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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



Crystals 2023, 13, 998 6 of 21

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.
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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, n.x = 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.



Crystals 2023, 13, 998 11 of 21

b) Vis
a) UV 100% -
100% -
0 90% -
R 90% - = 8o
= 80% - T 80% 1
s 70% 4 ’E 70% -
IE a 600!
E oo | T 60% 4
E 60% ,g N
E 50% A = 50% A
T 40% - g 40% -
o ,
< 30% (e} E 30% 4
= ¢ ,
S 20% 4 20% s
10%3 10% Q g ¢
0% — Qj

T T T T T 1 T T T T T T T

0 [} 8 10 12 14 16 18 ] 8 10 12 14 16 18 20 22 24
. Time [h]
Time [h] © PMMA © MB
@ PMMA © MB

® PMMA + (1) 20 wt.% APMMA + (2) 20 wt.%

o/ 0,
¢PMMA +(1)20wt% APMMA+Q2)20 wt% OPMMA + (4) 20 wt.% O PMMA + (5) 20 wt.%

O PMMA +(4) 20 wt.% OPMMA +(5) 20 wt.%

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).
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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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curves (TGA) (a,c) and the differential scanning calorimetry curves of (DSC) (b,d) of the TOCs (1),(2)
and produced composite materials; Figure S3: Structures of {T,Oy,} cores in molecules (1), (2), (4), and
(5) oxo complexes, and values of HOMO-LUMO gap; Figure S3: The results of the photocatalytic
process repeatability studies of PMMA + TOCs 20 wt.% composite samples (TOCs = (1), (2), (4) and
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