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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(IlI) 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



Appl. Sci. 2025, 15, 1679

40f23

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.

(a) 77 (b)
o 6 1 —(4)
> —(5)
g 2 2
= =31 275eV(S)f 278eV(4)\
1 1 2 /"ll
3.12eV (1) 1
0 T T 0 | T
1 3 5 1 B ey €
Energy (eV) nergy (e¥
1 (c) 3 - (@
2 4
A05 + —(1) A —(4)
1 4 —(5)
0 L] T 1 0 T T 1
200 400 600 800 200 400 5 (um) 600 800
A (nm)

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).

) (b)
- —PMMA
_lleMA+ — —PMMA + (2) 2 wt.%
0)2we 15 —PMMA + (2) 5 wt.%
==EMMAFo WS —PMMA + (2) 10 wt.%
=SENINEA-+ () 10wt % 1 —PMMA + (2) 20 wt.%
—PMMA +(1)20wt.% A
05
T 1 0 | T T 1
400 600 800
A (nm) 200 400 & Caid) 600 800
(d)
—PMMA 2 —PMMA
—PMMA + (3) 2 wt.% —PMMA + (4) 2 wt.%
—PMMA + (3) 5 wt.% 15 —PMMA +(4)5 wt."/:
—PMMA + (3) 10 wt.% —PMMA + (4 10 wt%
—PMMA +(3)20wt% A 1 —PMMA + (4) 20 wt.%

00 800 200 400 0 800
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(e) —PMMA

2 —PMMA + (5) 2 wt.%
—PMMA + (5) 5 wt.%

15 —PMMA + (5) 10 wt.%

—PMMA + (5) 20 wt.%

200 400 & Can) 600 800

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
X
= 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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100% A

100% - 100% -

90% - cycle 1 90% - cycle 2 90% - cycle 3
S 80% S 80% £ 80% A
& 70% § 70% § 70% |
-] i ® oo K ¥
N 60% + N 60% N 60% -
5 s0% | h _.g 50% h _.§ 50% - t
§ 40% o § 407 o 3 40% - o
< [u1] e ] = u
Q2 30% - B 30% - 8 30% -
= 20% = 20% - ¢ = 20% - 4]
10% 4 m 10% 4 m 10% 4 m
0% B——————+——— 0% B—————————— 0% E — ——
) 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time [h] Time [h] Time [h]
PMMA + (2) 20 wt.%
100% - 100% - cycle 2 100% - cycle 3
90% cycle1 90% - 90% -
& 80% A & 80% A & 80%
g 70% A g 70% g 70%
B} h b= B=)
S 60% A e 60% & 60%
R N < N A
E 50% A o £ 50% - 5 £ 50% A
S 40% 4 m S 40% S 40%
= 30% = 30% - Q = 30% 3
8 20% - o B 20% | < B 20% A
= N = o = o
10% A m 10% - ¢ 10% 4
0% B T T T ) 0% < - . : \ 0% T T T )
0 10 20 30 40 0 10 20 30 40 10 20 30 40
Time [h] Time [h] Time [h]

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(Ill) 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
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correspond to L3 and two latter features correspond to L, edges). Pre-edge features were visible at ca.
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studied reactions relative to the composites irradiated by UV light; Figure S6. Changes in the
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PMMA + (1)—(5) 2-20 wt.% irradiated with Vis light; Table S6. Decolorization percentages of MB
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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.%),
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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
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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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