1)13.21 eV
dla (2)) zwigksza reaktywnos¢ kompleksow. Zwigzek (2), ktorego migkkos$¢ chemiczna (0.21
eV™!) jest wigksza, posiada rowniez wiekszg aktywno$¢ mikrobiologiczng niz (1), co zostato
potwierdzone badaniami eksperymentalnymi. Wedlug teorii chelatacji Tweedy’ego,
koordynacja powoduje zmniejszenie polarnosci jondw metalu 1 zwigksza rozpuszczalnosé

kompleksu w lipidach. Rezultatem jest zakldcenie funkcji blony komorkowe;j. Zgodnie z MEP,
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najwieksza gestos¢ elektronowa zlokalizowana jest na pierscieniach chelatowych a dodatkowo,
w przypadku zwigzku (2) jest ona wicksza ze wzgledu na obecno$¢ wolnych par elektronowych
grup C=0. Duza gestos¢ elektronowa jest kluczowa z mikrobiologicznego punktu widzenia,
poniewaz odpowiada za chelatowanie kationo6w obecnych w btonie zewngtrznej bakterii Gram-
ujemnych, powodujac jej destabilizacje. Sciana komérkowa bakterii Gram-dodatnich posiada
obfitg porowatg warstwe peptydoglikanu o $redniej wielkos$ci poréw okoto 30 nm. Uwazam, ze
przez te pory TOCs mogg dotrze¢ do btony komdrkowej i spowodowac jej zniszczenie poprzez
interakcje z lipidami btony komdrkowej. Natomiast §ciana komorkowa drozdzy zawiera pory
o $rednicy okoto 5,8 nm a pod nig btong lipidowa. Najpopularniejszym mechanizmem dziatania
przeciwgrzybiczego zwigzkow jest dotarcie do btony lipidowej i zaburzenie jej integralnosci
poprzez zahamowanie syntezy ergosterolu. Uwazam, ze ten mechanizm b¢dzie odpowiedni

réowniez dla zwigzku (2), poniewaz jego Srednica nie jest wigksza niz 3 nm.

Tabela 5. Aktywnos$¢ przeciwdrobnoustrojowa TOCs (1) i (2); minimalne stezenie

hamujace (MIC) i minimalne stezenie bakteriobojcze (MBC) w %.

Mikroorganizmy

E.coli E.coli S. aureus S. aureus C. albicans
ATCC ATCC ATCC ATCC ATCC

Probki 25922 8739 25923 6538 10231
Kwas MIC 0.5%  0.5% 0.125% 0.5% 1.0%
9-hydroksy-9- MBC 0.5%  0.5% 0.5% 0.5% 1.0%
fluoreno-
karboksylowy
(1) MIC none none none none none
MBC none none none none none
(2) MIC 0.5% 1.0%  0.0625%  0.0625% 1.0%
MBC none none 0.25% 0.5% none
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P6. Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)
Composites with Titanium(1V) and Ruthenium(l1l) Complexes

B. Kubiak*, A. Topolski, A. Radtke*, T. Muziot, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Applied Sciences, 2025, 15, 1679

Rozwdj technologii stawia przed nami coraz wigksze wymagania dotyczace skutecznych
metod oczyszczania wody 1 powietrza. Tradycyjne rozwigzania, takie jak adsorpcja czy
filtracja, cho¢ skuteczne, sg jednocze$nie bardzo energochtonne. Fotokataliza, zwlaszcza
w zakresie $wiatta widzialnego, oraz wykorzystanie fotokatalizatoréw, takich jak ditlenek
tytanu (TiO2), oferuja obiecujaca alternatywe. Jednak TiO: efektywnie absorbuje jedynie
promieniowanie UV, ktére stanowi niewielki procent $wiatta stonecznego, co ogranicza jego
szerokie zastosowanie. W artykule P6 przedstawiono wyniki badan nad kompozytami
zdolnymi do absorpcji $wiatta widzialnego, co moze znaczaco zwigkszy¢ skutecznos$c

W usuwaniu zanieczyszczen.

Przedmiotem badan byly materialy kompozytowe na bazie poli(metakrylanu metylu)
(PMMA) i kompleksow tytanu(IV), ktéorych rdzen stabilizowany byl ligandami
a-hydrokarboksylanowymi (PMMA + (1) — (3)), a takze kompleksow rutenu(Ill),
zawierajacych ligandy EDTA lub pikolinianu (PMMA + (4), (5)). Synteze i strukture zwigzkow
tytanu opisano w pracach P4 i P5, natomiast kompleksow rutenu(Ill) w artykutach [126,127].
Zawarto$¢ zwigzkOw w matrycy polimerowej wynosita: 2, 5, 10 1 20% wag. Procedura

wytwarzania kompozytow byta podobna do opisanej w pracach P1, P2 i P4.

Zastosowanie metody UV—Vis—DRS pozwolito wyznaczy¢ przerwy HOMO — LUMO
zwiazkow (1) — (5). W przypadku TOCs przerwy HOMO-LUMO wynosity odpowiednio 3,12
eV (1),2,96eV (2)12,39 eV (3). Z kolei dla komplekséw rutenu(I1l) wynosi odpowiednio 2,75
eV (4) 12,78 eV (5). Wyznaczone na podstawie zarejestrowanych widm maksima absorpcji
(Amax) wynosity odpowiednio 308 nm (1), 306 nm (2), 330 nm, 395 nm (3) oraz 334 nm zar6wno
dla (4), jak 1 (5). Parametr ten wyznaczono takze dla kompozytow. Materiaty zawierajace
zwigzek (1) wykazujg dwa maksima w zakresie UV, natomiast dodatek 20% wag. powoduje
pojawienie si¢ szerokiego pasma pomig¢dzy 200 a 450 nm. W widmach komplekséw (2) 1 (3)
obserwowano przesunig¢cie krawedzi absorpcji do 480 i 500 nm. Wprowadzenie zwigzkow
rutenu do matrycy polimerowej, sprawia, ze krawedz absorpcji przesuwa si¢ do 400 — 450 nm,
w poréwnaniu do widma czystego PMMA, a w przypadku probki PMMA + (5) 20% wag.,

nawet do 550 nm.
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Analiza obrazéw SEM pozwolita ustali¢ rozmiar i sposdb rozproszenia nano-
mikroproszkow zwiazkow (1) — (5) w matrycy PMMA. Obecnos¢ kompleksow po
wprowadzeniu do polimeru, potwierdzono przy pomocy techniki SEM — EDX, ktora wykazata
wystepowanie pikéw pochodzacych od tytanu lub rutenu. Rejestracja map Ramana pozwolita

ustali¢, ze struktury kompleksow nie zmieniajg si¢ po wprowadzeniu do matrycy polimerowe;.

Badanie struktury elektronowej zwigzkéw tytanu, w tym ich krawedzi L, byto
prowadzone metoda XANES, przy uzyciu dwoch trybow detekcji: TEY (penetracja probki na
glebokos¢ kilkudziesieciu nm) i FY (penetracja probki na glebokos¢ kilkuset nm).
Z zarejestrowanych widm wynika, ze struktury klastréw tytanu sa stabilne w matrycy
polimerowej. Przesuni¢cia energetyczne po wprowadzeniu do PMMA wynosity do 0.3 eV, to
wskazuje, ze matryca ma niewielki wptyw strukture TOCs. W przypadku proszkow,
zaobserwowano dodatkowe cechy, ktére przypisano przejSciom wzbronionym dipolowym,
ktore zlokalizowane sg w zakresie przedkrawgdziowym (~456,4 1 457,3 eV). Przejscia te sa
typowe dla wielu zwigzkéow Ti(IV), np. TiO,, ale nie obserwuje si¢ ich w widmach
kompozytoéw, zarejestrowanych w trybie FY. Widma kompozytow z 20% dodatkiem TOCs
posiadaly bardzo duzo szuméw i wymagaty wygtadzenia, jednak ich gtéwne cechy, takie jak
intensywniejsze pasma krawedzi Lz oraz ich pozycje, pozostaly widoczne. Rozszczepienie pola
krystalicznego, czyli réznica miedzy poziomami tag1 € przy krawedziach L3 1 Lo, byly prawie
identyczne dla proszkoéw 1 kompozytow, z wartosciami migedzy 2.3 eV a 3.1 eV. Oznacza to, ze
struktura elektronowa kompleksow tytanu nie ulegta zmianie po przygotowaniu kompozytow.
Co wigcej, dane te zgadzajg si¢ z danymi ustalonymi metodg Kubelka-Munka 1 obliczeniami

teoretycznymi, wynoszacymi odpowiednio 3,12, 2,96 12,39 eV dla (1), (2) i (3).

Zdolnosci adsorpcyjne otrzymanych kompozytow byly badane w ciemnosci, wobec
trzech barwnikow kationowych (btekit metylenowy (MB), rodamina B (RhB) 1 fiolet
krystaliczny (CV)) (Tabela 6, Rysunek 14). W ten sposob sprawdzany byt potencjat tych probek
do zastosowania w usuwaniu zanieczyszczen organicznych z wody. Kompleksy okso-Ti(IV)
wykazywaly lepsza adsorpcj¢ MB w poréwnaniu z innymi barwnikami, podczas gdy
kompleksy Ru(Ill) skuteczniej adsorbowaty CV. Oba typy komplekséw wykazywaly niska
adsorpcj¢ RhB. Ilo$¢ zaadsorbowanego barwnika zalezy od struktury barwnika i gesto$ci
elektronowej adsorbentow. Czasteczki MB 1 CV sg mniejsze niz RhB, co pozwala wigkszej
liczbie z nich na interakcje z TOC lub kompleksami Ru. Obszary o duzej gestosci elektronow
beda przyciaga¢ czasteczki barwnika, poniewaz azot jest na ogél sktonny do interakcji

z bogatymi w elektrony grupami powierzchniowymi. Ilo$¢ zaadsorbowanego barwnika
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wzrastala wraz ze wzrostem stezenia kompleksu. Kompozyt wzbogacony o kompleks (3)
wykazywal najwyzsza adsorpcje, podczas gdy adsorpcja barwnika przez kompozyty
zawierajace pozostale kompleksy byla stosunkowo podobna, pozostajac ponizej 11% nawet

przy 20% wag. zawarto$ci kompleksu.
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Rysunek 14. Procentowa redukcja st¢zenia barwnikow przez kompozyty PMMA
z kompleksami (1) — (5).

Aktywnos$¢ fotokatalityczng badanych kompozytdéw, zawierajacych 2, 5, 10 oraz 20
wt.% kompleksoéw (1)—(5), oceniano poprzez analiz¢ dekoloryzacji probek roztworu MB lub
CV poddanych naswietlaniu $wiattem UV 1/lub widzialnym (Vis). Przed przeprowadzeniem
eksperymentow fotokatalitycznych probki zostaly umieszczone w roztworze barwnika, aby
umozliwi¢ nasycenie miejsc aktywnych. Krok ten zapewnit osiggnigcie rownowagi adsorpcji
przed napromieniowaniem, minimalizujac wptyw poczatkowych efektow adsorpcji na pomiary
fotokatalityczne. W rezultacie aktywnos¢ fotokatalityczna odzwierciedla przede wszystkim
proces degradacji, a nie zwykla adsorpcje. Takie podejscie pozwolito nam lepiej ocenié
skuteczno$¢ testowanych kompozytow w generowaniu reaktywnych form odpowiedzialnych
za fotokatalizg. Proces rozktadu MB pod wplywem $wiatta monitoruje si¢
spektrofotometrycznie, poniewaz niebieski, utleniony MB reaguje z reaktywnymi formami

tlenu, gtownie z *OH generowanymi na powierzchni fotokatalizatora, tworzac bezbarwne
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produkty posrednie. Dekoloryzacja wynika z pgknigcia centralnego pierscienia aromatycznego,
a dalszy rozktad prowadzi do powstania CO., H.O i innych jondéw nieorganicznych.
Fotodegradacja CV przebiega analogicznie. Wolny elektron powstaly podczas naswietlania
reaguje z czasteczkami wody na powierzchni kompozytu, generujac rézne reaktywne formy
tlenu (RFT). Kluczowg role odgrywa tutaj rodnik hydroksylowy, ktory fragmentuje czasteczke
CV do bezbarwnych produktéw, prowadzac ostatecznie do powstania prostych zwigzkow
nieorganicznych. Pierwszymi etapami rozkladu CV sg procesy N-demetylacji 1 degradacji

oksydacyjne;.

Do identyfikacji RFT generowanych na powierzchni badanych materiatow uzyto
spektroskopii EPR, co pomogto zrozumie¢ ich mechanizm fotokatalityczny. Wyniki wskazuja,
ze najbardziej efektywnym materialem jest kompozyt PMMA + (2) — jego widmo EPR
wykazuje najsilniejsze sygnaly oraz najmniejszy poziom zaktocen, co sugeruje wydajny
transfer tadunku. Kompozyty zawierajace kompleksy tytanu charakteryzuja si¢
wystepowaniem sygnatow odpowiadajacych anionom O, O2 oraz kationowi Ti**, ktérych
obecnos$¢ jest kluczowa dla procesu fotokatalitycznego. Natomiast w kompleksach Ru(IIl)
ujawniono jedynie sygnaly Ru(Ill), co sugeruje, ze fotokataliza odbywa si¢ przez redukcje
Ru(IIT) do diamagnetycznego Ru(Il) i bezposredni transfer elektronow. Wyniki potwierdzaja,
ze kompozyty na bazie tytanu dziataja gtownie poprzez generowanie RFT, podczas gdy
materialy rutenowe wykorzystuja mechanizmy bezposredniego transferu elektronow.
Analiza otrzymanych wynikow wykazala, ze najlepsze rezultaty osiggnigto w przypadku
redukcji MB przez prébki kompozytow PMMA + (2), pod wptywem promieniowania UV.
W zalezno$ci od stezenia kompleksu, udato si¢ zredukowac stezenie barwnika na poziomie
45.3% do 73.1%, natomiast dla czystego PMMA, jedynie 17.4%. W przypadku roztworu CV,
probki PMMA + (2) osiggnely odbarwienie na poziomie od 51.1% do 70.9% (Tabela 6).
Zwiazki (1) 1 (2) wykazuja mniejsza aktywnos¢ pod wptywem promieniowania widzialnego,
natomiast zwigzek (3) osigga wowczas wydajnos$¢ zblizong do tej uzyskanej pod wpltywem

promieniowania UV (Rysunek 15).
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Rysunek 15. Zmiany procentowego odbarwienia barwnika w funkcji czasu — dla MB (VIS

1 UV) 1 CV (UV) uzyskane przy zastosowaniu kompozytu PMMA + (3).

Probki zawierajace kompleksy rutenu(Ill) (4) i (5), sa bardziej fotokatalitycznie
aktywne w $wietle widzialnym, jednak 2% wag. dodatek nie jest wystarczajacy do redukcji
stezenia CV (Tabela 6). Zwickszenie stezenia kompleksu w matrycy polimerowej, skutkuje
zwigkszeniem wydajnosci fotokatalitycznej. Testowane kompozyty mozna sklasyfikowac
wedtug ich profilu aktywnos$ci w nastepujacy sposob: (i) kompozyty aktywne gléwnie
w zakresie UV, wzbogacone o kompleksy (1) i (2); (i1) kompozyty aktywne w Swietle
widzialnym, zawierajace kompleksy (4) 1 (5); oraz (iii)) kompozyt wykazujacy aktywnosé

zarowno w zakresie UV, jak 1 widzialnym, zawierajacy kompleks (3).

Tabela 6. Tabela porownujaca wtasciwosci kompozytow PMMA z kompleksami Ti(IV)
1 Ru(IlI) (przedstawione dane odnosza si¢ do kompozytow zawierajacych 2% wag. 1 20%

wag. badanych kompleksow).

Kompozyt Maksymalna Aktywnos¢ Intensywnos¢ Aktywacja
adsorpcja fotokatalityczna sygnatu EPR Swiatltem
barwnika (%) (MB, UV/Vis) (%)

PMMA + (1) 227-899%  38-69% (UV), 27-55% (Vis)  Umiarkowany uv
(MB) (Or, O, Ti*)

PMMA + (2) 1.92-891%  45-73% (UV), 34-64% (Vis)  Silny (O, O, uv
(MB) Ti>*)

PMMA + (3) 748-3740%  35-58% (UV), 36-59% (Vis) ~ Umiarkowany UV + Vis
(MB) (O, Oy, Ti%")

PMMA + (4) 147-10.84%  19-33% (UV), 18-45% (Vis) Staby (Ru®) Vis
(V)

PMMA + (5) 1.51-8.48 % 17-32% (UV), 16-41% (Vis) Staby (Ru®*) Vis
(CV)

Przeprowadzone badania, ktorych wyniki przedstawiono w pracy P6, przyczyniajg si¢

do uporzadkowania wiedzy na temat wtasciwosci adsorpcyjnych i aktywnosci fotokatalitycznej

kompozytow, w ktorych jako napetniaczy zastosowano kompleksy okso-Ti(IV) stabilizowane
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ligandami a-hydroksykarboksylanowymi ((1)—(3)) oraz kompleksy Ru(Ill) ((4) i (5)). Badania
spektroskopowe potwierdzily, ze utworzenie powyzszych materiatow nie powoduje zmian
w strukturach badanych zwigzkow. Kompozyty na bazie Ti(IV) wykazaty lepszg aktywnos¢
fotokatalityczng ze wzgledu na zdolno$¢ Ti(IV) do generowania reaktywnych form tlenu
(RFT), ktore sa niezb¢dne do wydajnej fotokatalizy. Natomiast kompleksy na bazie Ru(IlI)
opieraja swoje dziatanie na cyklu redoks pomigdzy Ru(IIl) i Ru(Il), co w moim przypadku
skutkowato ich nizszg aktywnoscig fotokatalityczng.

Rodzaj liganda stabilizujacego ma kluczowe znaczenie dla zdolnos$ci absorpcji $wiatta
i aktywnosci fotokatalitycznej. Ligandy takie jak migdalowy lub 9-hydroksy-9-
fluorenokarboksylowy poszerzaja przerwg energetyczng HOMO-LUMO 1 wzmacniajg
aktywnos¢ w Swietle UV. Natomiast ligandy 9-hydroksy-9-fluorenokarboksylowy
1 propionowy, EDTA czy pikolinianowy zmniejszajg t¢ przerwe i rozszerzaja zakres aktywnos$ci
na $wiatto widzialne.

W podsumowaniu autorzy sugeruja, ze wytworzone materialy kompozytowe moga
w przysztosci zosta¢ zastosowane, jako powtoki samoczyszczace np. na klawiatury lub ekrany

dotykowe udostepniane w przestrzeni publiczne;.
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5. Podsumowanie

W ramach zrealizowanej pracy doktorskiej zsyntezowano nowe kompleksy okso-
tytanu(IV) stabilizowane ligandami karboksylanowymi. Kompleksy te wykazujg aktywno$¢
fotokatalityczng oraz przeciwdrobnoustrojowg. Przeprowadzone eksperymenty umozliwity
doktadniejsze zrozumienie ich wiasciwosci, zwlaszcza w przypadku zastosowania
a-hydroksykarboksylanow  jako  ligandéw  stabilizujacych.  Dodatkowo  zbadano
fotokatalityczne wtasciwosci kompleksow rutenu(Ill), ktore dotychczas nie byly szczegotowo

analizowane.

Badania koncentrowaly si¢ na syntezie nowych kompleksow okso-tytanu(lV),
powstajacych w reakcjach alkoholanow tytanu(IV) z kwasami karboksylowymi (P1-P3) oraz
a-hydroksy-karboksylowymi (P4, P5). Stosujac ligandy karboksylanowe jako stabilizatory
rdzenia {Ti.Op}, wyizolowano krysztaty komplekséw o strukturach {TizO}, {TisO02}, {TisO4s}
I {TieOs}. Chociaz podobne struktury rdzeni zostaly juz wczesniej opisywane, celem moich
badan bylo uzyskanie kompleksow stabilizowanych ligandami 4-hydroksy-benzoesanu
i 9-fluorenokarboksylanu, ktore dotychczas nie zostaly otrzymane ani scharakteryzowane.
Zastosowanie kwasoéw a-hydroksykarboksylowych w syntezie pozwolito uzyskaé¢ zwigzki
krystaliczne o nowych strukturach rdzeni {TiaOp}. Dzigki obecnosci grupy hydroksylowej
i karboksylowej ligandy te mogty tworzy¢ dodatkowe wigzania z centralnymi jonami tytanu,
zwigkszajac stabilno$¢ struktur. W kompleksach opisanych w pracach P4 i P5 zaobserwowano
tworzenie pierscieni chelatowych. W przypadku kompleksu [TigO4(O'Pr)2(O3C14Hs)4(O2CEt)e]
jedna z grup karbonylowych (C=0) w kazdym ligandzie a-hydroksykarboksylanowym
pozostaje nieskoordynowana, co moze wplywaé¢ na wlasciwosci tego uktadu. Widma XRD
wykazaly, ze struktury tych zwiazkow byty stabilne po 72 godzinach kontaktu z woda, co
$wiadczy o ich odpornosci na hydrolizg.

Synteza komplekséw rutenu(Ill) obejmowata zwigzki o juz scharakteryzowanych
strukturach, takie jak K[Ru'"'(Hedta)Cl]-2H20 i [Ru(pic)s]-H20. W tym przypadku gtéwnym
celem byla ocena ich wiasciwosci fizykochemicznych oraz aktywnosci katalitycznej
indukowanej $wiattem.

Prace nad syntezag kompleksow tytanu(IV) 1 rutenu(Ill) zostaty rozszerzone o ich
zastosowanie w wytwarzaniu materialow kompozytowych (P1-P4, P6). Kompozyty te byly
tworzone poprzez wprowadzenie komplekséw do matrycy polimerowej, takiej jak

polimetakrylan metylu (PMMA) lub poli(e-kaprolakton) (PCL). Kluczowym etapem byto

59



sprawdzenie, czy metody wytwarzania kompozytow, takie jak zastosowanie lazni
ultradzwigkowej, wytlaczarki dwuslimakowej czy miniwtryskarki pneumatycznej, nie
wptywaty na strukture komplekséw. Badania z wykorzystaniem mikroskopu Ramana i metody
XANES potwierdzity, ze struktura kompleksow (TOCs) pozostawata nienaruszona w trakcie
procesoéw technologicznych.

Tworzenie kompozytdw mialo istotne znaczenie aplikacyjne, poniewaz celem bylo
zbadanie mozliwosci wytwarzania materiatow, ktore moglyby stuzy¢ jako powtoki
o wlasciwosciach fotokatalitycznych i przeciwdrobnoustrojowych. Moglyby one znalez¢
zastosowanie jako samoczyszczace warstwy na powierzchniach, takich jak ekrany dotykowe
czy klawiatury uzywane w miejscach publicznych. Dodatkowo wprowadzenie kompleksow
Ti(IV) i Ru(lll) do matrycy polimerowej zapewniato ich ochrong przed dziataniem czynnikow
zewnetrznych takich jak woda, zapobiegajac procesom hydrolizy czy rozpuszczania. Ochrona
ta okazata si¢ szczegolnie istotna w przypadku wrazliwych kompleksow rutenu(I1I).

W  kolejnym etapie moich badan skupitam si¢ na okresleniu aktywnos$ci
fotokatalitycznej kompozytow zawierajacych kompleksy okso-Ti(IV) (P1-P3 i P6) oraz
Ru(lll) (P6). W artykule P1 udowodnitam, ze zarowno funkcjonalizacja liganda
karboksylowego, jak i struktura rdzenia kompleksu wplywaja na szybkos¢ degradacji barwnika.
Zwrécitam szczeg6lng uwage na role rdzenia kompleksu, poniewaz uktady zawierajace klastry
o rdzeniu {Ti4O.} wykazywaly wiekszg efektywno$¢ fotokatalityczng niz te o rdzeniu {Ti3O}.
W pracy P2 przeanalizowatam dokladniej wptyw rdzenia okso-kompleksu na aktywno$¢
fotokatalityczng TOCs. Okazato si¢, ze zarowno w $wietle UV, jak 1 widzialnym, najlepsza
efektywnos¢ wykazywat kompozyt zawierajacy zwiazek o rdzeniu {TieOg}. Wynika to z jego
gestej struktury oraz zdolnosci do generowania reaktywnych form tlenu.

W artykule P3 potwierdzono, jak istotne jest generowanie RFT w kontekscie aktywnosci
fotokatalitycznej. Probki, na powierzchni ktérych wykryto aniony O™ i O%, wykazywaty wyzsza
aktywnos$¢ fotokatalityczng niz te, w ktorych obecny byt tylko anion O°. W tej pracy
udowodnitam réwniez, ze kompleksy okso-Ti(IV) wprowadzone do matrycy z poli(e-
kaprolaktonu) (PCL) wykazuja aktywno$¢ fotokatalityczng na poziomie poréwnywalnym
z kompozytami bazujacymi na polimetakrylanie metylu (PMMA).

Wprowadzenie do struktury TOCs ligandow a-hydroksykarboksylanowych (P6) nie wptyne¢to
na poprawg¢ ich aktywnosci fotokatalitycznej w zakresie §wiatta widzialnego, a wigksza liczba
ligandéw alkoholanowych sprzyjala aktywnosci w $wietle UV. Dopiero ich czesciowe
zastgpienie ligandami propionianowymi ([TigOQ4(O'Pr)2(OsCisHs)s (O2CEt)s]) spowodowato

przesunigcie maksimum absorpcji w strong swiatla widzialnego, co pozwolito uzyskaé niemal
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réwng aktywno$¢ zarowno w UV, jak i w §wietle widzialnym. W pracy P6 udowodniono, ze
oba zsyntetyzowane kompleksy rutenu(Ill) wykazuja aktywnos¢ fotokatalityczng w zakresie
Swiatta widzialnego. Jednak poréwnanie ich aktywno$ci z kompleksami okso-Ti(1V) wykazuje,
ze lepszymi fotokatalizatorami sg te ostatnie. Prawdopodobnie wynika to z faktu, ze kompleksy
na bazie Ru(ll1), w odréznieniu od komplekséw Ti(IV), opieraja si¢ na cyklu redoks pomiedzy
Ru(lI11) i Ru(ll), a nie na generowaniu RFT, co skutkuje nizszg aktywnoscig fotokatalityczna.

Waznym kierunkiem moich badan bylo okreslenie aktywnosci przeciwdrobnoustrojowej
TOCs. Z prac P1 — P4 wynika, ze bakterie Gram — dodatnie sg najbardziej wrazliwe na dziatanie
kompozytow zawierajacych TOCs a grzyby C.albicans sg najbardziej oporne. Przyczyn mozna
doszukiwa¢ si¢ w réznicach w budowie $ciany komorkowej miedzy bakteriami a grzybami.
Sciana C. albicans jest najbardziej sztywna i stanowi najwigksza bariere dla RFT, ktore sa
podstawg dziatania kompozytéw zawierajacych TOCs. W pracy P2 najlepsze rezultaty
uzyskaty probki, ktore zawieraja kompleksy o rdzeniach {TisOs} lub {TisO.} stabilizowane
ligandami 9-fluorenokarboksylanowymi. Wynika to z rodzaju i ilosci RFT generowanych na
powierzchni probek, w porownaniu z pozostatymi materiatami. W artykule P3 okreslono takze
wplyw liganda na aktywno$¢ przeciwdrobnoustrojowg TOCs o rdzeniu {TisO.}. Lepsze
rezultaty uzyskano, gdy rdzen byt stabilizowany ligandami 9-fluorenokarboksylanowymi,
w porownaniu do ligandow 4-aminobenzoesanowymi. Dotychczasowe badania mechanizmu
dzialania przeciwdrobnoustrojowego komplekséw, w ktorych rdzen stabilizowany jest
ligandami o-hydroksykarboksylanowymi, wskazuja, ze kluczowe dla tej aktywnosci sg dwa
czynniki: (i) wlasciwosci fotokatalityczne okso — kompleksu, w tym jego zdolnos¢ do
generowania reaktywnych form tlenu, oraz (i1) czynniki strukturalne, szczegdlnie obecnos¢
pierscieni chelatowych, ktére moga wptywac na stabilno$¢ i bioaktywnos$¢ tych zwiazkow (P4,
P5). Zwiekszona aktywnos¢ zwigzku [TigOa(O'Pr)2(0OsCisHs)a(02CEt)s] zostata potwierdzona
obliczeniami DFT i wynika z obecno$ci obszarow bardziej elektroujemnych niz w przypadku
struktury zawierajacej rdzenie {Ti4sO} i stabilizowanej wylacznie ligandami 9-hydroksy-9-
fluorenokarboksylowymi.

Wyniki badan poszerzaja wiedz¢ o zastosowaniu kompleksow tytanu(IV) 1 rutenu(III)
jako fotokatalizatorow. ze szczegdlnym uwzglednieniem aktywnos$ci przeciwdrobnoustrojowe;j
okso-tytanu(IV). Skupiono si¢ na aktywnosci przeciwdrobnoustrojowej kompleksow okso-
tytanu(IV), analizujac wptyw liganda stabilizujacego i struktury rdzenia {Ti.Op}. Otrzymane
wyniki wskazuja na potencjal kompozytéw z nano- 1 mikroproszkami TOCs do tworzenia

samoczyszczacych powierzchni. W dalszych badaniach nalezy zwrédci¢ wigksza uwage na
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fotokatalityczng aktywno$¢ komplekséw rutenu(Ill) w zakresie $wiatta widzialnego, co moze

mie¢ znaczenie dla dalszego wykorzystania zwigzkow tego metalu.
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Abstract: The emergence of a large number of bacterial strains resistant to many drugs or disinfectants
currently used contributed to the search of new, more effective antimicrobial agents. In the presented
paper, we assessed the microbiocidal activity of tri- and tetranuclear oxo-titanium(IV) complexes
(TOCs), which were dispersed in the poly(methyl methacrylate) (PMMA) matrix. The TOCs were
synthesized in reaction to Ti(OR) (R = 'Pr, 'Bu) and HO,CR’ (R’ = 4-PhNH, and 4-PhOH) in a 4:1
molar ratio at room temperature and in Ar atmosphere. The structure of isolated oxo-complexes was
confirmed by IR and Raman spectroscopy and mass spectrometry. The antimicrobial activity of the
produced composites (PMMA + TOCs) was estimated against Gram-positive (Staphylococcus aureus
ATCC 6538 and S. aureus ATCC 25923) and Gram-negative (Escherichia coli ATCC 8739 and E. coli ATCC
25922) bacteria and yeasts of Candida albicans ATCC 10231. All produced composites showed biocidal
activity against the bacteria. Composites containing {Ti4O,} cores and the {TizO} core stabilized by
the 4-hydroxybenzoic ligand showed also high activity against yeasts. The results of investigations
carried out suggest that produced (PMMA + TOCs) composites, due to their microbiocidal activity,
could find an application in the elimination of microbial contaminations in various fields of our lives.

Keywords: antimicrobial activity; oxo-titanium(IV) complexes; polymer-inorganic composites;
physicochemical properties; thermal properties

1. Introduction

The unique physical and chemical properties of materials based on titanium dioxide, i.e.,
photocatalytic activity, hydrophilicity, or strong absorption of UV radiation, contribute to their
wide-application inter alia in various fields of chemical, cosmetics, biomedical, pharmaceutical, and
disinfecting applications [1-5]. The photocatalytic activity of TiO, nanoparticles or nanocoatings,
associated with the electron transfer between the valence band and the conduction one (the O2p-Ti3d
charge transfer transition), which can take place in the presence of photons of wavelengths smaller
than 350 nm (this corresponds to ca. 5% of the daylight), is of particular importance [3,4,6].
The above-mentioned phenomenon initiates the oxidation and reduction reactions, which proceed
on the surface of TiO, nanoparticles/nanocoatings and lead to the formation of the reactive oxygen
species (ROS) responsible for the antimicrobial activity of these materials, among others [3]. Aiming to
extend the absorption range of TiO, in daylight, attention was paid to the oxo-titanium(IV) complexes
(TOCs), which contain {Ti;Oy} cores of different architectures in their structures and their potential
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use as antimicrobial and photocatalytic active substrates [7-11]. These compounds are studied for the
possibility of their use for the photoinduced degradation of organic dyes or water splitting [8,12]. In the
case of TOCs, the electron transfer takes place also between the 2p electron shell of the oxygen atom and
the 3d shell of the titanium atom; however, the presence of ligands, which stabilize the oxo-titanium(IV)
complex cluster, act as photosensitizers, and in this way, the radiation can be absorbed in a wider
range [13,14]. By placing the ligands in the coordination sphere (e.g., carboxylate ligands (-O,CR")),
the orbitals HOMO-LUMO of ligands and the {Ti;Op} core can be mixed. As a result, the distance
for electrons to move is smaller. The charge transfer from the ligands to the cluster core is possible
due to its low-energy absorption band [15,16]. The photocatalytic activity of the oxo-titanium(IV)
complexes, of the different {Ti,O}} core architectures and possessing various carboxylic ligands, was
most often assessed based on the photodegradation processes of organic dye aqueous solutions,
such as methylene orange (MO), methylene blue (MB), and rhodamine B (RB) [16-19]. The samples,
during the photocatalytic experiments were mostly irradiated by UV light in the range 315-400
nm; however, also, visible light was used. Kim et al. studied the oxo-Ti(IV) complexes with the
{TigOs} core, and stabilized by such carboxylate ligands as 4-aminobenzoic, 4-amino-2-fluoro-benzoic,
4-amino-2-chloro-benzoic, 4-amino-3-chloro-benzoic, and 5-dichlorobenzoic acids, the anions were
especially interesting. They showed a direct dependence of oxo-complex photocatalytic activity
versus the way of -O,CR’ group functionalization. This effect is closely related to the change in the
distance between HOMO and LUMO orbitals in the tested compounds [19]. The results of our earlier
studies on the photocatalytic activity of oxo-clusters with {TizO} and {Ti4O,} cores also exhibited a
significant influence in the way carboxylate ligands functionalize [20-22]. According to these works,
the oxo-Ti(IV) complexes stabilized by 9-fluorenecarboxylate and 4-aminobenzonate ligands revealed
the best photocatalytic properties in the photodegradation of the methylene blue (MB) solution [20,21].

An interesting issue that may be related to the photocatalytic activity of oxo-Ti(IV) complexes
are their antimicrobial properties. Nowadays, searching for new antimicrobial materials results from
the necessity of their wide use in everyday life and from their importance in the public health system.
Analyzing the literature data, we turned our attention on the antibacterial activity of compounds
that contain metal-oxo cores, e.g., oxo-iron(Ill) complexes [23] or polyoxometalates [24], in their
structures. The antibacterial assay of the (FesO(PhCO,)s(MeOH)3)(NO3)(MeOH), cluster showed a
significant growth inhibition of Bacillus cereus MTCC 1272, Staphylococcus epidermidis MTCC 3086,
and Salmonella typhimurium MTCC 98 but not of Escherichia coli MTCC 723 [23]. The results of studies on
the antibacterial properties of polyoxometalates against Moraxella catarrhalis seem to be particularly
interesting. It has been revealed that microbiocidal activity of these types of compounds mainly depends
on their composition; metal-oxide anion core shape and size; and the type of the central metal in
MOg unit (M = Mo, V, and W) [24]. Antimicrobial properties have been found in the mixed ligand
titanium dioxide complex, which was produced from TiO, nanoparticles and 8-hydroxyquinoline and
glycine as the ligands [25]. This complex showed good antifungal activity against Alternaria alternata,
Rhizoctania solani, Helminthosporium oryzae, Fusarium oxysporum, Curvularia lunata, and Aspergillus niger,
as well as antibacterial activity against Salmonella, E. coli, S. epidermis, and Enterococcus faecalis. However,
this compound did not show biocidal activity against Aspergillus fumigatus, Aspergillus terreus, Trichoderma
viride, and Cladosporium herbarium [25]. The investigations of Kaushal et al. revealed the promising
biological activities of titanium complexes synthesized by reacting to TiCly with Schiff bases (SBs) [26,27].
The synthesized complexes were tested for their antimicrobial activity against pathogenic bacterial
strains i.e., B. cereus MTCC 6728, Micrococcus luteus MTCC 1809, S. aureus MTCC 3160, S. epidermidis
MTCC 3086, Aeromonas hydrophila MTCC 1739, Aclaligenes faecalis MTCC 126, Shigella sonnei MTCC 2957,
Klebsiella pneumoniae MTCC 3384, Pseudomonas aeruginosa MTCC 1035, and S. typhimurium MTCC 1253.
The (TiCl,(SB);) complexes showed higher antimicrobial activity than their parent Schiff bases [27].
The analysis of the literature reports have shown that the antimicrobial activity of multinuclear
oxo-titanium(IV) complexes have not been fully explored so far. Attention should be drawn to the
results of the study by Svensson et al., which revealed the antibacterial activity of the oxo-complexes that



Int. ]. Mol. Sci. 2020, 21, 9663 30f18

consisted of {Ti4O,} cores stabilized by two triclosan ligands against S. aureus [28]. However, in this case,
the antibacterial activity of the hydrolyzed form of synthesized complex was studied by the authors.

It should be noted that all the above-mentioned antimicrobial agents can be used in liquid form,
which distinguishes them from TOCs systems, which are discussed in the presented paper. The studied
compounds (TOCs) containing {TizO} and {TizO,} cores due to their hydrophobic natures and their
resistance to hydrolysis processes [20-22] were dispersed in a poly(methyl methacrylate) (PMMA)
matrix (i.e., films (PMMA + TOCs) were produced). The aim of our investigations was the synthesis
of a (PMMA + TOCs) composite characterized by very high surface antimicrobial activity. PMMA
is an important material, which, due to sufficient mechanical properties and minimal inflammatory
response, is used in different fields of our lives—inter alia, in dentistry [29]. An important direction of
the research related to the use of PMMA-based materials is their modification aimed to improving
their antimicrobial activity. This effect can be achieved by the addition of inorganic agents such as
silver nanoparticles, titanium dioxide, a mixture of titanium dioxide and silicon dioxide nanoparticles,
and anion powder (NaSiO3) [29-34]. In this paper, the results of the modification of the PMMA
films by the introduction of TOC micro-grains are discussed. The influence of TOC structures on the
physicochemical properties and photocatalytic and microbicidal activity of the PMMA + TOC systems
was assessed.

2. Results

Studied oxo-complexes (TOCs) were isolated from a the reaction mixture of appropriate titanium
alkoxides and organic acids (4:1 alkoxide: acid molar ratio) at room temperature (RT) and at an
inert gas atmosphere (Ar, Schlenk line), according to earlier described procedures (Table 1) [20-22].
4-aminobenzoic acid (HOOC-4-PhNH;) and 4-hydroxobenzoic acid (HOOC-4-PhOH) were used in
these reactions. The type of the titanium alkoxide (OR; R = Pr and 'Bu) is the factor that directly
influences the {Ti,Oy} core architecture.

Table 1. The compositions of the reaction mixtures. THF: tetrahydrofuran.

4:1 Molar Ratio Isolated
Ti(OR)4 HOOCR’ Solid Product Solvent
Ti(O'Pr); HOOC-4-PhNH, 1) THF/'PrOH
Ti(O'Pr); HOOC-4-PhOH ) THF/\PrOH
Ti(O'Bu)y HOOC-4-PhNH, (3) Toluene
Ti(O'Bu)y HOOC-4-PhOH 4) THF/'BuOH

Unfortunately, the weak quality of the formed crystals that caused the structure of isolated solid
reaction products were determined based on the analysis of IR, Raman spectra (Figures 1 and 2 and
Table 2), and mass spectrometry ones (Table 3).
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Figure 1. IR and Raman spectra of the (1) and (2) complexes.
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Figure 2. IR and Raman spectra of the (3) and (4) complexes.
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The vibrational spectra analysis of the (1)-(4) compounds (Table 2) confirmed the presence of
the coordinated carboxylate ligands 1514-1536 cm™! v,5(COO)) containing 1,4-substituted Ph groups
780-784 cm™! (v(CH), IR spectra) functionalized by NH, or OH groups (3100-3500 cm~!) and, also,
alkoxide groups 1014-1036 cm~! and 948-988 cm™! (v(Ti-OR)) in their structures. The identification of
normal vibrations bands, which descended from titanium-oxide bridge modes, was the spectral proof
of the formed {Ti, Oy} core type. For this purpose, the results of our previous DFT calculations were
used [20-22]. The medium bands at 483 and 483 cm™! in the IR spectra of (1) and (2) and weak and
very weak bands, which were found at 719-728 em™!, 539-564 cm ™!, and 342-419 em ™! in the IR and
Raman spectra of these compounds, were attributed to vibrations of {Tiz-(p3-O)} cores (Figure 1 and

Table 2).

Table 2. Results of the vibrational spectra studies of the (1)-(3) complexes (the band intensity: strong (s),

middle (m), weak (w), very weak (vw).

(2

3)

@

Modes IR R IR R IR R IR R
v(OH)
Nt 3200-3450 3162 (w)  3300-3500 3200-3450 3175 (w)  3300-3500
¥(CC) (Ph) }ggf ((;‘1‘)) 1603 (s) igg; ((rr;‘)) 1595 (s) 11665; ((:1‘)) 1602 (s) }gg; ((rr:)) 1594 (s)
5(NH,) 1587 (m) 1589 (m)
Vas(COO) gi’g’ ((ﬂ)) 1524 (m) g’f’gg)) 1519 (w)  1523(m) 1524 (m) };’i’g EV“V‘)) 1518 (w)
v5(CO0) 1462 (w) 1436 (m) 1464 (w) 1450 (w) 1497 (m) 1459 (w) 1498 (m) 1445 (w)
5(NH,) 1362 (m) 1306 (m) 1299 (m) 1300 (m)
V(C-0)+5(CC) 1014 (s) 1016 (m) 1036 (m) 1016 (m)
V(Ti-OR) + 986 (m) 988 (m) 971 (m) 988 (m)
VCO)+5(CH)  949(m) 0 g5imy 8B gey 8O g5y 88
V(CH) 1,4Ph 780 (m) 782 (m) 784 (s) 782 (m)
4 750 (w) 747 (vw) 755 (vw)
V(Tia-(13-0) 728 (w) 79w) 727 (vw) 8 wW)
+(Tip-(n-0) 703(m) 690 (vw)  702(m) 687 (vw)
V(Tig-(ng-O) 639 (m) 623 (w) 634 (m) 610 (vw)
5(CCC) 683 (w)  62(m)  70l(w)  678(m)
666(m)  605(w)  638(m) 638 (w)
622 (m) 629 (w)
V(Tis-(113-0) 561 (w) 564 (w) 539 (vw)
V(Tig-(14-O) 532 (m) 548 (vw) 556 (m) 536 (vw)
532(w) 510 (w)
! 486 (m) 483 (m)
V(Ti~(3-0) 417 (w) 419 (w)
V(Tiz-(u3-O) 342 (vw) 350 (vw)
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Analysis of the electrospray ionization-mass spectrometry (ESI-MS) spectra of (1) and (2) confirm
the presence of peaks, which can be assigned to the fragmentation ions containing {Tiz-(p3-O)}
cores (Table 3). Considering these data, we can state that the trinuclear oxo-Ti(IV) complexes,
i.e., [TizO(O'Pr)g(0,C-4-PhNH,),] (1) and [TizO(O'Pr)g(O,C-4-PhOH),] (2) were isolated from the
4:1 reaction mixture of Ti(O'Pr), and HO,CR’; R’ = 4-PhNH, and 4-PhOH using the tetrahydrofuran
(THF)/Pr'OH (1:1 mixture) as a solvent. The bands, which were detected at 702 and 703 cm™! and
687 and 690 cm™! in the IR and Raman spectra of (3) and (4), were attributed to stretching modes
of Tis(1s-O) bridges, whereas bands at 634-639 cm™! and 532-556 cm™! (IR) and 687-690 cm™! and
536-548 cm~! (Raman) were assigned to vibrations of Tis-(1-O) bridges of {Ti4O,} cores (Figure 2
and Table 2). Additionally, in these cases, the presence of peaks attributed to fragmentation ions
containing {Ti4O,} cores in MS spectra of (3) and (4) confirms the tetranuclear structures of these
complexes (Table 2). The results obtained indicate the isolation of the tetranuclear Ti(IV) oxo-complexes
[Ti4O2(O'Bu)1(0,C-4-PhNH,),] (3) and [TigO»(O'Bu);¢(O,C-4-PhOH),] (4) from the mother liquor
composed of a 4:1 mixture of Ti(O'Bu) and the above-mentioned organic acids and a 1:1 mixture of
THF and Bu'OH as a solvent.

Table 3. The results of electrospray ionization-mass spectrometry (ESI-MS) spectra studies of the (1)—(4)
complexes. TOCs: tetranuclear oxo-titanium(IV) complexes.

TOCs mfz Fragmentation Ion Intensity (%)

[Ti3O(O'Pr)g(0,C-4-PhNH,),] (1) 768 (TizO(O'Pr)g(0,C-4-PhNH,))* 8
550 (Ti3O(O'Pr), (0O, C-4-PhNH,))* 36

[Ti3O(O'Pr)g(0,C-4-PhOH),] (2) 847 (Ti3O(O'Pr);(0,C-4-PhOH),)* 26
769 (Ti3O(O'Pr)g(0O,C-4-PhOH))* 90

[TizO5(O'Bu)19(0,C-4-PhNH;,),] (3) 1080 (Ti4O5(O'Bu)g(O2C-4-PhNH, ))* 5
881 (TizO5(O'Bu)g)* 5

[TiyO5(O'Bu)1g(02C-4-PhOH),] (4) 1229  (TizO»(O'Bu)9(0>,CPhOH),) + H* 8
945 (TizO5(O'Bu)g(O,CPhOH))* 10

2.1. UV-Vis Diffuse Reflectance Spectra (UV-Vis-DRS) of the (1)—(4) Oxo-Complexes and HOMO-LUMO
Gap Determination

UV-Vis-DRS spectra of the (1)-(4) oxo-complexes were registered at room temperature using
magnesium oxide as a standard reference (Figure 3). The HOMO-LUMO gap values were determined
basing on the Kubelka-Munk (K-M) function versus light energy, i.e., K = f(hv), where K = (1-R)%2R
and R is the reflectance, which was used for the optical band gap determination (Figure 3). According
to these data, trinuclear oxo-complexes (1) and (2) exhibit absorption on the border of the UV and Vis
range, Amax = 400 nm for (1) and Amax = 360 nm for (2), and with a sharp absorption edge at ca. 520 nm
and 480 nm for complexes (1) and (2), respectively (Figure 3a). The wide absorption bands with maxima
at 405 nm and 390 nm and with the same sharp absorption edge at 500 nm were found in the spectra of
(3) and (4), respectively (Figure 3b). The determined HOMO-LUMO energy gap values (AE) revealed
significant differences between the oxo-complexes with a different type of stabilized carboxylate groups.
The lowest AE values were found for (1), AE = 2.0 €V, and (3), AE = 2.15 €V, i.e., oxo-complexes
containing -O,C-4PhNH), ligands. The HOMO-LUMO energy gap values of complexes that contain
the -O,C-4-PhOH groups in their structures were the highest and were equal to AE = 2.38 eV for (2)
and AE = 2.25 eV for (4) (Figure 3).
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Figure 3. Solid-state UV-Vis-diffuse reflectance spectra (DRS) of the (1)-(4) micro-grains (the left
side) and Kubelka-Munk function versus light energy plot for the HOMO-LUMO gap determination
(the right side): (a) [Ti3O(O'Pr)g(0,CCyH4NHS,);] (1) and [TizO(O'Pr)g(0,CCeH4OH);] (2) and (b)
[Ti4O2(0'Bu)19(02CCeH4NHy);] (3) and [TigO2(O'Bu)19(O,CCeHyOH) | (4).

2.2. (PMMA + TOC) Composites

The photocatalytic properties of the (1)-(4) titanium(IV) oxo-complexes (TOCs) and their
antimicrobial activity were estimated using (PMMA + TOC) composite foils produced by the dispersion
of 20 wt.% TOC micro-grains in the PMMA matrix [21,22]. SEM images, presented in Figure 4, show
that composite foils (PMMA + (1), (2), and (4)) contain the dispersed TOC grains of diameters 100-300
pum. In the case of (PMMA + (3)), fine grains (of diameters 3-5 um) of the oxo-complex that may form
larger aggregates are dispersed in the polymer matrix. The registration of Raman microscopy maps
allowed to investigate the TOC grain presence and distribution in the PMMA matrix (Figure 5).

(PMMA +1(1)) (PMMA + (2))

Figure 4. SEM images of poly(methyl methacrylate) (PMMA) + TOCs and TOCs= (1)—(4) composites
dispersed in the PMMA matrix.
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Figure 5. Raman microscopy maps, registered for PMMA + TOC composites (TOCs (2) and (4)).
The Raman spectra, in selected points (a)—(c) on the surface of PMMA + TOCs, are presented alongside.

An analysis of the Raman spectra of composite foils proved the presence of tri- and tetranuclear
titanium(IV) oxo-complexes of the earlier determined structure. The use of an ultrasonic bath for the
dispersion of TOC grains in the polymer solution allowed the appropriate uniform distribution of the
fine grains of TOCs throughout the entire polymer volume (Figure 5). However, probably, the solvent
evaporation led to the formation of larger TOC grains and places dominated by the polymer.

2.3. Thermal Analysis of PMMA/TOC Composites

The use of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) allowed
the thermal characterization of (PMMA + TOCs) composites and the PMMA matrix in the temperature
range 30-500 °C at inert atmosphere. The results of these investigations are presented in Table 4 and
Figure 6. The analysis of the TGA data of all studied samples revealed a slight weight loss (10-15%),
which occurred below 280 °C (I Stage), and the major one (70-85%) between 280 and 450 °C (II Stage).
Considering the previous investigations, Stage I can be attributed to the loss of the residual solvent
and/or monomer, while Stage II was due the samples’ thermal decomposition [35,36].

Table 4. Thermal parameters received from thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) of the poly(methyl methacrylate) (PMMA) and (PMMA + TOCs) composites (Tg = glass
transition temperature, T = evaporation temperature of an unreacted monomer, Ty, = melting temperature.

Tmax = temperature in the thermal transition maximum, Am = thermal transition weight loss).

DSC TGA
. o o o Stage I Stage II Solid Residue
Composite  Tg/’C  T/°C Tw/’C 1 oCAM/%  Tpa/°C/Am/%  at450°C (%)
PMMA 99.6 150.8 368.6 194.9/12 365.1/85 3
(PMMA +(1)) 100.6 - 370.4 188.2/12 367.8/70 18
(PMMA+(2)) 101.2 - 375.7 183.9/11 365.4/74 15
(PMMA+(3)) 99.0 - 377.8 159.9/15 372.7/76 9
(PMMA+(4)) 115.2 - 364.5 171.0/10 374.0/79 11
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Figure 6. Thermogravimetric curves (TGA) (a,c) and the differential scanning calorimetry curves of
(DSC) (b,d) of the produced composite materials (PMMA + (1)—(4)) and PMMA.

An analysis of the DSC thermograms exhibits that the PMMA matrix has a glass transition
temperature (Tg) at 99.6 °C, while the exothermic region at 150.8 °C (T), according to previous reports,
can be assigned to the evaporation of an unreacted monomer [37] (Figure 6d). The latter effect in the DSC
curves of (PMMA + (1)-(4)) samples was not observed. The endothermic peak at 368.6 °C, which was
found on the PMMA DSC thermogram, can be assigned to the PMMA melting temperature (Tp,).
In the case of composite films enriched with (1), (2), and (3) oxo-complexes, the strong endothermic
peaks appear at 370.4 °C, 375.7 °C, and 377.8 °C; this is above the Ty, of the pure PMMA matrix.
The exception is (PMMA + (4)), for which the T, was registered at about 364.5 °C.

2.4. Estimation of Photocatalytic Activity of the (1)—(4) Oxo-Complexes

The photocatalytic activity of the (PA + TOCs) systems, with TOCs (1)—(4), was estimated on the
basis of the photodecolorization process of the methylene blue (MB) solution irradiated in the UVA
range, according to the ISO 10678:2010 procedure [38,39]. The changes of MB concentrations versus
irradiation times for the studied (PMMA + TOCs) composites and the reaction observed rate constants
are presented in Figure 7 and Table 5. According to these data, the (PMMA + (3)) and (PMMA + (4))
composites exhibit the best photocatalytic activity. Simultaneously, in the case of the (PMMA + (1)) and
(PMMA (2)) samples, the very weak photocatalytic activity that was noticed (PMMA + (1)) has activity
similar to the pure PMMA (difference in absorbance during 180-min measurements, AA1gy = 0.011).
The calculated values of AA1gg are presented in Table 5. Moreover, the photodegradation of Rhodamine
B of the above-mentioned composite films was carried out under VIS light, and the obtained results
are presented in Figure 7 and in Table 5 [40].
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Figure 7. Changes in the concentrations of the methylene blue (MB) and Rhodamine B (RhB) solutions
as a function of time for the respective composite materials irradiated with UV and Vis light.

Table 5. Organic dye decolorization percentages and AAjgy parameters for the studied reactions in
relation to the composites.

. . . AA180
a (o,

Composite MB Decolorization 2 (%) AA1so in Reference to PMMA
PMMA+(1) 6.70 0.067 -0.001
PMMA+(2) 5.50 0.055 -0.013
PMMA+(3) 9.97 0.100 0.032
PMMA+(4) 10.42 0.104 0.036

PMMA (irradiated) 6.76 0.068 -
Composite RhB Decolorization P (%) AAi1go Adiso

in Reference to PMMA
PMMA+(1) 0.73 0.007 -0.004
PMMA+(2) 0.92 0.009 -0.002
PMMA+(3) 1.14 0.011 0
PMMA+(4) 1.75 0.018 0.007
PMMA (irradiated) 1.14 0.011 -

2 Methylene blue (MB) decolorization at the end of the measurements (t = 180 min). b Rhodamine B (RhB)
decolorization at the end of the measurements (t = 180 min).

2.5. Antimicrobial Activity of (PMMA + TOCs) Composites

The results of the (PMMA + (1)-(4)) antimicrobial activity tests against Gram-positive (S. aureus
ATCC 6538 and S. aureus ATCC 25923) and Gram-negative (E. coli ATCC 8739 and E. coli ATCC 25922)
bacteria and yeasts of Candida albicans ATCC 10231 of (PMMA + TOCs) composites, where TOCs (1)—(4)
are presented in Table 6. According to these data, all of the (PMMA + TOCs) composites showed high
antimicrobial activity against all tested bacteria (R between 2.5-6.0). In case of tests performed on the
yeasts of C. albicans biocidal activity, R > 2 or 99% was found for PMMA (2)—(4)—namely, the complex
containing the {Ti3O} core and stabilized by the 4-hydroxybenzoic ligand, as well as for complexes
with {TiyO,} cores but not for PMMA (1), which is a complex with a {Ti3O} core and stabilized by the
-O,C-4-PhNH, ligand.
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Table 6. Antimicrobial activity of the (PMMA +TOCs) systems (R = biocidal rate (%), R% = reduction percentage).

PMMA+ (1) PMMA+ (2) PMMA+ (3) PMMA+(4)
R R% R R% R R% R R%

E. coli ATCC 8739 25 99.6 6.0 >99.99 6.0 >99.99 6.0 >99.99

E. coli ATCC 25922 3.3 99.95 60 >9999 60 >9999 6.0 >99.99
S. aureus ATCC 6538 6.0 >99.99 6.0 >9999 6.0 >99.99 6.0 >99.99
S. aureus ATCC 25923 6.0 >99.99 6.0 >9999 6.0 >99.99 6.0 >99.99
C. albicans ATCC 10231 1.7 85.0 60 >9999 60 >9999 6.0 >99.99

R > 2is a biocidal effect when the microbial growth is reduced at least 100 times (99.0%).

Microorganisms

3. Discussion

The multinuclear oxo-titanium(IV) complex applicability as a potentially new group of agents
with antimicrobial properties was assessed based on carried out investigations. Considering the results
of previous works, the oxo-clusters forming the small {Ti,Op} core structures (i.e., {Ti4O,} and {TizO}),
and stabilized by -O,C-4-PhR’ (R” = -NHj, -OH) ligands have been chosen to further microbiological
experiments [20-23]. The complexes were isolated as micro-grain powders from the reaction mixtures
of appropriate titanium alkoxides and organic acids (4:1 molar ratio) at room temperature and in
inert atmosphere. The structure of the isolated compounds such as (Ti;O(O'Pr)g(O,C-4-PhR’),)
(R’ =-NH, (1), -OH (2)), (Ti4O(O'Bu)1¢(0,C-4-PhR’),) (R’ = -NHj, (3), and -OH (4)) were determined
as a result of IR, Raman, and ESI-MS spectra analyses. Studies of UV-Vis-DRS spectra revealed that the
absorption maximum of the (1)—(4) compounds is shifted towards the visible range, i.e., 360-405 nm,
with a sharp absorption edge between 480-520 nm (Figure 3). The results of the previous investigations
proved that the {Ti,Op} cores were absorbed in the UV range, which is due to the O2p-Ti3d charge
transfer transition [41]. The shifting of the absorption to the visible range, which was registered in
the spectra of the (1)—(4) compounds, can be explained by the ligand-to-core charge transfer (LCCT)
from the -O,CR’ (R” = 4-PhNH, or 4-PhOH) ligands to the tri- or tetranuclear titanium-oxo cores.
A similar effect was discussed by Cui et al. for a group of multinuclear Ti(IV)-oxo complexes stabilized
by 4-chlorosalicylate ligands [42]. The designated values of the HOMO-LUMO gap energy for the
studied oxo-complexes changes in the row (1) < (3) < (4) < (2) (Figure 3). The analysis of these
data confirms that the type of carboxylate ligand, which stabilizes the {Ti,Oy} skeleton, is the main
factor allowed to effectively control the HOMO-LUMO energy gap of multinuclear oxo-complexes.
This effect was highlighted during earlier studies of Ti(IV)-oxo clusters of similar core structures and
significant different carboxylate ligands [13,14,21,22,41,42]. The influence of the {Ti;O}} cluster core
size on the HOMO-LUMO energy gap (Eg) is definitely more negligible, e.g., the results of Cui et al.’s
investigations revealed that, for the {Ti;O}, {Ti;;O9}, and {Ti;4O15} clusters stabilized by O'Pr and
4-chlorosilicylate ligands, the Eg values were 3.0, 2.8, and 2.9 eV, i.e., they differed from each other
by 0.1 and 0.2 eV [42]. In the case of the studied {Ti3O} ((1) and (2)) and {Ti4O} ((3) and (4)) clusters,
these differences amounted to 0.13 and 0.15 eV, respectively (Figure 3).

The research carried out led to the isolation of micro-grained powders of TOCs containing {TizO}
((1) and (2)) and {Ti4O;} ((3) and (4)} cores, in which the absorption maximum was shifted towards
the UVA-Vis range in comparison to TiO; (UV, Apax = 300-350 nm [43]). The type of the carboxylate
ligand, which stabilizes the {Ti,Op} core, influences the HOMO-LUMO gap values (AE), i.e., AE (1)
and (2) < AE (3) and (4).

Due to the hydrophobic characters of studied powders, their photocatalytic and microbiocidal
activity were estimated using (PMMA + TOCs) composite films of 0.25-0.50-um thickness. The analysis
of the SEM images proved that the uniform dispersion of TOC fine grains (3-5 pm) in the PMMA
matrix was found only in the (PMMA + (3)) composite, while, in the cases of (PMMA + TOCs and
TOC = (1), (2), and (4)) composites, the studied materials contained the dispersed, larger (100-300 um)
TOC grains (Figure 4). The nonuniform distribution of TOCs in composite films revealed the analysis
of Raman microscopy maps of the (PMMA + (2) and (4)) films (Figure 5). The large grains of TOCs



Int. J. Mol. Sci. 2020, 21, 9663 11 0f 18

are separated from each other by the pure polymer sites and by the areas that are formed by fine
grains dispersed in PMMA matrices. The thermal characterization of (PMMA + (1)—(4)) showed a
lack of significant differences between their thermal properties and the PMMA matrix. However,
higher thermal decomposition temperatures of composite films versus the pure polymer indicate that
the Ti(IV)-oxo complex addition to the PMMA matrix improves its thermal stability. A similar effect
was observed for the PMMA matrix containing 20% BaTiOs [37]. While analyzing the data presented
in Table 3, attention should be paid to the differences in the thermal stability of (PMMA + TOCs)
composites resulting from the type of added oxo-cluster. The dispersion of trinuclear oxo-complexes
in the PMMA matrix slightly improves the thermal stability of the composite in comparison to the
pure polymer, i.e., 0.3-2.7 °C, while this difference is clearer and was found to be 7.6-8.9 °C for the
tetranuclear ones (Table 4).

For the reason that studied oxo-complexes can be a potential source of the reactive oxygen species
(ROS), before the antimicrobial tests, their photocatalytic activity was determined. Luo et al. [18] and
Lv et al. [44] demonstrated the promising photocatalytic activity of the oxo-Ti(IV) clusters dispersed in
solutions of MO (methyl orange) and MB. Considering the potential application of TOCs (i.e., (1)—(4))
clusters, as an antimicrobial agent introduced to the polymer matrix (e.g.,, PMMA), the photocatalytic
activity assessment was made for their (PMMA + (1)—(4)) composites. Our earlier studies drew our
attention to the good photocatalytic activity of (TigO2(O'Pr)19(O,C-4-PhNH,),), which the 20 wt.%
addition to the polystyrene (PS) matrix or PMMA was one, clearly improved the photodecolorization
effect of methylene blue (MB) solution [21,22]. Additionally, trinuclear systems exhibited good
photocatalytic activity, which, in the case of (Ti3O(O'Bu)g(O,CR’),), (R’ = -C13Hy, -3-PhNO,) was
proven to be better than for the appropriate tetranuclear oxo-Ti(IV) systems [22]. In the case of the
(PMMA + (1)—(4)) films, the best photocatalytic activity revealed the (PMMA + (4)) system irradiated
with UVA and Visible light for the MB solution and RhB one, respectively. The PMMA film containing
uniformly dispersed fine grains of (3) showed slightly weaker activity also in the UVA-Vis range.
Cui et al. drew attention to the importance of the size of the oxo-cluster and the related specific surface
area [42]. In our case, the cluster size was similar, while the sizes of the grains dispersed in the PMMA
matrix were different (Figure 4), which can be associated with the influence of the grain surfaces on
their photocatalytic activity. It is interesting that a decrease the of TizO core size of the oxo-clusters
influences the significant decrease of the (PMMA + TOCs) composites (where the TOC (1) and (2)) have
photocatalytic activity, especially in Vis range, and practically no significant changes in UV activity.

The (PMMA + TOCs) systems were sterilized with the use of UVC light, which, according to our
UV-Vis-DRS measurements, did not activate the studied samples. In the next stage, the samples were
irradiated with natural indoor light directly before inoculation with microorganisms. Considering the
results of our earlier works regarding the photocatalytic activity of the (polymer + TOCs) systems [21,22],
we assumed that the antimicrobial mechanism of the action of the TOCs could be similar to that
of the TiO,-assisted ultraviolet treatment (TUV). TUV is a well-known technique used in water
disinfection [45,46] or the food industry [47] for the inactivation of microorganisms. The degree of
photoinduced deactivation of the microorganisms depends on various treatment parameters, the nature
of the microorganisms, and environmental conditions [45,48]. The mechanisms for the bactericidal
action of TiO, photocatalysis are associated with the generation of reactive oxygen species (ROSs),
such as superoxide radical anion (O,7-), hydrogen peroxide (H,O,), and hydroxyl radical (OH-),
which cause oxidative damage to living organisms [47,49]. Many authors suggested that the cell
membrane is the primary site of ROS attack [50-52]. This attack of the cell membrane by ROS induce
lipid peroxidation. The cell membrane damage directly leads to the leakage of minerals, proteins,
and genetic materials, which is the root cause of cell death [51]. Apart from the cytoplasmic membrane,
the supercoiled plasmid DNA, genomic DNA, and internal organelles are destructed when the bacteria
are exposed to TUV [47]. Similar mechanisms of PMMA coated with TiO, action against E. coli and
S. aureus were suggested by Su et al. [49]. Moreover, they claimed that a further oxidative attack
of internal cellular components accelerates the cell death and, ultimately, results in the decrease of
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the survival ratio of both tested bacterial strains, namely S. aureus and E. coli BL21. Furthermore,
Pan et al. [53] evaluated the antibacterial properties of nano-trititanate (H; Ti3O; nanomaterial) against
E. coli MC1061 and observed that the bactericidal capabilities of these nano-trititanates were more
significant compared to nano-TiO;, both with and without exposure to UV light. Various nano-titanates
activated with UV light inhibited the bacterial growth in the range of 11.9-57.1%, while these
nonirradiated in the range of 25.7-94.7%. The dependence between the photocatalytic properties and
antimicrobial activity was also noticed for studied foils of (PMMA + TOCs) composites, containing
the 20 wt.% of (1)-(4) TOCs. The weakest biocidal activity was observed for the (PMMA + (1)),
which simultaneously showed the worst photocatalytic properties, even irradiated by the light in
the UVA-Vis range. The photocatalytic activity of the (PMMA + (2)—(4)) films was higher, which
can explain the strong inhibition of microorganism growth (>99.99%) on their surfaces. It should
be noted that the biocidal activity of the (PMMA + TOC) composite films was assessed for 20 wt.%
of TOC micro-grain contents due to our earlier studies of (polymer + (3)) composite photocatalytic
activity (polymer PS and PMMA) [22]. Although ROS generation is the main proposed mechanism
of antimicrobial activity of titanium nanomaterials or titanium nanomaterial-containing complexes,
the other mechanism of action should be also considered. It is well-known that some nanomaterials,
especially metal-based ones, exhibit strong inhibitory effects towards a broad spectrum of bacterial
strains. It is claimed that the biocidal effect of these materials, including titanium oxide nanoparticles,
results from the “electromagnetic” attraction between the microbe and metal oxide nanoparticles,
as microorganisms carry a negative charge while metal oxides carry a positive charge [54]. Overall,
metal-based nanoparticles may interact with the sulfur-containing proteins present in the cell envelopes
causing irreversible changes in the cell wall structure, resulting in its disruption and affecting the
permeability of the cell membrane by altering transport activity through the plasma [55] or disrupting
the ATP production [56]. Nanoparticles can further penetrate inside the microbial cells and interact
with ribosomes and biomolecules such as proteins, lipids, and DNA, which may alter translation,
replication, and other processes in microbial cells. Moreover, the ion release, as a secondary oxidation
process, contributes to the biocidal properties of nanomaterials. Metal ions also affect the losses in the
ability to replicate DNA, translation process in ribosomes, and protein activities [57-59]. They can
affect membrane transport and the release of potassium (K*) ions from the microbial cells. The increase
of membrane permeability caused by both nanomaterials and released ions may lead to the leakage of
cellular contents, including ions, proteins, reducing sugars, and, sometimes, cellular energy reservoirs
(ATP) [58,60-62]. It should, however, be noted that the above-mentioned mechanism can be the result
of the direct contact between the nanoparticles and bacterial cell. In the discussed case, the TOC
micro-grains were surrounded by the polymer matrix, thus limiting their mutual contact. Therefore, the
received results suggested that a mechanism based on the ROS formation seems to be the most probable.

In further investigations, the lowest but still highly active content of TOCs as an antimicrobial
agent in the polymer matrix should be determined. Moreover, the possible cytotoxicity of studied
(PMMA + TOCs) composites should be assessed, which is extremely important in the case of the
potential biomedical applications of these systems. The antimicrobial activity of nanomaterials prevents
bacterial adhesion and biofilm formation. This activity is especially important for medical applications
of nanomaterials or nanomaterial-containing composites. Biofilms protect the underlying microbes
from antibiotics and host defense mechanisms and, thus, may lead to serious infections. Moreover, the
antimicrobial properties of nanomaterials may be used to prevent microbial contaminations that cause
food spoilage, the spread of foodborne diseases, and bio-fouling of materials [29,63].

4. Materials and Methods

4.1. Materials

Titanium(IV) isopropoxide (Aldrich, St. Louis, MO, USA), titanium(IV) isobutoxide (Aldrich,
St. Louis, MO, USA), 4-aminobenzoic acid (Aldrich, St. Louis, MO, USA), and 4-hydroxybenzoic
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acid (Aldrich, St. Louis, MO, USA) were purchased commercially and were used without further
purification. All solvents used in the synthesis, i.e., tetrahydrofuran (THF), isobutanol (HO'Bu),
and isopropanol (HO'Pr) were distilled before their use and stored in argon atmosphere. The processes
of Ti(IV) oxo-complexes synthesis were carried out using the standard Schlenk technique in the inert
gas atmosphere (Ar) and at room temperature (RT).

4.2. Synthesis of Ti(IV) Oxo-Complexes (TOCs) and (PMMA +TOCs) Composites

The synthesis of [Ti3O(O'Pr)g(0,CCcH4NH,), ] (1): 0.12 g of 4-aminobenzoic acid (0.875 mmol)
was added to the solution of 1-mL titanium(IV) isopropoxide (3.5 mmol) in 2 mL of THF/Pr'OH (1:1),
leading to a clear yellow solution. The solution was left for crystallization. The yield based on acid:
68% (0.31 g). Anal. Calc. for C33Hgs0O13TizNy: C, 50.44; H, 7.52; N, 3.10; Ti, 15.93. Found: C, 50.38; H,
7.48; N, 2.99; Ti, 15.96.

The synthesis of [Ti3O(O'Pr)g(0,CCcH4OH), ] (2): 0.12 g of 4-hydroxybenzoic acid (0.875 mmol)
was added to the solution of 1-mL titanium(IV) isopropoxide (3.5 mmol) in 2 mL of THF/Pr'OH (1:1),
leading to a clear yellow solution. The solution was left for crystallization. The yield based on acid:
74% (0.33 g). Anal. Calc. for C3gHgsO15Tis: C, 50.33; H, 7.28; Ti, 15.89. Found: C, 50.81; H, 7.22;
Ti, 15.80.

The synthesis of [TisO(O'Bu)1(02CCH4NH,),] (3): complex was synthesized, as reported [21].
0.12 g of 4-aminobenzoic acid (0.875 mmol) was added to the solution of 1.19-mL titanium(IV)
isobutoxide (3.5 mmol) in 2 mL of toluene, leading to a clear yellow solution. The solution was left
for crystallization. The yield based on acid: 41% (0.22 g). Anal. Calc. for C54H10,014TigNj,: C, 52.86;
H, 8.38; N, 2.28; Ti, 15.61. Found: C, 53.14; H, 7.83; N, 2.05; Ti, 15.56.

The synthesis of [Ti4O,(0O'Bu)19(0,CCcH4OH),] (4): 0.12 g of 4-hydroxybenzoic acid (0.875 mmol)
was added to the solution of 1.19-mL titanium(IV) isobutoxide (3.5 mmol) in 2 mL of THF/Bu!OH
(1:1), leading to a clear yellow solution. The solution was left for crystallization. The yield based on
acid: 63% (0.30 g). Anal. Calc. for C54H;00O15Tis: C, 52.77; H, 8.14; Ti, 15.64. Found: C, 51.36; H, 7.92;
Ti, 16.01.

The polymer foils containing 20 wt.% of synthesized Ti(IV)oxo-clusters (TOCs) were prepared by
an addition of the solution of the TOC solution (ca. 0.25 g of (1)—(4) TOCs were dispersed in 1 cm? of
THF) to the poly(methyl methacrylate) (PMMA) solution (1.0 g of PMMA dissolved in 5 cm? of THF).
The resulting mixtures were stirred in an ultrasonic bath for 120 min; in the next step, they were poured
into a glass Petri dish and left for the evaporation of the solvent at RT. The composite foil thickness ca.
50 um were characterized by Raman and IR spectroscopy and scanning electron microscopy.

4.3. Analytical Procedures

The structures of the isolated solid reaction products (crystals and powders) were confirmed
using vibrational spectroscopy methods, i.e., IR spectrophotometry (Perkin Elmer Spectrum 2000
FTIR spectrophotometer (400-4000 cm~! range, KBr pellets)) and Raman spectroscopy (RamanMicro
200 spectrometer (PerkinElmer, Waltham, MA, USA)). Raman spectra were registered using a laser
with the wavelength 785 nm, with a maximum power of 350 mW, in the range 200-3200 cm™?,
using a 20 x 0.40/FN22 objective lens and an exposure time of 15 s each time. Elemental analyses
were performed on an Elemental Analyser vario Macro CHN Elemental Analyser vario Macro CHN
Elementar Analysen Systeme GmbH (Elementar, Hanau, Germany). The mass spectra were recorded
using the ESI-MS method using a QToFSynapt G2 Si (Waters Corporation, Mundelein, IL, USA)
spectrometer. The main measurement parameters: capillary voltage: 2.5-3 kV, source temperature:
110 °C, sampling cone voltage 20-50 V, source offset 40-60 V, desolvation temperature 250-350 °C,
cone gas flow: 50.0 dm3/h, and desolation gas flow: 798.0-900 dm?/h. The produced PMMA + TOCs
foil surfaces were studied using a scanning electron microscope with field emission (SEM, Quanta 3D
FEG, Houston, TX, USA). Composite materials underwent thermal treatment (Bruker Optik, Ettingen,
Germany) in the range 20-500 °C, with the heating speed of 5 °C/min in the atmosphere of nitrogen.
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4.4. HOMO-LUMO Gap Determination

The HOMO-LUMO gap energy values of isolated (1)-(4) complexes were determined by using diffuse
reflectance UV-Vis spectra (UV-VIS-DRS), which were registered between 200 and 800 nm. Jasco V-750
spectrophotometer was used (JASCO Deutschland GmbH, Pfungstadt, Germany). The recorded spectra
were evaluated in terms of energy band gap values via Spectra Manager TM CFR software.

4.5. The Photocatalytic Activity Evaluation of (PMMA + TOCs) Composites

The photocatalytic activity of PMMA + TOCs foils (TOCs = (1)-(4)) was studied by monitoring
the degradation processes of MB aqueous solution according to ISO 10678:2010 procedure and, also,
Rhodamine B (RhB) solution [38—40]. Foil samples of sizes 10 X 10 mm were preconditioned by exposure
to UVA or Vis light for 30 h. In the next step, foils were placed in quartz cuvettes with both dye
solutions (V = 3.5 cm® and C = 2.0 x 107> M). After 12 h in the dark, the solutions were replaced by the
appropriate test of MB and RhB solutions (for both: V = 3.5 cm® and C = 1.0 x 107> M). The prepared
samples were exposed to UVA irradiation (18-W lamp, 340-410-nm range, with a maximum at 365 nm)
and Vis light (77-W tungsten halogen lamp, range of 350-2200 nm). All cuvettes were covered with
quartz glass panes during irradiation. MB absorbance at 660 nm and RhB absorbance at 554 nm were
registered (Metertech SP-830 PLUS, Metertech, Inc., Taipei, Taiwan) after 0, 20, 40, 60, 80, 100, 120, 140,
160, and 180 min of irradiation. Percentage of MB decolorization was calculated using the equation

% dye decolorization = ((Cy — C)/Cp) X 100 = ((Ag — At)/Ap) x 100 1

where Cj is an initial concentration of dye, C; is a dye concentration at a given time ¢, and A and A;
are absorbances at 0 and ¢ times [38,64].

The rate of both photodegradation processes was estimated by a simple calculation of a difference
in absorbance during 180-min measurements (AA;g). Such kind of calculation is a result of a low
degradation degree of dyes.

4.6. The Evaluation of Antimicrobial Properties of (PMMA + TOCs) Systems

Antimicrobial activity of PMMA + TOCs (TOCs = (1)—(4)) composite foils (30 x 30 x 0.05 mm) was
studied against Gram-positive (S. aureus ATCC 6538 and S. aureus ATCC 25923) and Gram-negative
(E. coli ATCC 8739 and E. coli ATCC 25922) bacteria and yeasts of Candida albicans ATCC 10231 using
method according to the ISO 22196:2011 standard [65]. All strains were purchased from the American
Type Culture Collection (Manassas, VA, USA). PMMA +TOC specimens were sterilized using a UVC
lamp for 30 min in the laminar hood (Bioquell, Hampshire, UK) and placed in sterile Petri plates.
The earlier investigations revealed that the absorption maximum of the (PMMA + TOCs) samples was
found at the UVA-Vis border, which enabled the use of UVC radiation in order for their sterilization.
Microbial suspension (1.0-1.8 x 10° colony-forming units (cfu) cm®/~!) prepared in sterile deionized
water was placed on the surfaces of the appropriate PMMA + TOCs samples and covered with sterile
foil films (polypropylene; PP) and incubated for 24 h at 37 °C in a humid atmosphere. The PP film
was then removed and microbial suspension collected into a 2-cm? centrifuge tube. Subsequently,
serial ten-fold dilutions of each sample were prepared. Aliquots (100 pL) of each dilution were
aseptically spread over the surface of Tryptic Soy Agar (TSA, Becton Dickinson, Sparks Glencoe, MD,
USA) or Sabouraud Dextrose Agar (SDA, Becton Dickinson) in Petri plates for the bacteria and fungi,
respectively. Inoculated samples were incubated at 37 °C for 24 h. Assays were performed in triplicate.
After incubation, colony-forming units (cfu) were counted on the agar plates. Control was PMMA
inoculated with the test microorganism.

The antimicrobial activity was calculated using Formula (2), according to the ISO 22196:2011
standard [65]:

R=U; - A; )
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where U, is the average of the common logarithm of the number of viable bacteria in cells/cm? recovered
from the untreated test specimens (PMMA) after 24 h, and A; is the average of the common logarithm
of the number of viable bacteria in cells/cm? recovered from the treated test specimens (PMMA + TOCs)
after 24 h. R > 2 determines the biocidal activity

The percentage reduction (R%) of the bacterial or fungal growth was calculated using Formula (3):

R% = ((B — A)/B) x 100 3)

where R is the biocidal rate (%), B—the average number of microorganisms on unmodified PMMA in
Tp, and A—the average number of microorganisms on the surfaces of the studied (PMMA + TOCs)
composites after 24 h. The 100-times reduction of the number of colonies determines at least 99% of
the reduction of microbial growth (biocidal activity).

5. Conclusions

The work carried out led to the production of oxo-titanium(IV) complexes (TOCs), i.e.,
(TizO(O'Pr)g(0,C-4-PhR),) (1) and (2) and (TizO»(O'Bu);o(0,C-4-PhR’) (3) and (4) (R’ = -NH, and -OH),
which structures were confirmed by IR, Raman spectroscopy, and ESI-MS spectrometry. The dispersion
of 20 wt.% of TOCs (1)—(4) in the PMMA matrix allowed the formation of (PMMA + TOCs) composite
films for which the thermal and photocatalytic properties and biocidal activity were estimated. The
obtained results suggest that (TigO,(O'Bu);(O,C-4-PhOH);) (4) can be used for the production of
composites (polymer + TOC), which, in the form of films, coatings, or resin additives, can be used as a
bactericidal agent in various areas of our lives. It should be noted that the potential use of materials
based on PMMA with the addition of TOCs in dentistry would require medical experiments carried
out in accordance with the procedures specified by Isola et al. [66,67].
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Abstract: The purpose of this paper is to assess the relationship between the core architecture of
titanium(IV)-oxo complexes (TOCs) known as {Ti,O}} and their photocatalytic and antimicrobial
activity. The following TOCs: [TigO4(O'Bu)g(02C13Hog)s] - 2(CH3),CO (1), [TigOg(O'Bu)g(02C13Hog)6]
(2), [TisO6(O'Bu)s(02C13Ho)e] (3), [TizO(O'Pr)g(O2C13Ho)2] (4), and [TigO2(O'Bu)19(02C13Ho)2] (5),
where -O?C13H represents 9-fluorene-carboxylate ligands, werestudied to investigate thiseffect. The
structures of (1)—(5) were confirmed using single-crystal X-ray diffraction and spectroscopic methods.
Since TOCs can be sensitive to hydrolysis processes, their photocatalytic and antimicrobial activity
was evaluated after dispersing them in a polymer matrix, which acted as a protective agent against
the aquatic environment. The results revealed that the photocatalytic activity of the studied TOCs
follows the trend (2) > (5) > (4) > (1) in both the UV and visible ranges. All studied oxo complexes
exhibited strong antibacterial activity against Gram-positive strains and weaker activity against
Gram-negative strains. The proposed mechanism of the antimicrobial activity of TOCs assumes
that this effect is associated with the generation of reactive oxygen species (ROS) on the surface of
composite samples. Samples of PMMA + (1) 10 wt.% and PMMA + (5) 20 wt.%, in which both O~ and
O, paramagnetic species were observed in the electron paramagnetic spectroscopy (EPR) spectra,
demonstrated the highest antimicrobial activity.

Keywords: titanium(IV)-oxo clusters; titanium-oxo core structure; spectral characterization;
photocatalytic properties; antimicrobial activity

1. Introduction

A significant part of the research on new materials that improve the quality of our
life involves materials based on titanium dioxide. These materials have diverse applica-
tions, including water treatment [1], photocatalysis [2,3], sun protection [4], self-cleaning
surfaces [5], pharmaceutical and food industries [6,7], and the production of biocompatible
and antibacterial implants [8,9]. An important direction for the application of TiO,-based
materials, which exhibit photocatalytic properties, is their use in antibiotic elimination
technologies [10]. The main requirement is extensive use of antibiotics, primarily in agricul-
ture but also in medicine, which poses a huge threat to our environment. Therefore, it is
important to develop new photocatalysts that are environmentally friendly, cost-effective to
produce, and characterized by high activity in the photodecomposition of antibiotics [11,12].
However, TiO,-based materials face limitations in their practical use as photocatalysts due
to their wide bandgap, which primarily requires ultraviolet excitation. Moreover, the re-
combination of electrons and light-induced holes easily occurs, reducing the photocatalytic
activity of titania particles. Therefore, the main aim of these investigations is the develop-
ment and production of a photocatalyst whose activity is shifted toward visible light.
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To address this challenge, attention has turned to multinuclear oxo-titanium(IV) com-
plexes (TOCs) with a core composed of {Ti,Op} skeletons [13-15]. The advantage of these
compounds is the ability to control their physicochemical, photocatalytic, and biological
properties via changes in the core size and architecture of {Ti,Oy}, as well as the func-
tionalization of carboxylate groups as stabilizing ligands [16-20]. From the perspective of
TOC synthesis, the type of alkoxide groups, solvent, and temperature are also important
factors [19-21]. Investigations on clusters with {Ti4O} and {Ti4O,} cores, stabilized by
4-tert-butylcatechol and N, N-diethylformamide ligands, used in the photo-induced direct
degradation of methylene blue (MB) in visible light, are good examples of this [21]. The
study shows that after 2.5 h, 98% degradation of MB concentration is observed, whereas, in
the case of TiOy, only 15% degradation is observed at the same time. The better photocat-
alytic activity of TOCs is due to the narrowed band gap compared to TiO; and the wide
absorption band [21]. Functionalization of poly-oxo-titanate clusters with 1,1-ferrocene
dicarboxylic acid ligands resulted in obtaining TOCs with {TigO4} and {TigO,} cores. The
ligands cause an increase in the absorption maximum into the visible range and increase
the electron transfer in 1,1-ferrocene dicarboxylic acid and Ti-oxo skeletons [22]. Moreover,
obtaining sub-clusters with {Ti4O} and {TigO4} cores exhibit a better ability to degrade MB
than each of the clusters used separately [23,24]. It should be noted that another way to
increase the photocatalytic activity of titanium-based materials is to introduce an extra
atom into the {Ti;Op} core. The research of Wang et al. on clusters with the core {TiyCo0,04},
{TisCuyqO¢}, {Ti12Cds5043} is an example [25].

The limited knowledge related to the bactericidal activity of TOCs is one of the factors
that justify research on their use as antimicrobial agents. Swenson et al. pointed out the
possibility of using TOCs as an antibacterial agent against Staphylococcus aureus for {TizO,}
clusters stabilized by triclosan ligands [26]. However, these works focused on studying the
antibacterial properties of the hydrolyzed complex, which may be used for drug delivery ap-
plications. When studying the use of transition metal oxides (e.g., TiO, CuO, ZnO, Fe;03)
as antimicrobial agents, it was noted that after activation with light at a specific wavelength,
reactive oxygen species (ROS) are generated on their surface [27-30]. According to these
investigations, the formed ROS are responsible for microbial cell death (e.g., Escherichia coli
(E. coli), Staphylococcus aureus (S. aureus), Rhizopus stolonifer, Rhizopus oryzae) [29]. There-
fore, in our work, we decided to test this antimicrobial effect in the case of TOCs. The
main issue that needed to be addressed was the protection of the oxo complex grains
against potential hydrolysis processes [31,32]. For this reason, we chose to disperse TOCs
grains in a polymer matrix (e.g., poly(methyl methacrylate) (PMMA)) [31,32]. The results
of our earlier investigations of composites enriched with TOCs, containing the {TizO,}
cores and stabilized by 4-aminobenzoic, 4-hydroxybenzoic, and 9-fluorene-carboxylate
acid ligands, demonstrated their strong antimicrobial activity at levels of 85-99% against
Gram-positive and Gram-negative bacteria [31,32]. Analysis of this data revealed that
the highest activity was observed for TOCs stabilized by 9-fluorene-carboxylate ligands
(0,C13Hy) Poczatekformularza [32].

The presented paper focuses on the comparative analysis of the photocatalytic and
antimicrobial activities of Ti(IV)-oxo complexes. These complexes contain {TigOg}, {TigO4},
{Ti4O»}, and {Ti3O} skeletons, and their structures were confirmed using X-ray single
crystal diffraction. The stability of these oxo clusters was achieved through the use of a
9-fluorene-carboxylate ligand, along with -O'Bu and -O'Pr (only for {Ti3O}) ones. This
systematic approach allows us to examine how the structure of the {Ti,Op} core influences
the properties of these complexes. Notably, our research contributes novelty by assessing
the impact of the core structure on the antimicrobial activity exhibited by the synthesized
oxo complexes.
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2. Materials and Methods
2.1. General ProcedureandReagents

Titanium(IV) isobutoxide (Aldrich, St. Louis, MO, USA), titanium(IV) isopropoxide
(Aldrich, St. Louis, MO, USA), 9-fluorene-carboxylic acid (TCI, Tokyo, Japan) were pur-
chased commercially and were used without further purification. All solvents used in
our experiments were dried, distilled before use, and stored in an argon atmosphere. The
processes of Ti(IV) oxo-complexes syntheses were carried out using the standard Schlenk
technique in the inert gas atmosphere (Ar) and at room temperature (RT).

2.2. Analytical Procedures

The structures of the isolated solid reaction products (crystals) were confirmed using
vibrational spectroscopy methods, i.e., IR spectrophotometry (Perkin Elmer Spectrum
2000 FTIR spectrophotometer (400-4000 cm ! range, KBr pellets)) and Raman microscopy
(RamanMicro 200 spectrometer (PerkinElmer, Waltham, MA, USA)). Elemental analyses
were performed on Elemental AnalyserVario Macro CHN (Elementar Analysensysteme
GmbH, Langenselbold, Germany). Titanium content was gravimetrically determined as
TiO,, according to a method described by Meth-Chon et al. [33]. Raman spectra were
registered using a laser with the wavelength 785 nm, with a maximum power of 350 mW,
in the range 200-3200 cm !, using a 20 x 0.40/FN22 objective lens and an exposure time
of 15 s each time. The diffuse reflectance UV-Vis (UV-VIS-DRS) spectra registered between
200 and 800 nm were used for the maximum absorption determination. The Jasco V-750
spectrophotometer was used in above mentioned works (JASCO Deutschland GmbH,
Pfungstadt, Germany). The produced PMMA + TOCs film surfaces morphology was
studied using a scanning electron microscope with field emission (SEM, Quanta 3D FEG,
Houston, TX, USA).

2.3. Synthesis'of[Ti604(O"Bu)g(OgC13H9)8] - 2(CH3)2,CO (1), [TigOg(OiBu)s(0,Cy3Hg)sl (2),
and [Ti6o6(OlBu)6(02C13H9)6] (3)

A total of 0.184 g of 9-fluorene-carboxylic acid (0.875 mmol) was added to the solution
of 0.3 g of titanium(IV) isobutoxide (0.875 mmol) in 2 mL of acetone, leading to a clear violet
solution. The solution was left for crystallization. After 6-7 days, the mixture of crystals
was formed, and the general yield basing on acid: (1) 15% (0.05 g), (2) 21% (0.07 g), (3) 5%
(0.01 g). Using the optical microscope, the crystals of different shapes were separated and
isolated from the reaction mixture. Elemental composition was determined for samples,
and structures were solved by single-crystal X-ray diffraction.

Anal. Calc. for C116H138026Tig (1): C, 62.31; H, 6.18; Ti, 12.89. Found: C, 62.14; H, 6.13;
Ti, 12.56.13C NMR (solid state, 295 K, §[ppm]): 19.7 (CH3), 31.3 (CH), 52.2, 53.4, 55.4, 56.8,
59.6,73.6,74.6 (CHy), 119.6, 120.7, 127.5, 141.5 (C(Ph)),175.4, 177.6, 178.7 (COO).

Anal. Calc. for C192H108024Tig (2): C, 62.32; H, 5.49; Ti,14.60. Found: C, 62.17; H,
5.86;Ti, 14.64. 13C NMR (solid state, 295 K, §[ppm]): 19.6 (CH3), 30.6 (CH), 53.7, 54.6, 73.7
(CHy), 121.3,128.5, 140.7 (C(Ph)), 176.4, 177.9, 179.7 (COO).

Anal. Calc. for Cq02H108024Tig (3): C, 62.32; H, 5.49; Ti,14.60. Found: C, 62.23; H,
5.76;Ti, 14.75. 13C NMR (solid state, 295 K, [ppm]): 19.6 (CH3), 30.6 (CH), 73.7 (CH>), 54.6,
121.3,128.5, 140.7 (C(Ph)), 176.4, 177.9, 179.7 (COO).

2.4. Synthesis of [Ti3O(O'Pr)g(0,Cy3Hg),] (4)

The complex was synthesized, as reported [34]. 0.184 g of 9-fluorene-carboxylic acid
(0.875 mmol) was added to the solution of 1 mL of titanium(IV) isopropoxide (3.5 mmol) in
2 mL of acetone, leading to a clear yellow solution. The solution was left for crystallization
(34 days). The yield basing on acid: 62% (0.36 g).

Anal. Calc. for C5oH74013Tiz (4): C, 58.49; H, 7.21; Ti,14.04. Found: C, 58.54; H, 7.13;
Ti, 13.95. 13C NMR (solid state, 295 K, §[ppm]): 14.0, 19.5 (CH3), 30.9, 35.1 (CH), 55.4, 77.8
(CHy), 119.2,127.6, 141.6 (C(Ph)), 179.6 (COO).
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2.5. Synthesis of [TizO2(0'Bu)19(0,C13Hg)z] (5)

The complex was synthesized, as reported [35]. 0.184 g of 9-fluorene-carboxylic acid
(0.875 mmol) was added to the solution of 1.19 g of titanium(IV) isobutoxide (3.5 mmol) in
2 mL of acetone, leading to a clear yellow solution. The solution was left for crystallization.
The yield basing on acid: 78% (0.39 g).

Anal. Calc. for CegH198016Tis (5): C, 59.28; H, 7.93; Ti, 13.94. Found: C, 58.17; H, 7.86;
Ti, 13.64. 13C NMR (solid state, 295 K, 8[ppm]): 14.2, 19.3 (CH3), 34.8 (CH), 55.1, 77.3 (CH,),
119.3,127.4, 141.9 (C(Ph)), 178.8 (COO).

2.6. Single Crystal X-ray Diffraction Measurements

The diffraction data of (1)—(3) were collected at 100 K on Rigaku XtaLAB Synergy
(Dualflex) diffractometer with HyPix detector and monochromatedCuK« X-ray source
(A = 1.54184 A). The data were processed, and the numerical absorption correction was
applied using CrysAlis Pro [36]. The structures were solved by direct methods and refined
with full-matrix least-squares procedure on F? (SHELX-97 [37]. Heavy atoms were refined
with anisotropic displacement parameters, whereas hydrogen atoms were assigned at
calculated positions with thermal displacement parameters fixed to a value of 20% or 50%
higher than those of the corresponding carbon atoms. We also observed positional disorder
for some isobutanolate anions (066 and O86 in (1), O71 and O81 in (2) and (3)). For the
stability of the refinement process, several geometrical (DFIX) and thermal parameters
(ISOR) restraints were applied for the disordered isobutanolates and acetone molecules.
Additionally, EADP constraints were used for disordered Bu!O~ anions. All figures were
prepared in DIAMOND [38] and ORTEP-3 [39].

2.7. Preparation of PMMA + TOCs Composite Films

The composite films containing 10 or 20 wt.% of synthesized Ti(IV)-oxo clusters (TOCs)
were prepared by a dispersion of the TOCs (ca. 0.12 or 0.25 g of (1), (2), (4), and (5) TOCs
dispersed in 1 cm3 of THF) in the poly(methyl methacrylate) (PMMA) solution (1.0 g of
PMMA dissolved in 5 cm?® of THF). The mixtures were stirred in an ultrasonic bath for
120 min; in the next step, they were poured into a glass Petri dish and left for the evaporation
of the solvent at RT (glove box). The composite film thickness ca. 50 pm was characterized
by Raman and IR spectroscopy and scanning electron microscopy. Due to the low synthesis
efficiency of (3), the crystals of this oxo cluster were not used in our subsequent experiments.
The received foils, after thorough drying in a vacuum, were cut into pieces of 1 x 1 cm for
photocatalytic experiments and 3 x 3 cm for microbiological tests.

2.8. The Photocatalytic Activity Evaluation of PMMA + TOCs Composite Films

The photocatalytic activity of PMMA + TOCs foils (TOCs = (1), (2), (4), (5)) was
estimated by monitoring the concentration changes of MB aqueous solution. Foil samples
(10 x 10 mm) were preconditioned by exposure to UVA or Vis light (the range of radiation
used to irradiate the samples were selected based on the analysis of their UV-VIS-DRS
spectra) and after 28 h placed in quartz cuvettes with dye solution (V = 3.5 cm® and
C=2.0x10"°M). After 12 h in the dark, the solution was replaced by MB solution
(C =1.0 x 1075 M). The prepared samples were exposed to UVA irradiation (18-W lamp,
340-395-nm range) and Vis light (range of 395-420 nm). MB absorbance at 664 nm was
registered (Metertech SP-830 PLUS, Metertech, Inc., Taipei, Taiwan) every 2 h during 18 h
(UV range) and 24 h (Vis range) of irradiation. The percentage of MB decolorization was
calculated using the equation:

(Co—C)
0

% MB decolorization = x 100

where Cj is an initial concentration of dye, and C; is a dye concentration at a given time
t [40].
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2.9. EPR Studies

Electron paramagnetic resonance (EPR) spectroscopy was employed to confirm the
formation of reactive oxygen species on the surface of the investigated composite sam-
ples. The measurements were conducted using an X-band EPR SE/X-2541M spectrometer
(Radi-open, Poznan, Poland) with a 100 kHz modulation. The microwave frequency was
monitored using a frequency meter, while the magnetic field was measured using an auto-
matic NMR-type JTM-147 magnetometer (Radiopan, Poznar, Poland). The measurement
conditions were as follows: microwave frequency of approximately 9.33 GHz, microwave
power ranging from 6 to 58 mW, modulation amplitude between 0.2 and 1 mT, sweep
ranging from 10 to 50 mT, sweep time from 1 to 8 min, time constant from 0.03 to 0.3 s, and
receiver gain from 3.2 to 5 x 105. Low-intensity signals were recorded in the accumulation
mode. The measurements were performed at room temperature using foil samples that
were simultaneously prepared for all studies. The portion utilized in the EPR measure-
ments was exposed to sunlight. The catalytic and EPR measurements were conducted
independently, approximately at the same time.

2.10. Antimicrobial Activity of PMMA + TOCs Composite Films

The antimicrobial activity of the samples was assessed against Gram-negative bac-
teria (Escherichia coli ATCC 25922, Escherichia coli ATCC 8739), Gram-positive bacteria
(Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 6538), and Candida albicans
ATCC 10231. Prior to the antimicrobial study, the tested PMMA + TOCs foils (20 x 20 mm)
were sterilized using UVC for 15 min on both sides and then exposed to visible in-
door light. The foils were placed in 12-well plates with 1 mL of microbial inoculum
(1.0-3.3 x 106 c.f.u. mL~!) in sterile deionized water. The plates were incubated for 24 h at
37 °C under humid conditions with gentle shaking at 80 rpm. The microbial density was
adjusted to 0.5 on the McFarland scale using a densitometer (Biosan, Latvia). The inoculum
was diluted 100 times with sterile deionized water to achieve the final concentration, which
was determined by colony counts after spreading 100 pL of the inoculum on the surface
of Tryptic Soy Agar (TSA; Becton Dickinson, Franklin Lakes, NJ, USA for bacteria) or
Sabouraud Dextrose Agar (SDA; Becton-Dickinson for C. albicans) in Petri plates. The
control consisted of the suspension of test microorganisms in a well without the test sample.
After incubation, the inoculum was collected from the wells, and serial ten-fold dilutions
were prepared. Then, 100 pL of the dilutions were spread on the appropriate medium
in Petri dishes. The inoculated plates were further incubated for 24 h at 37 °C, and the
colony-forming units (c.f.u) were counted. To express the antimicrobial activity of the
tested samples, the reduction (R) index was calculated. The R index was determined using
the formula: R = Uy — Ay, where Uy represents the common logarithm of the number of
microbes in the microbial inoculum and A; represents the common logarithm of the number
of microbes in the treated microbial inoculum. An R-value of >2 indicates the biocidal
activity of the sample.

3. Results
3.1. Structures of (1)—(5) Oxo Complexes

The reaction of the titanium(IV) isobutoxide with the 9-fluorene-carboxylic acid in
a 1:1 molar ratio (Ti(*OBu),/organic acid) in acetone as a solvent at room temperature
in the argon atmosphere leads to the co-crystallization of three types of crystals (which
differ in size and shape), after 6-7 days. The use of the optical microscope allowed for the
separation of crystals and their isolation from the mother liquor (microscopy images are
presented in Figures 1c and 2b,c. The molecular structure of isolated crystals ( Figures 1a,b
and 2a,d,e) was solved using the single-crystal X-ray diffraction method. The results of this
investigation have been summarized in Table 1. The selected bond lengths and angles are
presented in Table S1. CCDC 2224562, 2224563, and 2224564 contain the supplementary
crystallographic data for (1), (2), and (3), respectively. These data can be obtained free of
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charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk.data_
request/cif (accessed on 1 May 2023).

(b)

(a)

232

Figure 1. The structure of [TigO4(O'Bu)g(0,C13Ho)s] - 2 (CH3),CO (1) complex (crystallographic
ball-stick scheme). (a) The {TigO4} core with labeled titanium and oxygen atoms. For clarity of the
picture, all hydrogen atoms and most of carbon atoms are omitted. (b) The packing of TOCs in the
crystal network of (1) along the b axis. (c) The optical microscope image of (1) crystals.

Figure 2. Two polymorphous forms of [TigOg(O'Bu)s(O,C13Hg)s]—(2) and (3) structures. The {TigOg}
core with labeled titanium and oxygen atoms—(a). For clarity of the picture, all hydrogen atoms and
most carbon atoms are omitted. The optical microscope images of (2) and (3) crystals—(b) and (c),
respectively. The differences in TOCs packing in the crystal network of (2) and (3) along b axis—(d)
and (e), respectively.
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Table 1. Crystal data and structure refinement for (1)—(3).

Empirical Formula

C116H138 026 Tig (1)

C108H108024Ti (2)

C108H108024Ti (3)

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions [A] and [°]

Volume [A3]

Z, calculated density [Mg/m?]
Absorption coefficient [mm—1]
F(000)

Crystal size [mm?3]

Theta range for data collection

Index ranges

Reflections collected /unique
Completeness to

theta = 30.866°

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 2sigma(T)]
R indices (all data)

Largest diff. peak and hole

2726.14
100 (2)
1.54184
Triclinic
P-1
a=13.7398 (5) « = 103.877 (4)
b =15.6157 (6)  =106.420 (4)
¢ =17.1768 (7) y = 91.043 (3)
3417.2(2)
1,1.325
3.456
1428
0.060 x 0.050 x 0.040
2.774 to 74.497°
—-17<h<16
—-19<k<19
-20<1<21
49,804

99.8%

Gaussian
0.973 and 0.861
Full-matrix least-square on F?
13,516/76/887
1.030
R1? = 0.0654, wR2P = 0.1678
R12 = 0.1055, wR2P = 0.1926
0.554 and —0.507 e.A~3

2077.34
100 (2)
1.54184
Monoclinic
P21 /1’1
a=14.2526 (9) o« =90
b =16.1562 (9) p = 106.427 (6)
c=227794 (11) y =90
5031.3 (5)
2,1.371
4.371
2160
0.410 x 0.270 x 0.110
3.293 to 74.496°
—-17<h <17
-20<k<19
—22<1<28
33,498

98.9%

Gaussian
1.000 and 0.149
Full-matrix least-square on F>
9803/10/669
1.051
R12 = 0.0710, wR2bP = 0.1987
R12 = 0.0816, wR2P = 0.2103
0.759 and —0.7530 e.A 3

2077.34
100 (2)
1.54184
Tetragonal
14, /1
a=36.8090 (4) « =90
b =36.8090 (4) B =90
c=15.4415 (4) y =90
20,921.7 (7)
8,1.319
1.301
8640
0.120 x 0.080 x 0.030
3.104 to 74.499°
—43<h<44
—41 <k <46
-17<1<18
71,517

99.7%

Analytical
0.888 and 0.729
Full-matrix least-square on F?
10,156/24 /643
1.035
R12 = 0.0678, wR2P = 0.1097
R1? =0.1113, wR2P = 0.2214
0.961 and —0.483 e.A 3

AR1=%11Fy| — IF| 1 /S1Fyl. P wR2 = [Ew(Fo2 — F2)2/S(w(Fo2)?)]Y/2.

Upon analyzing the collected data, it was found that the structure of the (1) cluster can
be described by the following summary formula: [TigO4(O'Bu)g(0,CC13Hog)s] - 2(CH3),CO.
This cluster features a titanium-oxo core composed of flat {Ti3-(u3-O)} motifs, with each
motif being stabilized by two carboxylates and one alkoxide bridge (Figure 1a). The units
mentioned earlier are interconnected through two {Tip-(n-O)} bridges and four carboxylate
bridges. The coordination number 6 of the Ti(IV) central atoms is supplemented by six
terminal alkoxide ligands. Figure 1b illustrates the densely packed arrangement of oxo
clusters within the crystal lattice, which adopts a triclinic crystal system.

Analysis of crystal data of larger crystals isolated from the mother liquor (Figure 2b,c)
proved the formation of hexanuclearTi(IV)-oxo clusters (2) and (3) with the general formula
[TigO6(O'Bu)s(O,CC13Hy)g]. The differences in cluster packing in the crystal lattice of (2)
and (3) are presented in Figure 2d,e. Selected interatomic distances and angles are shown
in Table S1.

Crystals (4) and (5) were isolated from reaction mixtures, which composition was
earlier described [34,35]. The structures of these complexes were confirmed using single-
crystal X-ray diffraction.

3.2. Preparation of the PMMA + TOCs Composite Films and the Estimation of Their Properties

Composite materials were produced by dispersing 10 or 20 wt.% of micro grains of (1),
(2), (4), and (5) in the PMMA matrix. The structure and distribution of TOCs micro grains
within the polymeric matrix were assessed through the analysis of SEM images (Figure 3).
The average grain size of composite materials containing 10% and 20% of TOCs (1) ranged
from 30 to 70 pm. The blurry shape of (1) grains dispersed in the PMMA matrix sets them
apart from the microcrystalline grains (2), (4), and (5) found in other composite samples.
SEM image analysis indicated that the grain size of PMMA + (2), (4), and (5) composites (at
both 10 and 20 wt.%) ranged from 3 to 15 pum.



Crystals 2023, 13, 998

8 of 21

PMMA + (1) 10 wi.%

o -

=

PMMA + (1) 20 wt.% PMMA +{4) 10 wt.% PMMA*~ ()20 wL.%

Figure 3. SEM images of PMMA + TOCs (TOCs = (1), (2), (4) and (5) composites.

To confirm the presence of (1) and (2) compounds in composite materials, the SEM/EDX
method was used (Table 2, Figure S1). Elements, such as Ti, O, C, were found in composites
compared to pure PMMA, where only O and C were found. An additional peak of Al
comes from microscope equipment.

Table 2. SEM EDX quantities data. All values are given in mass percent (%).

Composite C (0] Al Ti
PMMA 26.10 72.23 1.67 -
PMMA + (1) 10 wt.% 53.02 40.81 1.03 6.12
PMMA + (1) 20 wt.% 53.15 37.90 1.00 7.95
PMMA + (2) 10 wt.% 51.77 42.26 1.49 448
PMMA + (2) 20 wt.% 52.45 41.12 0.81 5.62

Another method used to confirm the presence of TOCs grains in the produced com-
posites was the registration of Raman microscope maps (Figure 4). The use of an ultrasonic
bath to achieve a uniform dispersion of TOCs grains in the PMMA solution can lead to a
slight temperature increase, up to 50 °C. Under these conditions, the formation of a new
system through the interaction of TOCs and PMMA is possible. The analysis of Raman
maps confirmed that the grains of {TigO4} or {TigOs} dispersed in the PMMA matrix do not
undergo structural changes upon introduction into the polymer. The analysis of Raman
spectra recorded at selected sample points revealed the presence of regions with varying
degrees of TOCs dominance. This phenomenon can be attributed to differences in the
dispersion of TOCs grains within the PMMA matrix and/or aggregation processes. In the
case of composites containing 10 wt.% addition of TOCs with {TigO4} and {TigOg} cores,
the bands derived from the oxo-complexes are barely visible. This suggests that the oxo
complex is highly fragmented and dispersed in the polymer matrix. However, when the
TOCs concentration increases to 20 wt.%, areas dominated by TOCs grains can be observed,
indicating a possible aggregation effect.
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Figure 4. Raman maps and spectra of composites consist of PMMA + TOCs (TOCs = (1) 20 wt.% and
(2) 20 wt.%.

3.3. The Analysis of Thermal Properties of PMMA + TOCs Composites

Thermal properties of TOCs/PMMA composites were characterized by thermogravi-
metric analysis and differential scanning calorimetry. Measurements were carried out in
the temperature range of 20-550 °C in an inert atmosphere. The results of both analyses are
presented in Table 3 and Figure S2. As mentioned in our previous research [31], samples
consisting of PMMA are characterized by a two-stage decomposition. Stage I results from
the solvent evaporation needed to obtain the foil or from the decomposition of the PMMA
monomer. This stage is characterized by a slight weight loss (5-15%) and occurs below
270 °C. In contrast, stage Il is directly related to the thermal decomposition of the sample.
This stage occurs in the temperature range of 270-450 °C and is characterized by a large
weight loss (75-85%).

Differential scanning calorimetry (DSC) analysis of (1) and (2) revealed differences in
the glass transition temperature (Tg) of these oxo complexes. In the case of (1) (TigO4 core),
the glass transition temperature decreased from 99.6 °C for PMMA up to c.a. 71 °C, while
for (2) (TigOg core), this decrease was only slight, i.e., 90-91 °C. As mentioned earlier [31], in
the case of pure PMMA, there is an exothermic peak (150 °C) due to an unreacted monomer.
The composite’s DSC data analysis revealed that this transition was not found. Comparing
temperatures associated with the decomposition transition onset of PMMA and composites
exhibited that independently to TOCs type and its concentration in composite samples,
significant changes in the decomposition temperature were not noticed.
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Table 3. Thermal parameters received from thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of the composites (Tg = glass transition temperature, T = evaporation
temperature of an unreacted monomer, Ty, . = decomposition temperature (transition onset),

Tmax = temperature in the thermal transition maximum, Am = thermal transition weight loss).

DSC TGA
Sample Tg/°C T/°C Ty4/°C Stage I Stage II Solid Residue
Tmax/°C/Am/% Tmax/°C/AmM/% %
PMMA 99.6 150.8 315.8 199.9/12 365.1/85 3
(PMMA + (1) 10 wt.%) 713 - 311.3 200.2/15 372.3/80 5
(PMMA + (1) 20 wt.%) 715 315.3 200.2/15 375.2/75 10
(PMMA + (2) 10 wt.%) 90.3 316.2 190.4/7 375.3/84 9
(PMMA + (2) 20 wt.%) 90.8 316.1 219.3/5 376.1/85 10

3.4. UV-Vis Diffuse Reflectance Spectra (UV-Vis-DRS) of the Studied Samples

Solid-state UV-Vis DRS spectra of isolated compounds ((1), and (2)) were registered
using magnesium oxide as a standard reference (Figure 5). The Kubelka-Munk (K-M)
function versus light energy (i.e., K = f(hv), where K = (1 —R)?/2R and R is the reflectance),
was used for HOMO-LUMO gap determination. Synthesized TOCs exhibit absorption at
Amax = 326 nm, which extends further into the high energy visible range with an absorption
edge at 395400 nm (Figure 5a). The HOMO-LUMO gaps (E,) are almost the same in the
case of (1) {TigO4} and (2) {TigOg¢} core and have values of 2.98 and 2.99 eV, respectively
(Figures 5b and S3). For comparison, the UV-Vis-DRS spectra were also registered for
previously studied oxo-clusters (4) {TizO} and (5) {Ti4O,} (Figure S3). Analysis of these
data exhibited that Amax amounted to 380 and 395 nm while E,= 2.17 and 2.55 eV for (4)
and (5), respectively.

(@) (b)

0.8 3
- (1)2.98 eV
3 0s 25
g 2 2)299 eV 4

0.4
=}
;‘3 0.2 o) 1

0.5
0 @) .
200 300 400 500 600 700 800
1.5 3.5 5.5
Wavelenght (nm)
Energy (eV)

Figure 5. Solid-state UV-Vis-diffuse reflectance spectra (DRS) of the (1), (2) micro-grains (a), Kubelka-
Munk function versus light energy plot for the HOMO-LUMO gap determination (b).

3.5. Photocatalytic Activity Studies of PMMA + TOCs Composite Films

The photocatalytic activity of PMMA + TOC 20 wt.% composite samples were assessed
based on a decolorizing process of the methylene blue (MB) solution in which they were
immersed and irradiated with UV or Vis radiation. The results for samples enriched with
(1) ({TigO4}) and (2) ({TigOg}) cores have been compared with the previously characterized
oxo complexes, i.e., {Ti3O} TOCs (4) and {Ti4O,} TOCs (5) [34,35]. The changes in MB
decolorization versus the time of irradiation are presented in Figure 6. Analysis of this
data revealed that the decolorization for studied composite samples proceeds faster in
the UV range than in Vis one. The photocatalytic activity of PMMA + TOCs foils was
higher than for pure PMMA. According to the results presented in Figure 6, Table 4, the
PMMA + 20 wt.% of (2) ({TigOg} core) is the most active both in UV and Vis radiation.
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Figure 6. Changes in the concentrations of the methylene blue (MB) solution as a function of time for
composite materials PMMA + (1), (2), (4), (5) 20 wt.% irradiated with UV and Vis light.

Table 4. MB solution decolorization percentages and AA18 or AA24 parameters for the studied
reactions in relation to the composites irradiated by UV or VIS light.

2
MB Decolorization AA 18 in Reference 10° Rate Constant

Composite o AA 18 102 Rate Constant, h-1 in Reference to
(%) to PMMA PMMA, h-1
MB irradiated 271 +3.1 0.270 —0.063 1.35 £ 0.03 —0.34
PMMA 33.3+38 0.333 - 1.69 + 0.03 -
PMMA + (1) 20 wt.% 420+34 0.421 0.088 2.14 £ 0.04 0.45
PMMA+ (2) 20 wt.% 552+ 44 0.551 0.218 2.25+£0.06 0.56
PMMA+ (4) 20 wt.% 442 +41 0.442 0.109 2.19 £0.05 0.50
PMMA+ (5) 20 wt.% 48.6 £4.2 0.485 0.152 2.23 £0.06 0.54
s . 10* Rate Constant
Composite MB Decz}?rlzatlon AA 24 AA 2t4 1;)11\1/[{;/ii‘ence 102 Rate Constant, h-1 in Reference to
o ° PMMA, h-1
MB irradiated 19.1+£29 0.191 —0.182 0.79 £ 0.02 —0.63
PMMA 374+35 0.373 - 1.42 +0.03 -
PMMA + (1) 20 wt.% 421 +£31 0.423 0.05 1.63 £ 0.03 0.21
PMMA+ (2) 20 wt.% 51.6 + 4.2 0.519 0.146 1.96 £ 0.05 0.54
PMMA+ (4) 20 wt.% 434 +£32 0.435 0.062 1.74 £ 0.04 0.32
PMMA+ (5) 20 wt.% 491 +£39 0.490 0.117 1.85 £ 0.05 0.43

The stability of photocatalytic activity in PMMA + TOCs composite samples (TOCs = (1),
(2), (4), and (5)) was assessed over three measurement cycles under visible light irradiation
(Figure 7). The results indicated that the photocatalytic activity of the tested systems
remained consistent, as evidenced by a similar degree of MB discoloration observed in each
cycle. By analyzing the data presented in Figures 6 and 7, as well as Table 4, the influence
of the {Ti;Oy} core structure on the photocatalytic activity of TOCs-enriched composites
can be observed. The trend in the change of photocatalytic activity follows the sequence:
{TigOg} (2) > {TisO2} (5) > {TizO} (4) > {TigO4} (1).



Crystals 2023, 13, 998

12 of 21

PMMA + (1) 20 wt.%

100% 100% - 100% -
90% 90% - 90% -
S s0% S 80% S s0%
< < cvycle 2 < cycle 3
£ 70% cycle 1 £ 70% y £ 70% 4
£ 60% £ 60% = 60%
S 500 S 500 B 500
E s0% E 50% ® E 50% 1 A
S 40% [I] S 40% 4 ¢ S 40% A A
S m S 3 A
S 30% m 5 30% ® < S 30% 2
S 20% m S 20% 4 © g 20% 4 A
10% m m 10% 4 < 0% 4 A
0% B—— — 0% . . . . . \ 0% ——
0 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h] Time [h]
PMMA + (2) 20 wt.%
100% - 100% 100% =~
. 90% 90% 90%
9 o, I = o, ]
g\é 80% cycle 1 % 80% cycle 2 % 80: cycle 3
S 70% S S 70%
E 60% k& s T 60% A
E 50% m B S 50%
= = 2
S  40% m m S & ® S 40% A
S % S S 30% A
-; 30% m : <> ¢ : o A
S 20% o m s & S 20% A A A
10% 10% -S
P 0% 4
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h] Time [h]
PMMA + (4) 20 wt.%
100% - 100% - 100% -
90% 0% - 90%
= S
< 80% o = 80% A 2 80% -
S e 905 < cycle 3
< 70% | cycle 1 = 7% cycle 2 g 70% | Y
% 60% - £ 60% 4 T 60%
N 50% - 2 500 4 ‘S 50% -
S m = = 00 A
< 40% A m S 40% - $ § 40% &
£ 30% 1 |:I] 2 309 - & ¢ S a0 A
2 20% A o EIJ g 20% S = 20%: A
= ips $ 10 A
10% 4 1] 10% A ¢ e: 2 A
0% ———— T S 0% ————————
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h] Time [h]
PMMA + (5) 20 wt.%
100% - 100% - 100% -
90% - 90% - 90% -
S 80% A S 80% 4 S 80% 4
< < cycle 2 < cycle 3
§ 70% 1 cycle1 § 70% 1 Y § 70% 1 y
T 60% A T 60% T 60% A
S & o - = 50% 4
§ 50% - ¢| .§. 50% ° Lo 5 o A
S 40% 1 n i S 40% - ® S 40% A A
5 30% EIJ 5 30% - $ 5 30% i A
B sa5 8 s 2 200 4
S 20% n1] S 20% ¢ 4> S 20% A
0% 2 ] 0% 4 10% &
0% — 0% — 0% —
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h] Time [h]

Figure 7. Recycling MB decolorization tests of composite materials PMMA + TOCs 20 wt.% (TOCs = (1),
(2), (4), and (5)) irradiated with visible light.

3.6. Electron Paramagnetic Resonance (EPR) Studies of PMMA + TOCs Composite Films

EPR spectroscopy was used to detect paramagnetic species on the surface of the
synthesized materials. Pure PMMA polymer shows no EPR signal. However, paramagnetic
centers are found in all samples of PMMA + TOCs (Figure 8).

Generally, the signals in the EPR spectra are weak, especially for composites with
a 10 wt.% admixture of oxo-titanium(IV) complexes. However, the lines in the spectra
of the samples with 20 wt.% TOCs addition are more difficult for analysis due to greater
line overlap. Therefore, only the EPR spectra of the samples with 10 wt.% admixture of
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oxo-titanium(IV) complexes were analyzed in detail. Spectra registered for composites
of PMMA + (1) 10 wt.% and PMMA + (2) 10 wt.% are presented in Figure 8. The EPR
parameters and postulated types of observed paramagnetic species, especially ROS, are
summarized in Table 5. Some EPR signals are marked with a question mark (Table 5. EPR)
due to two different reasons (see Discussion). The first one concerns the g-factor for O~
species in PMMA + (1) 10 wt.% sample, as the signals from both oxygen species may
overlap. Further, concerns the gp-factor for Ti(III) in both PMMA + TOCs 10 wt.% samples,
because the signals are almost on the noise level.

| 0, @

Intensity [a.u.]

Intensity [a.u.]

- (-,T.
O g, St g3 — ¥ Zriam

336 338 328 330 332 334 336 338
B [mT]

328 330 B
Figure 8. EPR spectra of PMMA + (1) 10 wt.% (a) and PMMA + (2) 10 wt.% (b). The experimental
conditions: cut foil, room temperature, microwave frequency: 9.32851 (a), 9.32908 (b) GHz; microwave
power: 40 (a), 58 (b) mW; modulation amplitude: 1 mT, sweep: 20 mT; sweep time: 4 min.; time
constant: 0.1 s; receiver gain: 4 (a), 5 (b) x10°.

Table 5. EPR data for PMMA + 10% TOCs (TOCs = (1) and (2)) composite samples. The samples
were exposed to visible light prior to measurement.

Sample g-Factors Species Ref.
2.025, 2.009, 2.003 0~
PMMA + (1) 10 wt.% 2.018, ca. 2.008(?), 2.000 o~ -
1.993, 1.986(?) Ti(III)
o 2.017,2.008, 1.999 o~
PMMA + (2) 10 wt.% 1.993, 1.984(?) Ti(II)
o 2.025, 2.017, 2.007, 2.000, Oy~
PMMA +(4) 20 wt.% 1.993, 1.989(?) Ti(III)?
2.024, 2.0095, 2.0034 O~
PMMA + (5) 20 wt.% 2.003, —1.997 o~ [32]
1.967,1.957,1.938 Ti(III)

3.7. The Estimation of the Antimicrobial Activity of PMMA + TOCs Composite Folis

The studied PMMA + TOC composite foils showed superior biocidal activity (R
index 5.3-5.4) against Gram-positive strains while their activity against Gram-negative
strains was variable (R index 1.3-3.2). Although PMMA foils showed at least static activity
(reduction index > 1-1.99) against E. coli reference strains, the PMMA + (5) 20 wt.% and
PMMA + (1) 20 wt.% displayed biocidal activity (reduction index > 2-3.2) against both
these strains. None of the tested PMMA + TOC foils showed activity against yeasts of
C. albicans (Table 6).
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Table 6. Antimicrobial activity of PMMA + TOCs (TOCs = (1), (2), (4), and (5)) irradiated by
visible light.

Microorganisms

Staphylococcus Staphylococcus

Escherichia coli Escherichia coli Candida albicans

1 PMMA none none none none none
2 Pl\géw vljt.;o(l) 2.6 2.0 53 5.4 0.45
3 Pl\;[(IJVI vl\?t.-‘;o(Z) 1.6 13 53 5.4 05
4 Pl\;{(l)v[ vét:/ow 13 3.2 53 5.4 0.6
> i 20 32 53 5.4 0.1

4. Discussion

The reaction between titanium isobutoxide and fluorene-9-carboxylic acid in a 1:1 mo-
lar ratio at room temperature, with acetone as the solvent, resulted in the co-crystallization
of three complexes with the following summary formulas: [TigO4(O'Bu)g(O2C13Ho)g] -
2(CH3)2CO (1), [TigOs(O'Bu)s(O2C13Ho)6] (2), and [TigOg(O'Bu)s(O2C13Ho)6] (3). Single
crystals, varying in shape and size (Figures 1c and 2b,c), were manually isolated from the
reaction mixture (optical microscope). Their structures were solved using the single-crystal
X-ray diffraction method.

Analysis of the structural data revealed that [TigO4(O'Bu)g(0,C13Hg)s] - 2(CH;3),CO
(1) crystallizes in the triclinic P-1 space group. Six titanium(IV) cations are almost coplanar,
with the biggest shift reaching 0.106 A. The core can be described as two coplanar titanium
triangles (Figure 1a). In each triangle, the titanium(IV) cations are bridged by a p3-O1 atom
shifted by 0.389 A from the Ti plane, while both triangles are joined by two 1-O, bridges.
In the former case, the Ti-O1 distances are 1.902 (3), 1.906 (3), and 2.066 (2) A, with the
longest one for the lateral Tiz cation clearly indicating that this bridge is asymmetric. The
Ti1-O,-Ti; bridge is also asymmetric, with very short Ti-(1-O,) bonds (1.755-1.869 (2) A).
In the reported compound, all titanium(IV) cations are found in a distorted octahedral
environment, but the coordination sphere content is different. Til and Ti2 are coordinated
by two (O1 and O2) oxo anions, three oxygen atoms from carboxylate anions, and one
bridging 026 (for Til) or terminal O86 (for Ti2) BulO~ anion, whereas lateral Tis is found in
an environment of O1 oxo anion, two carboxylates, and three BulO~ anions (one bridging
and two terminal). Carboxylate anions also form asymmetric bridges with distances
differing by 0.03, 0.06, 0.13, and 0.04 for O11, O31, O51, and O71 carboxylate anions,
respectively. Ti-ORCOO bonds introduce differences between Til (three short bonds) and
Tiy (three long). Based on previous studies [14,17,18,31,32,41-44], it can be assumed that
this structure is formed by the connection of two {Ti3O} subunits [14,43-46] through two
p-O bridges. Previous research has shown that a Ti(IV) complex (4) containing {Ti3O} cores
can be isolated from a 4:1 mixture of isopropoxide and fluorene-9-carboxylic acid under
similar reaction conditions [35].

It should be noted that the reaction conditions described for the 1:1 mixture also
favor the formation of dense structures ((2), (3)) with a {TigOg} core stabilized by iso
butoxide and fluorene-9-carboxylate ligands (Figure 2a) and are similar to previously
studied hexanuclearTi(IV)-oxo complexes [14,43-47]. Analysis of the crystallographic data
revealed that [TigOg(O'Bu)s(O,C13Hg)s] (2) (Figure 2d) and [TigOg(O'Bu)s(02C13Ho)s] (3)
(Figure 2e) are polymorphs crystallizing in monoclinic and tetragonal system, respectively
(Table 1). Hence, only (2) will be described in detail. This oxo complex crystallizes in the
P21 /n space group with all atoms found in the general positions and half of the molecule
given by the formula in the asymmetric unit. The common {Tig(p3-O)s} core is found in
this structure, with Ti-Ti distances ranging from 3.1009 (9) A t03.1156 (9) A for titanium
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located in different TizO3 hexagonal bases, and 3.4859 (9) A t0 3.5087 (9) A for titanium
from the same Ti3O3 hexagonal base. A TigOj4 core is formed by two Ti3O3 hexagonal bases
cross-linked by six carboxylates (Table S1). The coordination spheres of all titanium(IV)
cations are composed of six oxygen atoms—three coming from oxo bridges arranged in
a fac mode, two from two carboxylate anions, and one from terminal isobutanolate. O11
and O51 are coordinated in an asymmetric mode with two Ti-O distances differing by
approximately 0.04 A, whereas for the O31 anion, both Ti-O bonds were found to be
identical within the experimental error. The terminal iso butoxide anions form the shortest
bonds in the titanium coordination sphere. In this core, oxo anions connect three titanium
atoms with distances falling into two ranges—1.880 (2) At01.916 (3) A and 2.142 (3) A to
2.172 (3) A. In the former case, they correspond to {Ti-(p3-O)} distances for titanium and
oxygen atoms from the same {TizO3} base, whereas the longest bond in Ti(IV) coordination
occurs for Ti and O atoms from different bases. In the packing of (2), we observe densely
packed [TigOg (O'Bu)s(0,C13Hy)s] clusters without any significant cavities, whereas in (3),
significant voids were found, accounting for 1924.6 A3 (9.2% of the cell volume). However,
the model is complete as the highest peaks on the difference electron map do not exceed
le/A3. In (2), the clusters interact via bulk ring moieties, forming both -7 interactions
between strongly inclined Cj3Hg units and C-H ... 7 interactions. Hence, intermolecular
hydrogen bonds were not found, and isobutanolate was not involved in the crystal network
formation. According to our previous results, when titanium isobutoxide and fluorene-9-
carboxylic acid were reacted in a 4:1 molar ratio at room temperature, using acetone as the
solvent, oxo complexes with the summary formula [TizO»(O'Bu)10(02C13Ho)1] (5) were
isolated [35].

One of the research directions exploring oxo-titanium(IV) complexes (TOCs) in-
volves the evaluation of their physicochemical properties, particularly their photoinduced
activity [31,34,35,48]. Liu et al. conducted a study where they introduced various car-
boxylate ligands (e.g.,propionic acid, pivalic acid, bromoacetic acid, trifluoroacetic acid,
2-naphthalenecarboxylic acid, 4-bromo-benzene carboxylic acid, pentafluorobenzoic acid)
to the reactive coordination sites of the complex [TigO4(O'Pr)19(O3P-Phen);(OAc),], result-
ing in successful modifications of the bandgap size (E;) within the range of 3.6-3.0 eV [49].
In our earlier investigations, we also demonstrated the ability to modify the energy gap
size within the range of E, = 2.98-2.55 eV for complexes [Ti4O,(0'Bu)1o(O,CR"),] through
the functionalization of carboxylic ligands (R” = PhNO,, PhCl, PhNH,, Cy3Hy) [35,41].
Moreover, the results of these studies revealed that the complex stabilized by fluorene-
9-carboxylate ligands (-O,CCy3Hy) exhibited photocatalytic activity both in the UV and
visible range [35].

In this paper, we have focused on investigating the impact of the {TioOp} core structure
(while maintaining the same type of stabilized ligands) on the physicochemical properties
and photocatalytic activity of oxo complexes. Previous research by Cui et al. explored these
dependencies using a group of titanium-oxo complexes with different core architectures
((Ti4ClSaly), (Tij1ClSalg), and (Tij4ClSalg)), which were stabilized by isopropoxide and
4-chlorosalicylate (ClSal) ligands [50]. Analysis of the solid-state diffuse reflectance spectra
(UV-Vis-DRS) of these oxo clusters revealed that the absorption maximum was observed in
the UV range, with absorption edges at 450, 480, and 500 nm, respectively. The resulting op-
tical band gaps exhibited a small range of variation, specifically between 2.8 and 3.0 eV. The
photocatalytic activity of these compounds, evaluated through the photodecolorization of a
methylene blue solution (MB) under sunlight irradiation, showed changes of approximately
78%, 73%, and 97% (after 32 min) for the (Ti4ClSaly), (Ti11ClSalg), and (Ti14ClSalg) clusters,
respectively [50]. It is important to note that in all of these photocatalytic experiments,
30 mg of the oxo-cluster grains were added to 50 mL of MB solution. Our experiments
focused on investigating the properties of oxo complexes containing {TizO} (4) [34], {Ti4O,}
(5) [35], {TigO4} (1), and {TigOg} (2) cores, stabilized by fluorene-9-carboxylate ligands. Due
to the potential hydrolysis of these compounds in water solutions, their photocatalytic and
antimicrobial activities were evaluated for the composite systems, where 10 or 20 wt.%
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of TOCs were dispersed in the PMMA matrix. Examination of the SEM images of the
composite films presented in Figure 3 revealed the presence of blurry-shaped (1) grains.
This effect could be attributed to the interactions between polymer chains and molecules
of this oxo complex. The evidence supporting this hypothesis is the noticeable difference
in the glass transition temperature between the composite containing (1) and PMMA or
PMMA + (2) (Table 3). SEM images of PMMA composites enriched with the (2), (4), and
(5) complexes showed no blurry effect on the dispersed grains within the PMMA matrix
(Figure 3). Analysis of the UV-Vis-DRS spectra for compounds (1)—(5) demonstrated a
significant shift in the maximum absorption from the ultraviolet (UV) to the visible range,
following this order: Amax = 365 nm for {TigO4} (1) and {TigOs} (2), Amax = 380 nm for {TizO}
(4), and Amax = 395 nm for {Ti;O,} (5), with corresponding absorption edges at 400 nm (1)
and (2), 420 nm (4), and 500 nm (5). These results indicate that the absorption of hexanuclear
core structures ({TigO4} and {TigOg}) tends to shift towards the UV range, while in the case
of oxo complexes consisting of simple units ({Ti3O} and {TisO,}), the shift occurs towards
the visible range. The band gap values for the studied clusters exhibited the following
changes: E,=2.17 eV for (4), 2.55 eV for (5), 2.98 eV for (1), and 2.99 eV for (2) (Figure S3).
It is worth noting that these changes differ from the findings reported by Cui et al. [50],
where the band gap values remained within a narrow range (E; = 2.8-3.0 eV) and were
highest for the smallest cluster (TiyClSaly).

The photocatalytic activity of the investigated titanium oxo clusters (TOCs) (1, 2, 4, and
5) incorporated into the PMMA matrix (PMMA + TOCs 20 wt.% systems) was evaluated
by measuring the decolorization of a methylene blue (MB) solution. The aforementioned
samples were immersed in the MB solution and exposed to UV (340-395 nm) and visi-
ble (395-420 nm) light. The analysis of the data presented in Figures 4 and 6 revealed
that the photocatalytic activity of the composite samples was more pronounced in the
UV range. Specifically, composites containing TOCs with structurally dense cores, such
as {TigO¢} (2) and {Ti4O,} (5), exhibited higher activity compared to systems enriched
with flat cores, namely {TizO} (4) and {TigO4} (1). For composite (1), it is important to
consider potential interactions between the polymer chains and TOC molecules, which
could potentially diminish the photocatalytic activity of the PMMA + composite (1). These
photoinduced activities observed across all the studied composite samples were found
to be reproducible processes (Figure 7). Notably, our samples demonstrated longer MB
photodegradation times in comparison to previous studies on the photocatalytic activity of
Ti(IV)-oxo clusters [21,23,24,50]. Analyzing the presented experimental data should con-
sider that the photocatalytic activity is assessed for PMMA + TOCs systems in which only
20 wt.% of TOCs are dispersed in the polymer matrix [32,34,35].

Based on previous findings, we made the assumption that the photocatalytic activity
of PMMA + TOCs samples is a result of their photoexcitation, leading to the genera-
tion of reactive oxygen species (ROS) [51-55]. Additionally, this effect is combined with
the photoactivated reduction of Ti(IV) to Ti(IIl) [52-54]. To confirm the aforementioned
phenomenon, we recorded EPR spectra of PMMA + TOCs (TOCs = (1) and (2)) samples
(Figure 8). In the EPR spectrum of PMMA + (1), we observed anisotropic signals corre-
sponding to O, and O~ radicals, as well as Ti(Ill) (Figure 8a and Table 5). It is worth
noting that some lines, particularly g, for both oxygen species, may overlap. The formation
of O, and O~ paramagnetic centers involves electron removal and stabilization of the
resulting radical through the reduction of Ti(IV) to Ti(IlI) [51,52]. According to the literature,
the maximum g-factor for O, is higher compared to O~ species [53]. For the PMMA + (2)
composite, we obtained an EPR spectrum with improved resolution (Figure 8b), revealing
the characteristic signal attributed to O~ paramagnetic species. However, the presence
of O, radicals cannot be entirely ruled out; their content on the sample surface is likely
much lower. The electron transfer between Ti(IV) and Ti(III) was also confirmed in this
sample. Similar spectral patterns were observed for the PMMA + (5) 20 wt.% composite
in previous studies (Table 5) [35]. In the case of the PMMA + (4) 20 wt.% sample, the EPR
spectrum indicated the presence of O,~, O™, and possibly Ti(Ill) forms, consistent with
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the results obtained for a composite containing a {TigO4} core built by TizO subunits. The
signals observed in the PMMA + (4) 20 wt.% sample was relatively weak and exhibited a
rapid decrease in intensity over time, indicating lower stability of the {Ti3O} core compared
to other cores. It is important to note that other oxygen-based radicals, such as peroxy-type
radicals (RCOOe) and organic-type adducts of O, ™, could potentially be indistinguishable
from the superoxide radical anion (O, ™) using CW-EPR spectroscopy. However, this sce-
nario is unlikely as the first two forms are unstable at room temperature and can only be
detected at lower temperatures [55].

The antimicrobial activity of TiO,-based materials, specifically TiO, coatings, is an
important but relatively poorly understood issue. Research on TiO,-based materials with
photocatalytic activity has shown their remarkable effectiveness in killing microorganisms
on various surfaces [56]. Our previous investigations on the modification of titanium or
Ti6Al4V alloy implants [57-59] revealed that the antimicrobial efficiency of TiO, coatings
is mainly influenced by factors such as surface structure and morphology, hydrophilicity,
exposure to light (especially UV), and the presence of oxygen. Kumaravel et al. [56] suggest
that antimicrobial activity depends on the interaction between microorganisms and the
surface characteristics of the coating material, such as electrostatic interaction, pH, and
morphology. They observed that after exposure to light, TiO; coatings prevented the
reactivation or regrowth of microbes, which may be associated with the generation of
reactive oxygen species (ROS). Therefore, while researching the photocatalytic properties
of Ti(IV)-oxo clusters, we also drew attention to their antimicrobial activity [31,32]. The
significant advantage of using oxo complexes is their ability to reduce the energy gap from
2.9-3.2 eV for TiO, to 2.2-3.0 eV for the studied group of TOCs, allowing them to absorb
visible light. The core structure and type of carboxylate ligand significantly influences
the band gap value in this context. Analysis of electron paramagnetic resonance (EPR)
spectra indicated that stable ROS species formed on the surface of the composite film were
oxygen radicals (O™) for PMMA + TOCs (TOCs = (1), (2), and (5)) samples and superoxide
radicals (O, ™) for PMMA + TOCs (TOCs = (1), (4), and (5)) samples. Previous studies on
TiO, materials have reported that the generation of ROS species can damage cells, hinder
microbial growth and migration, and directly interact with the cell membrane [56,60].
This mechanism is also applicable to our PMMA + TOC samples. Based on the data
presented in Table 6, we can conclude that all the PMMA + TOCs samples exhibited
biocidal activity against S. aureus reference strains, and most of them also showed activity
against E. coli strains. However, the antibacterial activity varied among different strains
of Escherichia coli. The composite samples enriched with TOCs grains containing {TizO,}
cores (5) and {TigO4} (1) demonstrated the highest antibacterial activity. It is worth noting
that, similar to PMMA + (1) 10 wt%, the composite PMMA + (5) 20 wt.% also released both
oxygen anion species (O~ and O™), confirming the crucial role of reactive oxygen species
(ROS) as antibacterial agents. The effects of O~ on microorganism cells have been poorly
investigated. Itis known that O~ reacts with the hydrocarbon bonds of microorganisms [60].
Singlet oxygen or other ROS can damage bacterial cells or other microbes through various
mechanisms, including lipid peroxidation, oxidation of amino acids in proteins, protein
cross-linking, and oxidative damage to nucleic acids. This damage disrupts the normal
functioning of microbial cells [60,61]. ROS can severely impair cell walls and intrinsic
structures, leading to rapid and irreversible inactivation. However, the effectiveness of
microorganism inactivation depends on the intensity of ROS, the initial population of
microorganisms, the exposed area, the environment, and the type of microorganism. In our
case, the PMMA + (2) 20 wt.% system, which only generated O~ species on its surfaces,
exhibited weaker activity against E. coli strains compared to PMMA + (1) 20 wt.%. [60].

5. Conclusions

The aim of this research was to evaluate the influence of the {Ti,Oy} core structure
on the photocatalytic and antimicrobial activity of titanium(IV)-oxo clusters (TOCs). The
clusters, denoted by the general formulas [TigO4(O'Bu)s(O2,Cq3Hg)s] - 2(CH3),CO (1),
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[TigOs(O'Bu)s(O2C13Hy)6] (2), [TiO3(O'Pr)g(O2C13Hy)2] (4), and [TigO2(O'Bu)10(O2C13Ho)z ]
(5), were used to investigate these effects.

Analysis of UV-Vis-DRS spectra revealed that the core structure of {Ti,Op} influences
the band gap energy of the isolated crystalline powders. The energy values varied as
follows: 2.17 eV for {Ti3O} (4), 2.55 eV for {Ti4O5} (5), 2.98 eV for {TigO4} (1), and 2.99 eV for
{TigOg} (2). The absorption maximum for the studied TOCs was detected in the UV range
(360-395 nm), with an absorption edge at 400 nm ({TigO4} (1) and {TigOg} (2)), 420 nm ({TizO}
(4)), and 500 nm ({TigO3} (5)). According to these data, the investigated oxo complexes can
exhibit photocatalytic activity in both UV and visible light.

The photocatalytic and antimicrobial activity of the studied group of Ti(IV)-oxo com-
plexes (TOCs), has been estimated for PMMA + TOCs composite systems. The assumption
was the protection of TOCs before possible hydrolysis processes. Analysis of EPR spectra of
the samples mentioned above proved the presence of natural photoexcitation of all PMMA
+ TOCs surface and the generation of ROS species. In the presence of composite samples,
the photoinduced de-colorization of methylene blue solution processes revealed that oxo
clusters stabilized by 9-fluorene carboxylate ligands are photocatalytic active both in the UV
and Vis range. However, this activity was higher in the UV range. The results of conducted
experiments revealed that photocatalytic activity of investigated TOCs decreases in the
row: {TigOg} (2) > {Ti4O,} (5) > {TizO} (4) > {TigO4} (1). It should be noted that the low
photocatalytic activity of PMMA + (1) could also be attributed to potential interactions
between TOCs grains and polymer chains, which is supported by SEM images and DSC
data.

In general, PMMA + TOCs composites exhibited greater antibacterial activity against
Gram-positive Staphylococcus aureus strains compared to Gram-negative Escherichia coli
strains. However, it is important to mention that the antibacterial activity against E. coli
strains of PMMA samples enriched with TOCs increased in the following order: {Ti;O}
(@) <{TigOg} (2) <{TisOy} (5) <{TigO4} (1). It is worth noting that on the surface samples
demonstrating the highest antimicrobial activity, namely PMMA + (1) and PMMA + (5),
were generated by both O, and O™ oxygen anion species.

One of the key advantages of PMMA + TOCs composite materials enriched with oxo-
Ti(IV) clusters featuring a defined {Ti Oy} core structure is their antimicrobial activity in the
visible range. This characteristic renders this type of composite suitable for preventing the
spread of bacteria in high-risk public areas (e.g., hospitals, supermarkets, or malls) without
relying on harmful UV light, which is currently widely utilized.
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and produced composite materials; Figure S3: Structures of {T,Oy,} cores in molecules (1), (2), (4), and
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Materialy uzupelniajace



Distances 1) (2) 3)
[A]
Ti-Ti Ti(1)-Ti(3) 3.0824(11) Ti(1)-Ti(3)#1 3.1009(9) Ti(1)-Ti(2)#1 3.1081(11)
Ti(1)-Ti(2) 3.3574(10) Ti(1)-Ti(2)#1 3.1185(9) Ti(1)-Ti(3)#1 3.1093(12)
Ti(2)-Ti(3)#1 3.1156(9)

Ti-O Ti(1)-O(2) 1.755(3) Ti(1)-O(71) 1.769(3) Ti(1)-O(71) 1.759(3)

Ti(1)-O(1)#1 1.902(3) Ti(1)-O(3) 1.881(3) Ti(1)-O(1) 1.896(3)

Ti(1)-O(51) 2.024(3) Ti(1)-O(1) 1.904(3) Ti(1)-0O(3) 1.899(3)

Ti(1)-O(11) 2.039(3) Ti(1)-O(11) 2.035(2) Ti(1)-O(11) 2.050(3)

Ti(1)-O(26) 2.044(3) Ti(1)-O(32)#1 2.071(3) Ti(1)-O(32)#1 2.066(3)

Ti(1)-Ti(2) 3.3574(10) Ti(1)-0(2)#1 2.148(3) Ti(1)-0(2)#1 2.151(3)

Ti(2)-O(86) 1.751(4) Ti(2)-0(91) 1.755(3) Ti(3)-O(81) 1.766(3)

Ti(2)-O(2) 1.869(2) Ti(2)-0O(3) 1.896(2) Ti(3)-O(2) 1.887(3)

Ti(2)-O(1) 1.906(2) Ti(2)-O(2) 1.916(3) Ti(3)-O(1) 1.895(3)

Ti(2)-O(72)#1 2.056(3) Ti(2)-O(51) 2.046(3) Ti(3)-O(12)#1 2.069(3)

Ti(2)-0(12) 2.072(3) Ti(2)-O(12)#1 2.073(2) Ti(3)-O(52)#1 2.074(3)

Ti(2)-0(32) 2.101(3) Ti(2)-O(1)#1 2.142(3) Ti(3)-0(3)#1 2.142(3)

Ti(3)-O(66) 1.786(3) Ti(3)-O(81) 1.773(3) Ti(2)-0(91) 1.769(3)

Ti(3)-O(46) 1.793(3) Ti(3)-O(2) 1.880(2) Ti(2)-0(3) 1.886(3)

Ti(3)-O(26) 1.978(3) Ti(3)-O(1) 1.899(3) Ti(2)-0O(2) 1.911(3)

Ti(3)-O(71) 2.017(3) Ti(3)-O(31) 2.073(3) Ti(2)-O(51) 2.043(3)

Ti(3)-O(1)#1 2.066(2) Ti(3)-O(52)#1 2.081(3) Ti(2)-O(31) 2.072(3)

Ti(3)-0(52) 2.157(3) Ti(3)-0O(3)#1 2.172(3) Ti(2)-0O(1)#1 2.144(3)

Angles (1) (2) 3)
1

Ti-O-Ti Ti(1)#1-0(1)-Ti(2) 128.79(13) O(2)-Ti(1)-O(1)#1 104.53(11) Ti(3)#1-Ti(2)-Ti(1)#1 68.84(2)
Ti(1)#1-0(1)-Ti(3)#1 101.84(11) 0(2)-Ti(1)-0(51) 92.97(11) Ti(3)-O(1)-Ti(1) 135.43(17)
Ti(2)-O(1)-Ti(3)#1 129.36(14) O(1)#1-Ti(1)-O(51) 92.98(11) Ti(3)-O(1)-Ti(2)#1 99.98(13)
Ti(1)-0(2)-Ti(2) 135.75(14) 0O(2)-Ti(1)-0(11) 93.65(11) Ti(1)-O(1)-Ti(2)#1 100.43(13)
O(1)#1-Ti(1)-O(11) 90.26(11) Ti(3)-0(2)-Ti(2) 133.69(16)
O(51)-Ti(1)-O(11) 171.67(10) Ti(3)-O(2)-Ti(1)#1 100.50(13)

0(2)-Ti(1)-0(26) 176.25(12) Ti(2)-0O(2)-Ti(1)#1 99.66(13)
O(1)#1-Ti(1)-O(26) 79.07(11) Ti(2)-O(3)-Ti(1) 132.25(16)
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Abstract: Excessive misuse of antibiotics and antimicrobials has led to a spread of microorganisms
resistant to most currently used agents. The resulting global threats has driven the search for new
materials with optimal antimicrobial activity and their application in various areas of our lives. In
our research, we focused on the formation of composite materials produced by the dispersion of
titanium(IV)-oxo complexes (TOCs) in poly(e-caprolactone) (PCL) matrix, which exhibit optimal
antimicrobial activity. TOCs, of the general formula [Ti4O2(O'Bu)15(0,CR’),] (R” = PANH; (1), C13Hy
(2)) were synthesized as a result of the direct reaction of titanium(IV) isobutoxide and 4-aminobenzoic
acid or 9-fluorenecarboxylic acid. The microcrystalline powders of (1) and (2), whose structures were
confirmed by infrared (IR) and Raman spectroscopy, were dispersed in PCL matrixes. In this way,
the composites PCL + nTOCs (n = 5 and 20 wt.%) were produced. The structure and physicochemical
properties were determined on the basis of Raman microscopy, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), electron paramagnetic resonance spectroscopy (EPR), and
UV-Vis diffuse reflectance spectroscopy (DRS). The degree of TOCs distribution in the polymer matrix
was monitored by scanning electron microscopy (SEM). The addition of TOCs micro grains into the
PCL matrix only slightly changed the thermal and mechanical properties of the composite compared
to the pure PCL. Among the investigated PCL + TOCs systems, promising antibacterial properties
were confirmed for samples of PCL + n(2) (n = 5, 20 wt.%) composites, which simultaneously revealed
the best photocatalytic activity in the visible range.

Keywords: PCL; titanium(IV)-oxo complex; composite; physicochemical properties; photocatalytic
activity; reactive oxygen species; antimicrobial activity

1. Introduction

The interest in titanium(IV)-oxo complexes (TOCs) is inter alia due to their physic-
ochemical and optical properties (e.g., luminescent, photochromic, and photocatalytic
properties), which can be compared to titanium dioxide particles (TiO;) [1-5]. From a
practical point of view, photocatalytic activity of TOCs is important; for example, their
application in the photodegradation of organic water pollutants or the formation of self-
cleaning materials [6—-10]. However, the systems mentioned above differ in the mechanism
responsible for the course of photocatalytic processes. Titanium dioxide is a cheap, non-
toxic semiconductor of high-value bandgap energy (Eg of rutile and anatase, the two most
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known polymorphic forms of titania are equal to 3.02 eV, and 3.20 eV, respectively), which
corresponds to the radiation energy in the UV range [11]. The characteristic feature of
semiconductor nanoparticles (SNP) is their ability to transfer electrons from the valence
band to the conduction band as a result of photon absorption, which leads to the for-
mation of the electron (e-) and hole (h+) pair (exciton) [12,13]. Excitons exhibit strong
redox properties and can react with water and oxygen molecules adsorbed on the SNP
surface and lead to the generation of reactive oxygen species (ROS) [14,15]. The following
factors influence the photocatalytic activity of TiO,-based nanomaterials: particle size,
surface morphology, structure, radiation intensity, and exposure time [15,16]. Friehs et al.
drew attention to the fact that the photoinduced toxicity of TiO, P25 powder is stronger
than other TiO, nanoparticles. Moreover, the rutile form revealed lower toxicity than the
anatase particles [11]. The presence of organic ligands stabilizing the {Ti,Oy} cores in the
structures of oxo-complexes can work as a photosensitizer and lead to the absorption range
widening towards the visible light [16-18]. Due to this effect, the electrons transfer distance
decrease between HOMO-LUMO orbitals of the ligands and the {Ti,Oy} core, and the
energy of the absorption band is lower [16,19,20]. Analysis of the literature data shows
that photocatalytic activity of TOCs can be controlled by way of ligand functionalization,
especially of carboxylate groups [21]. The results of our previous research on the photo-
catalytic activity estimation of composites, which contained PMMA and TOCs consisting
of {Ti4O,} cores, confirmed this [17,18]. According to these reports, systems stabilized
with 9-fluorenocarboxylate and 4-aminobenzonate ligands exhibited the best properties.
The results obtained r were so promising that we decided to continue the work on the
above-mentioned TOCs group.

In searching for new, more effective agents/materials with bactericidal effect, at-
tention has been drawn to metal oxides exhibiting photocatalytic properties [22,23]. The
direct contact of the microorganism with the photocatalyst surface leads to the damage
of the integral cell membrane due to the action of the ROS, mainly hydroxyl radicals
(*OH) and hydrogen peroxide (H,O,) [24,25]. According to Foster et al., in the first
stage, the bacterial cell contents leak, followed by cell lysis, up to the full mineraliza-
tion of the microorganism [24,26]. Photocatalytic activity of TOCs suggests that also,
in this case, that ROS can be generated on their surface. The hydrophobicity of TOCs
grains/powders and their sensitivity on hydrolysis processes caused the previous interest
of this group of compounds as potential antimicrobial agents to be limited. Although
studies of the hydrolyzed form of the complexes consisted of {Ti4O,} cores stabilized
by two triclosan ligands, they revealed antibacterial activity against Staphylococcus au-
reus [27]. However, it should be noted that the triclosan ligand, which was used for
oxo-complex stabilization, is a potent antibacterial and antifungal agent [28]. Therefore,
in this case, the presence of the triclosan (as a hydrolysis product) can be seen as a main
bactericidal factor. The results of our earlier investigations on [Ti4O, (O'Bu);9(O,CR’),] and
[Tiz0(O'Pr)g(O2CR"),] (R’ = C13Hg, PhCl, PANO,, PhNH,, PhOH) complexes, dispersed in
PMMA matrix, proved their resistance on the hydrolysis processes and made it possible to
evaluate their photocatalytic activity [17,18,29,30]. Moreover, studies of (PMMA + TOCs)
composites (TOCs = [Ti3O(O'Pr)g(O,CPhR’);] and [TizO2(O'Bu)19(O,CPhR’),] (R’ = NH,
and OH)) confirmed their phototoxicity against Staphylococcus aureus, Escherichia coli, and
Candida albicans, their effectiveness was 85-99% [18]. According to earlier reports, it should
be noted that in order to produce a composite material with suitable microbicidal proper-
ties, the TOCs of a specific core structure {Ti,Op} and/or functionalized carboxylate ligands
must be introduced to the polymer matrix.

In our studies, we have focused on studying the microbicidal activity of tetranuclear
titanium(IV)-oxo complexes with high photocatalytic activity [17,18]. Synthesized com-
pounds were dispersed in the poly(e-caprolactone) (PCL) matrix. PCL is a biodegradable
(degradation time from 2 to 3 years) thermoplastic polymer, which is increasingly used
in the production of medical devices, e.g., catchers, stents, intrauterine devices [31-37],
as well as environmentally friendly packaging for food products [38]. The analysis of
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the previous reports shows the growing interest in modifying PCL films/coatings to
obtain biodegradable materials, which can be antimicrobial agent release carriers, e.g.,
antimicrobial peptides [39] or antibiotics [37]. Moreover, work is underway on composite
materials with appropriate antimicrobial activity, which are obtained by introducing an
inorganic agent, such as ZnO and CuO, into the PCL matrix [40]. The use of the PCL/TiO,
system is especially interesting in the production of composite fibers using the electro-
spinning method [41-46]. It was noticed that the addition of TiO, particles to PCL matrix
influences the reduction of its water absorption and improves the mechanical properties
(e.g., compressive strength) [41]. Moreover, Kiran et al., investigating the antimicrobial
activity of PCL/TiO; coatings and irradiated by UV light produced on the titanium im-
plants surface, exhibited improvement of their biological properties and antibacterial
activity [42]. For this reason, in our investigations, we have focused on PCL + TOCs
systems (TOCs = [TizO(O'Bu)19(02CR’),]) containing R” = 9-fluorenocarboxylic groups
and 4-aminobenzoic ones as the stabilized ligands. The novelty of the research carried
out was the use of the PCL + nTOCs system (1 = 5 and 20 wt.% TOCs) to obtain extruded
fittings, which reveal the antimicrobial properties. The research results could be used for
the production of composite coatings with self-disinfecting surfaces.

2. Results

The TOCs, of the general formula [TigO,(0'Bu)19(O,CR’);] (R” = PhANH,(1) and Cy3Hy
(2)), were isolated from a 4:1 molar ratio mother liquor of Ti(O'Bu); and organic acids
(HO,CR’; R” = Cy3Hg, PhNH3) according to the procedure described earlier [17,30]. Analy-
sis of spectra registered using diffuse reflectance infrared Fourier transformation (DRIFT)
and Raman spectroscopy allowed for their structure to be confirmed [17,30]. SEM images
of (1) and (2) oxo-complexes micro-powders isolated from the mother liquor are presented
in Figure 1 (moreover, the SEM EDX data concerning (1) and (2) are shown in Figure S1).

PCL +5(2) -

Figure 1. SEM images of isolated micro-powders of oxo-complexes (1) and (2) and cross sections of the produced
PCL + nTOCs (TOCs = (1) and (2)) composite fittings.



Int. . Mol. Sci. 2021, 22, 7021

4 0f 20

2.1. The Production of Polymer + TOCs Composites and Studies of Their Physicochemical and
Thermal Properties

The produced (1) and (2) microcrystalline powders were dispersed in the poly(e-
caprolactone) (PCL) matrix and then, applying the injection molding method, produced
the fittings containing # = 5 and 20 wt.% of TOCs (PCL + n(TOCs composite). The size of
TOCs grains and their distribution in the produced fittings are shown in Figure 1. Analysis
of SEM images exhibited the relatively homogeneous distribution of TOCs grains in the
PCL matrix. In samples that contain the 5 wt.% TOCs, grains of sizes from 3 to 15 pm
predominated, however, larger grains (size 30-90 um) were also found. The increasing
of TOCs content up to 20 wt.% resulted in a uniform distribution of larger grains (ca.
20-70 pm) in the entire volume of the fittings, regardless of the oxo-complex type (Figure 1
and Figure S2).

The presence of TOCs in all studied samples and their structural stability during
the fabrication of composite fittings has been confirmed by the registration of Raman
microscope maps (Figures 2 and 3). The structural stability confirmation of (1) and (2)
was especially important, as the sample was heated up to 70 °C during injection molding,
which could change their structure in dispersed compounds. For comparison, the Raman
spectra of (1) and (2) dispersed in PMMA at room temperature are presented.

Moreover, the presence of TOCs grains in the PCL matrix was confirmed by the SEM
EDX method (Table 1, Figure 4). Analysis of these data confirms the presence of peaks
assigned to Ti, O, and C in EDX patterns of the samples containing TOCs micro grains,
while in the case of the pure PCL sample, the Ti peaks were not found (the Al peak is
derived from microscope equipment).
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Figure 2. Raman microscopy maps and spectra of PCL + 5(1), PCL + 20(1), and PMMA + 20(1) composites.
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Figure 3. Raman microscopy maps and spectra of PCL + 5(2), PCL + 20(2), and PMMA + 20(2) composites.

Possible changes in thermal properties of the studied composites, caused by the
addition of TOCs, were estimated using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The measurements were carried out in the temperature range
30-550 °C, at nitrogen atmosphere, and obtained results are presented in Table 2 and
Figure 5a,c). Thermal decomposition of PCL proceeded in one stage between 20 and
460 °C (Figure 5a). In general, the dispersion of (1) and (2) grains in PCL matrix slightly
reduces the decomposition temperature of most investigated composites (2-5 °C), which
can be associated with the decomposition of TOCs below 320 °C (in thermograms, the
weak decomposition stage below 320 °C was found (Figure 5a). The exception was the
PCL + 20(2), for which the decomposition temperature was decreased and their one-stage
thermal decomposition proceeded between 260 and 420 °C. For PMMA composites, it
can be seen that the decomposition process takes place in two stages, as described in the
publication [18]. For comparison, TGA studies of PMMA and PMMA + 20TOCs (TOCs = (1)
and (2)) samples revealed that addition TOCs grains decreased the first stage of thermolysis
temperature and increased the second one (Figure 5c, Table 2).

Table 1. SEM EDX quantitative data; mean value of mass percent (%).

Composite C (0] Al Ti

PCL 28.35 70.98 0.67 -
(PCL + 5%(1)) 26.15 66.53 0.32 7.00
(PCL + 20%(1)) 25.23 65.73 0.21 8.83
(PCL + 5%(2)) 26.06 66.15 0.37 7.42

(PCL + 20%(2)) 22.79 65.39 0.20 11.62
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Figure 4. SEM images and EDX patterns of (PCL + 20(1)) and (PCL + 20(2)) composites, the pure PCL spectra are given

for comparison.

Table 2. Thermal parameters received from thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
of the composites (Tg = glass transition temperature, T = evaporation temperature of an unreacted monomer, Tr, = melting

temperature, Tq/m,x = decomposition temperature (transition maximum), Tmax = temperature in the thermal transition

maximum, Am = thermal transition weight loss).

DSC TGA
PCL - 66.1 - - 402.3 400.1/100 - 0
(PCL + 5(1)) - 66.7 - - 398.3 397.9/97 - 3
(PCL + 20(1)) - 65.5 - - 394.9 394.7/89 - 11
(PCL + 5(2)) - 66.7 - 353.6 395.5 396.3/96 - 4
(PCL +20(2)) - 67.2 - 328.0 373.6 366.2/89 - 11
PMMA 99.6 - 150.8 - 368.6 199.9/12 365.1/85 3
(PMMA + 20(1)) 99.0 - - - 3778 159.9/15 372.7/76 9
(PMMA + 20(2)) 100.9 - - - 381.3 189.8/12 371.0/76 12
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Figure 5. Thermogravimetric curves (TGA) (a,c) and the differential scanning calorimetry curves of (DSC) (b,d) of the

produced composite materials.

The results of DSC thermal analysis of pure polymers (PCL, PMMA) and composites
containing (1) and (2) powders are presented in Figure 5b,d and Table 2. The thermogram
of pure PCL showed a single endothermic peak at around 66 °C (Tm), which was attributed
to the polymer melting. Since DSC measurements were carried out between 30 and 550 °C,
the glass transition temperature (Tg) of PCL (Tg = —61 °C [44]) could not be observed. The
dispersion of TOCs grains in the PCL matrix practically does not influence the melting
temperature (Table 2). The second endothermic peak at ca. Ty max = 402 °C, which was
found in the PCL thermogram was assigned to the polymer decomposition (the polymer
thermal decomposition starts at 344.9 °C). In the case of composites containing 5 wt.% of
TOCs grains, a slight reduction of T4 /max, i-e., 4 °C for PCL + 5(1) and 6 °C PCL + 5(2) was
observed (Table 2). The beginning of the decomposition was registered at ca. 342 °C (1) and
354 °C (2), respectively (Table 2). In the thermogram of PCL + 20(1) sample, the additional
weak peak was found at Ty ,/max = 332 °C (Figure 5b). This transition can result from the
thermal decomposition of (1), whose start was found at c.a 290 °C. Endo—exo transitions,
which were noticed at 328 and 374 °C, respectively in the thermogram of PCL + 20(2),
were also attributed to composite decomposition (Table 2, Figure 5b). Analysis of DSC
thermograms of PMMA and PMMA + 20TOCs (TOCs = (1) and (2)) showed that the
addition of TOCs eliminated the thermal effect occurring at ca. 151 °C for pure PMMA
(Table 2, Figure 5b) [18]. Furthermore, in these cases, exo—endo transitions between 200
and 440 °C, resulted from the composite thermal decomposition, however, the increase of
T4 of both composites versus the pure PMMA was observed (Table 2, Figure 5d).

The mechanical strength studies of the polymer and composite fittings subjected
to the static tensile test allowed us to determine the effect of introducing micro grains
of complexes (1) and (2) into the PCL matrix. Samples containing 20 wt.% TOCs were
subjected to these measurements, and obtained results are presented in Table 3. In general,
it should be noted that the introduction TOCs grains to the PCL matrix increased the
Young’s modulus value (E) in comparison to pure PCL, wherein this increase was greater
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after the introduction of (1) than (2). Simultaneously, tensile strength and strain at break
decreased their values independently according to the type of added oxo-complex (Table 3).
In the case of the compressive test of the samples, the analogous change in Young’s modulus
value (E) of the composite compared to pure PCL was observed, but the differences were
not visible. These results show that the elastomeric character of the samples was kept even
with 20 wt.% of addition TOCs grains.

Table 3. The results of composite fittings mechanical strength and compressive strength studies in the static tensile test.

Sample Egensile [MPal] Omax [IMPal  emax [%]  opr [MPa]l &g [%] Ecompressive [MPal  Oyje1q [MPal  eyie1q [%]
PCL 422 +13 21.0+14 6.6 +0.9 20.7+1.3 6.8+0.9 100 + 4 8.4+0.1 20.0 + 0.6
PCL + 20(1) 504 + 21 159 + 0.6 42 +0.1 159+ 0.6 42+0.2 107 +3 8.4+0.1 20.1+0.3
PCL + 20(2) 480 +3 15.8+0.5 45+0.1 15.7+0.5 45+0.1 115+1 8.5+0.1 19.1+0.5

E,Young’s modulus (MPa); 0max, maximum stress (tensile strength) (MPa); emax, strain at the maximum stress (%); ogg, stress at break
(MPa); eR, strain at break (%); Ecompressive, coOmpressive strength (MPa); 0y;eld, stress at the yield (MPa); eyielq, strain at the yield (%).

2.2. Estimation of Photocatalytic Activity of the Oxo-Complexes

The UV-Vis-DRS spectra of produced PCL + TOCs composites were recorded to
determine of the PCL absorption maximum position before and after the introduction of
5 and 20 wt.% (1) and (2) (Figure 6). Analysis of these data revealed the clear shifting
of absorption maximum towards visible range from 236 nm for PCL up to 375400 nm
for produced composites. Therefore, in all our photocatalytic experiments samples were
irradiated by visible light (A = 350-2200 nm).

PCL
A
200 700
A (nm)
) r\ A
I 200 700
200 A (nm) 700 % (i)

+5(2)
A

PCL
200 400 600 800
A (nm)

+20(2)
A

PCL
200 400 600 800
A (nm)

Figure 6. UV-Vis-DRS spectra of PCL and studied PCL + nTOCs composites.



Int. . Mol. Sci. 2021, 22, 7021

9 of 20

The photocatalytic activity was estimated on the basis of methylene blue solution (MB)
decolorization during irradiation with visible light by 30 h. Changes in MB concentration in
the presence of PCL + nTOCs (TOCs = (1) or (2)) composites are presented in Figure 7 and
Table 4. The results of these investigations were compared with the studies of photocatalytic
activity of PMMA + 20TOCs (TOCs = (1) or (2)) also irradiated by visible light (these studies
were not carried out in our earlier works). According to the data presented in Figure 7a,b
and Table 4, it should be noted that a 5 wt.% addition of the oxo-complexes (TOCs = (1)
or (2)) to the PCL matrix increases photocatalytic activity of PCL + 5TOCs in comparison
to the pure polymer, especially in the case of PCL + 5(2) (the reference rate constants
were 00029 h™! and 0.0078 h™! for PCL + 5(1) and PCL + 5(2), respectively. According
to presented data, a pure PCL showed no photocatalytic activity in the visible range; its
activity was generally the same as for irradiated MB solution. The increase of TOCs content
up to 20 wt.%, significantly improved the activity of studied materials, especially for the
PCL + 20(2) system. Comparative studies carried out for the composites PMMA + 20TOCs
(TOCs = (1) or (2)) revealed that photocatalytic activity of the PMMA + 20(2) composite
was also clearly greater than the activity of (PMMA + 20(1) one (Figure 7c,d and Table 4).
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Figure 7. Changes in the concentrations of the methylene blue (MB) solution as a function of time for the respective
composite materials irradiated with VIS radiation ((a) PCl + n(1), (b) PCL + n(2) (n = 5, 20 wt.%), (c) PMMA + 20(1), (d)
PMMA + 20(2) (n = 20 wt.%).
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Table 4. MB solution decolorization percentages and AA;gy parameters for the studied reactions in relation to the composites.

AA 30 10% Rate Constant in

s e a 2
Composite MB Deco});)rlzatlon AA 30 in Reference 10 Ratﬁﬁonstant Reference to MB,
(%) to MB h1
MB irradiated 76.35 0.749 - 2.50 +0.02 -
PCL 76.91 0.726 —0.023 2.51+£0.03 0.01
PCL + 5(1) 75.54 0.701 —0.048 2.79 £ 0.04 0.29
PCL + 20(1) 81.46 0.782 0.033 2.96 + 0.05 0.46
PCL + 5(2) 79.56 0.755 0.006 3.28 + 0.04 0.78
PCL + 20(2) 87.32 0.847 0.980 3.40 £ 0.06 0.90
c e a AA 30 2 10? Rate Constant in
Composite MB Deco};rlzatlon AA 30 in Reference 10 Ratﬁﬁonstant Reference to MB,
(%) to MB h!
MB irradiated 76.35 0.749 - 2.50 + 0.02 -
PMMA 75.18 0.751 0.002 2.60 £ 0.03 0.10
PMMA + 20(1) 83.75 0.804 0.055 2.63 £ 0.04 0.13
PMMA + 20(2) 85.20 0.787 0.038 2.74 £+ 0.07 0.24

Methylene blue (MB) decolorization at the end of the measurements (t = 30 h).

2.3. Results of EPR Studies

EPR spectroscopy was used to detect paramagnetic species on the surface of the
synthesized materials. Pure PCL polymer shows no EPR signal. However, paramagnetic
centers were found in all samples of PCL + TOCs. Generally, the signals in the EPR spectra
were very weak, especially for composites with a 5 wt.% admixture of oxo-titanium(IV)
complexes. Therefore, only the EPR spectra of the samples with 20 wt.% addition of
oxo-titanium(IV) complexes were analyzed in detail. Spectra registered for composites of
PCL + 20(1) and PCL + 20(2) are presented in Figure 8. The EPR parameters and types of
observed paramagnetic species (ROS) are summarized in Table 5.
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35
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E

28 0 02 3 33 338
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Figure 8. EPR spectra of PCL + 20(1) (a) and PCL + 20(2) (b).
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Table 5. EPR data for PCL + 20TOCs (TOCs = (1) and (2)) composite samples. The samples were
exposed to visible light prior to measurement.

Sample g-Factors Species
PCL + 20(1) 2.020, 2.005, 1.999 (O
PCL +20(2) 2.025, 2.010, 2.003(?), 2.019, 2.003, 1.999 %2,

Some EPR signals are marked with a question mark (Table 5 and Figure 8b) for
two reasons. The first one (Table 5) concerns the value of the lowest g-factor for O,~
species, as the signals from both oxygen species overlapped. Another reason (Figure 8b)
concerns the very weak and very broad signal for O~ species, which during accumulation
disappeared probably due to slight fluctuations in the magnetic field.

2.4. Antimicrobial Activity of PCL + TOC Composites

Antibacterial and antifungal activities of PCL and PCL + #nTOCs (1 = 5 and 20 wt.%) are
presented in Table 6. Generally, these studies revealed that enrichment of the polymer with
TOCs grains decreased the number of microorganisms when compared with pure polymer
(PCL). However, the biocidal effect of PCL + TOCs composites (R > 2) was observed against
bacteria, and when PCL was enriched with 5 wt.% TOCs containing 9-fluorenocarboxylic
stabilized ligand (2), with one exception (Staphylococcus aureus ATCC 6538), or with 20 wt.%
TOCs containing 4-aminobenzoic stabilize ligand (1) and 9-fluorenocarboxylic stabilize
ligand (2). Gram-negative bacteria showed higher sensitivity to PCL + TOCs than Gram-
positive bacteria, especially in the presence of 20 wt.% TOCs (2). In these cases, the
reduction indexes were found to be between 3.5-4.5 and 2.0-2.6, respectively. In general
should be noted the weak antimicrobial activity of studied samples against yeasts, i.e.,
Candida albicans. The PCL + 20(2) showed the best antifungal properties among studied
systems (Table 6).

Table 6. Antimicrobial activity of PCL and PCL + nTOCs.

Microorganisms
Sample Escherichia coli Escherichia coli Staphylococcus aureus Staphylococcus aureus  Candida albicans
P ATCC 8739 ATCC 25922 ATCC 6538 ATCC 25923 ATCC 10231

R R R R R

PCL 0.9 0.9 0.1 0.6 0.0
PCL + 5(1) 1.6 0.7 0.2 0.7 0.3
PCL + 5(2) 2.0 2.6 1.1 2.3 0.3
PCL + 20(1) 2.0 2.0 2.0 2.5 0.7
PCL + 20(2) 4.5 3.5 2.0 2.6 0.9

R, reduction index. R >2 is a biocidal effect when the microbial growth is reduced at least 100 times (99.0%).

3. Discussion

The previous studies on films based on poly(methyl methacrylate) (PMMA) enriched
with 20 wt.% TOCs (TOCs = [TizO,(O'Bu)19(O,CR’);]; R” = PANH, and PhOH) revealed
their photocatalytic activity in the UVA/Visible range, and also, their clear bactericidal
properties [17,18]. The studies were carried out on PMMA + TOCs composite films of
25-50 pm thickness, containing TOCs grains, with sizes ca. 3-5 um (R” = NHj) or ca.
100-300 um (R” = OH) [18]. Analysis of Raman spectra of the composites mentioned above
confirmed structural stability of TOCs introduced to the polymer matrix and their low
sensibility on hydrolysis processes. This prompted us to continue our research on the
possibility of using multinuclear Ti(IV)-oxo complexes as an antimicrobial agent. This paper
presents the research results on PCL + nTOCs (n = 5 and 20 wt.%) composite fittings of
1.5 mm thickness, produced with the use of equipment for plastics processing consisting of
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a twin-screw extruder and a pneumatic mini-injection molding machine. The tetranuclear
oxo-complexes [TizO»(O'Bu)19(0-CR’),] (R” = PhNH, (1) and C3Hg (2)) were used in
the fabrication of test samples, which were irradiated with the visible light during all
photocatalytic and microbiological experiments. Analysis of Raman microscopy data and
SEM-EDX ones confirmed the uniform dispersion of TOCs grains (both (1) and (2)) in
the whole volume of fittings and their structural stability during the production process.
The size of dispersed TOCs grains depended on their content and, in the case of 5 wt.%
amounted 3-90 pm while for 20 wt.% 20-70 pm. The TGA and DSC data analysis revealed
that depending on the type of used polymer (PCL, PMMA), the thermolysis temperature
was slightly lower for PCL + 20TOCs composites and increased for PMMA + 20TOCs
ones, in comparison to the pure polymers. This effect can be related to the thermal
decomposition of TOCs, for which Tynax Were ca. 310 and 291, 393 °C for (1) and (2),
respectively (thermal decomposition of (2) proceeds in two stages), which dependently to
decomposition temperature of the pure polymer (ca. 402 °C for PCL and ca. 365 °C for
PMMA) can accelerate or decelerate composite thermal decomposition processes.

The photocatalytic activity studies of PCL + nTOCs composites were preceded by the
determination of their absorption maximum, which was carried out using the UV-Vis-DRS
technique. Analyzing the registered data (Figure 6), it was noticed that the dispersion of
TOCs grains into the PCL matrix results in a clear shift of their absorption maximum from
the UV range (236 nm for pure polymer) towards the visible range (375-400 nm). Earlier
studies of Ti(IV)-oxo complexes (1) and (2) showed that the bandgap magnitudes were 2.57
and 2.55 eV [17,18], respectively. The narrowing of the bandgap of TOCs compared to TiO,
(ca. 3.0-3.2 eV [11]) results from the photosensitizing effect of functionalized carboxylate
ligands bonded to the {Ti4O,} core [47]. As a result, electrons excited under the influence of
visible light can be transferred between the HOMO-LUMO of ligands with energy bands
of the titanium-oxo core. Accordingly, the photocatalytic activity of studied PCL + nTOCs
composites has been evaluated based on the MB decolorization for samples exposed to
visible light. Analysis of data presented in Figure 7a,b, and Table 4 revealed the clear
photocatalytic activity of PCL samples containing grains of TOCs (TOCs = (1) and (2)),
in contrast to the pure PCL, which is inactive in this range of the light. The content of
TOCs in the composite samples (1 = 5 and 20 wt.%) and the type of carboxylic stabilization
ligand (-O,CPhNH; (1) and -O,CC;3Hy (2)) are the main factors that influenced the pho-
todecolorization of the MB solution. Moreover, the data provided in Table 4 suggests the
possible relationship between the polymer matrix type and the composite photocatalytic
activity. According to these data, the PMMA exhibits a weak ability to MB photodecol-
orization during exposure to visible light, unlike PCL, which is inactive. Comparing both
studied composites, it should be noted that the photocatalytic activity of PMMA + 20TOCs
composites was significantly lower than PCL + 20TOCs ones (Table 4).

Considering the relatively well-known mechanism of the photocatalytic action of TiO,
based materials, it can be assumed that after visible light photoexcitation of studied sam-
ples, the ROS can be generated on their surface [48]. Therefore, the microbiocidal activity
estimation of the produced composites (containing 20 wt.% of TOCs) were preceded by an
analysis of their EPR spectra, which allowed for the detection of ROS formation and their
identification. In the EPR spectrum of PCL + 20(1), the characteristic anisotropic signals for
O~ radical were found (Figure 8, Table 5). The formation of O™ type paramagnetic centers
consists of removing the electron and stabilizing the radical formed by reduction of tita-
nium(IV) to titanium(II) [49]. So, although the presence of titanium(IlI) is not excluded, the
respective signals are not visible due to their much greater width compared to the signals of
radicals and, consequently, their lower intensity. The EPR spectra of PCL + (2) are more com-
plex and contain more lines. The literature data shows that the maximum g-factor (g;,) for
O, is greater than for O~ species. [50]. On the other hand, titanium(IIl), due to a positive
spin-orbit coupling constant, shows EPR signals at even lower g-values, below 1.99 [48-52].
This approach makes it possible to identify the presence of ROS of the type O, ™ and O~
in PCL + (2) samples (Table 5). The above analysis does not exclude the presence of other
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oxygen-based radicals because the superoxide radical anion, O, ~, the peroxy-type radicals
(RCOO-) and Oy~ of organic-type adducts could be indistinguishable by the CW-EPR
spectroscopy [52]. The role of oxidative stress in titanium dioxide-induced antimicrobial ac-
tivity was confirmed by several previously published reports [24,25,41,53,54]. The promote
photo-oxidation and photo-reduction processes, which can lead to ROS generation, were
also observed for TOCs systems [14,18,55]. The formation of such radicals as oxide (O7),
superoxide (O, ™) or hydroxyl (¢OH), and non-radicals, e.g., hydrogen peroxide (H,O,)
or hydroxyl (OH™) ions, has been confirmed [14,56]. The generation of ROS is considered
as the main mechanism of antimicrobial activity. ROS are effective in vitro against Gram-
positive, and Gram-negative organisms, including multidrug-resistant (MDR) isolates
and fungi, as they cause several types of oxidative damage intracellularly. They are also
highly active against viruses [57-59]; for example, H,O, causes its antimicrobial action
by a reaction with thiol groups in proteins, including enzymes, DNA, and bacterial cell
membranes, while hydroxyl radical, which is a strong and nonselective oxidant, breaks
DNA, peroxidates lipids, and carbonylates proteins [59,60]. Moreover, ROS oxidize the
deoxyguanosine triphosphate (dGTP) and deoxycytidine triphosphate (dCTP) pools caus-
ing incorrect incorporation of bases into DNA. They also cause double-stranded breaks
in DNA through disrupted repair intermediates [61-63]. The free radicals affect bacterial
lipopolysaccharide (LPS) in outer membrane, peptidoglycan, and the phospholipid bilayer
by causing peroxidation [54]. The relationship of photocatalytic activity and antimicrobial
activity of PMMA + TOCs containing TizO or TisO, cores (20 wt.%) and 4-hydroxybenzoic
or 4-aminobenzoic ligands, against Gram-positive and Gram-negative bacteria, and yeasts
was revealed in our previous studies [18]. All of the studied PMMA + TOC foils strongly
(>99%) inhibited the growth of tested bacteria (E. coli and S. aureus). Both PMMA + TOCs
with TigO; core and 4-hydroxybenzoic or 4-aminobenzoic ligands also significantly in-
hibited the growth of yeasts of C. albicans not the complex of PMMA with a {TizO} core
and stabilized by the -O,C-4-PhNH), ligand [18]. In the presented paper, the antimicrobial
activity of PCL + nTOCs (n = 5 and 20 wt.%., TOCs = (1) and (2)) composite samples
were assessed, which were activated by visible light. Strong antibacterial activity for PCL
containing 20 wt.% of the TOCs was found, like during the previous studies. However, in
the case of 5 wt.% content of (2) in the composite sample such activity was recorded.

When the bactericidal activity of TOCs is studied, attention should be paid to the role
of photocatalytically assisted antimicrobial processes activated by light. The importance of
UV-assisted TiO, photocatalysis for the inactivation of bacteria has been widely described
in the existing literature [54,64—66]. However, in the case of PCL + nTOCs composites,
the absorption maximum was shifted towards the visible range, which suggests that vis-
ible light plays a decisive role in microbicidal processes. The role of visible light as an
antibacterial agent was pointed out by Angarano et al. [67]. They revealed that visible light
in the high-energy range (400-420 nm) could inactivate biofilms formed by both Gram-
negative Pseudo-monas fluorescens and Gram-positive Staphylococcus epidermidisbacteria [67].
It is hypothesized that the reactive oxygen species are involved in the antimicrobial effect
of high-energy visible light [68]. Liou et al. assumed that the photocatalytic processes
occurring on the surfaces of TiO,-based materials are the most important factors, which
can facilitate the prevention of diseases caused by microorganisms [69]. These authors
investigated the microbicidal activity of modified TiO, systems (the modification consisted
in shifting the absorption towards the visible light spectrum) against model bacteria E. coli
and human pathogens showed that irradiation with visible light significantly decreased the
number of test bacteria [69]. The results of the carried out and described here investigations
showed that the PCL + nTOCs ((1), (2)) composites exhibit photocatalytic activity in the vis-
ible range by generating the reactive oxygen species (as was proved by EPR spectroscopy).
Taking into account the received results we can assume that the ROS generated on the
surface of the manufactured composite fittings under their influence of exposition on the
visible light are the main antimicrobial factor.
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4. Materials and Methods
4.1. Materials

Titanium(IV) isobutoxide (Aldrich, St. Louis, MO, USA), 4-aminobenzoic acid (Aldrich,
St. Louis, MO, USA), 9-fluorenecarboxylic acid (Organic Acros, Geel, Belgium) were pur-
chased commercially and were used without further purification. All solvents used in
synthesis, i.e., acetone and toluene were distilled before their use and stored in an argon
atmosphere. The processes of Ti(IV) oxo-complexes synthesis were carried out using the
standard Schlenk technique in the inert gas atmosphere (Ar) and at room temperature (RT).

4.2. Synthesis of Ti(IV) oxo-Complexes(TOCs) and Polymer/TOCs Composites
4.2.1. The Synthesis of [Ti4O,(O'Bu);9(O,CPhNH,),] (1)

The complex was synthesized, as reported [17]. 0.12 g of 4-aminobenzoic acid
(0.875 mmol) was added to the solution of 1.19 g of titanium(IV) isobutoxide (3.5 mmol) in
2 ml of toluene, leading to clear yellow solution. The solution was left for crystallization.
The yield basing on acid: 41% (0.22 g). Anal. Calc. for Cs4H;02014TisN>:C, 52.86; H,
8.38; N, 2.28; Ti, 15.61. Found: C, 53.14; H, 7.83; N, 2.05; Ti, 15.56. 13C NMR (solid state,
295 K, 8[ppm]): 14.3,19.5 (CH3), 31.5, 34.7 (CH), 64.8, 78.6 (CHy), 113.6, 133.1 (C(Ph)), 152.4
(C-NHy), 175.4 (COO).

4.2.2. The Synthesis of [Ti4Oz(OiBu)10(02CC13H9)2] (2)

Complex was synthesized, as reported [17]. 0.184 g of 9-fluorenecarboxylic acid
(0.875 mmol) was added to the solution of 1.19 g of titanium(IV) isobutoxide (3.5 mmol) in
2 ml of acetone, leading to clear yellow solution. The solution was left for crystallization.
The yield basing on acid: 62% (0.36 g). Anal. Calc. for C4gH108016Ti4a:C, 59.28; H, 7.93; Ti,
13.94. Found: C, 58.17; H, 7.86; Ti, 13.64. 3C NMR (solid state, 295 K, §[ppm)]): 14.6, 19.5
(CHs), 35.4 (CH), 55.6, 77.7 (CH,), 119.3, 127.5, 142.3 (C(Ph)), 178.4 (COO).

4.2.3. The Composite Fittings Production

The poly(e-caprolactone) (PCL) fittings and the PCL composite ones, containing 5 and
20 wt.% of TOCs (Figure 9), were produced by using equipment for plastics processing con-
sisting of a twin-screw extruder (Haake MiniLab II, Thermo Scientific, Waltham, MA, USA)
and a pneumatic mini-injection molding machine (Haake MiniJet II, Thermo Scientific,
Waltham, MA, USA). The following injection parameters were used: temperature of the
plasticizing system: 70 °C; injection cylinder temperature: 80 °C; mold temperature: 25 °C;
injection pressure: 400 bar; holding pressure: 300 bar; holding time: 3 s. The mechanical
strength studies of the manufactured fittings in the static tensile test were carried out
in the following conditions: tensile speed: 20 mm/min; jaw opening: 50 mm; length of
the measuring section of the fittings: 40 mm; fittings thickness: 1.5 mm; measurement
temperature: 25 °C.

Figure 9. Fittings produced by injection molding method, samples after breaking on a testing
machine: (a) PCL, (b) PCL + 20(1), and (c) PCL + 20(2).
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The compressive strength was determined using the same equipment. The rectan-
gular samples’ dimensions were: width, 10 mm; thickness, 10 mm; and specimen gauge
length, 3 mm. The condition of the test was: temperature, 25 °C; and compressive speed,
1.2 mm/min.

4.2.4. The Composite Foils Production

Foils of composites based on poly(methyl methacrylate) (PMMA), i.e., PMMA + 20TOCs
(TOCs = (1), (2)), have been prepared for comparison [17]. The TOCs powder portion (acting
the 20 wt.% of the reaction mixture) was dispersed (with the use of ultrasonic bath) in the
solution, which was received by dissolving 1 g PMMA in 5 cm? of toluene. The composite
films were produced by slow solvent evaporation in a glove box at room temperature.

4.3. Analytical Procedures

The structure of isolated solid synthesis products was confirmed using vibrational
spectroscopy methods, i.e., IR spectrophotometry (Perkin Elmer Spectrum 2000 FT-IR
spectrometer (400-4000 cm ! range, KBr pellets)) and Raman microscopy (RamanMicro
200 spectrometer (PerkinElmer, Waltham, MA, USA)). Raman spectra were registered using
a laser of wavelength 785 nm, with maximum power 350 mW, in the range 200-3200 cm 1,
using a 20 x 0.40/FN22 objective lens and an exposure time of 15 s each time. Solid-state
13C NMR spectra were registered at 22 °C on Bruker AMX 300 (Cambridge Scientific Corp.
Watertown, MA, USA). Elemental analyses were performed on an Elemental Analyser
vario Macro CHN Elementar Analysensysteme GmbH (Hanau, Germany).

The cross-sections of manufactured fittings were studied using a scanning electron
microscope (SEM) with field emission and backscattered electron detector (BSE) (Quanta
3D FEG, Huston, TX, USA). The diffuse reflectance UV-Vis (UV-VIS-DRS) spectra registered
between 200 and 800 nm were used for the absorption maximum determination. The Jasco
V-750 spectrophotometer was used in our works (JASCO Deutschland GmbH, Pfungstadt,
Germany). The electron paramagnetic resonance (EPR) spectroscopy was used in order
to confirm the presence of reactive oxygen species on the surface of the investigated sam-
ples. Measurements were carried out using an X band EPR SE/X-2541M spectrometer
(Radiopan, Poznan, Poland) with a 100 kHz modulation. The microwave frequency was
monitored with a frequency meter. The magnetic field was measured with an automatic
NMR-type JTM-147 magnetometer (Radiopan, Poznafi, Poland). Measurement conditions:
microwave frequency: ca. 9.33 GHz; microwave power: 20-40 mW; modulation amplitude:
0.2-1 mT; sweep: 10-50 mT; sweep time: 1-8 min.; time constant: 0.03-0.3 s; receiver gain:
3.2-5 x 10°. Low intensity signals were recorded in the accumulation mode. The measure-
ments were performed for cut films of PCL + TOCs composites at room temperature. The
thermal gravimetric analysis (TGA) and the differential scanning calorimetry (DSC) were
performed using Thermal Analyzer STA 449 F5 Jupiter (Netzsch, Selb, Germany), the In,
Bi, Zn, Al, and Au were used as the references. The analysis was carried out in the range
30-550 °C at a rate 5 °C/min in the nitrogen atmosphere. The mechanical strength studies
of the polymer and composite fittings, subjected to the static tensile test (Model 4204,
Instron, USA) were carried out in the following conditions: tensile speed: 20 mm/min; grip
distance, 50 mm; length of the measuring section of the fittings, 40 mm; fittings thickness,
1.5 mm; measurement temperature, 25 °C.

4.4. The Photocatalytic Activity Evaluation of Produced (Polymer + nTOCs) Composites

The photocalatytic activity of PMMA + 20TOCs composites (TOCs = (1)-(2)) and
PCL + nTOCs composites (TOCs = (1)-(2), n = 5, 20 wt.%) was studied by monitoring of
MB aqueous solution decolorization. Samples of a 10 x 10 mm size were preconditioned
by exposition to Vis light for 28 h. In the next steps, composites were placed in quartz
cuvettes with dye solution (V = 3.5 cm3, ¢ = 2.0 x 107> M). After 12 h in the dark, the
solution was replaced by the final MB solution (V = 3.5 cm?, ¢ = 1.0 x 107> M) intended
for the kinetic measurements. The prepared samples were exposed to Vis light (77 W
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tungsten halogen lamp, range of 350-1200 nm). All cuvettes were covered with Teflon
lid during irradiation. MB absorbance at 660 nm was registered (Metertech SP-830 PLUS,
Metertech, Inc., Taipei, Taiwan) every 40 minutes for 30 hours of irradiation. Percentage of
MB decolorization was calculated using the Equation (1):

% of dye decolorization = [(co — ct)/co] Co = & 100 1)

Co

where ¢ is an initial concentration of dye and c; is a dye concentration at a given time ¢ [42].

4.5. The Estimation of Antimicrobial Activity of Studied (Polymer + TOCs) Composites

Antibacterial and antifungal activities of PCL and PCL + TOCs composites
(20 x 10 x 1 mm) was studied against Gram-positive (Staphylococcus aureus ATCC 6538
and S. aureus ATCC 25923) and Gram-negative (Escherichia coli ATCC 8739 and E. coli ATCC
25922) bacteria and yeasts of Candida albicans ATCC 10231. All strains were purchased
from the American Type Culture Collection (Manassas, VA 20110 USA). Tested samples
were sterilized in 70% ethanol for 15 minutes and then using a UVC lamp for 15 min in the
laminar hood (Bioquell, Hampshire, UK) each side. Specimens were subsequently treated
with indoor light (visible light). The earlier investigations revealed that the absorption
maximum of PCL + TOCs samples was found at the UVA-Vis border, which enables the
use of UVC radiation for their sterilization. Sterile samples were placed in sterile 25 ml
screw-cap tubes (Sarstedt) with 2 ml of tested microorganism suspension (1.0-5.8 x 10°
colony forming units (c.f.u) cm3/~!) prepared in sterile deionized water and incubated for
24 h at 37 °C in a humid atmosphere and gently shaken (80 rpm) conditions. Samples were
then vortexed and specimens removed from the tubes. Microbial suspensions were then
serially ten-fold diluted and aliquots (100 ul) of each dilution were aseptically spread over
the surface of Triptic Soy Agar (TSA, Becton Dickinson, USA) for bacteria and Sabouraud
Dextrose Agar (SDA, Becton Dickinson) for yeasts poured into Petri plates. Inoculated
plates were incubated at 37 °C for 24 h. Assays were performed in triplicate. After in-
cubation, colony-forming units (cfu) were counted on the agar plates. Control was the
suspension of test microorganisms in the tube.

The antimicrobial activity was determined on the basis of the reduction factor (R)
calculated according to the Equation (2):

R=U; — At 2)

where U; is the average of the common logarithm of the number of viable bacteria on Petri
plate, recovered from the untreated microbial suspension after 24 h, A; is the average of
the common logarithm of the number of viable bacteria, on Petri plate, recovered from
the treated microbial suspension with PCL or PCL + TOCs after 24 h. R > 2 determines
biocidal activity (at least 99% reduction of microbial growth).

5. Conclusions

The studies carried out lead to the production of PCL + nTOCs (n = 5 and 20 wt%)
composites and to the determination of their physicochemical properties. Using the
equipment for plastics processing, the tetranuclear Ti(IV)-oxo complexes (TOCs), of the
general formula [TigO2(O'Bu)19(O,CR"),] (R’ = PhANH, (1) and C13Hy (2)), were dispersed
in the poly(e-caprolactone) (PCL) matrix. The enrichment of the polymer with micro-grains
of TOCs slightly affects PCL thermal and mechanical properties while significantly shifting
the absorption maximum towards the visible range.

The photocatalytic activity of produced (polymer + TOCs) composites were assessed
using the methylene blue (MB) photoinduced decolorization process in the visible range.
The obtained results revealed the clear photocatalytic activity of composites containing
20 wt.% of (1) and (2). Analysis of EPR spectra of the above-mentioned samples proved
that photo-excitation of their surface by visible light leads to ROS generation. According to
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EPR data, the paramagnetic species of O~ were generated on the surface of PCL + 20(1)
composite sample while both O~ and O, ™ ones on the surface of PCL + 20(2). The obtained
results suggest that the type of carboxylic ligands can influence the type of appearing
ROS specimens.

From the studied composite samples, the strong antibacterial activity (against E. coli
and S. aureus strains) and weak inhibition of yeasts (C. albicans) growth was found for
composites PCL + 20 TOCs (TOCs = (1) and (2)). However, good antibacterial properties
also revealed the PCL + 5(2) system. The obtained results indicate that the composite
containing the [Ti4O2(0O'Bu);9(0>CC13Hy),] micro grains exhibit better bactericidal activity,
which can be associated with the ability to generate more differentiated forms of ROS
(O~, Oy7) during exposure to visible light, suggesting that the produced materials can be
considered as the materials with self-disinfecting activity. It should be noted that this paper
includes the preliminary results of studies on the antimicrobial potential of TOCs dispersed
in the PCL matrix. A detailed analysis determining the mechanisms of antimicrobial action
of polymer + TOCs composites will be carried out during the next step of our works and
will form the basis of another publication.
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Figure S1: SEM EDX data for (1) and (2).
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Abstract: Research on titanium-oxo complexes (TOCs) is usually focused on their structure and
photocatalytic properties. Findings from these investigations further sparked our interest in exploring
their potential biological activities. In this study, we focused on the synthesis and structure of
a compound with the general formula [TigO,(O'Pr)yo(man),] (1), which was isolated from the
reaction mixture of titanium(IV) isopropoxide with mandelic acid (Hman) in a molar ratio of 4:1.
The structure (1) was determined using single-crystal X-ray diffraction, while spectroscopic studies
provided insights into its physicochemical properties. To assess the potential practical applications of
(1), its microcrystals were incorporated into a polymethyl methacrylate (PMMA) matrix, yielding
composite materials of the type PMMA + (1) (2 wt.%, 5 wt.%, 10 wt.%, and 20 wt.%). The next stage
of our research involved the evaluation of the antimicrobial activity of the obtained materials. The
investigations performed demonstrated the antimicrobial activity of pure (1) and its composites
(PMMA + (1)) against both Gram-positive and Gram-negative strains. Furthermore, MTT tests
conducted on the L929 murine fibroblast cell line confirmed the lack of cytotoxicity of these composites.
Our study identified (1) as a promising antimicrobial agent, which is also may be use for producing
composite coatings.

Keywords: titanium(IV)-oxo complex; «-hydroxyacid; mandelic acid; crystal structure; antimicrobial
activity; cytotoxicity

1. Introduction

The wide interest in titanium(IV)-oxo complexes (TOCs) is associated with their struc-
tural diversity and photocatalytic activity [1,2]. These compounds have found applications
in diverse technologies, including hydrogen production or water purification [3,4]. Pre-
vious research led to the synthesis of TOCs with cores containing from 2 to 44 titanium
atoms [5-12], with the largest group consisting of compounds with four- and six-nuclear
cores [13-17]. The cores {TiO}} of TOCs can be stabilized by alkoxide groups, as well as
carboxylate or phosphonate ligands, although 3-diketonate, (3-ketoester, and sulfonate
ligands have also been employed [5,18,19]. The varied possibilities of carboxylate ligand
coordination with titanium atoms [20] explain the fact that most of the works focus on
investigations of Ti(IV)-oxo complexes stabilized with alkoxide and carboxylate ligands.
Notably, the type of carboxylate ligand has a significant influence both on the {Ti,O} core
structure and the oxo complex photocatalytic activity [5,7,21-26].

Interest in Ti(IV)-oxo complexes also stems from their potential biomedical applica-
tions. Studies on the utilization of TOCs in photodynamic therapy [27] and as antimicrobial
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agents [5,13,24,28-30] are particularly significant. With the ongoing search for materials
possessing bactericidal properties and the ability to prevent microbial growth, our research
has concentrated on the latter aspect. The analysis of literature reports suggests that
research on this issue is developing in three main directions. The first involves the intro-
duction of a heteroatom into the core structure, resulting in the synthesis of compounds
containing {AgTi-oxo} or {AgTi} cores, which demonstrate favorable optical, antibacterial,
and photothermal properties [29,30]. Luo et al., in their study on a complex featuring a
{AgoTi4} core stabilized by salicylate ligands, proved that its bacteriostatic efficacy against
strains of Staphylococcus aureus and Escherichia coli was 94.51% and 95.42%, respectively,
surpassing that of a comparable complex with a {Ag,Ti} core [30]. The improvement in the
biocidal properties of the complex with the {AggoTis} core was achieved by the formation of
a hydrogel {AggTis-gel}.

Another approach to leveraging the antibacterial properties of Ti(IV)-oxo complexes
was introduced in the research of Svensson et al. [13]. In their study of the tetranuclear
Ti(IV)-oxo complex ({Ti4O,} core) stabilized with triclosan ligands, they capitalized on
the compound’s high susceptibility to hydrolysis processes, facilitating the release of
an antibacterial agent (triclosan). According to this theory, Ti(IV)-oxo complexes are
considered as carriers of bactericidal agents. The third strategy involves harnessing the
photocatalytic activity of TOCs and their capability to generate reactive oxygen species
(ROS) [25,31]. In this case, the mechanism of biocidal action is associated with oxidative
stress induced by the generated ROS. Our previous investigations confirmed the biocidal
activity of {Ti4O,} clusters stabilized with carboxylate ligands (such as 4-aminobenzoic acid,
4-hydroxybenzoic acid, and 9-fluorene carboxylate) [5,24,25]. The analysis of the electron
paramagnetic resonance (EPR) spectra of these compounds confirmed the generation of
O,™ and O™ oxygen anions on the surface of both pure oxo complexes and composites
prepared by dispersing the complexes in a poly(methyl methacrylate) (PMMA) matrix. It is
worth noting that the {Ti,O} core structure also influenced the antimicrobial activity of
composites containing Ti(IV)-oxo complexes. Studying oxo complexes with different core
structures stabilized by 9-fluorene carboxylate ligands allowed for the observation of this
effect. It was found that the biocidal activity of samples with {TigO4} and {Ti4O;} cores was
higher than that of {TigO¢} and {TizO} systems, when irradiated with visible light [5].

To enhance the biocidal properties of synthesized TOCs, we decided to incorporate
a-hydroxy carboxylate ligands, known for their antimicrobial and anti-inflammatory prop-
erties [32-34], into their structure. Our goal was to develop a new, durable material
with antimicrobial traits which were responsive to light exposure in the UVA and visi-
ble range. The introduction of carboxylate ligands possessing «-hydroxy groups to the
structure of TOCs increases their possibilities of coordinating with Ti(IV), resulting in
the formation of more structurally stable systems in comparison to those of compounds
stabilized by carboxylate groups [5,26,35]. Previous investigations have proven that the
photocatalytic properties of TOCs may be stabilized with the addition of x-hydroxy car-
boxylate ligands such as salicylate, 4-chlorosalicylate, 1-hydroxynaphthoate, citrate, and
2,5-dihydroxybenzoate [14,26,35-38]. Therefore, incorporating such ligands into the struc-
ture of oxo complexes is also expected to yield systems with biocidal activity.

Considering the widespread application of mandelic acid (Hman) as a bactericidal
agent in the cosmetic industry, its introduction to the structure of TOCs was intrigu-
ing [39,40]. Previous research regarding mandelic acid properties showed that prolonged
skin exposure to Hman absorption may lead to redness, dryness, and excessive skin exfoli-
ation [41,42]. Hence, investigations carried out in recent years has focused on the synthesis
and evaluation of the biocidal action of Hman salts and their complex compounds [43,44].
The compounds synthesized in the reaction of titanium isopropoxide with mixtures of
mandelic and benzohydroxamic acid [45] or mandelic and phenylphosphonic acid [46] typ-
ically form dimeric structures, wherein two titanium atoms ({Ti,}) are connected solely by
mandelic ligands (man). Schetter et al. synthesized titanium complexes with multinuclear
cores, particularly {Tiy}, {Ti¢}, {Tig}, stabilized by mandelic and tert-butoxide ligands [47].
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Mandelic ligands play a crucial role in the formation of {Tiy} dimer units by binding to
metal atoms via carboxyl and hydroxyl groups. This mode of coordination also facilitates
the construction of larger {Tig} and {Tig} systems. It is worth noting that the described
compounds have no {Ti,Oy} cores, so the oxo complex we have synthesized is completely
new, from a structural point of view.

In this paper, we present the results concerning the synthesis of a structurally stable
Ti(IV)-oxo complex with the general formula [TigO,(O'Pr)o0(man)4] (1). The novel {TigO,}
core exhibits a unique topology characterized by a plethora of labile isopropoxide ligands
and a limited number of oxo bridges. Our objective was to evaluate the biocidal activity
of the synthesized compound (1) and the composite films formed by dispersing (1) in the
PMMA matrix (PMMA + (1)).

2. Results
2.1. Structure of (1) Oxo Complex

The octanuclear cluster {TigO,} of the oxo complex (1) is formed around a central
tetranuclear {Ti4O,} unit, in an unprecedented manner, with two lateral dimers {Ti,} at-
tached to it via O1 and O11 mandelate ligand bridges (Figure 1). In these lateral dimers,
the Ti3 and Ti4 cations are connected by an O61 isopropionate anion and an O13 hydroxyl
group from the O11 mandelate anion, resulting in a very short intermetalic distance be-
tween them, measuring 3.2486(15) A (Table S1). The central {Ti4O,} core consists of two
Til and two Ti2 cations, forming a slightly distorted rhombus, with Til-Ti2 distances of
3.1036(10) and 3.1940(10) A, respectively. This arrangement is stabilized by two O10 pz-oxo
bridges connecting two Til cations and one Ti2 cation, along with two O31 isopropionate
anions and two O3 hydroxyl groups from the O1 mandelate anion. The O10 oxo group
forms one short bond and two much longer bonds, leading to a topology distinct from
those of the previously reported {Ti4O,} cores, in which titanium cations are coupled by
one y-oxo and one p-oxo bridge [7] (Figure S1). Ti(IV) titanium cations exhibit significant
differences in coordination number and coordination sphere content (refer to Table S2). Til,
Ti2, and Ti3 are found in an octahedral environment, whereas the outermost Ti4 cation is
found in pentacoordinated, significantly distorted, trigonal bipyramid coordination sphere
(t5 = 0.60) [48]. Mandelate ligands are invovled in bridging titanium cations. Moreover,
they also form chelate rings, with Til and Ti3 cations. In those rings, an enhanced charge
concentration is observed (Figure S2).

Figure 1. Structure of [Tig(u3-O)2(1-O'Pr)4(O'Pr)1¢(man),] (1) as a ball and stick model, with hydro-
gen atoms omitted for the clarity of the figure. The structure presents only the main conformations.
Atom labels for the titanium and oxygen atoms are provided. The asymmetric area is presented with
bonds shown in medium grey, and the area related to the inversion center is shown in black.

The crystal network does not exhibit any cavities containing uniformly distributed
octanuclear clusters (Figure 2). Hirshfeld surface analysis reveals that weak interactions
dominate the landscape of the formed interactions (Figure 3). Specifically, H. . .H interac-
tions constitute 96.8% of the intermolecular contacts, with the remaining 3.2% attributed to
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H. ..C contacts. Despite careful analysis, no intermolecular hydrogen bonds were observed,
while several intramolecular C-H. . .O hydrogen bonds were identified.

U6 U8 10U L2 1.4 16 L8 20 27 Z& 26 2.

(b)

de

di
U6 U8 1U 1.Z 1.4 1.6 1.8 ZU 2Z 24 26 Z8

(d)

Figure 3. Hirshfeld surfaces and fingerprints of selected interactions created in the crystal network of
(1): Hirshfeld surface (a) and fingerprint (b) for H. . .H (96.8%); Hirshfeld surface (c) and fingerprint
(d) for H...C (3.2%). In brackets, the surface area is included as a percentage of the total surface area.

These results suggest that the oxygen atoms are buried and inaccessible to the hydro-
gen atoms from the adjacent clusters. Moreover, the high propanalate/mandelate ratio (5:1)
results in only one 7— interaction, occurring between the strongly inclined C14 phenol ring
and the Ti3011 five-membered chelate ring. In summary, we synthesized a stable complex
with the unprecedented core structure {TigO,}, which may interact with biomolecules in
the cell via external and easily accessed unsaturated Ti4 cation, as well as through weak
non-covalent van der Waals forces.
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2.2. Spectral Cheracterization of (1) and its Composite with Poly(methyl methacrylate)

The objective of the spectral studies was to determine the structural stability, including
susceptibility to hydrolysis processes, and the physicochemical properties of both the
complex and its composite formed by dispersing micrograins of this compound in a non-
toxic poly(methyl methacrylate) matrix (PMMA + (1)). Research on composite systems has
aimed to assess their practical potential as antimicrobial coatings. To this end, PMMA + (1)
composite samples were prepared, with 2 wt.%, 5 wt.%, 10 wt.%, and 20 wt.%. Figure 4
illustrates the XRD patterns of the (1) sample, recorded before and after immersion in
distilled water for 72 h. Both diffractograms were compared to the pattern calculated in
Ref. [49]. Analysis of the XRD data revealed no significant differences in the patterns, before
and after immersion in water. The resemblance between these diffractograms indicates that
the core structure was preserved, and no significant transformation towards crystalline
TiO,, amorphous forms, or other crystalline species related to rearrangement of the titanium
co-ordination spheres and topology, was detected. The structural stability of (1) was further
confirmed using IR spectroscopy (Figure 5). The comparison of the IR spectra of samples,
before and after immersion in water, showed no changes. There were no alterations in
the intensity and position of the bands within the ranges of (a) 1624-1450 cm~— !, which
are associated with the vibrations v(CC), va5(COO), and vs(COO), (b) 900-1200 cm ™!,
assigned to the v(O-CR) vibrations, and (c) bands appearing below 900 cm~!, indicated
titanium-oxo bridges.

calculated
as_synthesized
- after 72h
z
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=
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.
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Figure 4. The powder diffractograms, calculated using our model (red), the synthesized complex (blue),
and the sample after being immersed in distilled water for 72 h (green), in the range of 4-50° 26.

0-1504 1624-1598
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Figure 5. IR spectrum of structure (1) before (a) and after (b) 72 h contact with water.
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The presence of (1) in the polymer matrix was confirmed using SEM EDX (Table 1).
Titanium peaks are observed in each composite sample, and the percentage of titanium
increases with the (1) sample concentration. To verify the absence of structural changes in
(1) upon incorporation into the PMMA matrix, we compared the Raman spectra of the oxo
complex (1), the composite of PMMA + (1) 20 wt.%, and pure PMMA polymer (Figure 6).
The results obtained suggest that the structure of the compound remains unchanged upon
its introduction into the matrix.

Table 1. SEM EDX data for composites PMMA + (1). All values are given in mass percent (%).

Composite C (0) Al Ti
PMMA 26.10 72.23 1.67 -
PMMA + (1) 2 wt.% 28.27 71.00 0.45 0.27
PMMA + (1) 5 wt.% 24.75 66.45 0.59 8.21
PMMA + (1) 10 wt.% 19.02 67.24 0.52 13.22
PMMA + (1) 20 wt.% 18.77 58.68 0.48 22.07

2000 1600 1200 800 400 200

Raman Shift/cm™?

Figure 6. Raman spectra of (1), PMMA + (1) 20 wt.%, and pure PMMA.

The EPR spectra of (1) powders and cut composite foil were recorded to identify
paramagnetic species on the surface of the synthesized materials (Table 2 and Figure S2).
The pure PMMA polymer exhibited no EPR signal. Paramagnetic centers were detected in
all the samples of the PMMA + TOCs composites, as well as in the spectrum of pure (1).
Generally, the signals in the EPR spectra were weak, particularly for composites with a low
(2,5,10 wt.%) admixture of titanium(IV)-oxo complexes (although ROS signals were detected,
see Table 2). Consequently, only the EPR spectra of the pure (1) sample and the composite
sample containing 20 wt.% of titanium(IV)-oxo complex grains were analyzed in detail. The
spectra registered for pure (1) and the composite of PMMA + (1) 20 wt.% are presented in
Figure S3. The analysis of the EPR spectra of the aforementioned samples demonstrated that
natural photoexcitation of their surfaces, i.e., generated without additional UV-Vis lamp
radiation, led to the formation of ROS. Additionally, it is worth noting that both O™ and
O, ™ paramagnetic species were generated by the PMMA + TOCs composite. Interestingly,
the O, radical was also generated in the pure substrate.
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Table 2. EPR data for powdered TOC and PMMA + (1) composite samples. The samples were
exposed to visible light prior to measurement.

Sample g-Factor Species
) 2.025,2.011, 2.003 Oy~
1.992 Ti(III)
PMMA - -
2.010, 2.002 Oy~
PMMA + (1) 5 wt.% 2.005, 2.000 (O
1.992 Ti(II)
2.025, 2.010, 2.000 Oy~
PMMA + (1) 10 wt.% 2.016 (O
1.992 Ti(III)
2.025, 2.010, 2.002 Oy~
PMMA + (1) 20 wt.% 2.016, 2.005, 2.000 (O
1.992,1.972 Ti(III)

2.3. Antimicrobial Activity of (1) and its Composites

The subsequent phase of our research involved evaluating the biocidal activity of both
(1) and the PMMA + (1) composite. These assessments were conducted against Staphylo-
coccus aureus and Escherichia coli bacteria, as well as Candida albicans fungi. The results, as
depicted in Table 3, reveal that the complex (1) exhibited significant antimicrobial activity,
even at low concentrations. According to the ISO 22196:2011 standard [50], the suspensions
exhibit a biocidal effect when the R value is >3. In the case of (1) suspensions, the R value
for Gram-negative bacteria ranged from 5.7 to 6.0, while for Gram-positive bacteria, it
varied from 4.2 to 6.2. Microbiological activity against Candida albicans was only apparent
with a 20% (w/v) addition of (1). Non-porous surfaces are considered bactericidal when
R > 2. Microbiological tests of composite samples (PMMA + (1)) exhibited outstanding
activity against both E. coli and S. aureus bacteria across all tested concentrations of TOCs
(2 wt.%, 5 wt.%, 10 wt.%, and 20 wt.%), as detailed in Table 3. Even at a modest (1) content
of 2 wt.%, the composite displays effective activity against E. coli bacteria (R > 2). In terms
of S. aureus bacteria, the R values ranged from 4.7 to 5.1. It is noteworthy that the tested
composites do not diminish the count of C. albicans cells.

Table 3. Antimicrobial activity of TOC and PMMA + n(1) composites; value R > 2 determines biocidal
activity for the composites and R > 3 for the (1) suspension.

Microorganisms
No. Samol E. coli E. coli S. aureus S. aureus C. albicans
ples ATCC 8739 ATCC 25922 ATCC 6538 ATCC 25923 ATCC 10231

1 (1) 2 wt.% 6.0 (>99.99%) 6.0 (>99.99%) 4.2 (>99.99%) 5.4 (>99.99%) 0 (0%)
2 (1) 5 wt.% 6.0 (>99.99%) 5.7 (>99.99%) 5.9 (>99.99%) 6.0 (>99.99%) 0.3 (53.20%)
3 (1) 10 wt.% 6.0 (>99.99%) 6.0 (>99.99%) 6.2 (>99.99%) 6.0 (>99.99%) 0.9 (87.45%)
4 (1) 20 wt.% 6.0 (>99.99%) 6.0 (>99.99%) 6.5 (>99.99%) 5.7 (>99.99%) 6.7 (>99.99%)
5 PMMA none (0%) none (0%) none (0%) none (0%) none (0%)
6 PMMA + (1) 2 wt.% 2.0 (99.00%) 3.1 (>99.90%) 4.7 (>99.99%) 5.1 (>99.99%) +0.9 (+87.41%)
7 PMMA + (1) 5 wt.% 3.1 (>99.90%) 4.9 (>99.99%) 4.7 (>99.99%) 5.1 (>99.99%) +0.82 (+84.86%)
8 PMMA + (1) 10 wt.% 4.9 (>99.99%) 3.9 (>99.90%) 4.7 (>99.99%) 5.1 (>99.99%) +0.8 (+84.20%)
9 PMMA + (1) 20 wt.% 4.9 (>99.99%) 4.7 (>99.99%) 4.7 (>99.99%) 5.1 (>99.99%) +0.7 (+80.05%)

2.4. Cytotoxicity of PMMA + (1) Composites

The potential cytotoxicity of the tested specimens was assessed using MTT assays
and analysis of the SEM images. The purpose of this study is to determine whether
compound (1) can damage mammalian cells. A material is considered non-cytotoxic if
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cell viability is greater than 70%. The results of the MTT assays showed that the level of
cell viability measured for the reference PMMA samples was comparable to the values
received for specimens containing mandelic ligands in all tested concentrations. This
effect was observed for both 24 and 72 h of incubation time. Importantly, these results
also demonstrated that with an increase in the incubation time, more 1.929 fibroblasts
proliferated on all the tested specimens (Figure 7).
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Figure 7. The viability of 1929 fibroblasts growing on the surfaces of the PMMA reference samples
and the PMMA specimens containing mandelic ligands at a concentration of 2 wt.%, 5 wt.%, 10 wt.%,
and 20 wt.%. The cells were cultured on the samples for 24 and 72 h. The absorbance values are
expressed as means + S.E.M of four independent experiments. Asterisks indicate significant statistical
differences in the cell viability between 24 and 72 h (*** p < 0.001; ** p < 0.01).

Figure 8 presents selected images of 1929 cells cultured on the PMMA specimens
containing mandelic ligands at a concentration of 2 (A, B, J), 5 (C, D), 10 (E, F), and
20 wt.% (G, H, I). Firstly, the analysis of these micrographs confirmed the results from the
MTT assays, indicating that L.929 fibroblasts effectively attached to the surfaces, and the
number of the growing cells increased over time. After 72 h, the fibroblasts covered the
sample surface area at a significantly higher density, which is especially visible in different
magnifications of electron microscopy photos (compared Figure 8E,F).

Importantly, the elongated shape of the cells was already observed after 24 h of
culturing, indicating their normal adhesion, with few cytoplasmic projections at the cell
edges, which also allowed cells to attach to the surface of the specimens (Figure 8]). After
72 h, the number of cytoplasmic projections at the cell periphery had increased, and
after entering into closer proximity to the neighboring cells, they started forming cell—cell
contacts (Figure 8I). The cytoplasmic projections, called filopodia, play a fundamental role
in cell attachment, migration, proliferation, and cell—cell interaction [51,52]. The results
from the MTT assays and the SEM analysis showed that the tested specimens containing
MA did not affect the morphology of the L929 fibroblasts and did not reduce their viability.
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24h = (B) PMMA + (1) 2 wt. % 72 h
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(A) PMMA + (1) 2 wt. %
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Figure 8. Scanning electron microscopy images of 1929 cells cultured on the surfaces of PMMA speci-
mens containing mandelic ligands at a concentration 2 (A,B,]), 5 (C,D), 10 (E,F), and 20 wt.% (G,H,]I).
The type of samples, incubation time, and scales of the images are presented in the figures. Black
arrows in (I) indicate cytoplasmic projections spread between the cells, whereas those in (J) present
cytoplasmic projections attaching the cells to the surface.

3. Discussion
3.1. Structure and Physicochemical Properties of (1) and its Composite PMMA + (1)

The crystals with the general formula [TigO,(O'Pr)y(man)4] (1) were obtained at room
temperature from a reaction mixture containing titanium isopropoxide and mandelic acid in



Molecules 2024, 29, 1736

10 of 19

a 4:1 molar ratio, using tetrahydrofuran as a solvent. Single crystal X-ray diffraction analysis
confirmed that the structure of (1) consists of a {TigO;} core stabilized by isopropoxide and
mandelate ligands (Figure 1). Previous studies have reported the occurrence of {TigOg}
cores in octanuclear Ti(IV)-oxo complexes, composed of eight-membered rings, where Ti
atoms are surrounded by u-O and p-carboxyl bridges [53-57]. Czakler et al. synthesized
a compound with a {TigO,} core consisting of two {Ti4O} units bridged by two uz-O
atoms [58].

The structure of (1) is more intricate, as its core comprises a central {Ti4O,} unit and
two lateral dimers ({Tiy}). This reported structure presents a novel, unprecedented core
among titanium-oxo complexes (TOCs), stabilized by two p3-O bridges and mandelate
anions forming bridges, and for Til and Ti3, a five-membered chelate ring. To verify the
structural stability of (1), both in aqueous solutions and after its integration into the polymer
matrix, spectroscopic analyses were conducted on powder samples after contact with water
(employing XRD and IR methods) and samples of the PMMA + 20 composite (1) (with
Raman spectra recorded).

TOCs are recognized for their vulnerability to structural destabilization and hydrolysis.
Compounds prone to hydrolysis find limited utility, particularly in applications involving
exposure to aqueous environments. The existing literature suggests that incorporating
carboxylates, phenols, phosphonates, and catechols into the coordination sphere can bolster
the stability of such structures [12,59-61]. Our research affirms that the obtained compound
maintained its structure when exposed to an aqueous environment. This result is supported
by the absence of notable alterations in the X-ray diffraction patterns and IR spectra, before
and after exposure to water. Examination of the Raman spectra of PMMA + (1) 20 wt.%
composite samples revealed that the compound (1) maintained its structure subsequent to
its integration into the polymer matrix.

The pivotal focus of this stage of the research centered on evaluating the photoactivity
of both the pure oxo complex and its composites. Utilizing electron paramagnetic resonance
(EPR) facilitated the detection of reactive oxygen species (ROS) generated on the surface of
samples previously exposed to visible light. Considering the literature data, it is reasonable
to assume that upon photoexcitation of the samples, Ti(Ill) and ROS would be initially
generated on their surfaces [62-66].

The formation of O,~ and O~ type paramagnetic centers involves electron removal
and stabilization of the radical formed by reducing Ti(IV) to Ti(Il) [62,63]. The maximum
g-factor for O, exceeds that of O~ species [64]. In the EPR spectrum of (1), characteristic
anisotropic signals for the O, radical were identified (Table 2, Figure S2a). Detecting
titanium(III) is not straightforward; in this case, a weak and broad signal, nearly at the noise
level, may be present (Figure S2a, Table 2). The EPR spectra of PMMA + (1) composites
are more intricate and contain numerous overlapping lines (Figure 52). The spectra of all
the composites are akin, except for variations in intensity. Weaker lines are indiscernible
for samples containing minor admixtures (2 and 5%) of the titanium(IV) complex. In the
spectrum of PMMA + (1) 20% wt.%, distinct signals of both ROS, i.e., O~ and O, as well
as Ti(I1l), are evident (Table 2, Figure S2b). Some lines, particularly for g, and g3 of both
oxygen species, may overlap. Individual lines are relatively broad due to the high content
of (1) and potentially high paramagnetic center concentrations, resulting in line broadening
via exchange interactions. In contrast to similar TOCs composites with PCL [25,67], Ti(III)
was discerned on the surface of the investigated composite material (Table 2, Figure S2b).
Due to a positive spin—orbit coupling constant, Ti(III) exhibits EPR signals at g-values below
2.0 [25,62-67]. The first signal, with a g-factor of 1.992, is clearly visible, while the second,
with a lower g-factor of approximately 1.972, is very weak and broad.

3.2. Antimicrobial Activity of (1) and its Composite PMMA + (1)

Elucidating the biocidal attributes of the synthesized oxo complex (1) and its composite
PMMA + (1) involves considering two factors: (i) the photocatalytic capability of the oxo
complex, and (ii) the structural factors, particularly the formation of chelate rings. The
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photocatalytic prowess of (1) is associated with the generation of reactive oxygen species
(ROS) upon exposure to visible light, as confirmed by EPR tests. Introducing ROS to a
bacterial cell induces oxidative stress, leading to the impairment of cellular lipids, proteins,
and nucleic acids, ultimately resulting in the demise of the microorganism [68-71].

The antimicrobial efficacy can also be linked to the compound’s structure, especially
the formation of chelate rings and surface hydrophobicity (as observed in the Hirshfeld
surface). According to Tweedy’s chelation theory and Overtone’s concept, coordination
diminishes the metal ion’s polarity by overlapping the ligand orbitals and partially sharing
the positive charge with the donor groups [72]. The enhanced delocalization of m-electrons
in the chelate ring augments the compound’s lipophilic nature. This increased lipophilicity
promotes the solubility of lipids in the cell membrane upon contact with the oxo complex
grains, leading to irreversible damage to the membrane and cell functions [72].

Literature reports suggest a correlation between electron density and antimicrobial
activity, with chelation increasing the electron density of the central ion [73]. It should be
emphasized that the synergy of mechanisms involving the generation of ROS and effects
related to the presence of a chelating ring can only be considered as the primary mechanism
in the case of the antimicrobial action of (1), where the entire surface of the oxo complex
grain comes into contact with the microbial suspension. However, in composite materials,
the grains are surrounded by a polymeric matrix exhibiting weaker biocidal activity, solely
due to ROS generation on their surface. This is confirmed by the data analysis presented in
Table 3, indicating that the activity of the PMMA + (1) composite is weaker compared to
that of the pure compound.

Studies on the antimicrobial activity of mandelic acid (Hman) revealed that the mini-
mum inhibitory concentration (MIC) required to inhibit the growth of S. aureus and E. coli
strains fell within the range of 0.18-0.23% [43,74]. In the case of crystalline powder tests
of (1), the mandelic ligand content in the suspension of the studied sample was 0.013%,
0.034%, 0.069%, and 0.14% for concentrations of 2%, 5%, 10%, and 20% (w/v), respectively.
This suggests that the antibacterial activity of (1) against S. aureus and E. coli strains is
superior to that of mandelic acid.

When evaluating the biocidal properties of the tested samples, it is essential to consider
that, according to ISO standards, a suspension is deemed bactericidal when 99.90% or
more of the microorganisms are inhibited (reduction index (R) > 3), while for non-porous
surfaces, the reduction index is >2. It seems that the incorporation of (1) grains into a
polymer matrix resulted in a decrease in antimicrobial activity when compared with that
of suspensions, but biocidal activity was still achieved at the required level, according to
ISO 22196:2011 standard (Table 3).

An interesting comparison can be made with the results obtained by Luo et al. for
compounds containing {AggTis} cores, as well as type {AggTiy}-gel hydrogel samples.
Antimicrobial activity assessments showed that {AggTis} crystals exhibited antibacterial
activity on the level of 94.51% for S. aureus and 95.42% for E. coli, respectively [30]. For
comparison, our oxo complex (1) showed an inhibitory effect of >99.99% for both strains
of the tested samples containing 2% (w/v) in the studied suspension. The hydrogel of
{AgoTis}-gel exhibited bactericidal effects of 99.6% against S. aureus and 99.95% against
E. coli [30]. The authors suggest that the increase in antimicrobial activity is a result of
the synergistic effect of the {AggTis} cluster and polydopamine, added as a cross-linking
agent in hydrogel formation. In the case of our composites, even a 2% addition of TOCs
reduced the presence of S. aureus by 99.00% and E. coli by 99.99%. This is in line with the
ISO standard for bactericidal properties, which states that the number of microorganisms
must be reduced by >99% (R > 2).

3.3. Cytotixity of PMMA + (1) Composites

Testing the cytotoxicity of the obtained materials was a very important aspect of our
study, from the application point of view. In addition to antimicrobial properties, the
obtained surfaces should not exhibit cytotoxicity towards fibroblast cells. This guarantees
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safety in case of contact with skin. We presume that the topology affects the cytotoxic
activity. The exact mechanism of titanium cluster cytotoxicity is not known, and it is not
clear if it is related to DNA intercalation [75]. Studies show that the cytotoxic effect is
related to the stability of the compound. Hydrolyzed molecules are characterized by strong
cytotoxic activity. L(OEt)Ti-O-Ti(OEt)L, as a product of the partial hydrolysis of [L(OEt),Ti],
shows strong cytotoxicity, despite bulky substituents [76]. The compound we obtained is
characterized by high stability and low cytotoxicity, which confirms this theory.

4. Materials and Methods
4.1. Materials

Titanium(IV) isopropoxide was acquired from Sigma-Aldrich, Inc. (St. Louis, MO,
USA), while mandelic acid was purchased from Warchem LLC (Warsaw, Poland). Both
compounds were used without further purification. Before application, tetrahydrofuran
(THF) underwent distillation and was then stored in an argon atmosphere. The synthesis
of Ti(IV)-oxo complexes was conducted under an inert gas atmosphere (Ar) at room
temperature (RT).

4.2. Synthesis of Ti(IV) Oxo-Complex (x-TOCs) and Preparation of PMMA/TOC Composites
4.2.1. The Synthesis of [TigO5(O'Pr)yg(man)y] (1)

A total of 0.13 g of mandelic acid (0.875 mmol), 1 mL of titanium(IV) isopropoxide
(3.5 mmol), and 2 mL of THF were mixed, yielding a clear yellow solution. Crystals of
(1) appeared after 3 days. The yield based on acid was 66% (0.62 g). Anal. Calc. for
CopH18034Tig:C, 50.18; H, 7.63; Ti,17.45. Found: C, 50.09; H, 7.58; Ti, 17.54. 13C NMR (solid
state, 295 K, §[ppm]): 9.75 (CH3), 25.4, 30.1 (CH), 60.1, 71.3 ((Ph)C(Ph)), 90.7, 130.7, 139.6,
182.3, (C(Ph)), 198.3, 209.4 (COO).

4.2.2. PMMA /TOCs Composites Preparation

PMMA /TOCs composites were prepared by adding an appropriate amount of the
TOC (ca. 0.025, 0.062, 0.12, or 0.25 g of (1) dispersed in 5 mL of THF) to the poly(methyl
methacrylate) (PMMA) solution (1.0 g of PMMA per 10 mL of THF). After 150 min in an
ultrasonic bath, the dispersions were poured into a glass Petri dish and held at RT in a
glove box to evaporate the THE. As a result, materials containing 2, 5, 10, and 20% of TOC
were obtained.

4.3. Analytical Methods
4.3.1. Structural and Spectroscopic Characterization of TOCs

The vibrational spectra of the synthesized compounds (crystals) were registered us-
ing: (a) IR spectrophotometry (Perkin Elmer Spectrum 2000 FTIR spectrophotometer
(PerkinElmer Inc., Waltham, MA, USA) (4004000 cm ! range, KBr pellets)), and (b) Raman
spectroscopy (RamanMicro 200 spectrometer (PerkinElmer Inc., Waltham, MA, USA)). The
Raman spectra were recorded using a laser with the wavelength 785 nm, with a maximum
power of 350 mW, in the range 200-3200 cm !, with a 20 x 0.40/FN22 objective lens
and an exposure time of 15 s each time. The '3C NMR spectra in the solid phase were
recorded on a Bruker Advance 700 (Madison, WI, USA) 700 MHz spectrometer, with a
spectral width of 76,923.08 Hz and 4096 complex points. Elemental analyses were per-
formed on an Elemental AnalyserVario Macro CHN (ElementarAnalysensysteme GmbH,
Langenselbold, Germany).

4.3.2. Single Crystal X-ray Diffraction Measurement

The diffraction data were collected at 100 K on a Rigaku XtaLAB Synergy (Dualflex)
diffractometer (Rigaku Inc., Wilmington, MA, USA) with a HyPix detector with a monochro-
mated CuKa X-ray source (A = 1.54184 A). The data processing and the numerical absorp-
tion correction were performed using CrysAlis Pro [77]. The structure was using direct
methods and refined by employing the full-matrix least-squares procedure on F> (SHELX-
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97 [78]). Heavy atoms were refined with anisotropic displacement parameters, whereas
hydrogen atoms were assigned at calculated positions, with thermal displacement pa-
rameters fixed to a value of 20% or 50% higher than those of the corresponding carbon
atoms. A disorder was observed for the O31 (0.5:0.5) and O111 (0.6:0.4) isopropionate
anions. Some restraints on geometry (DFIX) and thermal parameters (ISOR) of those
disordered anions were applied to assure a stable refinement process. All figures were
prepared in DIAMOND [79]. The results of the data collections and refinement have
been summarized in Table 4; selected bond lengths and angles are presented in Table S1.
CCDC 2310326 contains the supplementary crystallographic data for (1). These data
can be obtained free of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk.data_request/cif (accessed on 25 November 2023).

Table 4. Crystal data and structure refinement for (1).

Empirical formula CooH144034Tig (1)
Formula weight 2197.42
Temperature 100(2) K
Wavelength [A] 1.54184
Crystal system Monoclinic
Space group P2y /c

a=19.9172(6)
b = 12.3935(3)
c = 24.4651(8)

Unit cell dimensions [A] and [°] o =90
B =111.483(4)
v=90
Volume [A3] 5619.5(3)
Z, calculated density [Mg/ m?3] 2,1.299
Absorption coefficient [mm~—1] 5.193
F(000) 2328
Crystalsize [mm?] 0.220 x 0.180 x 0.080
Theta range for data collection [°] 2.384 to 74.492
—-24<h<?24
Index ranges -15<k<14
-30<1<21
Reflections collected /unique 44,138/11,218 [R(int) = 0.0943
Completeness to theta 67.684° 99.9%
Absorption correction Gaussian
Max. and min. transmission 1.000 and 0.414
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 11,218/35/654
Goodness-of-fit on F2 1.054
Final R indices [I > 2sigma(I)] R12 =0.0865, wR2 P = 0.2451
R indices (all data) R12=0.1092, wR2 P = 0.2674
Largest diff. peak and hole 0.766 and —0.915 e-A—3

AR1=Y|Fo! — IFc|/LIFol, P wR2 = [Lw(Fo? — Fc2)2 /L (w(Fo?)H)]/2.

4.3.3. X-ray Diffraction of Powders

Powder experiments were performed using a Rigaku XtaLAB Synergy (Dualflex) diffrac-
tometer with a HyPix detector and a monochromated CuKax X-ray source (A = 1.54184 A),
working in the powder diffraction mode. The data were collected in the range 4-50° 26,
with an exposure time 240 s per frame.

4.3.4. Characterization of PMMA + TOCs Composite Materials

The chemical composition of the produced composite films was determined using
an energy-dispersive X-ray spectrometer (EDS, Quantax 200 XFlash 4010, Bruker AXS,
Karlsruhe, Germany). The maximum of absorption for the PMMA + (1) samples was
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also registered using the UV-Vis DRS method. The resulting composite materials had a
thickness of approximately 50 um and were characterized using Raman.

4.3.5. The Electron Paramagnetic Resonance (EPR) Spectroscopy

Formation of reactive oxygen species on the surface of the obtained samples was
confirmed using EPR. The spectra were recorded using an X band EPR SE/X-2541M
spectrometer (Radiopan, Poznar, Poland) with a 100 kHz modulation. The microwave
frequency was monitored with a frequency meter. The magnetic field was measured with an
automatic NMR-type JTM-147 magnetometer (Radiopan, Poznan, Poland). Measurement
conditions: microwave frequency: ca. 9.33 GHz; modulation amplitude: 0.25-1 mT;
sweep: 20-50 mT; sweep time: 4 min.; time constant: 0.1 s; receiver gain: 4 x 10°. The
measurements were performed for the powder of the substrate and the cut films of PMMA
+ TOCs composites, at room temperature.

4.4. Studies of the Biological Activity of Synthesized Materials
4.4.1. Antimicrobial Activity of PMMA + (1) Composites and Powder (1)

The antimicrobial activity of the samples was determined against Gram-negative
(Escherichia coli ATCC 25922, Escherichia coli ATCC 8739) and Gram-positive (Staphylococcus aureus
ATCC 25923, Staphylococcus aureus ATCC 6538) bacteria and Candida albicans ATCC 10231.
Prior to antimicrobial study, the tested PMMA + TOCs foils (20 x 20 mm) were sterilized
using UVC for 15 min on both sides, subsequently treated with visible indoor light, placed
in the 12-well plates with 1 mL of microbial inoculum (1.0-4.7 x 10° c.f.u. mL~1) in sterile
deionized water, and incubated for 24 h at 37 °C in a humid atmosphere under gently
shaking (80 r.p.m.) conditions.

Microbial inoculum with a density of 0.5 McFarland (approximately 1.5 x 10% c.fu. mL~1)
were prepared in sterile distilled water from cultures of bacterial strains and C. albicans
grown in tryptic soy broth (TSB, Becton Dickinson, Heidelberg, Germany) and Sabouraud
dextrose broth (SDB, Becton Dickinson), respectively, for 24 h at 37 °C, under shaking
conditions (120 rpm). Each of the microbial inoculum were diluted 100 times prior to use.

The control was the suspension of test microorganisms in the well, without test
samples. After incubation, inoculum was collected from the wells, diluted ten-fold, and
spread (100 pL) on appropriate medium in Petri dishes. The plates were incubated for
24 h at 37 °C, and colony forming units (c.f.u) were counted on the inoculated plates. The
concentration of microorganisms was calculated per one mL.

The antimicrobial activity of the samples of (1) were determined by suspending them
in microbial inoculum in sterile deionized water to obtain suspensions with concentrations
of 2,5, 10, and 20% (w/v) and gently (20 r.p.m) mixing them using the rotary shaker (Biosan,
Riga, Latvia) for 24 h at 37 °C.

The microbial inoculum after treatment with (1) samples was diluted ten-fold in
sterile deionized water, and each dilution (1000 nuL) was aseptically mixed with 20 mL of
appropriate medium in Petri plates and incubated at 37 °C for 24 h. The colony forming
units (c.f.u) were counted and the final concentration of the microorganisms was calculated
per one mL.

The antimicrobial activity of the powder and the composites was determined based
on the reduction (R) index, calculated according to the formula: R = Ut — At, where Ut
is the common logarithm of the number of microorganisms in the inoculum, and At is
the common logarithm of the number of microorganisms in the treated inoculum. R > 2
and R > 4 determine the biocidal activity of (1) in the studied form of the composite
(antimicrobial activity of the surface) and suspension samples, respectively.

4.4.2. Assessment of Material Cytotoxicity

The L929 murine fibroblast cell line (NCTC clone 929) was purchased from American
Type Culture Collection (Manassas, VA, USA). The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetus bovine
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serum and antibiotics (100 pg/mL of streptomycin and 100 IU/mL of penicillin) at 37 °C in
an atmosphere of 5% CO,. All reagents used for cell culture were purchased from VWR
International (Radnor, PA, USA).

The specimens were cut into squares measuring 6 mm x 6 mm and were sterilized
using UV irradiation for 30 min for each side of the samples before testing.

For evaluation of potential cytotoxicity of the tested materials, the samples were
placed in individual wells of 24-well plates, followed by seeding of the cell suspension
(1 x 10* cells suspended in a 25 pL of culture medium). Then, the cells were incubated for
4 h at 37 °C and 5% CO; to allow the cells to attach to the surface of the materials before
flooding with 1 mL of DMEM medium. The L929 cells were incubated on the specimens
for 24 and 72 h at 37 °C and 5% CO,.

After incubation, the samples were transferred to new wells of 24-well plates, and
500 pL of the MTT (tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide purchased from Merck KGaA (Darmstadt, Germany)) solution, prepared in culture
medium without phenol red at a final concentration 0.5 mg/mL, was added to each well
and kept in an incubator for 3 h. Then, the MTT solution was aspirated, and 500 puL of
dimethyl sulfoxide was added to each well, followed by measurement of the absorbance
at 570 nm with the subtraction of the 630 nm background, using a Synergy HT microplate
reader (BioTek Instruments, Winooski, VI, USA). The MTT assays were repeated in four
separate experiments. All values are reported as means =+ standard error (SEM). Statistical
analysis of the data was performed using two-way analysis of variance (ANOVA) and a
Duncan test to determine differences in cytotoxicity, with the level of significance set at
p <0.05.

The analysis of cell numbers growing on the sample surfaces, as well as cell morphol-
ogy, was conducted using scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss,
Gottingen, Germany). After 24 or 72 h, the cells were washed in PBS and fixed in 2.5% w/v
glutaraldehyde for 4 h at 4 °C. Subsequently, the specimens were dehydrated in ethanol at
increasing concentrations (50%, 75%, 90%, and 100%) for 10 min for each concentration at
room temperature. Finally, the specimens were dried and stored at room temperature until
the SEM analysis was performed.

5. Conclusions

Crystals of an oxo complex with the general formula [TigO,(O'Pr),(man),] (1) were
successfully isolated from the reaction mixture of titanium isopropoxide and mandelic
acid, mixed in a molar ratio of 4:1 at room temperature, using tetrahydrofuran as a solvent.
Structural analysis revealed that the {TigO;} core comprises a central {Ti4O,} unit and
two side dimers ({Tiy}), stabilized by two p3-O bridges, bridge-forming anions, and a
five-membered chelate ring.

Spectral tests, including XRD, IR, and Raman spectroscopy, confirmed the structural
stability of compound (1) in both aqueous environments and after incorporation into a
polymer matrix. EPR spectroscopy facilitated the detection of reactive oxygen species (ROS)
on the surface of the grains (1) (in O, ~ form), as well as in the PMMA + (1) composite film
(in O~ and O, forms).

Biocidal assessments of compound (1) and the PMMA + (1) composite were conducted
against E. coli and S. aureus bacteria strains, as well as Candida albicans fungi. The antibac-
terial effect was observed for a suspension containing as little as 2% of (1). A suspension
containing 20% of (1) exhibited biocidal activity against both bacteria and fungi. The
bactericidal activity of the composite PMMA + (1) systems was slightly weaker; moreover,
they did not show a biocidal effect against fungi.

The observed significant antimicrobial activity of oxo complex (1) could stem from
the synergetic effects associated with ROS generation and the existence of a chelating ring
within its structure. Incorporating (1) into the polymer matrix restricted its direct interaction
with microorganisms, consequently diminishing its antimicrobial efficacy. However, in such
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instances, the mechanisms linked to ROS generation remain operational. All PMMA + (1)
materials demonstrated non-cytotoxic characteristic towards L929 fibroblasts.

In summary, the test results from our investigations affirm that compound (1) fulfills its
intended objectives, namely, possessing antibacterial properties, while being non-cytotoxic.
This compound can be utilized as an antibacterial coating in public facilities or hospitals to
mitigate the risk of bacterial infections.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules29081736/s1, Figure S1: The topological anal-
ysis of the cluster with a {Ti4O,} core (left) [7] (a), and {TigO,} (1) (right) (b), performed in TOPS;
Figure S2: A 3D-deformation density map for (1) showing the presence of charge depletion regions (in
red) and charge concentration regions (in blue), mapped using Crystal Explorer 21.5. The isosurfaces
are drawn at 0.008 eau—3. The green circles show two of four chelate rings present in this molecule.
In all of them, the same feature occurs—the blue color prevails, pointing at charge concentration
in this region. The wavefunction was calculated at the level B3LYP/6-31G(d,p) References [80-83];
Figure S3: EPR spectra obtained for the powdered sample of (1) (a) and a cut foil of PMMA + (1)
20 wt.% (b). The experimental conditions were as follows: room temperature, microwave frequencies
of 9.31648 (a) and 9.32357 (b) GHz; modulation amplitude of 1 mT; sweep width of 20 mT; sweep
time of 4 min; time constant of 0.1 s; receiver gain of 4 x 105; Table S1: Selected bond lengths [A] and
bond angles [°] in (1); Table S2. Coordination modes in (1).
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Table S1. Selected bond lengths [A] and bond angles [°] in (1).

Distance

(A] Angles [°] Angles [°]
Ti1-O21 1.798(3) 021-Ti1-010 106.35(13) 03-Ti2-031 88.97(12)
Til1-010 1.867(3) 021-Ti1-031 95.00(13) 010-Ti2-0O31! 75.77(11)
Ti1-O31 1.952(3) 010-Ti1-0O31 104.11(12) 012-Ti2-O31! 82.35(12)
Til-O1 2.055(3) 021-Ti1-01 93.57(13) 081-Ti3-071 93.59(19)
Til-O3 2.058(3) 010-Ti1-01 147.75(13) 081-Ti3-061 108.5(2)
Ti1-010! 2.074(3) 031-Ti1-01 98.98(12) 071-Ti3-061 99.92(18)
Til-Tili  3.0086(13) 021-Ti1-O3 92.88(13) 081-Ti3-013 171.30(16)
Til-Ti2 3.1036(10) 010-Ti1-O3 78.25(11) 071-Ti3-013 94.42(16)
Til-Ti2i  3.1940(10) 031-Ti1-03 170.73(13) 061-Ti3-013 73.42(15)
Ti2-O41 1.769(3) O1-Ti1-03 75.62(11) 081-Ti3-011 100.03(18)
Ti2-O51 1.807(3) 021-Ti1-010! 171.33(13) 071-Ti3-011 93.70(16)
Ti2-O3 2.006(3) 010-Ti1-O10¢ 80.61(12) 061-Ti3-0O11 147.34(15)
Ti2-010 2.040(3) 031-Ti1-010 78.06(12) 013-Ti3-011 76.06(13)
Ti2-012 2.054(3) O1-Ti1-010! 82.53(11) 081-Ti3-0O2i 82.89(16)
Ti2-O31! 2.091(3) 03-Ti1-010 93.64(11) O71-Ti3-02i 173.50(17)
Ti3-081 1.784(4) 041-Ti2-051 97.93(16) 061-Ti3-02i 86.41(14)
Ti3-071 1.795(4) 041-Ti2-0O3 95.43(15) O13-Ti3-02i 88.81(13)
Ti3-061 1.933(4) O51-Ti2-O3 95.79(13) O11-Ti3-02i 81.59(12)
Ti3-013 2.038(4) 041-Ti2-010 98.47(14) 0101-Ti4-0O111 101.9(3)
Ti3-011 2.070(3) O51-Ti2-010 162.13(14) 0101-Ti4-091 111.3(3)
Ti3-O2! 2.172(3) 03-Ti2-010 75.65(11) O111-Ti4-091 100.0(3)
Ti3-Ti4 3.2486(15) 041-Ti2-012 91.80(15) 0101-Ti4-013 118.1(3)
Ti4-0101 1.773(5) O51-Ti2-012 96.26(14) O111-Ti4-013 91.02(19)
Ti4-0O111 1.787(5) 03-Ti2-012 164.96(12) 091-Ti4-013 125.55(19)
Ti4-091 1.801(5) 010-Ti2-012 90.27(12) 0101-Ti4-061 90.6(3)
Ti4-013 1.979(3) 041-Ti2-0O31! 171.70(14) O111-Ti4-061 161.70(19)
Ti4-061 2.098(4) O51-Ti2-0O31! 88.60(14) 091-Ti4-061 87.5(2)
013-Ti4-061 71.20(14)




Table S2. Coordination modes in (1).

Coordination sphere content — number of atoms involved in Ti(IV) binding

Central atom Coordination number mandelate iPrO- anion Oxo anion

RCOO- RO~ terminal  bridging

Til 6 1 1 1 1 2
Ti2 6 1 1 2 1 1
Ti3 6 2 1 2 1 -
Ti4 5 - 1 3 1 -

In bold are marked hydroxyl groups involved in five-membered chelate ring with one oxygen atom

from carboxylic group



Figure S1. The topological analysis of the cluster with {Ti4O2} core ([7] left) (a), and {TisOz} (1) (this paper,
right) cores performed in TOPOS with titanium cations in cyan, oxo anions in red, mandelate
(carboxylate) anions in green and propionate anions in blue.



Figure S2. 3D-deformation density map for (1) showing the presence of charge depletion regions (in
red) and charge concentration regions (in blue), mapped using Crystal Explorer 21.5. The isosurfaces
are drawn at 0.008 eau-3. The green circles show two of four chelate rings present in this molecule. In
all of them the same feature occurs — the blue color prevails pointing at charge concentration in this
region. The wavefunction was calculated at the level B3LYP/6-31G(d,p) [80-83].

Reference:

[80] Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98,
5648-5652.

[81] Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and
Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623-11627.

[82] Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev.
A 1988, 38, 3098-3100.

[83] Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of
the electron density. Phys. Rev. B 1988, 37, 785-789.
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Figure S3. EPR spectra of powdered TOCs (a) and PMMA + (1) wt.20% composite (b) of TOCs. Some
experimental conditions: room temperature, microwave frequency: 9.31648 GHz (a) 9.32357 GHz (b);
modulation amplitude: 1 mT; sweep: 20 mT; sweep time: 4 min.; time constant: 0.1 s; receiver gain: 4
x10°%.
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This paper explores the findings on the structures and physicochemical properties of titanium-oxo com-
plexes (TOCs) stabilized by 9-hydroxy-9-fluorenecarboxylate ligands. Two complexes, with the overall
formulas [Ti4O(O'Pr)10(03C14Hsg)s] (1) and [TigO4(O'Pr)»(OsC14Hg)4(OCEgl (2), have been synthesized.
The structures of the isolated crystals (1 and 2) were determined using single-crystal X-ray diffraction.
Molecular structure analysis of the crystals also employed vibrational spectroscopic techniques (IR and
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Raman), UV-Vis diffuse reflectance spectroscopy (UV-Vis—DRS), and powder X-ray diffraction (XRD).
Density functional theory (DFT) was utilized to elucidate the electronic structures of these complexes.
Furthermore, the theoretical charge distribution in 1 and 2 and their reactivity were calculated. The results
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Introduction

The exceptional properties of titanium dioxide (TiO,) have
led to widespread applications of TiO,-based materials in
various aspects of daily life. Due to their non-toxic nature,
limited chemical reactivity, and notable photocatalytic and
antimicrobial capabilities'™ these materials play a crucial
role in decomposing organic pollutants through photo-
catalytic processes. This makes them highly effective in water
purification, air cleansing, surface decontamination, and
even in antibiotic elimination technologies.”® Beyond their
photocatalytic prowess, TiO,-based materials are attracting
significant attention for their bioactivity.” > A factor hinder-
ing broader utilization of these materials in modern techno-
logies is their activity being confined to ultraviolet light,'?
which is associated with relatively large bandgap values
of 2.9 and 3.2 eV for rutile and anatase, respectively.'?
Consequently, current research focuses on modifying TiO,-
based materials to increase their photocatalytic and bacteri-
cidal activity in visible light.>**>'*'> One proposed solution
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of these investigations suggest that the reactivity of 2 is significantly greater than that of 1.

to address this issue involves the utilization of multinuclear
titanium(iv)-oxo complexes (TOCs).'®>® These compounds
are mainly synthesized by reacting Ti(iv) alkoxides with
organic or phosphonic acids using either traditional or solvo-
thermal methods.”””® The formation of the {Ti,O;} core is
influenced by factors such as the type of titanium alkoxide,
stabilizing ligands, reactant ratios, reaction temperature, and
solvent choice.”” ° Research has shown that the type of stabi-
lizing ligand (mainly carboxylate or phosphonate) signifi-
cantly impacts the HOMO-LUMO energy gap and photo-
catalytic properties.’*> Our previous studies on TOCs with
{Ti,O,} cores highlighted the effectiveness of 9-fluorenecar-
boxylate ligands. Among complexes stabilized with 3-chloro-
benzoic, 3-nitrobenzoic, 9-fluorenecarboxylate, 4-aminoben-
zoic, and 4-hydroxybenzoic ligands, the cluster stabilized by
9-fluorenecarboxylate ligands had the narrowest HOMO-
LUMO gap (2.55 eV), making it photocatalytically active in
visible light.** Studies of TOC structures with {Ti, O} cores (a
=3,4,6;b=1, 2,4, 6) stabilized with the aforementioned
ligand showed photocatalytic activity under both UV and
visible light. The activity varied depending on the core struc-
ture as follows: {TicOg} > {Ti,O,} > {Tiz0} > {Tic0,}.**

In this study, we focused on synthesizing crystals of oxo
complexes resulting from the reaction between titanium iso-
propoxide and 9-hydroxy-9-fluorenecarboxylic acid. We charac-
terized their structural properties and stability, particularly in
an aqueous environment. We investigated the structural and
electronic properties, as well as potential reactivity, using
density functional theory (DFT).

Dalton Trans.
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Experimental section

Materials

Titanium(wv) isopropoxide (Aldrich, St Louis, MO, USA),
9-hydroxy-9-fluorenecarboxylic acid (Aldrich, St Louis, MO,
USA), and propionic acid (PA) (Warchem, Warsaw, Poland)
were purchased commercially and used without further purifi-
cation. All solvents (tetrahydrofuran and isopropanol) used in
our experiments were distilled before use and stored under an
argon atmosphere.

Methods

The crystalline powders of compounds 1 and 2 were charac-
terized using infrared spectrophotometry, specifically with
the FT-IR Vertex 70V infrared spectrophotometer (Bruker
Optik GmbH, Ettlingen, Baden-Wiirttemberg, Germany).
The analysis primarily focused on the spectra within the
400-2000 cm ™" range, where vibrational bands of coordinated
functional groups such as -OOC, -OR, -OC, and Ti-O-Ti are
observed. Spectra were recorded for KBr pellets of the tested
compounds. Furthermore, samples of compounds 1 and 2
were subjected to examination using the Raman microscopy
method, utilizing the RamanMicro 200 microscope (PerkinElmer,
Waltham, MA, USA). Raman spectra were recorded employing
a laser with a wavelength of 785 nm and a maximum power of
350 mW within the range of 200-2200 cm™". This was achieved
using a 20x 0.40/FN22 objective with an exposure time of 15
seconds for each recording. The >C NMR spectra in the solid
phase were recorded on a Bruker Avance 700 MHz spectro-
meter (Madison, WI, USA), with a spectral width of 76 923.08
Hz and 4096 complex points. Elemental analyses were per-
formed on a Vario Macro CHN Elemental Analyser (Elementar
Analysensysteme GmbH, Langenselbold, Germany). Diffuse
reflectance UV-Vis (UV-VIS-DRS) spectroscopy was used to
determine the absorption maximum and the HOMO-LUMO
gap between 200 and 800 nm. For this purpose, the Jasco
V-750 spectrophotometer (JASCO Deutschland GmbH, Pfungstadt,
Germany) was used.

Synthesis of [Ti;O(0Pr);4(05C14Hs),] (1)

0.20 g of 9-OH-9-fluorenecarboxylic acid (0.875 mmol) was dis-
solved in 1 ml of a mixture of tetrahydrofuran/isopropanol
(THF/HO'Pr) (1:1) and mixed with 1 mL of a solution of tita-
nium(iv) isopropoxide (3.5 mmol) in 1 mL of THF/HO'Pr (1: 1),
leading to a clear yellow solution. The reaction was carried out
at room-temperature (RT), using a glovebox under an argon
atmosphere. The solution was left for crystallization (1 day).
The yield calculated based on Ti was 26%. The titanium
content was determined as that of TiO,, according to the
Meth-Cohn et al. method.>® Anal. Calc. for CsgHggO45Tis: C,
55.86; H, 6.90; Ti, 15.41. Found: C, 56.07; H, 7.01; Ti, 15.64.
3C NMR (solid state, 295 K, & [ppm]): 10.4, 22.3 (CH3), 30.5
(CH), 52.9 61.0, 72.7, 78.9 ((Ph)C(Ph)), 97.4, 119.8, 129.7,
140.6, 148.3, 188.2, 197.7 (C(Ph)), 208.4, 215.8 (COO). FT IR
(KBr pallet, 295 K, v [em™']): 1,5(CO0) 1632 (s), 1609 (s), £(CC),
15(CO0) 1498 (m), 1474 (W), (CH,), 5(CH;) 1449 (m), 1364 (W),
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1281 (m), (CO) 1204 (m), »(COR) 1156 (w), 1107 (m), 1051 (m),
1004 (w), y(Ti-O-Ti) 782 (m), 771 (w), 5(CCC) 737 (s), 5(COO)
529 (m); Raman (solid state, 295 K, Raman shift [em™']):
v,5(CO0) 1600 (s), 1498 (m), 1450 (m), (¥(CC)) 1595 (w),
(v5(CO0)) 1485 (m), (§(CH,, 5(CH3) 1407 (m), 1358 (m), 1292
(m), ©(CO) 1216 (m), 1200 (m), ©(COR)) 1178 (m) 1158 (m),
1117 (m), 1020 (s), »(Ti-O-Ti)) 550 (m).

Synthesis of [TigO4(0'Pr),(0;C,4Hg)4(0,CEt)6] (2)

0.20 g of 9-OH-9-fluorenecarboxylic acid (0.875 mmol) and
0.33 mL of propionic acid (4.38 mmol) were dissolved in 1 mL
of THF and mixed with a solution of 1.24 mL of titanium(iv)
isopropoxide (4.38 mmol) in 1 mL of THF, leading to a clear
brown solution. The reaction was carried out at 70 °C, using a
glovebox under an argon atmosphere. The solution was left for
crystallization (5 days). The yield calculated based on Ti was
22%. The titanium content was determined as that of TiO,,
according to the Meth-Cohn et al. method.*®> Anal. Calc. for
CgoH76030Tig: C, 53.22; H, 4.21; Ti, 15.96. Found: C, 53.19; H,
4.36; Ti, 15.77. "*C NMR (solid state, 295 K, § [ppm]): 9.4, 21.3,
29.5 (CH3), 51.6 (CH,) 57.1 (CH), 58.4, 62.3, 72.1, 78.2 ((Ph)C
(Ph)), 88.1, 98.3 (COO), 119.8, 125.2, 129.3, 140.1, 143.3, 177.6,
185.3, 193.1, 198.0 (C(Ph)), 208.4, 214.2 (COO). FT IR (KBr
pallet, 295 K, v [em™']): 1,5(COO), 1711 (m), r,5(COO) 1510 (s),
(¢(CC), v5(COO0)) 1465 (m), 1450 (m), §(CH,, 6(CHj)), 1434 (s),
1378 (m), v5(CO0) 1298 (m), »(CO) 1216 (s), 1200 (m), 1(COR)
1165 (w), 1115 (m), 1105 (m), 1083 (m), 1023 (s), (vs(Ti-O-Ti))
778 (m), 764 (m), 5(CCC) 738 (s), 724 (s), 5(COO) 560 (m), 536
(m); Raman (solid state, 295 K, Raman shift [cm™"]): 1,4(COO)
1715 (w), va5(COO) 1606 (s), (¥(CC)) 1596 (w), (vs(COO)) 1495
(m), 5(CH,), §(CH;) 1450 (m), 1350 (m), 1328 (w), (¥(CO),
¥(COR)) 1175 (m) 1154 (m), 1113 (m), 1022 (m), »(Ti-O-Ti) 475
(W), 447(w).

Crystallography

The diffraction data for both compounds were collected at
100 K on a Rigaku XtaLAB Synergy (Dualflex) diffractometer
with a HyPix detector with a monochromated CuKa X-ray
source (4 = 1.54184 f&). Data processing and absorption correc-
tion were performed using CrysAlisPro.*® For 1 the extinction
parameter was also refined. The direct methods were used and
refinement was carried out with the full-matrix least-squares
procedure on F* (SHELX-97).>” Heavy atoms were refined with
anisotropic displacement parameters. In contrast, hydrogen
atoms were assigned at calculated positions with thermal dis-
placement parameters fixed to a value of 20% or 50% higher
than those of the corresponding carbon atoms. Positional dis-
order was observed for 061 “O'Pr anions in 1 with two sets
equally populated (0.5:0.5) and the methyl group of the 061
propionate anion in 2 also with identical (0.5) occupancies for
both atom sets. In 2, some restraints were applied for thermal
parameters (DELU) of the disordered O61 propionate. In 2, the
BYPASS procedure implemented in Olex2 *® was used for the
poorly defined electron density in the solvent region. All
figures were prepared in DIAMOND.* The data collection and
refinement results have been summarized in Table S1, and

This journal is © The Royal Society of Chemistry 2024
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selected bond lengths and angles are presented in Table S2.7
CCDC 2284906 and 2284900 contain supplementary crystallo-
graphic data for 1 and 2, respectively.

XRD measurements

Powder XRD experiments were performed on a Rigaku XtaLab
Synergy (Dualflex) diffractometer equipped with a HyPix detec-
tor and using monochromated CuKoa X-ray radiation (4 =
1.54184 A). The diffractometer worked in powder diffraction
mode and data were collected in the 20 range of 4-50° with an
exposure time of 240 s per frame.

Theoretical research methodology

The crystallographically determined structures of complexes 1
and 2 were used as preliminary ones in the optimization pro-
cedure carried out at the B3LYP/6-31G(d,p) level of theory, ie.
using the B3LYP exchange-correlation functional’®*! of
density functional theory (DFT)**** and the 6-31G(d,p) basis
set.** Then, a frequency analysis was performed to verify that
the minima were found indeed. The obtained geometries were
then used to determine the theoretical IR, Raman, and UV-VIS
spectra, as well as the HOMO and LUMO, Hirshfeld atomic
charges® and molecular electrostatic potential (MEP) maps.
The UV-VIS spectra were determined using TD-DFT (i.e. the
time-dependent DFT) utilizing diffuse functions needed in
excited state calculations. To quantify the reactivity of com-
pounds 1 and 2, various reactivity indices derived from the so-
called conceptual DFT***® were also computed at the (B3LYP)/
6-31+G(d,p)/B3LYP/6-31G(d,p) level of theory. Instead of the
less reliable calculations based on the HOMO and LUMO ener-
gies, these calculations were made using cation and anion
total energies within the vertical approximation.’® Having the
values of the ionization potential (I) and electron affinity (4),
one can then calculate the electronic chemical potential (4 =
—1/2(I + A)), which describes the tendency of a system to gain
or lose electrons.”®" This quantity with a minus sign gives the
absolute electronegativity y. From the difference of I and 4,
one can obtain chemical hardness (), describing the rate of
change of u with electron density, and therefore the resistance
towards electron cloud polarization.’>®" Thus, it is a good
measure of molecular reactivity. In turn, its inverse gives the
chemical softness o. Finally, the ratio (I + 4)*/8(I — A) defines
the electrophilicity index (w), which determines the capacity of
an electrophile to receive electrons from a nucleophile.”*?* Its
reciprocal is the nucleophilicity index (¢). All calculations were
performed using the Gaussian 16 program package,’* and the
GaussView 6 program® was used to visualize some of the
results.

Results and discussion
Synthesis and structural studies of oxo complexes

The synthesis of compound 1 involved the reaction between
titanium(wv) isopropoxide and 9-OH-9-fluorenecarboxylic acid
(HO;C,,4Hy) as the primary reagents. Ti(O'Pr),/HO;C,,Ho with
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a molar ratio of 4 : 1 and a solvent mixture of THF/HO'Pr (1: 1)
were used. Compound 2 was isolated from the reaction
mixture containing 9-OH-9-fluorenecarboxylic acid, propionic
acid, and titanium(iv) isopropoxide. The molar ratio of Ti
(O'Pr), to organic acids was 1:1.2. THF was the solvent
employed, and the reaction occurred at 70 °C. The molecular
structure of the isolated crystals was determined through
single-crystal X-ray diffraction. Detailed results are presented
in Fig. 1-4.

The structure of [Ti,O(0'Pr);o(0;C14Hs),] (1)

The analysis of X-ray diffraction data revealed that [Ti,O
(O'Pr);4(03C14Hs),] (1) crystallizes in the monoclinic C2/c
space group. As given by the formula above, half of the mole-
cule is present in the asymmetric unit, and the 016 oxo anion
is located at the twofold axis. Four Ti(wv) cations form a torsion
angle of —60.25° with Ti1-Ti2, and the Ti1-Ti1 [1 — x, y, 1.5 —
z] distances are 3.3510(5) and 3.4643(7) A, respectively. The Ti1
ions form the central part, while Ti2 is lateral. They differ sig-
nificantly because Ti1 is found in an octahedral environment,
whereas for Ti2, a pentacoordinate geometry was detected
(Fig. 1).

In the latter case, a square pyramidal environment was
detected (z5 = 0.02)°° with Ti2 shifting by 0.531 A from the
base toward the apical 061 atom, forming the shortest bond
(1.778(2) A). The Ti2 coordination sphere consists of three
oxygen atoms from isopropylate anions (two terminal and one
bridging) and two oxygen atoms from o-hydroxycarboxylate
ligands. The basal Ti2-O distances range from 1.7819(19) A to
2.0651(15) A (Table S2+). For Ti1, the coordination sphere con-
sists of three oxygen atoms from isopropylate anions (two
terminal and one bridging), two oxygen atoms from
a-hydroxycarboxylate ligands, and an oxygen atom from the
oxo anion, with Ti1-O bond lengths ranging from 1.7921(15)
to 2.2274(15) A. Ti1 and Ti2 cations, separated by 3.3510(5) A,
are connected by asymmetric O21 isopropylate bridges and
a-hydroxycarboxylate ligands, whereas central Til cations, sep-

Fig. 1 Structure of [Ti;O(O'Pr);o(0sCi4Hsg)2] (1) (@) as a ball and stick
model. For clarity of the figure for the 'PrO™ anions, carbon chains are
not shown. Atom labels for titanium and oxygen atoms are given.
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Fig. 2 (a) Hirshfeld surface of 1 with all projected interactions, the fingerprints for (b) H---H (83.9%), (c) for C---H (11.5%), and (d) for O---H (4.6%).

Fig. 3 Structure of [TigO4(O'Pr),(03C14Hg)4(02CEt)¢] (2) (a) as a ball and
stick model. For clarity of the figure for the ‘PrO™ anions, carbon chains
are not shown. The structure presents only the main conformations.
Atom labels for titanium and oxygen atoms are given.

arated by 3.4643(7) A, are connected by carboxylic groups of
two o-hydroxy acid anions and the only O16 oxo anion,
forming a Ti1-016-Til [1 — x, y, 1.5 — z] angle of 142.49(12)°.
Hence, in this structure, the oxo anion couples two tita-
nium(v) cations, while the a-hydroxycarboxylate (its carboxylic
group) forms p; bridges with two aromatic systems inclined by
59.0°. The packing is dense and shows ab layers (Fig. S1t).
Hirshfeld surface analysis shows weak interactions dominating
the landscape of the formed interactions (Fig. 2). However, no

Dalton Trans.

significant O---H interactions were detected, which could be
considered an intermolecular hydrogen bond. It is notable
that the reaction between Ti(O'Pr), and 9-OH-9-fluorenecar-
bocylic acid yielded a Ti(iv)-oxo complex containing the {Ti,O}
core.

What sets this complex apart is its unique core structure
compared to those of previously documented oxo complexes
with a similar configuration (Scheme 1(a) and (b)).>*”">*
These types of cores mainly consisted of tetrahedral oxo
bridges of the Tis(is-O) type (Scheme 1(a)).**>%>° They were
stabilized not only by phosphonate ligands but also by other
ligands, e.g. alkoxides ([Ti,O(O'Pr)¢(DTBC),] (DTBC = 3,5-di-
tert-butylcatechol)®®), azides ([Ti,O(O'Pr);o(u-N3),]°"), and
oximes (Ti;O(OMe)s(L1), (L1 = salicylaldoxime)®?). Another
method of creating the {Ti,O} core was noted by Czakler et al.
(Scheme 1(b)), where the core is formed by Tis-(u3-O) bridges
connected to the fourth Ti(iv) ion by a phosphonate ligand.®”
In the structure of 1, the {Ti,O} core is connected to the other
two Ti(wv) ions through the oxygen atoms of the 9-OH-9-fluore-
necarboxylate ligands (Fig. 1).

According to previous results, the coordination number of
all Ti(iv) ions forming the {Ti,O} core was six. However, in the
structure of 1, the coordination number of Ti(wv) forming the
Ti,-(p-O) bridge is six, while the remaining two have a coordi-
nation number of five. Moreover, it should be noted that the
9-OH-9-fluorenecarboxylate ligands are involved in the for-
mation of chelate bridges with titanium ions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Hirshfeld surface of 2 with all projected interactions shows a prevailing blue color. The fingerprints for (b) H---H (55.2%), (c) C---H (10.8%),
and (d) O---H (30.2%).
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Scheme 1 The different types of oxygen interactions in {Ti,O,} cores: (a) {Ti4O} [Ti4O(OEt);,(OsPR")] (R” = ‘Bu, Ph) and [Ti;o0»(OR)3,(OsPR"),1,%8 (b)
Fl'i4O(O‘Pr)s(OzP-allyl)z(dmso)];57 (c) {TigO4} Fri604(OR)14(OzR")z],28 (d) [Ti504(OR)12(02R")4],28 rri604(oR)lO(OZR')Z(OZPR")Z]:GZ (e)
[TigO4(OR)(02R")gl, 28 () [TigO4(OR)12(O2R")4l, [TigO4(OR)10(O-R")6l;28 and (g) {TisOz} [TigO2(OR)20(0sR")41.84 For the clarity of the figure alkoxide
and carboxylate ligands are not shown.
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The structure of [TigO4(O'Pr),(03C14Hg)4(0,CEt)g] (2)

Due to the significantly lower quality of the crystals (despite
repeated attempts to synthesize and adjust reaction con-
ditions) than that of compound (1), the structural quality of
[TigO4(O'Pr),(05C14Hsg)4(0,CEt)g] (2) is much worse, leading to
the loss of clear diffraction patterns. This is likely caused by
disordered solvent molecules (see the Experimental section).
As a result, we will not focus on detailed measurements of
bond lengths and valence angles (these values are also listed
in Table S17). Nonetheless, the primary characteristics of com-
pound 2 can still be identified and discussed. This complex
crystallizes in the triclinic P1 space group, with half of the
molecule represented by the aforementioned formula in the
asymmetric unit. The metallic core comprises six titanium(iv)
cations arranged in two nearly coplanar triangles. In the Tis
motif, the titanium(iv) cations are interconnected by a p;-oxo
bridge, two a-hydroxycarboxylate groups, and two carboxylate
groups from propionate anions (Fig. 3). Both triangles are
linked by two p-oxo bridges and two propionate anions. As a
result, all carboxylate anions contribute to coupling adjacent
Ti(iv) cations in this structure. The Ti-Ti distances measure
3.1182(18) A (Ti1-Ti3), 3.1185(15) A (Ti2-Ti3), and 3.6723(17) A
(Ti1-Ti2) within the triangle, with a distance of 3.4246(16) A
between triangles (Ti2-Til [1 — x, 2 — ), 1 — z2]). The effect of
{TicO4} core formation is frequently observed in TOC struc-
tures, and potential variations in the Ti-O bond arrangement
are depicted in Scheme 1(c)-(f).***°® It should be noted
that this type of system can be formed by both Ti(v) complexes
and mixed-metal oxo clusters.® In addition to alkoxide
ligands, {TisO4} cores were also stabilized with carboxylate,
silicate, or sulphate ligands.”® Our previous studies
showed that a similar type of core was formed for the
[TigO4(BuiO)g(0,CC13Hy)g]-Me,CO (0,CC13Hy = 9-fluorenecar-
boxylate ligands) complex, but its structure was different from
that of complex 2 (Fig. S31).>* These discrepancies are notice-
able in the Ti(v) connections within the triangles. The
described structure of the oxo complex stabilized with 9-fluore-
necarboxylate ligands contains only two terminal isopropoxy
ligands, while the -OR groups can serve as bridges.
Modification of the synthesis conditions and the introduction
of two different carboxylic acids into the reaction mixture led
to changes in the structure of the {TisO,} core and its inter-
actions with the immediate environment (Fig. S31). It is
notable that in the structure of compound 2, the 9-OH-9-fluor-
enecarboxylate ligands form a chelate ring but one -C=0O
group in every carboxylate remains uncoordinated and can be
exposed to the solvent. Moreover, the coordination number for
all titanium atoms remains at six. This allows us to distinguish
the structure of 2 from that of 1 and also from that of the pre-
viously synthesized oxo complex stabilized with mandelate
ligands (Scheme 1(g)). In the last case, the central unit is
formed by a {Ti,0,} core connected by mandelate anions to
two side {Ti,} dimers.**

The packing of [TigO4(O'Pr)y(05C14Hg)s(0,CEt)s] (2) mole-
cules in the crystal network shows some voids accounting for
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395.8 A® (17.5% of the cell volume) related to the BYPASS pro-
cedure applied for this region (Fig. S2t). In 2, the crystal
network is maintained by multiple n-r interactions, particu-
larly stacking interactions usually formed by C23 rings. These
weak interactions dominate the landscape of the contacts
formed (Fig. 4). The most numerous and relatively short inter-
actions are H---H interactions, indicated by red spots on the
surface. Additionally, the molecules form intermolecular C-
H---O hydrogen bonds, utilizing the oxygen atoms of the
hydroxycarboxylate group (01, 02, 021, and 022 atoms). In
contrast, in 1, the oxygen atoms are buried and do not form
numerous contacts. In 2, these contacts are more abundant, as
indicated by the tiny spikes on the fingerprint (Fig. 4d).

The spectral characterization of 1 and 2

Structural differences between the tested oxo complexes were
also confirmed through analysis of their IR and Raman
spectra. The formation of carboxylate bridges coordinated with
Ti(v) atoms in the structure of 1 is confirmed by the appear-
ance of bands at 1632, 1609, and 1449 cm ™', which originate
from the asymmetric and symmetric stretching vibrations of
—-COO groups (v,s(COO) and vs(COO)). The IR spectrum of
complex 2 (Fig. S4t) indicates the presence of two different car-
boxyl groups with distinct coordination modes. This is evi-
denced by the bands at 1711 and 1298 cm™" for unidentate
9-OH-9-fluorenecarboxylate ligands, and at 1510 and
1434 cm™" for bridging propionate ligands (for v,5(COO) and
14(COO0), respectively).”® Assigning vibration bands for the Ti-
O-Ti bridge is challenging due to overlaps with bands from
organic ligand functional groups below 1000 cm™" in the IR
and Raman spectra. DFT calculations were used to predict the
frequencies of normal vibrations for the Ti-O-Ti bridges in
the {Ti,0} (1) and {TisO,4} (2) cores, with geometries optimized
using Gaussian16, employing the B3LYP exchange-correlation
functional and the 6-31G(d,p) basis set. The experimental data
are compared with computational results in Table 1.
Vibrations for Ti,-(u-O) bridges (C,, symmetry) in the struc-
tures of 1 and 2, and Tiz-(u;-O) bridges (C,, symmetry) in the
structure of 2, are active in both IR and Raman spectra.
Nonlinear M~O-M bridges have bands at 730-772 cm™" (stron-
ger in IR) and 497-540 cm™" (stronger in Raman).”® DFT calcu-
lations suggest that Ti-O-Ti vibrations appear at 740 and
795 cm™ ', and 538 and 434 cm™', in the IR and Raman spectra
for (1) and (2), respectively. Therefore, the bands at 782 cm ™"
(IR) and 550 cm™" (Raman) in the spectrum of 1 were assigned

Table 1 Experimental and calculated frequencies of stretching modes
of Ti—O-Ti bridges

1) (C) (2) (Ca)
IR Raman IR Raman
Modes Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
Y(Ti-O-Ti) 782 (m) 740 550 (m) 538 778 (m) 795 475 (w) 434
764 (m) 447 (w)

This journal is © The Royal Society of Chemistry 2024
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to Ti-O-Ti stretching modes. In the spectrum of 2, the bands
at 778 and 764 cm™' (IR), and 475 and 447 cm™' (Raman),
correspond to the stretching vibrations of Ti,-(u-O) and Ti;-(ps-
O) bridges.

The solid-state UV-Vis DRS spectra of 1 and 2 were analysed
using magnesium oxide as the reference sample. The
Kubelka-Munk (K-M) function, plotted against light energy (K
= f(hv), where K = (1 — R)*/2R and R represents reflectance),
was utilized to determine the HOMO-LUMO gap. The results
of these investigations are depicted in Fig. 5. Absorption
maxima were observed at 306 nm for 1 and at 330 and 395 nm
for 2 (Table 2). This result is in qualitative agreement with the
calculated A,.x values, which are 283 nm for 1 and 420 nm for

3 -
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0 T —_— 5
200 400 600 800
A (nm)
41 2,96 eV (1)
(b) 3
_ 2,39 €V (2)
2 .
=
1 -
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Fig. 5 Solid-state UV-Vis-diffuse reflectance spectra (DRS) of the 1 and
2 micro-grains (a) and Kubelka—Munk function versus light energy plot
for HOMO-LUMO gap determination (b).

Table 2 The experimental and calculated (B3LYP/6-31++G(d,p)) UV-Vis
spectra of 1 and 2

1) @)
UV-Vis-DRS
Exp. Calc. Exp. Calc.
Amax (Nm) 306 283 330 420
395

This journal is © The Royal Society of Chemistry 2024
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2. Moreover, calculations have shown that in the case of 1 the
most intense transition at 4 = 283 nm is mainly associated
with the following excitation: H — L+6 (18.0%), H-1 — L+8
(14.4%), and H-1 — L+7 (12.4%).

In the case of 2, in addition to the presence of two excited
states in the closest vicinity of the maximum (i.e. 418 nm with
the dominant H-3 — L+2 transition (38.4%) and 420 nm with
the main contribution H — L+2 (38.3%)) the theoretical spec-
trum also shows other excited states at longer wavelengths.
The most intense of them are located at 427 nm (with domi-
nant excitation of the types H-3 — L (47.6%) and H-2 — L+1
(33.6%)) and at 442 nm (H-2 — L+1 (46.5%) and H-3 — L
(39.3%)). Although shifted, they may correspond to the lower
experimental band at 395 nm. The designated HOMO-LUMO
gap values were 2.96 eV for 1 and 2.39 eV for 2 (Fig. 5(b)).
Although the theoretical HOMO-LUMO gap values are larger
(4.31 eV for 1 and 3.21 eV for 2), they qualitatively agree with
the experimental results, indicating that this gap is evidently
smaller for 2. The results of these investigations show that in
the case of 2 the absorption edge is shifted towards visible
light (up to approximately 395 nm) compared to that of com-
pound 1 (around 306 nm). This effect aligns with the research
conducted by Liu et al. where functionalization of TOCs with
ferrocene led to a shift in the absorption maximum from
330 nm to 500 nm, accompanied by a reduction in the
HOMO-LUMO gap from E, = 3.14 eV to E, = 1.83 eV.”" Based
on these results, it can be assumed that complex 2 should be
more active, e.g., photocatalytically during irradiation with
visible light.

The powder XRD investigations aimed to determine the sus-
ceptibility of compounds 1 and 2 to hydrolysis. Fig. 6 presents
the XRD patterns of the synthesized compounds, recorded
before and after immersion in distilled water for 72 hours.
Both diffractograms were compared with the standard calcu-
lated in ref. 72. The results showed no significant differences
in the patterns before and after water immersion. The simi-
larity between these diffractograms indicates that the core
structure is preserved, and no significant transformation
towards crystalline TiO,, amorphous species, or other crystal-
line forms related to the rearrangement of titanium coordi-
nation spheres and topologies is detected.

The results of theoretical calculations

The theoretical analysis revealed that in both systems, the
HOMOs are primarily localized on aromatic fragments,
whereas the LUMOs are predominantly associated with tita-
nium atoms (Fig. 7). Specifically, in system 1, approximately
97% of the contribution to the HOMO arises from two fluorene
fragments. Within these fragments, the largest contributions
(7.6-7.7% each) originate from the outer carbon atoms (i.e.,
C12, C24, C94, and C106), as well as all non-apical carbon
atoms from the inner five-membered ring (approximately
5-6% each). Conversely, the LUMO is notably dominated (with
a contribution of 38.6% each) by the d orbitals of two titanium
atoms forming the Ti-O-Ti bridge (ie.,, Til and Ti84).
Interestingly, in the case of 2, the HOMO is predominantly
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Fig. 6 The XRD patterns for 1 and 2 exhibit calculated diffractograms
using our models (red line), diffractograms of samples post-compound
synthesis (blue line), and diffractograms of samples after immersion in
distilled water for 72 hours (green line) within the 4-50° 20 range.

Fig. 7 HOMO (bottom) and LUMO (top) for 1 (left) and 2 (right).

contributed by only two fluorene fragments (81%), rather than
four, which are related to each other by an inversion centre.
The remaining two fragments contribute much less, account-
ing for only 10%. Similar to the case of system 1, this contri-
bution mainly stems from the outer carbon atoms of the
benzene rings (i.e., C14, C26, C110, and C122), as well as the
inner five-membered ring (excluding the apical atom). The
largest contributions to the LUMO originate from the d orbi-
tals of the central titanium atoms (20% each), while contri-
butions from the outer titanium atoms are considerably
smaller, amounting to 6.4%.
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Theoretical charge distribution in 1 and 2

To compare the charge distribution in 1 and 2, maps of the
molecular electrostatic potential (MEP) were generated.
Additionally, Hirshfeld atomic charges*> were calculated,
known for their practical independence on the basis set used
(unlike popular Mulliken atomic charges).”>”* The MEP maps
for systems 1 and 2 are depicted in Fig. 8. Using the same
scale of values, these maps primarily illustrate that 2 exhibits
significantly larger areas of relatively large positive and nega-
tive electrostatic potentials compared to 1. In the latter system,
the negative region is confined to the fluorene rings and
nearby oxygen atoms, whereas in the former, this region
visibly extends along the bridge chains containing oxygen
atoms. Furthermore, the area with high positive potential
values (dark blue) practically encompasses the entire molecule
in 2. The analysis of atomic charges (values in ESI, Table S3t)
shows that in the case of 1 the highest negative atomic charge
(—0.389 au) is located on the bridge oxygen atom O16. The
situation is similar in system 2, in which the bridge atoms 016
and O17 have charges of —0.369 and —0.349 au, respectively,
and are larger than the negative charges on the carbonyl
atoms 02 and 022 (—0.265 au.).

Reactivity of 1 and 2

The MEP distribution suggests that system 2 is more reactive
than 1. In order to even better describe the reactivity of the
considered systems 1 and 2, and more importantly quantitat-
ively, various reactivity indices were determined based on con-
ceptual DFT. These indices are presented in Table 3. As seen,
the value of electron affinity (A) itself suggests that system 2

Fig. 8 Electrostatic potential maps (from —0.02 (red) to +0.02 (dark
blue)) of systems 1 and 2.

Table 3 Reactivity indices for 1 and 2 systems

Parameter 1 2

I (ionization potential) 7.06 eV 7.04 eV
A (electron affinity) 0.76 eV 2.19 eV
4 (electronic chemical potential) —3.91eV —4.62 eV
x (absolute electronegativity) 3.91 eV 4.62 eV
7 (chemical hardness) 6.30 eV 4.85eV
o (chemical softness) 0.16 evV* 0.21ev!
o (electrophilicity index) 1.21eV 2.20 eV

¢ (nucleophilicity index) 0.83 ev! 0.45ev"

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/D4DT01710B

Published on 02 August 2024. Downloaded by Uniwersytet Mikolaja Kopernika on 8/19/2024 9:35:51 AM.

Dalton Transactions

should accept electrons more willingly than system 1 (2.19 and
0.76 eV, respectively). This is also confirmed by the higher
value of the electrophilicity index w (2.20 and 1.21 eV for 2 and
1, respectively), which is a better parameter for describing the
electrophilic properties of chemical compounds. Additionally,
the lower chemical hardness of 2 (4.85 eV) compared to that of
1 (6.30 eV) also confirms that the former should be more sus-
ceptible to changes in the electronic structure and therefore
more reactive.

Conclusions

Two Ti(iv)-oxo complexes, designated as 1 and 2, were syn-
thesized via a 4:1 reaction of titanium isopropoxide and
9-OH-9-fluorenecarboxylic acid, and subsequently structu-
rally characterized with an unprecedented core topology.
The results of these investigations revealed that complex 1
contains {Ti,O} cores, with the centre formed by a Ti,-(p-O)
bridge connected to two Ti(1v) ions through 9-OH-9-fluorene-
carboxylate ligands and alkoxide bridges. In the structure of
both compounds, chelate rings are formed. These ligands
act also as bridges - p; in 1 and p in 2 - due to different
oxygen atoms involved in bridging and coordination.
Importantly, it should be emphasized that only in structure
2 do the -C=O0 groups of the carboxylate ligands remain
uncoordinated.

The DFT calculations unveiled that complex 2 displays the
highest tendency to release its most energetic electrons,
suggesting its heightened reactivity compared to that of 1. To
further validate the reactivity disparity between the studied
systems 1 and 2, and crucially, to quantify it, diverse reactivity
indices were determined using conceptual DFT. These indices
corroborate that the oxo complex 2 is more prone to alterations
in the electronic structure and consequently exhibits greater
reactivity.
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Table S1. Crystal data and structure refinement for (1) and (2).

Empirical formula

C58H86017Ti4 (1)

C80H76030Ti6 (2)

Formula weight

Temperature
Wavelength [A]
Crystal system
Space group

Unit cell dimensions
[Aland [°]

Volume [A%]
Z, calculated density [Mg/m?]
Absorption coefficient [mm™]

F(000)

Crystal size [mm?]

Theta range for data collection [°]

Index ranges

Reflections collected/unique

Completeness to theta

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(1)]

1246.86
100(2) K
1.54184
Monoclinic
C2/c
a = 22.4667(4)
b = 12.6262(2)
¢ = 23.0730(5)
a =90
= 106.0037(19)
vy=90
6291.4(2)
4,1.316
4.707

2632
0.080 x 0.040 x 0.020

3.986 to 74.492
-26<=h<=27

-15<=k<=15
-27<=I<=28

29621/ 6404
[R(int) = 0.0474]
67.684° 99.9 %

Numerical

1.000 and 0.746

Full-matrix least-squares on F2

6404 /0/ 397
1.095
R1%=0.0428, wR2" = 0.1131

1804.80
100(2) K
1.54184
Triclinic
P-1
a = 12.4059(10)
b = 12.5243(11)
¢ =17.3816(13)
a = 77.520(7)
B = 69.528(8)
v = 63.331(9)
2255.3(4)
1,1.329
4.956

928
0.120 x 0.060 x 0.040

3.960 to 74.443
-14<=h<=15

-12<=k<=15
-21<=|<=21

27429/ 8652
[R(int) = 0.0968]
67.684° 97.8 %

Semi-empirical from
equivalents

1.00000 and 0.65108

Full-matrix least-squares on F2

8652 /3 /531
1.019
R1% = 0.0941, wR2® = 0.2558



R indices (all data) R12 = 0.0498, wR2° = 0.1169
Extinction coefficient 0.00009(2)
Largest diff. peak and hole 0.470 and -0.630 e-A®

R12 = 0.1461, wR2° = 0.2977
nd
0.851 and -0.953 e- A3

aR1=2|| Fd-| FEIl /2| Fol  * wR2 = [Sw(Fo? - F 2/ Z(w(FP))] 2



Table S2. Experimental and theoretical (B3LYP/6-31G(d,p)) values of bond lengths [A] and
angles [°] for 1 and 2.

[Ti4O(O'Pr)10(O3C1sHs)2] (1)

Parameter

Distances [A]

[Ti604(OiPI‘)2(O3C14Hg)4(02CEt)6] 2)
Distances [A]

Parameter

Exp. Calc. Exp. Calc.
Ti(1)-O(31) 1.7921(15)  1.793 Ti(1)-O(17) 1.794(5) 1.800
Ti(1)-O(41) 1.8195(16)  1.821 Ti(1)-O(16) 1.884(4) 1.901
Ti(1)-O(16) 1.8293(7) 1.824 Ti(1)-O(21) 1.929(4) 1.884
Ti(1)-0O(21) 2.0940(15)  2.139 Ti(1)-O(61) 2.008(5) 2.055
Ti(1)-O(1) 2.1801(15) 2.212 Ti(1)-0(52) 2.028(4) 2.036
Ti(1)-O(2)#1 2.2274(15) 2.283 Ti(1)-0(23) 2.093(5) 2.147
Ti(1)-Ti(2) 3.3510(5) 3.419 Ti(1)-Ti(3) 3.1182(18)  3.163
Ti(2)-O(61) 1.778(2) 1.788 Ti(2)-O(17)#1 1.800(4) 1.802
Ti(2)-O(51) 1.7819(19)  1.796 Ti(2)-O(16) 1.894(4) 1.895
Ti(2)-0(3) 1.8773(16)  1.873 Ti(2)-O(1) 1.936(5) 1.881
Ti(2)-O(21) 1.9695(16) 1.973 Ti(2)-0(41) 2.010(5) 2.042
Ti(2)-0O(1) 2.0651(15)  2.106 Ti(2)-O(62)#1 2.022(5) 2.052
0(1)-C(2) 1.299(2) 1.301 Ti(2)-0(3) 2.094(4) 2.169
0(2)-C(2) 1.226(3) 1.234 Ti(2)-Ti(3) 3.1185(15) 3.164
C(3)-0(3) 1.393(3) 1.401 Ti(3)-0(71) 1.728(5) 1.740
Ti(3)-0(3) 1.940(4) 1.962
Ti(3)-0(23) 1.953(4) 1.972
Ti(3)-0(42) 2.002(6) 2.040
Ti(3)-O(51) 2.006(6) 2.050
Ti(3)-O(16) 2.077(4) 2.070
O(1)-C(2) 1.323(9) 1.331
0(2)-C(2) 1.205(8) 1.207
C(3)-0(3) 1.435(8) 1.423
Angles [°] Angles [°]
Exp. Calc. Exp. Calc.
O(31)-Ti(1)-O(41) 98.34(7) 98.6 0O(17)-Ti(1)-0(16) 105.82(19) 104.9
O(31)-Ti(1)-0O(16) 100.86(7) 102.0 O(17)-Ti(1)-0(21) 101.6(2) 104.1
0(41)-Ti(1)-0(16) 101.60(6) 100.1 0(16)-Ti(1)-0(21) 152.6(2) 150.8
O(31)-Ti(1)-0O(21) 103.26(7) 102.6 O(17)-Ti(1)-O(61) 90.4(2) 89.9
0(41)-Ti(1)-0(21) 91.45(7) 91.9 0(16)-Ti(1)-0O(61) 89.64(19) 88.9
0(16)-Ti(1)-O(21) 150.51(8) 150.6 O(21)-Ti(1)-0(61) 89.14(19) 88.0
O(31)-Ti(1)-0(1) 166.71(7) 165.2 O(17)-Ti(1)-0(52) 90.5(2) 93.5
0O(41)-Ti(1)-0(1) 91.67(6) 92.9 0(16)-Ti(1)-0(52) 89.70(19) 89.1
0O(16)-Ti(1)-0O(1) 85.54(6) 85.1 0O(21)-Ti(1)-0(52) 91.11(19) 92.4
O(21)-Ti(1)-0(1) 67.58(6) 67.4 0(61)-Ti(1)-0(52) 179.0(2) 176.4
O(31)-Ti(1)-0(2)#1 84.84(7) 85.3 O(17)-Ti(1)-0(23) 175.8(2) 178.5
0(41)-Ti(1)-0(2)#1 171.77(7) 172.5 0(16)-Ti(1)-0(23) 76.33(18) 75.1
0O(16)-Ti(1)-0O(2)#1 85.16(5) 85.2 O(21)-Ti(1)-0(23) 76.37(19) 75.9
O(21)-Ti(1)-0(2)#1 80.41(6) 81.1 0O(61)-Ti(1)-0(23) 93.29(19) 91.6
O(1)-Ti(1)-O(2#1) 84.12(6) 82.3 0(52)-Ti(1)-0(23) 85.85(18) 85.0
O(31)-Ti(1)-Ti(2) 136.14(5) 134.8 O(17)-Ti(1)-Ti(3) 142.97(14) 1418
0O(41)-Ti(1)-Ti(2) 82.29(5) 85.5 O(16)-Ti(1)-Ti(3) 40.32(13) 39.1
0O(16)-Ti(1)-Ti(2) 122.13(5) 121.7 O(21)-Ti(1)-Ti(3) 113.44(14) 113.1
O(21)-Ti(1)-Ti(2) 33.26(4) 32.2 0O(61)-Ti(1)-Ti(3) 101.36(15) 99.3
O(1)-Ti(1)-Ti(2) 36.68(4) 36.6 0O(52)-Ti(1)-Ti(3) 77.67(14) 717.2
O2)#-Ti(1)-Ti(2) 90.15(4) 87.2 0O(23)-Ti(1)-Ti(3) 37.97(12) 37.8
O(61)-Ti(2)-O(51) 107.54(10)  108.2 O(17)#1-Ti(2)-0(16) 106.52(19)  106.7
0(61)-Ti(2)-0(3) 106.21(8) 106.0 O(17)#1-Ti(2)-0(1) 100.76(19)  103.2



O(51)-Ti(2)-0(3)
0(61)-Ti(2)-0(21)
0(51)-Ti(2)-0(21)
0(3)-Ti(2)-0(21)
0(61)-Ti(2)-0(1)
O(51)-Ti(2)-0(1)
0(3)-Ti(2)-0(1)
0(21)-Ti(2)-0(1)
0(61)-Ti(2)-Ti(1)
O(51)-Ti(2)-Ti(1)
0(3)-Ti(2)-Ti(1)
0(21)-Ti(2)-Ti(1)
O(1)-Ti(2)-Ti(1)

Ti(1)#1-0(16)-Ti(1)

95.72(8)
102.92(8)
97.16(8)
142.74(7)
108.26(9)
144.09(8)
76.93(6)
72.19(6)
119.65(7)
116.53(7)
108.03(5)
35.67(4)
39.10(4)
142.49(12)

93.6
104.6
99.1
141.1
107.6
144.2
75.8
72.5
118.1
119.8
107.5
353
38.7
144.9

0(16)-Ti(2)-O(1)

O(17)#1-Ti(2)-0(41)

O(16)-Ti(2)-O(41)
O(1)-Ti(2)-O(41)

O(17)#1-Ti(2)-0(62)#1
O(16)-Ti(2)-0(62)#1

O(1)-Ti(2)-0(62)#1

0(41)-Ti(2)-O(62)#1
O(17)#1-Ti(2)-0(3)

0(16)-Ti(2)-0(3)
0(1)-Ti(2)-0(3)
0(41)-Ti(2)-0(3)

O(62)#1-Ti(2)-0(3)
O(17)#1-Ti(2)-Ti(3)

O(16)-Ti(2)-Ti(3)
O(1)-Ti(2)-Ti(3)
O(41)-Ti(2)-Ti(3)

O(62)#1-Ti(2)-Ti(3)

0(3)-Ti(2)-Ti(3)
O(71)-Ti(3)-0(3)
0(71)-Ti(3)-0(23)
0(3)-Ti(3)-0(23)
0(71)-Ti(3)-O(42)
0(3)-Ti(3)-0(42)
0(23)-Ti(3)-0(42)
0(71)-Ti(3)-O(51)
0(3)-Ti(3)-0(51)
0(23)-Ti(3)-0(51)
0(42)-Ti(3)-0(51)
0(71)-Ti(3)-O(16)
0(3)-Ti(3)-0(16)
0(23)-Ti(3)-0(16)
0(42)-Ti(3)-O(16)
0(51)-Ti(3)-O(16)
O(71)-Ti(3)-Ti(1)
0(3)-Ti(3)-Ti(1)
0(23)-Ti(3)-Ti(1)
O(42)-Ti(3)-Ti(1)
O(51)-Ti(3)-Ti(1)
O(16)-Ti(3)-Ti(1)
O(71)-Ti(3)-Ti(2)
0(3)-Ti(3)-Ti(2)
0(23)-Ti(3)-Ti(2)
O(42)-Ti(3)-Ti(2)
O(51)-Ti(3)-Ti(2)
O(16)-Ti(3)-Ti(2)
Ti(1)-Ti(3)-Ti(2)
Ti(1)-O(16)-Ti(2)
Ti(1)-O(16)-Ti(3)
Ti(2)-O(16)-Ti(3)

Ti(1)-0(17)-Ti(2)#1

152.5(2)
91.5(2)
89.34(19)
93.4(2)
90.7(2)
88.01(18)
88.3(2)
176.96(19)
176.2(2)
76.00(18)
76.94(18)
85.6(2)
92.33(18)
143.93(14)
40.38(13)
113.89(15)
77.24(14)
99.76(13)
37.60(11)
105.8(2)
103.5(2)
150.71(19)
94.6(3)
88.0(2)
88.81(19)
92.6(3)
90.9(2)
88.6(2)
172.8(2)
177.9(3)
75.47(17)
75.29(17)
87.09(19)
85.71(19)
142.43(19)
110.37(14)
41.27(13)
96.57(15)
77.09
35.94(12)
145.41(19)
41.21(13)
109.84(13)
77.49(14)
97.02(13)
36.21(12)
72.15(4)
152.8(2)
103.74(18)
103.4(2)
144.6(3)

150.1
90.7
88.6
93.1
90.2
89.2
88.6
177.8
175.3
74.8
75.6
84.8
94.4
142.4
39.0
112.6
76.7
101.4
37.6
106.4
102.4
151.2
94.1
88.4
89.5
93.4
91.0
87.4
172.3
177.8
75.8
75.4
86.3
86.1
142.5
109.9
41.9
96.2
76.8
354
147.0
42.5
109.3
77.3
97.1
35.2
70.6
148.7
105.6
105.8
146.1

1)
2)

#1 -x+1,y, -z+3/2
#1 -x+1, -y+2, -z+1

Symmetry transformations used to generate equivalent atoms:



Table S3. Hirshfeld atomic charges (in au.) obtained at the B3LYP/6-31G(d,p) level of theory
for 1 and 2.

[Ti4O(OiP1‘)10(O3C14H3)2] (1) [TieO4(OiPr)2(O3C14Hg)4(02CEt)6] (2)
Atom Charge Atom Charge
Til 0.581 Til 0.622
Ti2 0.601 Ti2 0.623
Ole6 —-0.389 Ti3 0.595
01 —0.197 Ol6 -0.369
02 —-0.193 017 —-0.349
03 —0.287 O1 —0.238
021 -0.254 O3 —-0.249
031 —0.253 021 -0.239
041 —0.273 023 —-0.250
051 —0.266 041 -0.217
061 —0.272 042 —0.208
051 —0.208
052 -0.218
061 -0.210
062 -0.212
02 —0.265
022 —0.266
071 —0.222




Figure S1. The TOCs packing in the crystal network of (1) along b axis.



Figure S2. The differences in TOCs packing in the crystal network of (2) along a axis (b).



(a)

(b) | \
\

Figure S3. Cages of [[TicO4(O'Pr)2(03C14Hs)a(02C3Hs)]  (2) (a) and
[Tic04(OBu)s(02CC13Ho)s]-Me2CO (b) !. Titanium atoms in cyan, oxo bridges in red, orange
— 9-hydroxy-9-fluorenecarboxylate ligand, dark yellow — propionate, yellow — O-
fluorenecarboxylate ligand, light yellow — bridging isobutanolate. The central part - [Tis(p3-
0)2(1-0)2] is common but due to different complex content the connectivity of lateral ligands
is distinct.
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Figure S4. IR spectra of (1) and (2)
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Abstract: This study explores poly(methyl methacrylate) (PMMA)-based composites as
potential alternatives to conventional TiO,-based photocatalysts. Specifically, it examines
PMMA composites enriched with oxo-titanium(IV) complexes, [TigO,(O'Pr)yg(man)y] (1),
[Ti40(OiPI')10(03C14H8)2] (2), and [T1604(OiP1‘)2(03C14H8)4(02CEt)6] (3), alongside ruthe-
nium(III) complexes, K[Ru(Hedta)Cl]-2H,O (4) and [Ru(pic)3]-HyO (5). We assessed the
physicochemical, adsorption, and photocatalytic properties of these composites with struc-
tural analyses (Raman spectroscopy, X-ray absorption (XAS), and SEM-EDX), confirming
the stability of complexes within the PMMA matrix. Composites containing titanium(IV)
compounds demonstrated notably higher photocatalytic efficiency than those with ruthe-
nium(III) complexes. Based on activity profiles, composites were categorized into three
types: (i) UV-light active (complexes (1) and (2)), (ii) visible-light active (complexes (4)
and (5)), and (iii) dual-range active (complex (3)). The results highlight the strong po-
tential of titanium(IV)-PMMA composites for UV-driven photocatalysis. Moreover, their
activity can be extended to the visible range after structural modifications. Ruthenium(III)—-
PMMA composites, in turn, showed superior performance under visible light. Overall,
PMMA composites with titanium(IV) or ruthenium(Ill) complexes demonstrate promising
photocatalytic properties for applications using both UV and visible light ranges.

Keywords: titanium(IV)-oxo complexes; ruthenium(Ill) complexes; PMMA-based compos-
ites; photocatalytic activity; adsorptive properties; physicochemical properties

1. Introduction

Rapid industrial growth has increased the need for more efficient methods to address
water and air pollution [1-4]. Organic dyes, such as methylene blue and rhodamine B,
pose significant health risks due to their toxic effects, including skin and respiratory ir-
ritation [5,6]. Traditional methods, like adsorption and filtration, are effective, but they
come with limited capacity and high energy requirements, diminishing their efficiency [7,8].
Photocatalysis offers significant advantages, particularly in environmental applications.
It effectively degrades organic pollutants, neutralizes harmful substances, and eliminates
microorganisms, making it a key water and air purification method [9-11]. Among pho-
tocatalysts, titanium dioxide (TiO;) is the most widely used due to its stability and effec-
tiveness [12-14]. However, its practical application is constrained by its ability to absorb
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light mainly in the UV range, which constitutes just 5% of sunlight [15-17]. To overcome
this limitation, current research focuses on modifying TiO, or the creation of TiO,-based
materials capable of absorbing visible light, thereby enhancing their efficiency and applica-
bility [18-20].

Titanium-oxo complexes (TOCs) are an important research direction for modifying
TiO;-based materials. These compounds are characterized by stable structures in which the
{TiaOp} core can be stabilized by various organic ligands, e.g., alkoxide and carboxylate [21-26].
Coordination of appropriate ligands reduces the HOMO-LUMO gap, causing radiation
absorption in a wider range. An example is the study by Pei et al., who investigated
TOCs with {Ti19O1y} cores stabilized by benzoic acid derivatives. They exhibited that using
4-methoxybenzoate ligands significantly enhanced the photocatalytic efficiency of these
complexes against rhodamine B [27]. This effect was attributed to a reduction in the gap
from 3.34 eV to 2.47 eV. The proposed mechanism of photocatalytic activity was related to
the ligand-to-metal charge transfer (LMCT), which facilitated the generation of reactive
oxygen species (ROS) responsible for degrading the dyes into H,O and CO; [28,29]. The
structure of the {Ti,O}} core can also influence the photocatalytic activity of TOCs. Results
of our work on oxo complexes with core structures {TigOg}, {TisO5}, {Ti3O}, and {TigO4},
stabilized by 9-fluorenecarboxylate ligands, confirm this effect. Systems containing {TigO4}
and {TigOg} cores tended to shift the absorption maximum toward the UV range, whereas
simpler units ({TizO} and {Ti4O,}) shifted it toward visible light [30]. Continuing this line
of research, we replaced carboxylate ligands with a-hydroxy carboxylate ligands (i.e., with
9-OH-9-fluorenecarboxylate [31] and mandelate ligands [32]). Our aim was to stabilize
the structures of oxo complexes using new ligands, synthesize complexes with novel core
structures, and evaluate the impact of these factors on their photocatalytic activity.

While analyzing the possibilities of modifying TiO-based materials, we became inter-
ested in a method to enhance their photocatalytic activity through doping with ruthenium
complexes [33-38]. In recent years, the electrocatalytic and photocatalytic activity of sin-
gle Ru atoms was investigated [39]. However, ruthenium(II) tris(bipyridine) complexes
are regarded as benchmark photocatalysts due to their strong light absorption and long
excited-state lifetimes [40—42]. Relatively few reports address the photocatalytic activity of
Ru(IIl) complexes, although they have gained attention in recent years [43—45]. This led
us to investigate the effects of ruthenium(III) complexes on organic dye degradation and
compare their performance with oxo-Ti(IV) complexes. The photocatalytic mechanism
of Ru(Ill) complexes involves metal-to-ligand charge transfer (MLCT) upon light irradia-
tion, generating an excited [Rulll]* complex, which can act as an oxidant or a reductant,
depending on the presence of electron acceptors or donors [46].

Studies on ruthenium complexes conducted by Fleming et al. showed that incorpo-
rating them into a poly(methyl methacrylate) (PMMA) matrix to enhance the stability of
the complex enabled electron transfer measurements based on MLCT [47]. Moreover, it
reduced the tendency for grain aggregation, thereby improving the practical applicability
of such systems. A similar challenge arises with titanium-oxo complexes (TOCs), which
are commonly used in photocatalytic experiments in powder form. This form makes them
prone to hydrolysis, significantly complicating their practical application. To overcome this
limitation, the stability of TOCs can be enhanced by coordinating suitable ligands [48,49] or
embedding them into a polymer matrix [30,50,51]. In our previous studies, we introduced
oxo complexes into the PMMA matrix and evaluated the photocatalytic performance of the
resulting composites, achieving promising results [30,42,50-52]. PMMA was chosen as the
polymer matrix due to its transparency to visible light, excellent mechanical properties, and
environmental stability. Furthermore, incorporating TiO, into the PMMA matrix has been
shown to improve the thermal stability and electrical conductivity of the composites [53,54].
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Despite these advantages, PMMA + TOC composites have not been widely investigated
in photocatalytic applications, which provided additional motivation for our research.
Incorporating the complex into a polymer matrix also addresses important environmental
considerations. Hydrolysis products can contribute to additional contaminants that require
removal, and their elevated concentrations, along with potential interactions with other
substances, may present significant environmental risks.

2. Materials and Methods
2.1. Materials

Titanium-oxo complexes (1)—(3) were synthesized as reported in [31,32], while ruthe-
nium complexes (4) and (5) were prepared following the procedures previously out-
lined [55,56]. Detailed information regarding the preparation of the studied compounds is
provided in the Supplementary Information.

2.2. Analytical Procedures

The structures of the synthesized compounds (1)—(5) were characterized using IR spec-
trophotometry performed on a Perkin Elmer Spectrum 2000 FT-IR spectrometer (operating
in the 400-4000 cm ! range with KBr pellets) and Raman microscopy using a RamanMicro
200 spectrometer (PerkinElmer, Waltham, MA, USA). Raman spectra were recorded with a
785 nm laser (maximum power: 350 mW) across the 200-3200 cm ™! range, employing a
20x 0.40/FN22 objective lens and an exposure time of 15 s for each measurement. Solid-
state 13C13C NMR spectra were obtained at 22 °C using a Bruker AMX 300 spectrometer
(Cambridge Scientific Corp., Watertown, MA, USA). Elemental analyses were conducted
with an Elementar vario Macro CHN analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany). Titanium content was determined as TiO,, according to the method of Meth-
Cohn et al. [57]. According to [58], ruthenium content was determined as RuO,. Diffuse
reflectance UV-Vis (UV-VIS-DRS) spectra, recorded between 200 and 800 nm on a Jasco
V-750 spectrophotometer (JASCO Deutschland GmbH, Pfungstadt, Germany), were used
to determine the absorption maxima.

2.3. Composite Film Preparation

The composite films were prepared through compound (1)—(5) dispersion (approxi-
mately 0.025, 0.062, 0.12, or 0.25 g in 5 mL of THF) into poly(methyl methacrylate) (PMMA).
For this purpose, 1.0 g of PMMA was dissolved in 10 mL of THE, and the powdered samples
of the complexes were added to the resulting solution to achieve concentrations of 2%, 5%,
10%, and 20%, respectively. After mixing for 120 min in an ultrasonic bath, the solution con-
taining the dispersed complex powders was poured into a glass Petri dish and left at room
temperature (in a glove box) to allow the solvent to evaporate slowly. The composite films,
with a thickness of approximately 50 um, were characterized using Raman spectroscopy.
The complexes’ size and dispersion pattern in the composite samples were analyzed using a
Quanta scanning electron microscope with field emission (SEM, Quanta 3D FEG, Houston,
TX, USA). X-ray absorption spectra were recorded at the National Synchrotron Radiation
Centre SOLARIS on the PIRX beamline with a bending magnet, focusing on the Ti L;,3-edge
(440-510 eV). Finely ground powder samples were mounted on double-sided adhesive
conductive graphite tape, while composite materials were similarly secured. Measurements
for both sample types were conducted with a step size of 0.2 eV in the pre-edge region,
0.1 eV in the edge regions, and 0.5 eV in the high-energy range. Data acquisition was
performed at room temperature under ultra-high vacuum (UHV) conditions, using total
electron yield (TEY) and fluorescence yield (FY) detection modes. Each measurement was
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repeated at least three times. The collected data were processed and deconvoluted using
ATHENA software (v3) from the Demeter package [53].

2.4. Estimation of the Adsorption Capacity

The adsorption capacity of PMMA + TOCs films (TOCs = (1)-(5)) was determined by
measuring changes in the absorbance of the dye solution (methylene blue (MB), rhodamine
B (RhB) and crystal violet (CV)) (C =1.0 x 1072 M). The composites (26 x 26 mm) and
30 mL of the dye solution were placed in a laboratory bottle in a dark place. Spectra were
recorded (JASCO Deutschland GmbH, Pfungstadt, Germany) in the range of 400-700 nm at
0,1,3,5,9,and 24 h by taking 3.5 mL of the solution into a quartz cuvette. The absorption
maxima were recorded at 664, 590, and 554 nm for MB, RhB, and CV, respectively. The
percentage of MB decolorization was calculated using the following equation:

(Co—C)

% dye decolourization =
Co

-100% (1)

where Cj is an initial dye concentration and C; is a dye concentration at a given time ¢ [54].

2.5. Estimation of the Photocatalytic Activity

The photocatalytic activity of PMMA + TOCs foils (TOCs = (1)—(5)) was estimated
by monitoring the concentration changes of methylene blue (MB) and crystal violet (CV)
in aqueous solution. Sample preparation included irradiating the samples with UVA or
Vis radiation for 28 h and placing them in quartz cuvettes with dye solution (V = 3.5 mL
and C =2.0 x 107> M). After 12 h in the dark, the solution was replaced by MB solution
(C=1.0 x 107> M). Samples with dye solution were exposed to UVA irradiation (18 W
lamp, 340-395 nm range) and Vis light (77 W tungsten halogen lamp, range of 350-2200 nm).
Absorbance was measured at 664 nm for MB and 590 nm for CV (Metertech SP-830 PLUS,
Metertech, Inc., Taipei, Taiwan) every 7 h during 38 h of irradiation. The percentage of MB
decolorization caused during photodegradation was calculated using the same equation
as the adsorption capacity [54]. Linear changes of the studied dyes’ concentration in time
(zero-order kinetics) allowed for the assumption that the dye concentration does not affect
the monitored process in the studied reaction time, as the process rate reached its maximum
in the applied conditions. Thus, calculation of the observed rate constants can be performed
with a simple equation after the following mathematical transformations:

degye = —kdt ©)
ct —cog = —kt 4)
co —ct = kt 6)

Taking into account the definition of the dye decolorization percentage, the above
equation can be transformed as follows:
kt 100%k

% dye decolourization = M100% = —100% = t = kopst (6)
Cco Co o

Application of the same starting concentration of the used dyes (cp) allows for estima-
tion of the relative photoactivity of the studied materials and their mutual comparison.
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2.6. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR measurements were performed on an X band EPR SE/X-2541M spectrometer
(Radiopan, Poznan, Poland) with 100 kHz modulation. The microwave frequency was
monitored with a frequency meter. The magnetic field was observed with an automatic
NMR-type JTM-147 magnetometer (Radiopan, Poznan, Poland). Measurement condi-
tions were as follows: microwave frequency: ca. 9.33 GHz (X-band); microwave power:
2-58 mW; modulation amplitude: 0.12-1 mT; sweep: 10-100 mT; sweep time: 4 min; time
constant: 0.1 s; receiver gain: 0.3-8.0 x 10°. Spectra of complexes (2)—(5) were registered for
powdered samples and composites.

3. Results

The structural compatibility and purity of the synthesized complexes (1)—(5) were
verified using spectroscopic methods. However, it should be noted that '>*C NMR spectra
for complexes (4) and (5) were not recorded, as Ru(Ill) compounds are paramagnetic,
which limits the applicability of this technique [59]. The obtained powdered samples of the
studied compounds were introduced in a poly(methyl methacrylate) (PMMA) matrix to
create composite systems that were subsequently subjected to further investigations.

3.1. Characterization of PMMA + Complex Composites

The obtained compounds and their composites were analyzed using solid-state UV-Vis
diffuse reflectance spectroscopy (UV-Vis DRS). The HOMO-LUMO energy gap of powders
(1)-(5) was determined using the Kubelka-Munk (K-M) function plotted against light
energy (i.e., K = f(hv), where K = (1—R)?/2R and R is the reflection). In the case of TOCs,
the HOMO-LUMO gap is 3.12 eV, 2.96 eV, and 2.39 eV for (1) (Figure 1a), (2) [31], and
(3) [31], respectively. In turn, for ruthenium complexes, it is 2.75 eV and 2.78 eV for (4) and
(5), respectively (Figure 1b). Analysis of spectral data revealed that Aymax was 308 nm (1)
(Figure 1c), 306 nm (2) [31], 330 nm, 395 nm (3) [31], and 334 nm (4), (5) (Figure 1d). The
maximum absorption was also determined for the composite materials.
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Figure 1. The results of studies on micro-grains (1), (4), and (5), carried out using UV-Vis diffuse
reflectance spectroscopy (DRS) to investigate their optical properties (a,b), are presented together
with the determination of the HOMO-LUMO gap for these compounds, derived from Kubelka-Munk
function plots versus light energy (c,d).
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Samples containing complex (1) (2% and 5% by weight) exhibited two maxima at
236 nm and 281 nm (Figure 2a), corresponding to the absorption maxima of PMMA. The
PMMA + (1) 20 wt.% composite showed a broad absorption range (200-450 nm) with a
low-intensity band peaking at approximately 330 nm. In the case of the PMMA + (2) series,
the absorption edge is slightly shifted toward the visible light range (400 nm for PMMA +
(2) 2% and 5%, and 480 nm for PMMA + (2) 10% and 20%) (Figure 2b). However, for the
PMMA + (3) composites, the absorption edge is positioned at 480 nm for PMMA + (3) 2%
and 5% samples and 500 nm for PMMA + (3) 10% and 20%. The absorption maximum
remains in the ultraviolet range (Figure 2c).
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Figure 2. Solid-state UV-Vis-diffuse reflectance spectra (DRS) of the composites PMMA + (1)—(5)
(a—e).

Composite materials made of PMMA and ruthenium complexes are characterized
by an absorption edge in the 400450 nm range. Almost all samples have two maximum
absorptions in the 238-336 nm range (A = 236-281 nm PMMA range). The exception is the
PMMA + (5) 20 wt.% sample, where the absorption edge is located around 550 nm and one
of the maximum absorptions was found at 420 nm (Figure 2d,e).

Composite materials based on poly(methyl methacrylate) containing 2%, 5%, 10%
and 20% of complexes (1)—(5) were spectrally characterized to confirm the presence of
the complex and that the structure of the compound does not change after introduction
into the polymer matrix (Figure 3). Previously, our research exhibited that the structures
of titanium-oxo complexes (1)—(3) are stable in contact with water. IR spectra and XRD
diffractograms did not register significant differences [31,32].
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Figure 3. Raman spectra of powders (2) (a), (3) (b), (4) (c), and (5) (d), their composites containing
20 wt.% of the complex, and pure PMMA.

The analysis of scanning electron microscope (SEM) images provided insights into
the dispersion of complexes (1)—(5) within the polymer matrix (Figures S1 and S2). The
PMMA + (1) and PMMA + (2) composite samples are comparable, containing grains
with diameters between 60 and 200 nm. Their high surface energy promotes aggregation,
forming 30 to 250 um grains. The packing density of these aggregates increases with the
wt.% concentration of the complexes in the PMMA matrix. In the PMMA + (3) sample,
densely packed crystalline grains are observed, with sizes dependent on the complex
concentration in the matrix. At lower concentrations (2 wt.% and 5 wt.%), the sample
primarily comprises grains with diameters between 145 and 355 nm and occasional larger
grains measuring 200 to 500 um. At higher concentrations (10 and 20 wt.%), the samples
contain microcrystals of the oxo complex ranging from 900 nm to 5 um in size (Figure S1).

The morphology of composite samples enriched with complexes (4) and (5) resembles
that of the composites containing complexes (1) and (2). These composites are formed
by dispersed grains with diameters of 40-200 nm, which, depending on concentration,
may form larger micrometric aggregates (Figure S2). Additionally, SEM-EDX analysis
confirms the presence of complexes (2)—(5) in the composite samples (Figures S3 and 54,
Table S1), while the presence of complex (1) grains in the PMMA composites was verified
in a previous SEM-EDX study [32].

A crucial aspect of our study was confirming that the investigated complexes retained
their structure after being incorporated into the polymer matrix. To this end, we recorded
Raman spectra of pure PMMA, complexes (2)—(5), and PMMA + ((2)-(5)) composites. Anal-
ysis of the spectra confirmed that the introduction of the studied complexes into the PMMA
matrix did not significantly alter their structure (Figure 3). Key to this identification were
the bands observed around 1600 cm ™! (v,5(COO)), which confirm the coordination of the
carboxylate group within the «-hydroxycarboxylate ligand. Additionally, the detection of
v(O-CR) bands between 1200 and 1000 cm ! indicates the presence of coordinated alkox-
ide groups characteristic of the TOCs’ structure. Weak bands appearing below 900 cm ™!
further suggest the presence of titanium—oxo bridges. The structural stability of complex (1)
in the PMMA + (1) composite had been previously confirmed [37]. In the Raman spectra of

1 were observed,

-1

composites containing ruthenium(III) complexes, bands around 1600 cm™
confirming the coordination of ligands. Moreover, bands in the range of 1320-650 cm
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were attributed to (CN) group vibrations, while the band near 260 cm !

v(Ru-O) vibrations.

corresponds to

X-ray Absorption Near-Edge Structure (XANES) spectroscopy, utilizing synchrotron
radiation, was employed to confirm the structure of complexes (1)—(3) in the composite
samples. This technique involves photon absorption, where core-level electrons are excited
to unoccupied states when the photon energy meets or exceeds the binding energy. The
absorption edge, corresponding to the core-level energy specific to each element, makes
XANES an element-selective method. Titanium L-edges are rarely studied in complex
titanium clusters. The discussion of electronic structures is difficult because the observed
pattern depends on crystal field splitting, spin—orbit coupling, and charge transfer effects.
Also, in a theoretical approach, multiplet interactions affect the Ti L-edge spectrum [60].
However, it is known that peak numbers and their positions and profiles depend strongly
on the local environment. Latsch et al. discussed in detail XAS spectra of several Ti(IV)
complexes, among them [Ti;O,(acac)s] with bridging oxo ligands. They showed that
it significantly differs from tetrahedral mononuclear complexes, and four main features
are observed.

Nevertheless, the described complexes did not exceed the dimer. We decided to apply
the XANES method for Ti L-edges for the complicated cores observed in our structures.
The energy range for titanium was carefully selected to avoid the edge regions of other
elements, which is crucial for proper spectra normalization. Two detection modes were
also used, differing in penetration depth; the TEY detector reaches tens of nanometers,
whereas the fluorescence yield (FY) detector can go up to several hundred nanometers [61].
Signals of a powder from TEY and FY detectors are comparable, and only TEY results
will be presented. For composites, the TEY detector cannot provide any signal, and so
results from the FY detector will be given. The L-edges of 3d transition metals have been
relatively underexplored, partly due to their significant surface sensitivity. These edges are
highly responsive to variations in coordination and oxidation states and, owing to their
reduced intrinsic broadening, provide more detailed insights into the electronic structure
of transition metal ions.

The spectra for titanium significantly differ in peak position. For powders, two
additional tiny features in the pre-edge region were identified (at. ca. 456.4 and 457.3 eV),
resulting from dipole forbidden transitions (Figure 4).

TiL, TiL,
K3
5 K2
=
2 K1
[75]
[=1
i
= P3
P2
M P1
455.0 460.0 465.0 470.0 475.0 480.0
Energy [eV]

Figure 4. Normalized XANES spectra of titanium(IV) L, 3-edge for powdered samples (P1, P2, P3)
collected using the TEY detector and composite materials (K1, K2, K3) with 20% admixture of the
studied titanium complexes using an FY detector.
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Such signals in the range of 456.5-457.5 eV were also observed for TiO, [62,63]. They
are not visible for our composites registered in FY mode. It should be noted that the spectra
were successfully measured only for the composites with the highest admixture of the
studied titanium complex (20%). After dispersing our complexes in a polymeric matrix,
those spectra underwent no significant changes, and the shifts are within 0.3 eV. This
might indicate the stability of the obtained cores. In all cases, titanium spectra show more
intense bands corresponding to the L, edge than for the L3 peaks. In general, there are
four main features (Table S2). Peaks at ca. 458 and 461 eV correspond to 2p;3,, — tog and
2p3/2 — eg transitions, whereas at ca. 463 and 466 eV they correspond to 2p; /2 — tog and
2p1/2 — eg, respectively. It should be noted that we cannot distinguish any significant
profile change or band splitting for eg levels. This effect is quite common, even for TiO;,

and it is ascribed to the splitting of eg levels into d,» and d,2_,2, and the profile change

is considered a fingerprint between rutile and anatase [63]. Iyn the reported spectra, a
deconvolution was performed in Athena using Gaussian functions, and the results are
presented in Table S2. In the case of FY detection mode, the spectra were much noisier,
and hence they were smoothed. Nevertheless, no obvious pre-peak was observed, and
smoothing did not exclude any peak. The profound structural and topological differences
concerning even coordination numbers for the studied titanium complexes resulted in peak
position shifts. The separation between ty, and eg levels is called crystal field splitting
(A parameter). Hence, we can calculate this parameter from L3 and L, edges. In our case,
this difference is similar for both edges, being 3.0 and 3.0 for P1, 2.9 and 2.8 eV for P2,2.3
and 2.4 eV for P3, 3.1 and 3.1 for K1, 3.0 and 3.0 for K2, and 2.3 and 2.2 eV for K3. Hence, we
can suppose that both core holes (2p3,, and 2p3,,) are screened similarly. These data also
show that Ayt (almost all titanium atoms were found in an octahedral environment, except
for Ti4 in (1) and Ti2 in (2) [31,32]) for powders and composites are almost identical, and
the changes are tiny (up to 0.2 eV). It also proves that the polymeric matrix did not affect
the structure of titanium clusters. Moreover, these data agree well with those determined
using the Kubelka—-Munk method and theoretical calculations, which were 3.12, 2.96, and
2.39 eV for (1), (2), and (3), respectively [32].

Unfortunately, XANES experiments have only been conducted on titanium complexes,
which is primarily due to sample availability and the characteristics of the beamline. Our
spectra were measured using soft X-ray radiation, with 2000 eV as the maximum available
energy at the PIRX beamline. This setup is ideal for probing 3d transition metals at their
L-edges but is far less effective for 4d metals; for ruthenium, only the M-edge would
be accessible. This limitation is supported by numerous studies on L-edges of first-row
transition metals, with far fewer publications addressing the M-edges of ruthenium.

3.2. Cationic Dyes” Adsorption on Composites PMMA + ((1)—(5))

The adsorption capacity of the tested composites was evaluated to measure their
effectiveness in removing dye contaminants from water. Cationic dyes—methylene blue
(MB), rhodamine B (RhB), and crystal violet (CV)—were selected as model contaminants.
The results in Figure 5 and Table S3 reflect 24 h of interaction between the composites
and the dye solutions without light. In interpreting the received results, we considered
(i) the effect of the complex type on the adsorption of model dyes and (ii) the impact of
varying complex concentrations within the composite samples. Generally, it was noted
that the oxo-Ti(IV) complexes showed superior adsorption of MB compared to the other
dyes, while the Ru(IlI) complexes more effectively adsorbed CV. Both types of complexes
demonstrated low adsorption of RhB (Figure 5). The amount of adsorbed dye increased
with rising complex concentration (Table S3). The composite enriched with complex (3)
exhibited the highest adsorption, while the dye adsorption levels of composites containing
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the remaining complexes were relatively similar, remaining below 11% even at 20 wt%

complex content.
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Figure 5. Percentage reduction of the concentration of the studied group of dyes by PMMA composites
with complexes (1)—(5). For clarity, results are shown for systems containing 2, 10, and 20 wt.% of
complexes; complete data are provided in Table S3.
3.3. Estimation of Photocatalytic Activity of Composites PMMA + ((1)—(5))

The photocatalytic activity of composites containing titanium(IV)-oxo complexes and
ruthenium(IIl) complexes was assessed by monitoring changes in the decolorization of MB
and CV solutions under UV irradiation and MB under visible light (Vis) (Figures S5-57 and
Tables 54-56). The study focused on MB and CV dyes, as these were the most readily absorbed
by the tested composites. Figure 6 presents representative changes in the decolorization
percentages of MB (Vis and UV) and CV (UV) using the PMMA + (3) composite.
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Figure 6. Changes in the percentage of dye decolorization over time for MB (VIS and UV) and CV
(UV) with PMMA + (3) composite, as an example.

Figure 7 illustrates the changes in the observed rate constants (h~!) for MB solution
decolorization relative to PMMA for PMMA + (1)-(5) composites exposed to Vis and UV
light (measurement data provided in Figures S5 and S7 and Tables 54 and S6). Meanwhile,
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Figure 8 presents the results of the study of changes in the rate constants (h~!) for CV
solution decolorization under UV light for the tested group of composites (measurement
data provided in Figure S6 and Table S5). The decrease in the concentration of both dyes
during irradiation follows a linear trend consistent with zero-order kinetics, indicating that
the photodecomposition rate of each dye remains constant throughout the measurement
period. The analysis of the results indicates that the composites enriched with oxo-Ti(IV)
complexes (1) and (2) exhibited the highest photocatalytic activity under UV light. Among
these, the PMMA + (2) composites stand out for their exceptional performance, achieving
the highest percentage of MB solution decolorization across all tested concentrations
(2-20 wt.%), with values ranging from 45.3% to 73.1%, significantly outperforming the
PMMA control (17.4%) (Table S4).

BUV @Vis

Figure 7. Changes in the observed rate constants (h~!) of MB solution decolorization processes
relative to PMMA for composites PMMA + (1)—(5) exposed to UV and visible (Vis) light.
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Figure 8. Changes in the observed rate constants (h~!) of CV solution decolorization processes
relative to PMMA for composites PMMA + (1)—(5) exposed to UV light.
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This superior activity is further corroborated by the decolorization studies on CV
solutions, where the PMMA + (2) samples with 2-20 wt.% of the complex achieved a
decolorization degree between 51.1% and 70.9%, compared to 37.5% for pure PMMA.
In contrast, the oxo complex (3) and Ru(Ill) complexes (4) and (5) showed markedly
lower photocatalytic efficiencies. Notably, for all composites, the photocatalytic activity
was consistently improved with increasing concentrations of the complexes in the PMMA
matrix. However, it should be emphasized that the composites containing Ru(Il) complexes
did not exhibit any photocatalytic activity at the lowest concentration tested (2 wt.%) in the
decolorization of CV solutions (Figures 8 and S6).

The studied samples were also irradiated with visible light (Vis) to assess their effect
on the decolorization of MB solutions. The results of these measurements are presented in
Figure 7 and Figure S7, as well as Table S6. Subsequently, these experiments were repeated
over three cycles to verify the stability of the photocatalytic activity of the tested systems.
The findings demonstrated that the photocatalytic activity of the studied samples remained
consistent across all measured cycles (Figure 9). The results of our investigations revealed
that composites containing complexes (1) and (2) exhibited lower photocatalytic activity
under visible light compared to their activity under UV radiation (Figure 7). However, the
composite containing complex (3) as a filler showed a significant increase in activity under
visible light, nearing the activity observed under UV exposure (Figure 7 and Table S6). In
contrast, both composites containing Ru(Ill) complexes (PMMA + (4) and PMMA + (5))
displayed notable activity under visible light. Additionally, it is worth emphasizing that in
all samples, the concentration of the complex within the polymer matrix played a crucial
role in determining their photocatalytic activity.
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Figure 9. Cont.
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Figure 9. Recycling MB decolorization tests of composite materials PMMA + Comp. 20 wt.%
(Comp. = (1), (2), (3), (4), and (5)) irradiated with visible light.

3.4. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy confirmed the presence of paramagnetic species in all tested com-
plexes and their composites, while no signals were detected in the spectra of pure PMMA.
Upon daylight activation, complex (1) generated O, and Ti(Ill) species, while its PMMA
composite also contained O~ [32]. Complexes (2) and (3) exhibited different behaviors, as
(2) showed a free electron signal, whereas (3) produced O~, O, ~, and Ti** species, which
were also present in samples of both composites (Table S7, Figures S8 and S9). Analy-
sis of ruthenium(IIl) complexes’ spectra revealed that (5) generates a significantly more
intensive signal than complex (4). In the case of both powders and composites, signals
from Ru(Ill) were recorded, but in the case of composites, they are much weaker (Table S7,
Figures 510 and S11). These results support the proposed photocatalytic mechanisms by
confirming that photoactivation generates reactive paramagnetic species, which play a
crucial role in catalytic processes.

4. Discussion

The conducted studies focused on evaluating the photocatalytic activity of Ti(IV)-
oxo complexes stabilized with a-hydroxycarboxylic ligands, which were incorporated
into a PMMA matrix. The compounds studied included [TigOz(OiPr)zo(man)d 1),
[Ti4O(O'Pr)10(03C14Hzg),] (2), and [TigO4(O'Pr),(03C14Hs)4(O,CEt)] (3), which had been
structurally and spectroscopically characterized in our earlier research [31,32]. Additionally,
composites containing K[Ru(Hedta)Cl]-2H,O (4) and [Ru(pic)3]-HpO (5) were investigated.
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These Ru(Ill) complexes were synthesized via reactions of aquapentachlororuthenate(III)
hydrate or ruthenium(Ill) chloride with EDTA or picolinic acid [38,64].

One of the aims of this research was to determine the possibility for the fabrication of
surface-active composite coatings of the PMMA + Comp. type (Comp. = TOCs or Ru(III)
complexes). The formation of such systems was crucial to protecting the structure of the
studied compounds from hydrolysis or dissolution processes and minimizing nanograin
aggregation. It is noteworthy that previous studies on the photocatalytic activity of TOCs
primarily involved powdered forms. Thus, a significant stage of the research was confirm-
ing the structure of complexes (1)—(5) after their incorporation into the PMMA matrix. A
comparison of the Raman spectra for complexes (1)-(5) and the PMMA + (1)—(5) composites
revealed that embedding these complexes into the PMMA matrix did not induce significant
structural changes. For multinuclear oxo-Ti(IV) complexes (1)—(3), the stability of their
structure within the composite was further confirmed through XAS studies.

In the initial stage of the study, we aimed to determine how the introduction of Ti(IV)
or Ru(IIl) complexes into a polymer matrix influences the adsorption of organic dyes. Most
of the insights into the sorption properties of Ti(IV) and Ru(Ill) compounds come from
studies on metal-organic frameworks (MOFs) [65-70], which are valued for their high
porosity, structural diversity, and highly active dye adsorption sites [71-73]. The amount of
dye adsorbed depends on the dye’s structure and is influenced by the electron density of
the adsorbents [74]. For example, MB and CV molecules are smaller than RhB, allowing
more of them to interact with TOCs or Ru(III) complexes.

In our previous work, we demonstrated that introducing an additional ligand into
the structure of compound (3) increases the electron density due to chelate rings and free
carboxyl groups [31]. In contrast, compound (2) contains significantly fewer electron-dense
areas. We hypothesize that electron-dense regions attract dye molecules, as the positively
charged nitrogen in the dye structure is generally inclined to interact with electron-rich
surface groups [75]. Molecular electrostatic maps of mandelic acid suggest that the hy-
droxyl group is most susceptible to nucleophilic attack [76,77]. However, in compound (1),
this hydroxyl group is coordinated, potentially reducing the electron density. For Ru(III)
complexes containing EDTA and picolinate ligands, the highest electron density is expected
in the C=0 groups [78,79]. This effect aligns with studies on EDTA-containing copper com-
plexes, where the C=O groups exhibit high electronegativity, while the rest of the molecule
remains neutral [78]. The reduced adsorption efficiency of Ru(Ill) complexes, especially
compared to titanium compounds, such as (3), may be attributed to their smaller size,
which limits the electron-dense surface area available for interactions with dye molecules.

Basing on the obtained results, the next stage of our study focused on the use of
methylene blue (MB) and crystal violet (CV) solutions. To evaluate the photocatalytic
activity of the studied complexes (1)—(5), it was crucial to determine their maximum ab-
sorption within the composite materials as well as their HOMO-LUMO gap values. These
parameters can be tailored to achieve desired properties, for instance, through structural
modifications of the complexes, such as functionalizing the stabilizing ligands. Liu et al.
demonstrated that introducing salicylate ligands can reduce the Ep values of complexes
from 2.24 to 1.88 eV [80], while chromophore ligands broaden this range from 3.41 to
1.98 eV [81]. For ruthenium compounds, the existing literature suggests that modifications
to the HOMO-LUMO gap are primarily focused on Ru(II) complexes, particularly those
containing bipyridine ligands. Adjusting the position of the bipyridine substituent or
altering the halide coordination can result in either an increase or decrease in the HOMO-
LUMO gap [82,83]. Similar trends are expected to apply to Ru(Ill) complexes; however,
these compounds have been studied less extensively. Among the tested Ru(Ill) compounds,
complexes (4) and (5) exhibit comparable Ep values of 2.75 and 2.78 eV, respectively, placing
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them between studied complexes (2) (Ep = 2.96 eV) and (3) (Ep = 2.39 eV). This suggests
that these complexes are also likely to exhibit photocatalytic activity [84,85].

The photocatalytic activity of the studied composites containing 2, 5, 10, and 20 wt.%
of complexes (1)—(5) was assessed by analyzing the decolorization of MB solution sam-
ples irradiated with UV and visible (Vis) light, following the ISO 10678 standards [86].
Additionally, tests in UV was carried out using CV solutions.

The performed tests confirmed that some percentage of each studied dye is adsorbed
on the composite surface (Table S3). To maintain the same concentration condition in each
kinetic run, during photodegradation tests, the “old” dye solution was replaced after the
adsorption process with a fresh one. Thus, the starting dye concentration during each
kinetic run was the same. This is important considering the equation used for calculation
of the observed rate constants (Equation (6)), where kg is defined as

100%k

kops = 7
obs o ( )

As a measure of a dye concentration, the percentage of dye decolorization was used.
Because both of these parameters are inversely proportional to each other, the observed linear
dependencies for decolorization vs. time increase, although the dye undergoes decomposition.
Application of the change in the solution color during the photodegradation of MB and CV is
based on the mechanism of their photodecomposition, studied earlier [5,87,88].

Paths of MB photodegradation have been studied for years [5,87-89]. The process can
be studied spectrophotometrically because a blue, oxidized form of MB in a reaction with
reactive oxygen species, mainly *OH, generated on a photocatalyst surface forms colorless
photodegradation intermediates [87]. The decolorization is caused by breaking of the MB
central aromatic ring [5]. The further decomposition of the intermediates continues until
COy, Hy0O, and other inorganic ions are formed as final photodegradation products [5,87].
Moreover, spectrophotometric MB photodegradation is a kind of reference process, being
involved in the norm ISO 10678:2024 (formerly ISO 10678: 2010) [86,90].

Photodegradation of CV proceeds similarly. A free electron generated during compos-
ite irradiation reacts with water molecules on the composite surface, producing different
ROS. This process, i.e., the water splitting reaction, in fact, is crucial for the whole pho-
todegradation process here and in other, similar photodegradation reactions [91]. One of
the most common ROS in aqueous systems is hydroxyl radical [87,91,92]. It reacts with CV
molecules, making it fragment into colorless species [92], and it finally produces simple
inorganic molecules [93]. Processes of N-demethylation and oxidative degradation are
placed among the first steps of CV photodegradation [93,94].

The monitored decolorization of MB and CV aqueous solutions is related to the first
step of a particular dye’s photodecomposition. This procedure is commonly used in the
photoactivity tests [5,86-94] because of its simplicity (spectrophotometric studies, the zero-
order or first-order kinetic equations) and sensitivity (e.g., significant changes of absorption).
Among the tested dyes, MB solutions showed the highest photocatalytic degradation
efficiency, as well as MB’s susceptibility to light-induced breakdown under both UV and
visible light irradiation [95]. The highest rate constant for the photoinduced decolorization
process was observed in UV-irradiated PMMA + (2) samples, where the per cent of MB
decolorization increased from 33.6% to 63.6% as the complex concentration dose rose from
2 to 20 wt.% (Figure 7, Table S4). The tested composites can be classified by their activity
profile as follows: (i) composites mainly active in the UV range, enriched with complexes (1)
and (2); (ii) composites active under visible light, containing complexes (4) and (5); and (iii)
a composite showing activity in both UV and visible light ranges, incorporating complex (3).
In the systems evaluated, oxo-Ti(IV) complexes demonstrated the greatest photocatalytic
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activity. Findings from previous structural studies of complexes (1)-(3) [31,32] and their
physicochemical properties suggest that the stabilizing carboxylate ligand type is the
primary factor impacting their photocatalytic activity. Complexes (1) and (2), stabilized by
a-hydroxycarboxylic ligands (mandelate or 9-hydroxy-9-fluorenecarboxylate), exhibited
relatively large HOMO-LUMO energy gaps of 3.12 eV and 2.96 eV, respectively, accounting
for their strong UV activity, which is confirmed by the rate constants of the photoinduced
decolorization of MB and CV solutions. In contrast, complex (3), stabilized by 9-hydroxy-9-
fluorenecarboxylate and propionate ligands, has a reduced E;, value of 2.39 eV, resulting in
lower UV activity but increased visible light activity. The PMMA + (3) composite (2 wt.%)
showed superior activity in the visible light range compared to the UV range. It slightly
decreased with the complex concentration increase (Figure 6).

Ruthenium(IIl) complexes (4) and (5) exhibited generally lower photocatalytic activity
compared to the Ti(IV)-based complexes (1)—(3). They were primarily active under visible
light, likely due to their HOMO-LUMO energy gap values of 2.75 and 2.78 eV for (4) and
(5), respectively. The reduced activity of the Ru(Ill) complexes may be attributed to their
photocatalytic mechanism, which involves the reduction of Ru(Ill) to Ru(Il). In aqueous
solutions, this reduction produces H,O, molecules that subsequently form hydroxyl radi-
cals [96,97]. The lower reactivity of Ru(Ill) complexes suggests that they generate fewer
hydroxyl radicals compared to the number of reactive oxygen species (ROS) produced by
Ti(IV)-oxo complexes stabilized with x-hydroxycarboxylate ligands. These results indicate
that, in this case, the type of ligand also affects the activity differences observed between
complexes (4) and (5).

The photocatalytic mechanism involves the excitation of electrons from the valence
band to the conduction band upon irradiation with light of an appropriate wavelength,
leading to the formation of electron-hole pairs. These species interact with oxygen or
water, generating reactive oxygen species (ROS), which drive photocatalytic reactions [84].
In metal complexes, electron transfer occurs between the HOMO (ligand) and LUMO
(metal center, Ti or Ru) [29]. EPR spectroscopy was used to identify the ROS generated
on the surface of the tested materials, helping to understand their photocatalytic behavior.
The results indicate that the most effective material is the PMMA + (2) composite, as its
EPR spectrum shows the least distortion, suggesting efficient charge transfer. Compos-
ites containing titanium oxo-clusters (TOCs) exhibit similar EPR patterns, with signals
corresponding to O™, O, radicals, and Ti3+ species, which are key contributors to pho-
tocatalysis [30]. Among the studied TOCs, (2) shows a distinct free electron signal, while
(1) and (3) display typical features of Ti’* and superoxide radicals, confirming their role
in ROS generation [32,98]. For ruthenium(Ill) complexes, the EPR spectra indicate that
Ru(III) centers are the only paramagnetic species present, with no ROS signals detected.
This suggests that photocatalysis in these materials follows a different mechanism, likely
involving Ru(Ill) reduction to Ru(Il) upon irradiation. Because Ru(ll) is diamagnetic, it
does not produce an EPR signal, supporting the idea that electron transfer occurs within
the ruthenium center rather than through ROS formation [85]. Notably, only the composite
containing 20 wt.% of (5) exhibits a relatively intense signal, indicating a higher concen-
tration of Ru(Ill) centers (Table S7 and Figures S9 and S10) [99]. These findings align with
the observed photocatalytic activity trends, confirming that titanium-based composites
primarily operate through ROS-mediated processes, while ruthenium-based materials rely
on direct electron transfer mechanisms.

5. Conclusions

This study assessed the adsorption properties and photocatalytic activity of compos-
ite materials created by incorporating Ti(IV)—-oxo complexes stabilized with o-hydroxy
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carboxylate ligands ((1)—(3)) and Ru(Ill) complexes ((4) and (5)) into a PMMA matrix.
Spectroscopic analyses (Raman and XAS) confirmed that introducing these complexes into
the polymer matrix did not lead to significant alterations in their structures. Notably, the
absorption maximum of the composites shifted toward the visible light range (from 221 and
281 nm for pure PMMA to 336 and 420 nm in the case of sample PMMA + (5) 20 wt.%),
especially in samples containing 10 and 20 wt.% of the complexes, enhancing their potential
responsiveness under visible light.

The adsorption properties were evaluated using three cationic dyes: methylene blue
(MB), crystal violet (CV), and rhodamine B (RhB). The composites demonstrated the highest
adsorption with MB (max 37%) and the lowest with RhB (max 5%), with PMMA + (3)
exhibiting the greatest adsorption capacity, likely due to the high electron density of
complex (3) (Table 1).

Table 1. Comparative table of PMMA composites with Ti(IV) and Ru(III) complexes (the presented
data refer to composites containing 2 wt.% and 20 wt.% of the tested complexes).

Maximum Dye

Composite Adsorll\)/[t]ison (%) AI;}tli(zrti(t);altZ}Sy:iZ) EPR Signals Activa]’:ii(%rlll tRange
TOCs

PMMA + (1) 2.27-8.99 ;?:gg E% )) Moderate (O, ~, Ti%*) Uv

PMMA + (2) 1.92-8.91 ‘;Z:Zi Egl\sl )) Strong (O~, O, ~, Ti**) uv

PMMA + (3) 7.48-37.40 32:?2 Egl\sl )) Moderate (O, O, ~, Ti%*) UV + Vis
Ru(III) complexes

PMMA + (4) 2.14-6.62 igjg Egl\sl )) Weak (Ru®*) Vis

PMMA + (5) 5.63-6.69 }Zji‘ Egl\s’ )) Weak (Ru®*) Vis

The photocatalytic activity was assessed under both UV and visible light. The results
showed that composites containing titanium complexes had higher photocatalytic activity
(58-73% degradation of MB in UV light, 55-71% degradation of CV in UV light, and 55-63%
degradation of MB in visible light) than those containing ruthenium complexes (32-33%
degradation of MB in UV light, 49-52% degradation of CV in UV light, and 40-45% degra-
dation of MB in visible light). Based on photocatalytic performance, the composites could
be classified as (i) UV-active composites ((1) and (2)), (ii) composites active under visible
light ((4) and (5)), and (iii) a composite active under both UV and visible light ((3)). The
photocatalytic activity was directly influenced by the type of central ion and the stabilizing
ligand (Table 1). Ti(IV)-based composites exhibited superior photocatalytic performance
due to the ability of Ti(IV) to generate reactive oxygen species (ROS), which are essential for
efficient photocatalysis. In contrast, Ru(Ill)-based complexes rely on redox cycling between
Ru(IIl) and Ru(Il) rather than ROS generation, resulting in lower photocatalytic efficiency.
Additionally, the stabilizing ligands affected the electronic structure of the complexes, with
certain ligands widening the HOMO-LUMO gap and enhancing UV activity, while others
extended the activity into the visible range. Therefore, the type of central ion and the
stabilizing ligand both play crucial roles in determining the photocatalytic behavior of
the composites.

Future research should focus on investigating the use of alternative polymer matrices
to better understand how the properties of the host material influence photocatalytic
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performance. Additionally, evaluating the composites under real-world conditions, such
as in wastewater treatment applications, will help assess their long-term stability and
efficiency in handling complex pollutant mixtures. Further studies on the recyclability and
reusability of the composites are also crucial for improving their practical applicability and
ensuring their sustainability in industrial processes.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app15041679/s1, Materials: Synthesis procedures of complexes
(1)—(5). Figure S1. SEM images of the composite films enriched with titanium(IV)-oxo complexes
(yellow rings mark TOCs’ grains); Figure S2. SEM images of the composite films enriched with
ruthenium(IIl) complexes (yellow rings mark Ru(Ill) complexes’ grains); Table S1. SEM EDX quantity
data. All values are given in mass per cent (%); Figure S3. SEM EDX spectra of pure PMMA and
composites containing titanium(IV)—-oxo complexes (2) and (3); Figure S4. SEM EDX spectra of
composites containing ruthenium(II) complexes (4) and (5); Table S2. Ti L, 3 edge (two first features
correspond to L3 and two latter features correspond to L, edges). Pre-edge features were visible at ca.
456.4 457.3 eV for powdered samples and experiments performed in TEY mode; Table S3. Percentage
reduction of dyes by composites PMMA + ((1)—(5)); Figure S5. Changes in the concentrations of
the methylene blue (MB) solution as a function of time for composite materials PMMA + (1)—(5)
2-20 wt.% irradiated with UV light; Table S4. Decolorization percentages of MB solutions for the
studied reactions relative to the composites irradiated by UV light; Figure S6. Changes in the
concentrations of the crystal violet (CV) solution as a function of time for composite materials PMMA
+ (1)-(5) 2-20 wt.% irradiated with UV light; Table S5. Decolorization percentages of CV solutions for
the studied reactions relative to the composites irradiated by UV light. Figure S7. Changes in the
concentrations of the methylene blue (MB) solution as a function of time for composite materials
PMMA + (1)—(5) 2-20 wt.% irradiated with Vis light; Table S6. Decolorization percentages of MB
solutions for the studied reactions relative to the composites irradiated by VIS light. Figure S8. EPR
spectra of the PMMA composites with (2) and of powdered TOC. Conditions: room temperature;
microwave frequencies: 9.324675 GHz (PMMA+ (2) 2 wt.%), 9.324486 GHz (PMMA+ (2) 5 wt.%),
9.323992 GHz (PMMA+ (2) 10 wt.%), 9.323746 GHz (PMMA+ (2) 20 wt.%), and 9.317209 GHz ((2));
modulation amplitude: 1 mT; sweep: 20 mT; sweep time: 4 min; time constant: 0.1 s; receiver gain:
2 x 10° (composites) and 0.5 x 10° ((2)). Table S7. EPR data for the studied PMMA composites and
powdered complexes. Figure S9. EPR spectra of the PMMA composites with (3) and of powdered
TOC. Conditions: room temperature; microwave frequencies: 9.324157 GHz (PMMA+ (3) 2 wt.%),
9.324280 GHz (PMMA+ (3) 5 wt.%), 9.323349 GHz (PMMA+ (3) 10 wt.%), 9.322974 GHz (PMMA+ (3)
20 wt.%), and 9.324018 GHz ((3)); modulation amplitude: 1 mT; sweep: 20 mT; sweep time: 8§ min
(composites) and 4 min ((3)); time constant: 0.1 s; receiver gain: 4 x 10° (composites) and 5 x 10° ((3)).
Figure S10. EPR spectra of the PMMA composites with (4) and of powdered complex. Conditions:
room temperature; microwave frequencies: 9.325410 GHz (PMMA+ (4) 2 wt.%), 9.324910 GHz
(PMMA+ (4) 5 wt.%), 9.325450 GHz (PMMA+ (4) 10 wt.%), 9.325550 GHz (PMMA+ (4) 20 wt.%), and
9.322220 GHz (4); modulation amplitude: 1 mT; sweep: 400 mT (composites) and 200 mT (4); sweep
time: 8 min (composites) and 4 min (4); time constant: 0.1 s; receiver gain: 6.3 X 10° (composites)
and 4 x 10° (4). Figure S11. EPR spectra of the PMMA composites with (5) and of powdered
complex. Conditions: room temperature; microwave frequencies: 9.325300 GHz (PMMA+ (5) 2 wt.%),
9.325630 GHz (PMMA+ (5) 5 wt.%), 9.325390 GHz (PMMA+ (5) 10 wt.%), 9.325470 GHz (PMMA+ (5)
20 wt.%), and 9.323610 GHz (5); modulation amplitude: 1 mT; sweep: 500 mT; sweep time: 2 min (5)
and 4 min (composites); time constant: 0.1 s; receiver gain: 3.2 X 10° (composites and (5)).
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1. Synthesis of titanium oxo clusters (TOCs)

1.1. [TisO2(OiPr)20(man)4] (1)

The complex was synthesized as reported [1]. 0.13 g of mandelic acid (0.875 mmol), 1 mL
of titanium(IV) isopropoxide (3.5 mmol), and 2 mL of THF were mixed, yielding a clear
yellow solution. Crystals of (1) appeared after 3 days. The yield based on acid was 66%
(0.62 g). Titanium content was determined as TiOz, according to the method of Meth-Cohn

etal. [2]. Anal. Calc. for Co2Hi6sO2Tis:C, 50.18; H, 7.63; Ti,17.45. Found: C, 50.09; H, 7.58; Tj,
17.54. BC NMR (solid state, 295 K, d[ppm]): 9.75 (CH3), 25.4, 30.1 (CH), 60.1, 71.3
((Ph)C(Ph)), 90.7, 130.7, 139.6, 182.3, (C(Ph)), 198.3, 209.4 (COO). FT IR (KBr pellet, 295 K,
Vv [em™]: vas(COO) 1624 (s), 1598 (s), V(CC), vs(COO) 1495 (m), 1453 (w), d(CHz), d(CHs) 1337
(s), vs(COO) 1298 (s), v(CO) 1284 (s), 1263 (m), 1198 (m), v(COR) 1125 (m), 1089 (m), 1059
(s), 1028 (m), v(Ti-O-Ti) 759 (w), d(CCC) 738 (m); Raman (solid state, 295 K, Raman Shift
[cm1]: vas(COO) 1601 (s), 1457 (m), v(CO) 1192 (m), v(COR)) 1162 (m), 1015 (m), 1004 (s),
v(Ti-O-Ti)) 571 (m), 448 (m).

1.2. [TisO(OiPr)10(03C14Hs)2] (2)

The complex was synthesized as reported [3]. 0.20 g of 9-OH-9-fluorenecarboxylic acid
(0.875 mmol), 1 mL of titanium(IV) isopropoxide (3.5 mmol) and 2 mL of mixture
tetrahydrofuran/isopropanol (THF/ HO®Pr) (1:1), were mixed leading to clear yellow
solution. Crystals appeared after 1 day. The yield was based on acid: 53% (0.29 g). Titanium
content was determined as TiO, according to the method of Meth-Cohn et al. [2]. Anal.
Calc. for CssHssO17Tia: C, 55.86; H, 6.90; Ti,15.41. Found: C, 56.07; H, 7.01; Ti, 15.64. *C NMR
(solid state, 295 K, d[ppml]): 10.4, 22.3 (CHs), 30.5 (CH), 52.9 61.0, 72.7, 78.9 ((Ph)C(Ph)),
97.4,119.8, 129.7, 140.6, 148.3, 188.2, 197.7 (C(Ph)), 208.4, 215.8 (COO). FT IR (KBr pellet,
295 K, v [em1]: vas(COO) 1632 (s), 1609 (s), V(CC), vs(COO) 1498 (m), 1474 (w), O(CH>),
0(CHs) 1449 (m), 1364 (w), 1281 (m), v(CO) 1204 (m), v(COR) 1156 (w), 1107 (m), 1051 (m),
1004 (w), v(Ti-O-Ti) 782 (m), 771 (w), d(CCC) 737 (s), d(COO) 529 (m); Raman (solid state,
295 K, Raman Shift [em]: vas(COQO) 1600 (s), 1498 (m), 1450 (m), (v(CC)) 1595 (w),
(vs(COO)) 1485 (m), (5(CHz, 5(CHs) 1407 (m), 1358 (m), 1292 (m), v(CO) 1216 (m), 1200 (m),
v(COR)) 1178 (m) 1158 (m), 1117 (m), 1020 (s), v(Ti-O-Ti)) 550 (m).

1.3. [Tis04(OiPr)2(03C14Hs)s(O2CEt)6] (3)

The complex was synthesized as reported [3]. 0.20 g of 9-OH-9-fluorenecarboxylic acid
(0.875 mmol), 0.33 mL of propionic acid (4.38 mmol), 1.24 mL of titanium(IV) isopropoxide
(4.38 mmol) were dissolved in 2 mL of THF, leading to a clear brown solution. Crystals
appeared after 5 days. The yield was based on 9-OH-9-fluorenecarboxylic acid: 20% (0.08
g). Titanium content was determined as TiO2, according to the method of Meth-Cohn et al.
[2]- Anal. Calc. for CsoHzOs0Tis: C, 53.22; H, 4.21; Ti, 15.96. Found: C, 53.19; H, 4.36; Ti,
15.77. 13C NMR (solid state, 295 K, d[ppm]): 9.4, 21.3, 29.5(CH3), 51.6 (CH2) 57.1 (CH),
58.4, 62.3, 72.1, 78.2 ((Ph)C(Ph)), 88.1, 98.3 (COO), 119.8, 125.2, 129.3, 140.1, 143.3, 177.6,
185.3,193.1, 198.0 (C(Ph)), 208.4, 214.2 (COO). FT IR (KBr pellet, 295 K, v [cm?]: vas(COO),
1711 (m), vas(COO) 1510 (s), (v(CC), vs(COO)) 1465 (m), 1450 (m), d(CHz, d(CHz)), 1434 (s),
1378 (m), vs(COO) 1298 (m), v(CO) 1216 (s), 1200 (m), v(COR) 1165 (w), 1115 (m), 1105 (m),
1083 (m), 1023 (s), (vs(Ti-O-Ti)) 778 (m), 764 (m), d(CCC) 738 (s), 724 (s), d(COO) 560 (m),
536 (m); Raman (solid state, 295 K, Raman Shift [cm™]: vas(COO) 1715 (w), vas(COO) 1606
(s), (V(CC)) 1596 (w), (vs(COO)) 1495 (m), (d(CHz, &(CHs) 1450 (m), 1350 (m), 1328 (w),
(v(CO), v(COR)) 1175 (m) 1154 (m), 1113 (m), 1022 (m), v(Ti-O-Ti) 475 (w), 447(w).

2. Synthesis of ruthenium(III) complexes

2.1. K[Ru(Hedta)Cl]-2H20 (4)

The complex was synthesized as reported [4]. 3.0 g (8.0 mmol) of Ko[RuCl5(H20)] was
dissolved in 60 mL of 0.001M HCIOs and heated under reflux for 3h. Then the solution of
3.0 g (5.7 mmol) of Naz(edta)-2H2O dissolved in 60 mL of 0.001M HClOs was added. After
heating for 30 min, the solution was filtered, and the brown filtrate was heated for 2 h.
The solution was left for crystallization (14 days). Yield: 42% (1.8 g). According to [5],



ruthenium content was determined as RuOz. Anal. calculated for K[Ru(Hedta)Cl]-2H20:
C, 24.0, H, 3.42, N, 5.59; Ru, 20.9. Found: C, 23.60; H, 3.38; N, 5.57; Ru, 21.6. FT IR (KBr
pellet, 295 K, v [em1]: vas(COOH) 1723 (m), vas(COO) 1635 (s), 1595 (s), vs(COO) 1437 (m),
O(CH), 5(CHz) 1437 (m), 1356 (m), v(CN) 1318 (s), 1303 (s), 1242 (s), v(CO) 1217 (s), v(CN),
v(CO) 1083 (m), v(CC) 1010 (m), 915 (m), v(OH) 822 (m), v(CHz) 766 (m), v(Ru-Cl) 693 (m),
v(Ru-O) 643 (m), v(Ru-N) 594 (m), 557 (w), v(Ru-O) 461 (w). Raman (solid state, 295 K,
Raman Shift [cm]: vas(COOH) 1683 (s), vas(COO) 1602 (s), vs(COO) 1442 (s), 5(CHz) 1365
(m), 1314 (s), 1269 (s), v(CO), v(CN) 1162 (w), 1079 (m), v(CN) 1038 (w), v(CC) 1010 (m),
975 (m), 897 (s), v(OH) 822 (m), v(CHz) 753 (m), 711 (m), v(CN) 603 (m), v(Ru-N) 568 (s),
460 (m), 382 (s), v(Ru-O) 527 (s), 432 (m), 322 (s), 257 (s).

2.2. [Ru(pic)s]-H20 (5)

The complex was synthesized as reported [6]. 1.45 g (7.0 mmol) RuCls-nH:0 was dissolved
in 50 mL anhydrous ethanol and refluxed for 3 hours. Then, the solution was filtered. 8.61
g (70.0 mmol) of picolinic acid dissolved in 50 mL of distilled water was added to the
filtrate. The solution was stirred to evaporate the ethanol. The yellow powder was filtered
and recrystallized from hot water. Yield: 60% (2.04 g). According to [5], ruthenium content
was determined as RuO2. Anal. calculated for [Ru(pic)s]-H20: C, 44.0; H, 2.9; N, 8.4; Ru,
20.8. Found: C, 43.8; H, 2.8; N, 8.5; Ru, 21.3. FT IR (KBr pellet, 295 K, v [cm!]: vas(COO)
1669 (s), 1601 (s), 1565 (m), vs(COO), v(CC), d(CH), 1465 (m), 1451 (m), v(CN) 1308 (s),
d(CH), v(CO), v(CC) 1278 (s), v(CN) 1255 (s), 1232 (m), 1099 (m), d(CH), v(CC) 1136 (s),
v(CO) 1049 (m), 1031 (m), v(CC) 1008 (w), 978 (w), 913 (w), v(CC), 761 (s), v(Ru-N) 451 (s),
v(Ru-O) 416 (m). Raman (solid state, 295 K, Raman Shift [cm1]: vas(COO) 1694 (s), 1659
(m), 1604 (s), 1568 (m), vs(COO) 1469 (m), d(CH-z) 1328 (s), 1297 (m), v(CO), v(CN) 1156
(m), 1097 (m), v(CN) 1034 (s), v(CC) 860 (m), 820 (m), 716 (m), v(CH) 659 (s), v(Ru-N) 473
(m), 452 (m), v(Ru-O) 349 (m), 312 (m), 255 (m).
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Figure S2. SEM images of the composite films enriched with ruthenium(IIl) complexes (yellow rings mark Ru(IIl) complexes
grains).
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Table S1. SEM EDX quantities data. All values are given in mass percent (%).

Composite C (0] Al Ti Ru N Cl K
PMMA 26.10 72.23  1.67 — — — — —
PMMA+ (2)2 wt.% 47.98 43.05 0.36 8.62 — — — —
PMMA+ (2) 5wt.% 47.65 4234 0.54 9.49 — — — —
PMMA + (2) 10 wt.% 4391 4533 0.35 10.40 — — — —
PMMA + (2) 20 wt.% 46.36 42.06  0.37 11.20 — — — —
PMMA + (3) 2 wt.% 54.58 44.53  0.39 0.50 — — — —
PMMA + (3) S5wt% 5441 4436 0.39 0.84 — — — —
PMMA + (3) 10 wt.% 52.45 4299 1.02 3.54 — — — —
PMMA + (3) 20 wt.% 50.37 40.05 0.45 9.13 — — — —
PMMA + (4) 2 wt.% 38.01 47.83 0.29 — 1.45 505 646 0.34
PMMA + (4) 5 wt.% 35.53 4530 0.38 — 3.84 565 674 198
PMMA + (4) 10 wt.% 36.95 45.78  0.41 — 447 462 636 141
PMMA + (4) 20 wt.% 35.84 44.70  0.15 — 6.57 475 6.02 198
PMMA + (5) 2 wt.% 42.37 49.25 0.30 — 2.29 5.78 — —
PMMA + (5) 5wt.% 41.30 49.56 0.43 — 3.32 5.39 — —
PMMA + (5) 10 wt.% 40.73 4990 0.19 — 3.77 5.42 — —
PMMA + (5) 20 wt.% 39.81 48.64 0.37 — 5.09 6.08 — —




Table S2. Ti L3 edge (two first features correspond to Ls and two latter features to Lz edges). Pre-edge features were
visible at ca. 458.1 - 466.6 eV for powdered samples and experiments performed in TEY mode.

file Energy peak for Ls and L2 [eV] Intensity (area) for Ls and L2 transitions
P1-TEY 458.1 3.369 2p3pDtay
461.1 9.757 2pspeg
463.5 3.515 2p12Dtzg
466.5 14.611 2pineg
P2-TEY 458.1 4.552 2pspDtayg
461.0 10.250 2pspeg
463.5 5.568 2p1pDtayg
466.3 15.437 2pineg
P3-TEY 458.1 15.323 2pspDtayg
460.4 31.041 2pspeg
463.5 36.007 2p1pDtayg
465.9 48.348 2p1p2eg
K1-20-FY 458.1 9.873 2p3ptag
461.2 11.708 2pspeg
463.5 9.043 2p1pDtag
466.6 25.960 2pineg
K2-20-FY 458.1 6,450 2p3ptag
461.1 13.184 2pspeg
463.4 6.176 2pipDtyg
466.4 22.405 2p1p2eg
K3-20-FY 458.1 3.684 2p3ptag
460.4 5.525 2pspeg
463.4 2.899 2p12Dtayg
465.6 9.945 2p1peg




Table S3. Percentage reduction of dyes concentration in the solution by composites PMMA + ((1) - (5)).

) [CV] reduction [MB] reduction [RhB] reduction
Material

[%] [%] [%]
PMMA + (1) 2 wt.% 1.18 2.27 1.83
PMMA + (1) 5 wt.% 2.67 3.39 1.95
PMMA + (1) 10 wt.% 484 7.9 3.82
PMMA + (1) 20 wt.% 6.72 8.99 448
PMMA + (2) 2 wt.% 191 1.92 1.83
PMMA + (2) 5wt.% 2.56 491 2.82
PMMA + (2) 10 wt.% 2.59 5.54 3.30
PMMA + (2) 20 wt.% 6.60 8.91 457
PMMA + (3) 2 wt.% 453 7.48 3.14
PMMA + (3) 5wt.% 7.57 15.43 3.52
PMMA + (3) 10 wt.% 17.26 18.17 3.46
PMMA + (3) 20 wt.% 31.08 37.40 4.02
PMMA + (4) 2 wt.% 147 2.14 2.19
PMMA + (4) 5 wt.% 2.00 3.34 2.93
PMMA + (4) 10 wt.% 7.37 459 3.18
PMMA + (4) 20 wt.% 10.84 6.62 5.20
PMMA + (5) 2 wt.% 1.51 5.63 0.71
PMMA + (5) 5 wt.% 7.46 5.84 127
PMMA + (5) 10 wt.% 7.48 6.19 1.45

PMMA + (5) 20 wt.% 8.48 6.29 5.0
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Figure S5. Changes in the concentrations of the methylene blue (MB) solution as a function of time for composite
materials PMMA + (1) - (5) 2-20 wt.% irradiated with UV light.



Table S4. Decolorization percentages of MB solutions and calculated observed rate constants for the studied reactions
relative to the composites irradiated by UV light.

102 Observed Rate
Composite MB . AA 38 in Constant in
Decolourisation Reference to 102 Observed Rate Reference to
(%) AA 38 PMMA Constant, h! PMMA, h-
MB 94+21 0.094 -0.081 0.24 +0.01 -0.18
PMMA 174+24 0.175 - 0.42 +0.01 -

PMMA+(1) 2 wt.% 382+3.2 0.383 0.129 1.06 £ 0.03 0.64
PMMA+ (1) 5 wt.% 464+ 34 0.464 0.210 1.25+0.02 0.83
PMMA+ (1) 10 wt.% 55.8+3.8 0.558 0.304 1.48 £ 0.02 1.06
PMMA+ (1) 20 wt.% 68.6 +3.8 0.687 0.512 1.73 £ 0.04 1.31
PMMA+(2) 2 wt.% 45.3+£3.1 0.454 0.264 1.23 +0.02 0.81
PMMA+ (2) 5 wt.% 55.7+2.9 0.556 0.381 1.47 £ 0.04 1.05
PMMA+ (2) 10 wt.% 60.4+3.4 0.604 0.429 1.59 + 0.03 1.17
PMMA+ (2) 20 wt.% 73.1+4.2 0.731 0.477 1.89 +0.03 1.47
PMMA+(3) 2 wt.% 352+22 0.351 0.176 0.85+0.01 0.43
PMMA+ (3) 5 wt.% 42.8+28 0.421 0.246 1.11+£0.01 0.69
PMMA-+ (3) 10 wt.% 50.4 +3.3 0.504 0.329 1.30 £ 0.02 0.88
PMMA+ (3) 20 wt.% 584 +3.4 0.584 0.428 1.53 +0.01 1.14
PMMA+(4) 2 wt.% 19.1+£3.1 0.191 0.016 0.49 +0.03 0.07
PMMA+ (4) 5 wt.% 21.8+2.0 0.212 0.037 0.55 +0.02 0.13
PMMA+ (4) 10 wt.% 242 +23 0.238 0.063 0.62 +0.03 0.20
PMMA+ (4) 20 wt.% 329+24 0.321 0.146 0.86 +0.03 0.44
PMMA+(5) 2 wt.% 17.5+2.8 0.168 0.007 0.47 £0.02 0.05
PMMA+ (5) 5 wt.% 20.7 2.1 0.249 0.074 0.55+0.03 0.13
PMMA+ (5) 10 wt.% 259 +2.1 0.320 0.145 0.67 £0.03 0.25

PMMA+ (5) 20 wt.% 32.3+2.5 0.320 0.145 0.85 +0.03 0.43
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Figure S6. Changes in the concentrations of the crystal violet (CV) solution as a function of time for composite materials
PMMA + (1) - (5) 2-20 wt.% irradiated with UV light.



Table S5. Decolorization percentages of CV solutions and calculated observed rate constants for the studied reactions
relative to the composites irradiated by UV light.

102 Observed Rate
Composite Ccv AA 38in Constant in
Decolourisation Reference to 102 Observed Rate Reference to
(%) AA 38 PMMA Constant, h! PMMA, h1
Ccv 332+23 0.332 -0.043 0.99 +0.01 -0.15
PMMA 375+2.1 0.375 - 0.84 +0.01 -

PMMA+(1) 2 wt.% 443 +2.6 0.443 0.068 1.11+£0.01 0.27
PMMA+ (1) 5 wt.% 484+28 0.485 0.110 1.19£0.03 0.35
PMMA+ (1) 10 wt.% 529+3.2 0.527 0.152 1.33 +0.02 0.49
PMMA+ (1) 20 wt.% 63.9+3.1 0.638 0.263 1.55+0.01 0.71
PMMA+(2) 2 wt.% 51.1+29 0.512 0.137 1.31+0.01 0.47
PMMA+ (2) 5 wt.% 55.3+3.1 0.549 0.174 1.40 £ 0.03 0.56
PMMA+ (2) 10 wt.% 60.4 + 3.5 0.602 0.227 1.57 £0.02 0.73
PMMA+ (2) 20 wt.% 709+3.3 0.709 0.334 1.83+0.01 0.99
PMMA+(3) 2 wt.% 394+27 0.393 0.018 0.98 +0.01 0.14
PMMA+ (3) 5 wt.% 45.1+2.6 0.452 0.077 1.16 + 0.03 0.32
PMMA+ (3) 10 wt.% 48.1+£3.0 0.480 0.105 1.22 +£0.02 0.38
PMMA+ (3) 20 wt.% 55.1+3.2 0.552 0.177 1.41+0.01 0.57
PMMA+(4) 2 wt.% 314+23 0.313 -0.019 0.85 +0.02 0.01
PMMA+ (4) 5 wt.% 33.3x19 0.332 0.00 0.90 +0.03 0.06
PMMA+ (4) 10 wt.% 424+45 0.425 0.093 1.12 +0.02 0.28
PMMA+ (4) 20 wt.% 52.1+4.4 0.520 0.188 1.36 +£0.01 0.52
PMMA+(5) 2 wt.% 31.0+25 0.308 -0.023 0.80 +£0.01 -0.04
PMMA+ (5) 5 wt.% 35.0+2.1 0.347 0.016 0.90 £ 0.02 0.06
PMMA-+ (5) 10 wt.% 399+32 0.391 0.059 1.02 £0.02 0.18

PMMA+ (5) 20 wt.% 49.0+3.8 0.490 0.158 1.31+0.02 0.47
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Figure S7. Changes in the concentrations of the methylene blue (MB) solution as a function of time for composite
materials PMMA + (1) - (5) 2-20 wt.% irradiated with Vis light.



Table S6. Decolorization percentages of MB solutions and calculated observed rate constants for the studied reactions
relative to the composites irradiated by VIS light.

102 Observed
Composite MB. . AA 38 in Rate Constant in
Decolourisation Reference to 102 Observed Rate Reference to
(%) AA 38 PMMA Constant, h1 PMMA, h!
MB 84+1.7 0.084 -0.062 0.23+0.01 -0.13
PMMA 14.6 +1.9 0.146 - 0.36 +0.02 -

PMMA+(1) 2 wt.% 27.3+3.1 0.274 0.128 0.69 +0.03 0.33

PMMA+ (1) 5 wt.% 372+24 0.372 0.226 0.97 +0.02 0.61
PMMA+ (1) 10 wt.% 43.6 £2.6 0.435 0.289 1.12 £ 0.02 0.76
PMMA+ (1) 20 wt.% 553 +3.2 0.552 0.406 1.43 +0.03 1.07
PMMA+(2) 2 wt.% 33.6+£22 0.336 0.190 0.88 +0.01 0.52
PMMA+ (2) 5 wt.% 45.7 +3.4 0.457 0.311 1.12+£0.01 0.76
PMMA+ (2) 10 wt.% 55.1+3.3 0.550 0.404 1.48 +0.02 1.12
PMMA+ (2) 20 wt.% 63.6 + 3.6 0.635 0.489 1.68 + 0.03 1.32
PMMA+(3) 2 wt.% 362+33 0.361 0.205 0.96 +0.02 0.57
PMMA+ (3) 5 wt.% 40.6 +3.5 0.405 0.249 1.06 + 0.03 0.67
PMMA+ (3) 10 wt.% 46.1+4.2 0.461 0.305 1.21+£0.02 0.82
PMMA+ (3) 20 wt.% 58.7 +3.1 0.587 0.412 1.53 +0.03 1.11
PMMA+(4) 2 wt.% 18.1+24 0.180 0.044 0.47 +0.02 0.15
PMMA+ (4) 5 wt.% 232+22 0.232 0.096 0.61 +0.02 0.29
PMMA+ (4) 10 wt.% 35921 0.358 0.222 0.98 +0.02 0.66
PMMA+ (4) 20 wt.% 448+25 0.449 0.313 1.17 £ 0.03 0.85

PMMA+(5) 2 wt.% 16.1+2.2 0.160 0.024 0.42 +0.02 0.1
PMMA+ (5) 5 wt.% 22.1+21 0.221 0.085 0.59 +0.03 0.27
PMMA+ (5) 10 wt.% 31.7+4.1 0.316 0.180 0.85+0.02 0.53

PMMA+ (5) 20 wt.% 40.6 +2.5 0.405 0.269 1.08 + 0.03 0.76




Table S7. EPR data for the studied PMMA composites and powdered complexes.

Sample g-Factor Species [7,8]
PMMA — —
PMMA + (2) 2 wt.% 2.025;2.011 O
2.008; 2.003 O
1.992 Ti(IIT)
PMMA + (2) 5 wt.% 2.025;2.011 Or
2.007;2.003 O
1.992 Ti(II)
PMMA + (2) 10 wt.% 2.024; 2.011 Oz~
2.016; 2.006; 2.000 O
1.993 Ti(III)
PMMA + (2) 20 wt.% 2,024; 2.010; 2.002 O
2.016; 2.006; 1.999 O
1.993 Ti(IIT)
Powder of (2) 2.003 e
PMMA + (3) 2 wt.% 2.010; 2.003 O
2.017; 2.006; 1.999 O
1.992 Ti(II)
PMMA + (3) 5 wt.% 2.010; 2.002 Oz~
2.017; 2.006; 1.999 O
1.993 Ti(III)
PMMA + (3) 10 wt.% 2.010; 2.003 O~
2.017; 2.006; 1.999 O
1.993 Ti(IIT)
PMMA + (3) 20 wt.% 2.024; 2.010; 2.002 O~
2.017; 2.006; 1.999 O
1.993 Ti(III)
Powder of (3) 2.023;2.011; 2.005 O
2.016; 2.007; 2.002 O
1.993 Ti(III)
PMMA + (4) 2 wt.% 242 Ru(IIT)
PMMA + (4) 5 wt.% 2.40 Ru(III)
PMMA + (4) 10 wt.% 2.42;2.30 Ru(III)
PMMA + (4) 20 wt.% 2.42;2.28 Ru(IIT)
Powder of (4) 2.40;2.25;1.79 Ru(III)
PMMA + (5) 2 wt.% 2.57 Ru(II)
PMMA + (5) 5 wt.% 2.65;2.31 Ru(III)
PMMA + (5) 10 wt.% 2.53;2.25 Ru(IIT)
PMMA + (5) 20 wt.% 2.65;2.29;1.76 Ru(IIT)
Powder of (5) 2.65;2.30;1.78 Ru(III)
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Figure S8. EPR spectra of the PMMA composites with (2) and of powdered TOC. Conditions: room temperature;
microwave frequencies: 9.324675 GHz (PMMA+ (2) 2 wt.%), 9.324486 GHz (PMMA+ (2) 5 wt.%), 9.323992 GHz (PMMA+
(2) 10 wt.%), 9.323746 GHz (PMMA+ (2) 20 wt.%), and 9.317209 GHz ((2)); modulation amplitude: 1 mT; sweep: 20 mT;

sweep time: 4 min; time constant: 0.1 s; receiver gain: 2 x 10° (composites) and 0.5 x 105 ((2)).
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Figure S9. EPR spectra of the PMMA composites with (3) and of powdered TOC. Conditions: room temperature; microwave
frequencies: 9.324157 GHz (PMMA+ (3) 2 wt.%), 9.324280 GHz (PMMA+ (3) 5 wt.%), 9.323349 GHz (PMMA+ (3) 10 wt.%),
9.322974 GHz (PMMA+ (3) 20 wt.%), and 9.324018 GHz ((3)); modulation amplitude: 1 mT; sweep: 20 mT; sweep time: 8§ min
(composites) and 4 min ((3)); time constant: 0.1 s; receiver gain: 4 x 10° (composites) and 5 x 103 ((3)).
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Figure S10. EPR spectra of the PMMA composites with (4) and of powdered complex. Conditions: room temperature; microwave
frequencies: 9.325410 GHz (PMMA+ (4) 2 wt.%), 9.324910 GHz (PMMA+ (4) 5 wt.%), 9.325450 GHz (PMMA+ (4) 10 wt.%),
9.325550 GHz (PMMA+ (4) 20 wt.%), and 9.322220 GHz (4); modulation amplitude: 1 mT; sweep: 400 mT (composites) and 200
mT (4); sweep time: 8 min (composites) and 4 min (4); time constant: 0.1 s; receiver gain: 6.3 x 10 (composites) and 4 x 10° (4).
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Figure S11. EPR spectra of the PMMA composites with (5) and of powdered complex. Conditions: room temperature; microwave
frequencies: 9.325300 GHz (PMMA+ (5) 2 wt.%), 9.325630 GHz (PMMA+ (5) 5 wt.%), 9.325390 GHz (PMMA+ (5) 10 wt.%),

9.325470 GHz (PMMA+ (5) 20 wt.%), and 9.323610 GHz (5); modulation amplitude: 1 mT; sweep: 500 mT; sweep time: 2 min (5)
and 4 min (composites); time constant: 0.1 s; receiver gain: 3.2 x 103 (composites and (5)).
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Jako autorka przedtozonej rozprawy doktorskiej o$wiadczam, ze moj wklad naukowy
w powstanie ponizszych artykutéw polegat na:

P1. P. Piszczek*, B. Kubiak, P. Golinska, A. Radtke*, Oxo-Titanium(IV) Complex/Polymer
Composites—Synthesis, Spectroscopic Characterization and Antimicrobial Activity
Test. IJMS 2020, 21, 9663

Bylam odpowiedzialna za synteze komplekséw okso-tytanu(IV) (TOCs) oraz wytwarzanie
materialow kompozytowych. Do moich zadan nalezato takze przeprowadzanie mapowania
Ramana, pomiar6w spektroskopowych IR, Ramana oraz UV-Vis DRS, a takze badanie
aktywnosci fotokatalitycznej. Dodatkowo uczestniczytam w przygotowywaniu rysunkow,
tworzeniu wprowadzenia do artykutu i opisywaniu rezultatow badan.

P2.  B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziot, G. Wrzeszcz, P. Golifiska,
Photocatalytic and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of Different
Core Structure. Crystals 2023, 13, 998

Bylam odpowiedzialna za zaplanowanie i synteze komplekséw okso-tytanu(IV) (TOCs) oraz
wytwarzanie materialdow kompozytowych. Do moich zadan nalezalo takze przeprowadzanie
mapowania Ramana oraz rejestracja widm UV-Vis DRS, a takze badanie aktywnosci
fotokatalitycznej. Zinterpretowalam takze otrzymane wyniki (SEM, SEM EDX, analiza
termiczna, mapy Ramana, widma UV — Vis DRS, aktywno$¢ fotokatalityczna). Dodatkowo
uczestniczylam w okresleniu celu i ksztaltowaniu zakresu pracy i wniostam przewazajacy
wkiad w tres¢ manuskryptu (wstepu, czesci fizykochemicznej, dyskusji i wnioskow).
Odpowiadatam takze za przygotowanie cze$ci rysunkow.

P3. B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golifiska, E. Kaszkowiak,
M. Sobota, J. Wlodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. LJMS 2021, 22, 7021

Bytam odpowiedzialna za syntez¢ komplekséw okso-tytanu(IV) (TOCs). Do moich zadan
nalezato takze rejestracja map Ramana, rejestracja widm IR - DRIFT, Ramana oraz UV-Vis



DRS, a takze badanie aktywnosci fotokatalitycznej. Zinterpretowalam takze otrzymane wyniki
(SEM, SEM EDX, analiza termiczna, mapy Ramana, widma UV — Vis DRS, aktywnosé¢
fotokatalityczna). Dodatkowo uczestniczylam w przygotowywaniu rysunkéw, tworzeniu
wprowadzenia do artykutu i opisywaniu rezultatow badan.

P4.  B. Kubiak*, T. Muziot, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski,
S. Wrotek, P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) —
Oxo Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

Bytam odpowiedzialna za zaplanowanie i synteze komplekséw okso-tytanu(IV) (TOCs) oraz
wytwarzanie materialow kompozytowych. Do moich zadan nalezata takze rejestracja widm IR
i Ramana. Zinterpretowatam takze otrzymane wyniki (SEM EDX, widma IR i Ramana,
aktywnos¢ przeciwdrobnoustrojowa). Dodatkowo uczestniczylam w  okresleniu celu
1 ksztattowaniu zakresu pracy i wniostam przewazajacy wklad w tres¢ manuskryptu (wstepu,
czgsei fizykochemicznej, dyskusji (rowniez badan przeciwdrobnoustrojowych) i wnioskdw).
Odpowiadatam takze za przygotowanie czesci rysunkow.

P5.  B. Kubiak*, T. M. Muziol, M. Jablonski, A. Radtke, P. Piszczek*, Investigation of
Titanium(IV) — Oxo Complexes Stabilized with a-Hydroxy Carboxylate Ligands:
Structural Analysis and DFT Studies. Dalton Trans. 2024, 53, 14457-14468

Bylam odpowiedzialna za zaplanowanie i synteze komplekséw okso-tytanu(IV) (TOCs). Do
moich zadan nalezala takze rejestracja widm UV — Vis DRS, IR i Ramana. Zinterpretowalam
takze otrzymane wyniki (widma IR i Ramana). Dodatkowo uczestniczytam w okresleniu celu
1 ksztattowaniu zakresu pracy i wniostam przewazajgcy wklad w tres¢ manuskryptu (wstepu,
czgsci fizykochemicznej, dyskusji, wnioskéw i odpowiedzi na recenzje). Odpowiadatam takze
za przygotowanie czgsci rysunkow.

P6. B. Kubiak*, A. Topolski, A. Radtke*, T. Muziot, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)

Composites with Titanium(IV) and Ruthenium(IIT) Complexes. Applied Sciences, 2025,
15(4), 1679

Bylam odpowiedzialna za syntez¢ komplekséw okso-tytanu(IV) (TOCs), komplekséw
rutenu(Ill) oraz wytwarzanie materialbw kompozytowych. Do moich zadan nalezata takze
rejestracja widm UV — Vis DRS, Ramana, map Ramana, badanie zdolnosci adsorpcyjnych oraz
fotokatalitycznych kompozytéw zawierajacych kompleksy tytanu(IV) lub rutenu(III).
Zinterpretowatam takze otrzymane wyniki (SEM, SEM EDX, widma UV — Vis DRS, Ramana,
mapy Ramana, badanie zdolnosci adsorpcyjnych oraz fotokatalitycznych kompozytow
zawierajacych kompleksy tytanu(IV) lub rutenu(III). Dodatkowo uczestniczytam w okresleniu
celu i ksztaltowaniu zakresu pracy i wniostam przewazajacy wklad w tre§¢ manuskryptu
(wstepu, czesci fizykochemicznej, dyskusji, wnioskéw i odpowiedzi na recenzje).
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B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziot, G. Wrzeszcz, P. Golinska,
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Oswiadczam, ze moj udzial w artykule P1 obejmowat opracowanie zatozen badawczych
oraz metodologii badan, analize otrzymanych wynikow, przygotowywanie i edycje tekstu
oraz koordynacje prac zwiazanych z publikacjg otrzymanych wynikow.

Oswiadczam, ze moj udziat w artykule P2 obejmowat opracowanie zatozen badawczych
oraz metodologii badan i analize otrzymanych wynikéw. Odpowiadalem takze za edycje
tekstu oraz koordynacje prac zwiazanych z publikacjg otrzymanych wynikow.
Oswiadczam, ze moj udziat w artykule P3 obejmowat opracowanie zatozen badawczych
oraz metodologii badan i analiz¢ otrzymanych wynikéw. Odpowiadalem takze za



przygotowywanie 1 edycje tekstu, koordynacje prac zwigzanych z publikacja
otrzymanych wynikéw oraz pozyskanie srodkéw finansowych.

Oéwiadczam, ze méj udziat w artykule P4 obejmowatl opracowanie zalozen badawczych
oraz metodologii badan i analtz¢ otrzymanych wynikéw. Odpowiadalem takze za edycije
tekstu, koordynacje prac zwigzanych 2z publikacjg otrzymanych wynikéw oraz
pozyskanie srodkéw finansowych.

Oswiadczam, ze méj udziat w artykule P5 obejmowat opracowanie zalozen badawczych
oraz metodologii badan 1 analiz¢ otrzymanych wynikéw. Odpowiadatem takze za edycje
tekstu oraz koordynacje prac zwiazanych z publikacja otrzymanych wynikow.
Oswiadczam, 7ze moj udziat w artykule P6 obejmowal opracowanie metodologii badan
i analizg otrzymanych wynikow. Odpowiadatem takze za edycje tekstu oraz koordynacje

prac zwiazanych z publikacjg otrzymanych wynikow. ' ﬂy{/
< '
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OSWIADCZENIE

Dotyczy publikacji:

P1. P Piszczek*, B. Kubiak, P. Golinska, A. Radtke*, Oxo-Titanium(TV) Complex/Polymer
Composites—Synthesis, Spectroscopic Characterization and Antimicrobial Activity
Test. LJMS 2020, 21, 9663

P2. B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziol, G. Wrzeszcz, P. Golinska,
Photocatalytic and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of Different
Core Structure. Crystals 2023, 13, 998

P3. B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,
M. Sobota, J. Wiodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. L7MS 2021, 22, 7021

P4, B. Kubiak?*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski,
S. Wrotek, P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) —
Oxo Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

P5. B. Kubiak*, T. M. Muziol, M. Jabtonski, A. Radtke, P. Piszczek*, Investigation of
Titanium(IV) — Oxo Complexes Stabilized with a-Hydroxy Carboxylate Ligands:
Structural Analysis and DFT Studies. Dalton Trans. 2024, 53, 14457-14468

P6. B. Kubiak*, A. Topolski, A. Radtke*, T. Muziot, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)
Composites with Titanium(IV) and Ruthenium(IIl) Complexes. Applied Sciences, 2025,
15(4), 1679

1. Oswiadczam, ze mdj udzial w artykule P1 obeymowal opracowanie metodologii badan,
analiz¢ otrzymanych wynikdw, edycje tekstu oraz koordynacje prac zwiazanych
z publikacjg otrzymanych wynikow.

2. Oswiadezam, ze mdj udziat w artykule P2 obejmowal opracowanie =zatozen

badawczych oraz metodologii badan, analize otrzymanych wynikéw. Odpowiadatam
takze za edycje tekstu oraz koordynacje prac zwiazanych z publikacja otrzymanych
wynikow,



Os$wiadczam, ze mdj udzial w artykule P3 obejmowat opracowanie metodologii badan,
analize otrzymanych wynikow, edycje tekstu oraz koordynacje prac zwigzanych
z publikacjg otrzymanych wynikow.

O$wiadczam, ze moj udziat w artykule P4 obejmowat edycj¢ tekstu, koordynacje prac
zwiazanych z publikacja otrzymanych wynikow oraz pozyskanie srodkéw finansowych.
Oswiadczam, ze moj udziat w artykule P5 obejmowat opracowanie metodologii badan,
analize otrzymanych wynikéw, edycje tekstu oraz koordynacje prac zwigzanych
z publikacja otrzymanych wynikow.

Os$wiadczam, ze mdj udziat w artykule P6 obejmowal opracowanie zalozen
badawczych oraz metodologii badan, analize otrzymanych wynikéw. Odpowiadatam
takze za edycje tekstu.

Podpis
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Dotyczy publikacji:

P2

P4.

P3.

P6.

B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziol, G. Wrzeszcz, P. Golifiska,
Photocatalytic and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of Different
Core Structure. Crystals 2023, 13, 998

B. Kubiak*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski, S.
Wrotek, P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) —
Oxo Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

B. Kubiak*, T. M. Muziol, M. Jablonski, A. Radtke, P. Piszczek*, Investigation of
Titanium(IV) — Oxo Complexes Stabilized with a-Hydroxy Carboxylate Ligands:
Structural Analysis and DFT Studies. Dalton Trans. 2024, 53, 14457-14468

B. Kubiak*, A. Topolski, A. Radtke*, T. Muziol, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)
Composites with Titanium(IV) and Ruthenium(I1I) Complexes. Applied Sciences, 2025,
15(4), 1679

Oswiadczam, ze moj udziat w artykule P2 obejmowat pomiary dyfrakcji rentgenowskiej
pojedynczego krysztatu i okredlenie struktury dla trzech zwiazkow, ogdlng dyskusj¢ na
temat danych krystalograficznych i udziat w przygotowaniu rekopisu.

Os$wiadczam, ze moj udziat w artykule P4 obejmowat pomiary dyfrakcji rentgenowskiej
pojedynczego krysztatu i okreslenie struktury dla jednego zwiazku, pomiar dyfrakcji
rentgenowskiej proszku, ogélng dyskusje na temat danych krystalograficznych i udziat
w przygotowaniu rgkopisu.

Oswiadczam, ze moj udziat w artykule PS5 obejmowat pomiary dyfrakcji rentgenowskiej
pojedynczego krysztatu i okreslenie struktury dla dwoch zwiazk6éw, pomiar dyfrakcji
rentgenowskiej proszkow, ogolna dyskusje na temat danych krystalograficznych i udziat
w przygotowaniu rgkopisu.

Oéwiadczam, ze moj udziat w artykule P6 obejmowat zaplanowanie i przeprowadzenie

pomiarow technikg XAS kompleksow okso-tytanu(IV) i ich kompozytéw.

Odpowiadatem takze za dyskusj¢ otrzymanych wynikéw i udzial w przygotowaniu

rekopisu. —
Todows [N ot
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Dotyczy publikacji:

P1.

B2

|62

P4.

P. Piszczek*, B. Kubiak, P. Golinska, A. Radtke*, Oxo-Titanium(IV) Complex/Polymer
Composites—Synthesis, Spectroscopic Characterization and Antimicrobial Activity Test.
IJMS 2020, 21, 9663

B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziot, G. Wrzeszcz, P. Golinska, Photocatalytic
and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of Different Core Structure.
Crystals 2023, 13, 998

B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,
M. Sobota, J. Wiodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. LJMS 2021, 22, 7021

B. Kubiak*, T. Muziot, G. Wrzeszcz, A. Radtke, P. Golinska, T. J edrzejewski, S. Wrotek,
P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) — Oxo
Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

O$wiadczam, ze moj udziat w artykule P1 dotyczyt prac zwigzanych z badaniem aktywnosci
przeciwdrobnoustrojowej probek: PMMA, PMMA + (1), PMMA + (2), PMMA + (3), PMMA +
(4). Odpowiadatam takze za analiz¢ oraz dyskusje otrzymanych wynikow.

O$wiadczam, ze méj udzial w artykule P2 dotyczyt prac zwigzanych z badaniem aktywnosci
przeciwdrobnoustrojowej prébek: PMMA + (1) 20 wt.%, PMMA + (2) 20 wt.%, PMMA + (4) 20
wt.%, PMMA + (5) 20 wt.%. Odpowiadalam takze za analiz¢ oraz dyskusje otrzymanych
wynikow.

Os$wiadczam, ze moj udzial w artykule P3 dotyczyl prac zwigzanych z badaniem aktywnosci
przeciwdrobnoustrojowej probek: PCL, PCL:: 5(1), PCL i+ 20(1),
PCL + 5(2), PCL + 20(2). Odpowiadatam takze za analiz¢ oraz dyskusje otrzymanych wynikow.
Oéwiadczam, ze moj udziat w artykule P4 dotyczyl prac zwigzanych z badaniem aktywnosci
przeciwdrobnoustrojowej  probek: PMMA, PMMA + (1) 2 - 20 wt.% oraz
(1) 2 - 20 wt.%. Odpowiadalam takze za analizg otrzymanych wynikow.

odpis
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P3.

P6.

B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,

M. Sobota, J. Wiodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. ZJMS 2021, 22, 7021

B. Kubiak*, A. Topolski, A. Radtke*, T. Muziol, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)
Composites with Titanium(IV) and Ruthenium(11l) Complexes. Applied Sciences, 2025,
15(4), 1679

Oswiadczam, 2ze mod) udzial w artykule P3  dotyczyl zaplanowania
badan aktywnosci fotokatalitycznej probek: PCL, PCL + 5(1), PCL + 5(2), PCL + 20(1)
i PCL + 20(2).

Oswiadczam, ze moj udzial w artykule P6 dotyczyl sprawdzenia poprawnosci prac
zwiazanych z badaniem aktywnosci fotokatalitycznej probek: PMMA + (2) 2- 20 wt. %,
PMMA + (3) 2- 20 wt.%, PMMA + (4) 2- 20 wt.%, PMMA + (5) 2- 20 wt.% oraz
przeprowadzenia pomiarow EPR i ich interpretacji. Odpowiadatem takze za weryfikacje
tresci i edycje manuskryptu.
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P5.  B. Kubiak*, T. M. Muziol, M. Jabloniski, A. Radtke, P. Piszczek*, Investigation of
Titanium(IV) — Oxo Complexes Stabilized with a-Hydroxy Carboxylate Ligands:
Structural Analysis and DFT Studies. Dalton Trans. 2024, 53, 14457-14468

1. Oswiadczam, Ze méj udziat w artykule P5 dotyczy} prac zwigzanych z zaplanowaniem
i wykonaniem obliczeri DFT zwigzkéw (1) i (2): teoretycznych geometrii, widm IR,
Ramana i UV-VIS, wyznaczeniem orbitali HOMO i LUMO, obliczeniem indekséw
reaktywnosci oraz otrzymaniem map potencjatu elektrostatycznego. Odpowiadatem
takze za przygotowanie niektérych rysunkoéw, analize oraz dyskusje otrzymanych
wynikéw teoretycznych. Napisalem tez cze$¢ artykulu dotyczaca wynikéw
teortetycznych.
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Dotyczy publikacji:

P4. B.Kubiak*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski, S. Wrotek,
P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) — Oxo
Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

1.  Oé$wiadczam, ze mdj udzial w artykule P4 dotyczyt prac zwigzanych z zaplanowaniem
i wykonaniem badan cytotoksyczno$ci probek: PMMA, PMMA + (1) 2 — 20 wt.%
wzgledem fibroblastéow linii 1.929. Oprocz tego, bralem udzial w analizie i dyskusji
wynikéw biologicznych oraz analizie obrazéw SEM, komorek rosngcych na badanych
kompozytach.
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Dotyczy publikacji:

P6. B. Kubiak*, A. Topolski, A. Radtke*, T. Muziot, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)

= Composites with Titanium(IV) and Ruthenium(IIT) Complexes. Applied Sciences, 2025,
15(4), 1679

. Oswiadczam, ze m6éj udzial w artykule P6 dotyczyl zaplanowania badaf
spektroskopowych probek: (4), (5), PMMA + (4) 2- 20 wt.%, PMMA + (5) 2- 20 wt.%.
Odpowiadalam takze za weryfikacje tresci i edycje manuskryptu.
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P3. B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,
M. Sobota, J. Wlodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. ZJMS 2021, 22, 7021

1. Oswiadczam, ze moj udziat w artykule P3 dotyczyl prac zwigzanych z otrzymywaniem
materialéw kompozytowych przy uzyciu wytlaczarki dwuslimakowej i pneumatycznej
miniwtryskarki. Ponadto uczestniczylem w wykonaniu badan mechanicznych, tzn.
wytrzymalo$¢ na rozciaganie i Sciskanie, probek: PCL, PCL + 20(1), PCL + 20(2).
Przygotowalem takze opisy przeprowadzonych badan.
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Dotyczy publikacji:

P3. B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,
M. Sobota, J. Wlodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. LJMS 2021, 22, 7021

1.  Oswiadczam, ze moj udziat w artykule P3 dotyczyt prac zwigzanych z otrzymywaniem
materiatéw kompozytowych przy uzyciu wytlaczarki dwuslimakowej i pneumatyczne;j
miniwtryskarki. Ponadto wuczestniczylem w planowaniu i wykonaniu badan
mechanicznych, tzn. wytrzymato$¢ na rozciaganie i $ciskanie, probek: PCL, PCL +20(1),
PCL + 20(2). Przygotowalem takze opisy przeprowadzonych badan.
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P6. B. Kubiak*, A. Topolski, A. Radtke*, T. Muziol, O. Impert, A. Katafias, R. van Eldik,
P. Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)

Composites with Titanium(IV) and Ruthenium(III) Complexes. Applied Sciences, 2025
15(4), 1679
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1. Ideclare that my participation in the article P6 concerned funding acquisition,
supervision, review and editing of manuscript.
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Dotyczy publikaciji:

P3. B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Goliriska, E. Kaszkowiak,
M. Sobota, J. Wtodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. I/MS 2021, 22, 7021

1.  Oswiadczam, ze mdj udziat w artykule P3 dotyczyt prac zwigzanych z otrzymywaniem
materiatéw kompozytowych przy uzyciu wyttaczarki dwuslimakowej i pneumatyczne;j
miniwtryskarki. Ponadto uczestniczytem w wykonaniu badan mechanicznych, tzn.
wytrzymatos$¢ na rozcigganie i Sciskanie, probek: PCL, PCL + 20(1), PCL + 20(2).
Przygotowatem takze opisy przeprowadzonych badan.
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Dotyczy publikac;ji:

P4. B.Kubiak*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golifiska, T. Jedrzejewski, S. Wrotek,
P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(IV) — Oxo
Complex Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

1.  O$wiadczam, ze m6j udziat w artykule P4 dotyczyl prac zwigzanych z zaplanowaniem
badan cytotoksycznosci probek: PMMA, PMMA + (1) 2 — 20 wt.% wzgledem
fibroblastéw linii 1.929.
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Dotyczy publikacji:
P2,

B. Kubiak*, P. Piszczek*, A. Radtke, T. Muziot, G. Wrzeszcz, P. Golinska, Photocatalytic
and Antimicrobial Activity of Titanium(IV)-Oxo Clusters of Different Core Structure.

Crystals 2023, 13, 998
B. Kubiak, A. Radtke*, A. Topolski, G. Wrzeszcz, P. Golinska, E. Kaszkowiak,

M. Sobota, J. Wtodarczyk, M. Stojko, P. Piszczek*, The Composites of PCL and
Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic and

the Antimicrobial Activity. [JMS 2021, 22, 7021
B. Kubiak*, T. Muziol, G. Wrzeszcz, A. Radtke, P. Golinska, T. Jedrzejewski, S. Wrotek,

P. Piszczek*, Structural Characterization and Bioactivity of a Titanium(I'V) — Oxo Complex
Stabilized by Mandelate Ligands. Molecules 2024, 29, 1736

Oswiadczam, ze m§j udziat w artykule P2 dotyczyt prac zwigzanych z zaplanowaniem

i wykonaniem badan spektroskopii EPR probek: PMMA + (1) 10 wt.%. PMMA + (2) 10
wt.%, PMMA + (3) 20 wt%, PMMA + (4) 20 wt%. Odpowiadalem takze za
przygotowanie rysunkow, analizg oraz dyskusje otrzymanych wynikow.

Oswiadczam, ze moj udziat w artykule P3 dotyczyt prac zwiazanych z zaplanowaniem

i wykonaniem badan spektroskopii EPR probek: PCL + 20(1), PCL + 20(2).
Odpowiadatem takze za przygotowanie rysunkow, analize oraz dyskusj¢ otrzymanych
wynikow.

Oswiadczam, ze moj udziat w artykule P4 dotyczyt prac zwigzanych z zaplanowaniem

- 1 wykonaniem badan spektroskopii EPR probek: PMMA, PMMA + (1) 2 - 20 wt.%

proszek (1). Odpowiadatem takze za przygotowanie rysunkow, analize oraz dyskus;j
otrzymanych wynikow. o oo

6"”“”?0& Whaenie,
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P6. B. Kubiak*, A. Topolski, A. Radtke*, T. Muziot, O, Impert, A. Katafias, R. van Eldik,
P, Piszczek, Analysis of Photocatalytic Properties of Poly(Methyl Methacrylate)

Composites with Titanium(IV) and Ruthenium([II) Complexes. Applied Sciences, 2025,
15(4), 1679

. Oswiadczam, 2¢ mdéj udzial w artykule P6 dotyczyl zaplanowania badan
spektroskopowych prébek: (4), (5), PMMA + (4) 2- 20 wi.%, PMMA + (5) 2- 20 wt.%.
Odpowiadatam takze za weryfikacje treéci i edycie manuskryptu.
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Tetranuclear Titanium(IV) — Oxo Complexes as Materials Exhibiting the Photocatalytic
and the Antimicrobial Activity. ZJMS 2021, 22, 7021

1.  Os$wiadczam, ze méj udzial w artykule P3 dotyczyt wspotpracy przy badaniu aktywnosci
fotokatalitycznej prébek: PCL, PCL + 5(1), PCL + 5(2), PCL +20(1) i PCL + 20(2).
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