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Probing mechanism of Rhodamine
B decolorization under
homogeneous conditions via pH-
controlled photocatalysis with
anionic porphyrin

Aleksandra Lesniewicz® & Anna Lewandowska-Andralojc%2**

Porphyrins are acknowledged for their efficacy as photosensitizers and show potential for the
treatment of water contaminated with diverse dyes. This research emphasizes the use of meso-
tetra(4-sulfonatophenyl)porphyrin (TPPS) as a photosensitizer for purifying water contaminated

with rhodamine B. Investigations were conducted under homogeneous conditions using visible light
irradiation, revealing the efficacy of the porphyrin in the decolorization of rhodamine B strongly
depends on pH of the solution. This study demonstrated that within 120 min, the decolorization
process rapidly removed about 95% of RhB at an initial pH of 3.0, while at pH 6.0, the removal rate
was significantly lower, at only 12%. An extensive photophysical study of the TPPS was carried out at
pH 6.0 and pH 3.0 including absorption and fluorescence spectra, fluorescence quantum yields, triplet
absorption spectra, triplet lifetimes, triplet and singlet oxygen quantum yields in order to explain
difference in the efficiency of RhB discoloration. A thorough investigation into mechanism revealed
that neither reactive oxygen species nor singlet oxygen played a role in RhB decolorization within this
system. Instead, the predominant route was found to be the electron transfer from photoexcited TPPS
to RhB, followed by proton transfer at pH 3.0, leading to the generation of a colorless leuco form.

Keywords Dye photodegradation, Photocatalysis, Anionic porphyrin, Rhodamine B, Time-resolved
spectroscopy, Scavengers

The discharge of dyes from textile processes into the environment has emerged as a significant source of
water pollution, contributing to the hazard of organic compounds. About 15% of the total world production
of dyes (700,000 tons per year) is released in textile effluents during textile dyeing'. The discharge of highly
colored waste can affect the aquatic organisms either directly due to the toxicity of most dyes or indirectly
by preventing their biological processes by impeding light penetration. Rhodamine B (RhB), a widely utilized
xanthene dye with applications spanning various industries, has garnered attention due to its widespread use
and potential environmental impact?®. The high photostability of RhB, attributed to the rigid structure of the
rhodamine molecule *, leads to its accumulation in the environment. Unlike other xanthene dyes (eosin Y, rose
bengal), RhB has a very low efficiency in forming triplet states, which limits its application as a photocatalyst®.
Several techniques have been developed, including chemical and biological purification, physical and chemical
adsorption, photocatalytic degradation and combined methods to remove this carcinogenic and neurotoxic dye
from wastewater. Photocatalytic decomposition is an effective as well as a low-cost degradation method®%.

The standard method for assessing the photocatalytic RhB transformation is by tracking the fading of its
distinct absorbance peak at 554 nm. However, deducing the specific mechanisms behind the disappearance of RhB
absorbance solely from UV-VIS spectra is not feasible, as it could result from a variety of processes (Fig. 1). These
include (i) photodiscoloration owing to adsorption phenomena, (ii) direct photolysis (iii) photodiscoloration
owing to reduction into colorless leuco form (iv) dye self-sensitization effects, (v) genuine photodegradation
leading to the formation of stable byproducts or (vi) complete mineralization, resulting in the production of
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Fig. 1. Various possible processes leading to the discoloration of rhodamine B.

CO, and H,0, leaving no residual contaminants>!°. In order to design more efficient photosensitizers for RhB
degradation it is important to understand the mechanism involved in the phototransformation of RhB.

For example, it is known that rhodamine B under irradiation with visible light in the presence of a
photocatalyst, may undergo the N-deethylation process. This involves the subsequent detachment of ethyl groups
from the amino nitrogen atoms, resulting in a hypsochromic shift of the absorption and emission maxima'’. The
process takes place when the photocatalyst is sensitized by RhB excited with visible light. Otherwise, when the
photocatalyst is directly excited, RhB undergoes non-selective oxidation by generated reactive oxygen species,
resulting in the chromophore decomposition. Additionally, a decrease in absorbance may also indicate formation
of the leuco form of RhB, which is the product of a direct reduction of RhB with electrons!2.

The use of organic photocatalysts, such as porphyrin-based catalysts, represents a promising approach for the
remediation of dye pollutants due to their strong light absorption in the visible spectrum and their ability to act as
powerful oxidants in excited states'®. An organic photocatalyst can induce pollutant photooxidation via an initial
electron transfer between its excited state and the contaminant (Type I mechanism). Alternatively, pollutant
degradation can also be initiated by singlet oxygen generated by the photocatalyst (Type II mechanism)'.
Organic homogeneous photocatalysis is primarily driven by organic dyes and transition metal complexes.
However, in terms of sustainability, organic dyes are more economical, environmentally benign, and easy to use.
A significant drawback of organic dyes is their inability to be recovered and reused. One strategy to address this
issue is their heterogenization, such as immobilization on solid materials like silica or TiO,, which improves
reusability. 1718 It is important to note that the adsorption of an organic dye onto a solid support may also affect
the mechanism of pollutant degradation.

Among organic dyes, porphyrins have garnered significant attention as photocatalysts in the last years.
Anionic porphyrins, such as meso-tetra(4-sulfonatophenyl)porphyrin (TPPS), stand out due to their water
solubility, stability, and photochemical reactivity, making them excellent candidates for harnessing light energy
to drive the degradation of organic pollutants. Several studies have highlighted the successful application of TPPS
in water treatment, showcasing its potential for addressing the challenges associated with organic pollutants??~%°.
While various studies have explored the photocatalytic capabilities of TPPS porphyrin, most of these
investigations have concentrated on aggregated forms of TPPS porphyrin®*?’. Our study, however, concentrates
on the monomeric form of TPPS, which allows for a more detailed exploration of the mechanistic pathways
involved. Homogeneous porphyrins, in contrast to their aggregates, are known to effectively form triplet which
further can be involved in two possible mechanistic pathways in a photocatalytic process: energy transfer (to
form singlet oxygen, Type II ) and electron transfer from the triplet excited state (Type I). An intriguing aspect
that led us to investigate phototransformation of RhB by TPSS was the significant impact of pH on process
efficiency, which proved to be a critical factor. The main functions and mechanisms of action for porphyrin type
molecules are based on their photophysical properties, therefore by applying various spectroscopic methods we
could identify parameters responsible for the enhanced activity under acidic pH.

TPPS can exist in homogeneous aqueous solutions in various protonation states. The pK values of its first and
second protonations are very close to 5.228, Therefore, at neutral pH, the TPPS molecule exists in the tetra-anionic
form (TPPS*) and appears pinkish in solution. At pH 3.0, the solution turns green, indicating protonation at
pyrrolic nitrogen within the porphyrin core (H,TPPS*) (Fig. S1). This paper aims to systematically probe the
effect of pH on the photodegradation of RhB mediated by the anionic porphyrin TSPP. Through a combination
of spectroscopic analyses, kinetic studies, and mechanistic investigations, we endeavor to unravel the pH-
dependent intricacies governing the photochemical reactivity of this catalytic system. Our findings not only
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contribute to the fundamental understanding of the phototransformation process but also provide valuable
insights for optimizing the efficiency of porphyrin-based catalysts in diverse environmental contexts.

Materials and methods

Reagents and materials

Meso-tetra(4-sulfonatophenyl)porphyrin (TPPS) (> 95%), tetraphenylporphyrin (TPP) (=99%), meso-tetra(4-
N-methylpyridyl)porphyrin (TMPyP) (>97%), rhodamine B (RhB) (>95% purity for HPLC), deuterium
oxide (D,0) (99.9 atom %D), tert-butanol (t-BuOH) (suitable for HPLC, > 99.5%), sodium iodide (NaI)(ACS
reagent, >99.5%) 1,4-benzoquinone (BQ) (reagent grade, > 98%), sodium azide (NaN,) (purum p.a.,>99.0%)
and ethanol (EtOH) (>99.9% (GC), gradient grade, suitable for HPLC) were all purchased from Sigma-Aldrich
and used with no further purifications. Meso-tetra(4-carboxyphenyl)porphyrin (TCPP) (> 97%) was purchased
from Porphyrin Systems. All experiments were performed in Mili-Q water or deuterium oxide as a solvent. The
pH of the solution was adjusted with an HCI solution. The stock solution of TPPS (8.6 uM) was prepared by
dissolving the porphyrin in water. The stock solution of RhB (33 uM) was prepared by dissolving the compound
in ultrapure water. The stock solutions were protected from light and stored at room temperature until use.

Experimental apparatus and methods

Cary 100 UV-Vis two-beam spectrometer was used to record UV-Vis absorption spectra in the range from 800
to 200 nm with 1 nm step, using quartz cells with various optical path length (2-10 mm). Fluorescence spectra
were recorded in the range of 630-800 nm on a JASCO FP-8550 spectrofluorometer for diluted solutions with an
absorbance at the excitation wavelength lower than 0.1.

Fluorescence quantum yield of compounds TPPS have been determined by preparing series of dilution
ranging in absorption from 0.04 to 0.10 and excited at 422 nm. TPP has been used as standard in experiments to
determine fluorescence quantum yield?*. The following equation have been applied to determine the quantum
yield of fluorescence:

(1)

- dl
Op, = Pt ( Gra )
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where ST stands for the standard, X stands for the respective TPPS at various pH, ®sr is the quantum yield
of standard, ®p, is the quantum yield of TPPS, Grad is the gradient from the plot of integrated fluorescence
intensity versus optical density. A solution of tetraphenylporphyrin (TPP) in ethanol was used as a standard
sample (@, =0.15)%.

The fluorescence lifetimes were measured on a Fluorescence Lifetime Spectrometer (FluoTime300 from
PicoQuant) with a detection system based on time-correlated single-photon counting (TCSPC). The emission
decay lifetimes were acquired using 437 nm diode laser as the excitation source. In addition, an instrument
response function (IRF) was obtained using Ludox solution (colloidal silica). Singlet oxygen measurements
were conducted via direct method. The direct measurements of singlet oxygen emission were carried out on a
FluoTime 300 fluorescence spectrophotometer with an NIR PMT detector H10330-45 (Hamamatsu) equipped
with a 1000 nm long-pass filter. The samples were excited at 437 nm using a high repetition rate 40 MHz
picosecond laser diode (LDH-437 nm, PicoQuant). Data collection was performed using a computer-mounted
PCI-board multichannel scaler (NanoHarp 250, PicoQuant). The TSPP absorbance was adjusted to be 0.2 at
the excitation wavelength. The time-resolved measurements (decay traces at A=1270 nm) were collected using
a so-called “burst mode”, in which the sample is first excited using multiple pulses of the laser to build up the
population of singlet oxygen and then left to decay in the 500 us time window. The experiment was performed
in D,0. 10 mm X 10 mm quartz cells were used for all time-resolved emission measurements. The setup for
the nanosecond laser flash photolysis (LFP) experiments and the data acquisition system have been previously
described in detail*®. LFP experiments employed a Nd:YAG laser (355 nm, 5 mJ, 7-9 ns) for excitation. Transient
decays were recorded at individual wavelengths by the step-scan method with a step distance of 10 nm in
the range of 380 to 800 nm as the mean of 8 probe pulses. Solutions for LFP were deoxygenated with high-
purity argon for 45 min prior to the measurements. Experiments were performed in rectangular quartz cells
(10 mm X 10 mm). Details of the method of determination of the quantum yields of intersystem crossing (;5¢)
is described Supplementary Materials®!.

The femtosecond transient absorption spectroscopy setup consisted of a short-pulse titanium sapphire
oscillator (Mai Tai, Spectra Physics, 70 fs) followed by a high-energy titanium sapphire regenerative amplifier
(Spitfire Ace, Spectra Physics, 100 fs). The 800 nm beam was split into two beams to generate: (1) a pump
(A, =420 nm) from the optical parametric amplifier (Topas Prime with a NirVis frequency mixer) and (2) probe
pulses in the UV-Vis range by using sapphire plate (Ultrafast Systems, Helios). The temporal resolution of the
setup is about 200 fs. For transient UV-Vis measurements a quartz cell with 2 mm optical path of solution was
used with the absorbance of about 0.4 at the excitation wavelength. The sample solution was stirred by a teflon-
coated bar. Typical pump pulse energy was about 0.2 pJ. All experiments were performed at room temperature.
Analysis of the transient absorption data was made using Surface Explorer software (Ultrafast Systems).

The acquired experimental data were analyzed using the commercial program OriginPro 2023b.

Phototransformation of RhB in aqueous solutions
For photodegradation experiments, the stock air-saturated aqueous solutions of RhB and TPPS were mixed to
obtain a 3 mL solution with desired RhB and TPPS concentration by dilution with Milli-Q water. Solutions of RhB
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with the porphyrin were placed in quartz cuvette and irradiated using 150 W Xe lamp (Newport Corporation)
with cut-off filter A >400 nm (spectral irradiance at 0.5 m from our Xe lamp is 20 mW m™nm™! at 420 nm) or
diode laser 505 nm (Thorlabs Mounted LEDs, M505L4, 6.5 pW/mmz) or 420 nm (Thorlabs Mounted LEDs,
M420L3, 6.5 pW/mm? The mixture was irradiated for a certain time with continuous stirring at 800 rpm. All
experiments were performed at room temperature. All experiments were performed on air-saturated solutions
unless otherwise stated. At various time intervals the samples were analyzed by UV-Vis spectroscopy and the
removal % was calculated from Eq. 2:

Removal % = [(Ao — At) /A, x 100 (2)

where A and A, are the initial absorbance at 554 nm, the maximum absorbance for RhB and at time ‘¢’ of
irradiation, respectively.

For the data analysis of the RhB photodegradation in the presence of porphyrin first order kinetic Eq. (3) was
used to fit the data:

C
In— = —kt
nC{, (3)

where k is the first order rate constant, and ¢ is the irradiation time.

Results

Photocatalytic transformation of RhB

Initially, the stability of RhB was tested by exposing the aqueous dye solution to visible light for 2 h. As shown in
Fig. 2, in the control experiment without any photocatalyst added, only a minor degradation of RhB molecules
(5% after 2 h) was observed. The dye demonstrated high stability, showing negligible degradation observed under
illumination. High photostability of the RhB is attributed to the rigid structure of the rhodamine molecule?.
Afterwards, samples of RhB in the presence of TPPS in aerated aqueous solutions were irradiated for 2 h under
visible light with constant stirring. (Fig. 2a). The activity of the TPPS* at pH 6.0 was quite modest, with only
12% RhB decomposition observed after 2 h of irradiation. Notably, the activity of H,TPPS*" at pH 3.0 was
significantly higher, resulting in 95% RhB decomposition after the same time (Fig. 2b).

The almost complete disappearance of RhB after 2 h of irradiation in the presence of H,TPPS*" at pH 3.0
was evidenced by the clear discoloration of the sample (inset in Fig. 2a). The control test, conducted in the dark
with porphyrin and RhB present, showed no degradation. The calculated pseudo-first-order rate constants are
k=7.4x107 min! and k=6.7x 10 min™ at pH 3.0 and pH 6.0, respectively, which is confirmed by the good
fitting to Eq. (3) to the experimental data values (Supplementary Fig. S2). The calculated pseudo-first-order rate
constant k for H,TPPS* at pH 3.0 is one order of magnitude higher than for TPPS* at pH 6.0.

To understand the impact of initial pH on the RhB degradation process by TPPS, experiments were conducted
across a broader pH range: pH 2.0-8.0. The effect of the pH on the removal of RhB is illustrated in Fig. 3a. The
results of these experiments revealed that the RhB removal decreased with increasing pH; the highest color
removal efficiency was observed at the pH value of 3.0. Consequently, pH 3.0 is identified as the optimal pH
for RhB degradation and selected for subsequent experiments. At higher pH values (pH > 6.0), the degradation
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Fig. 2. Photodegradation of RhB (7.5 uM) under visible irradiation with Xe lamp (1 >400 nm) of aerated
aqueous solutions with stirring at 800 rpm a) UV-Vis absorption spectra changes for RhB upon irradiation in
the presence of H,TPPS*" (15 uM) at pH 3.0; inset: photograph of the solution before and after 2 h irradiation,
b) photocatalytic activities for RhB degradation using TPPS*” (15 uM) at pH 6.0 (pink), at pH 3.0 (green), a
control test without porphyrin at pH 6.0 (blue) and pH 3.0 (star).
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Fig. 3. a) Effect of pH on photodegradation of RhB (7.5 uM) [TPPS]: 5.0 uM b) effect of the initial
concentration of H,TPPS* on photodegradation of RhB at pH 3.0. Conditions: irradiation with Xe lamp
(A>400), aerated aqueous solutions, stirring at 800 rpm, T=298 K.

of RhB was almost completely inhibited. Below pH 3.0, porphyrin tends to aggregate due to cooperative m-nt
electrostatic interactions between ionic substituent groups and protonated porphyrin core. **** That could
potentially also affect the efficiency of RhB photodegradation.

To ascertain the correlation between the photodegradation of RhB at various pH and the properties of TPPS,
control experiments were conducted. These experiments revealed negligible photodegradation of RhB in the
absence of TPPS at the pH 3.0 and 6.0 (Supplementary Fig. S3). Additionally, comparative photodegradation
experiments of RhB were conducted at pH 6.0 and pH 3.0 using another commonly used in photocatalysis anionic
porphyrin, tetra-(4-carboxyphenyl)porphyrin (TCPP), instead of TPPS. However, RhB removal efficiency was
negligible at both pH levels when TCPP was utilized (Supplementary Fig. S4). These findings underscore the
unique properties of TPPS in facilitating the pH-dependent photodegradation of RhB. Figure 3b shows the
effect of H,TPPS* concentration on photodegradation at pH 3.0. Notably, the most efficient concentration of
H,TPPS* was 20 uM, resulting in complete RhB photodegradation after 1 h of irradiation.

Mechanistic evaluation

In our exploration of the photocatalytic removal of RhB using the anionic porphyrin TPPS, a striking increase
in decolorization efficiency has been noted, particularly in acidic pH environments. This finding suggests a
link between the protonation status of the TPPS core and its photocatalytic prowess. Nevertheless, to fully
comprehend the underlying mechanism of RhB discoloration under these conditions, a more detailed study
was warranted. Initially, we hypothesized that differences in TPPS’s activity toward RhB could be discerned
through a comparative analysis of its spectroscopic properties at pH 3.0 and pH 6.0. Consequently, our study
meticulously characterized TPPS across various states to shed light on this phenomenon.

Evaluation of TPPS spectroscopic properties

At neutral pH, the TPPS molecule exists in the tetra-anionic form TPPS* and is pinkish in solution (Fig. S1).
However, at pH 3.0, a notable color shift occurs, with the solution turning green, indicating protonation at
pyrrolic nitrogen in the porphyrin core (Fig. 4). The absorption spectrum of H,TPPS*" in aqueous solution
at pH 3.0 exhibits distinct bands at 434 nm (Soret band) and 550, 594, 645, and 708 nm (Q bands) whereas
the TPPS* form at pH 6.0 displays bands centered at 414 nm (Soret band) and 516, 552, 580, and 634 nm (Q
bands) (Fig. 4 and Table S1). The Soret band denotes the S _-S, transition. In the visible region of the porphyrin
spectrum there are four weak bands called the Q bands that correspond to S _-S, transitions*. The considerable
spectral changes as a function of pH stem from the protonation of the pyrrole nitrogen atoms in the center of the
porphyrin ring. Notably, both forms of porphyrin exhibit comparable molar absorption coefficient values at the
Soret band maximum (Table S1).

From the perspective of photocatalysis, the stability of the compound is crucial. It was observed by UV-
VIS spectroscopy that aqueous solution of both forms of porphyrin, H,TPPS?*"and TPPS*’, remained stable
throughout 24 h timeframe (Fig. S5). Extensive studies on porphyrins have shown that water-soluble derivatives
are particularly prone to undergoing cooperative n-m electrostatic interactions between ionic substituent groups
and the electron- rich central nitrogen atoms, leading to aggregation®». It is established that TSPP can aggregate
under conditions of high ionic strength and low pH*. Given that this study focuses on RhB photodegradation
under homogeneous conditions, it was imperative to ascertain the absence of TPPS aggregates. Although the
formation of aggregates was deemed unlikely under the conditions utilized in this study — owing to relatively
low porphyrin concentrations (<20 uM) and low ionic strength (107 ) - we carefully compared the UV-Vis
spectra of TPPS solutions at pH 6.0 an pH 3.0 used for RhB degradation experiments, with the UV-Vis spectra
of TPPS aggregates prepared according to ref.3® (Supplementary Fig. $6). TPPS aggregates are characterized
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Fig. 4. pH dependent absorption spectra of a porphyrin TPPS (3.1 uM) in aqueous solution.
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Fig. 5. (a) Normalized emission spectra of aqueous solution of TPPS at pH 3.0 (green) and at pH 6.0 (pink)
measured at excitation 422 nm (A ,,  =0.05) (b) decay of TPPS fluorescence recorded in at pH 3.0 (green)
and pH 6.0 (pink) prompt (grey); A, =437 nm, A, =660 nm for pH=3.0 and A, =640 nm for pH 6.0; black
lines show the monoexponential decay fits.

by a distinctive band with maximum at 490 nm, which was not evident in our TPPS solutions (Supplementary
Fig. $6). Based on that presence of TPPS aggregates under our experimental conditions was found to be highly
unlikely.

Subsequently, the excited-state properties of TPPS were evaluated by means of steady-state and time-resolved
absorption and emission techniques. The measured excited-state properties of the porphyrin at pH 6.0 and
pH 3.0 included the lifetimes of the lowest singlet excited state (S,) (t,) and triplet state (T,) (z;), the S, >S;
fluorescence quantum yield (@), and the yield of S, > T, intersystem crossing (@) The yield of S, > S internal
conversion was obtained by calculating the difference @, =1 - @, - @.. Rate constants of the fluorescence (k),
intersystem crossing (k ), and internal conversion (k; ) were obtained from the quantum yield of the respective
process via the equation k, = ®,/7,, where P=E ISC or IC.

The fluorescence spectra of both forms of the TPPS porphyrin are shown in Fig. 5a, with select photophysical
properties summarized in Table 1. The fluorescence quantum yield was determined following the method
described by Williams et al.”, which involves the employing well-characterized standard samples with known
@, values and measuring emission spectra for a series of concentrations of TPPS (Supplementary Fig. S7).

Upon excitation at 422 nm, TPSS at both pH values exhibited a broad fluorescence spectrum in the range
of 625 to 750 nm. At pH 6.0, TPPS* displayed a broad emission comprising two unresolved Q(0,0) and Q(0,1)
bands at ca. 640 nm and 702 nm, respectively, with a quantum yield of 0.18. As shown in Fig. 5a protonation
reduced the two fluorescence bands (Q (0, 0) and Q (0, 1)) to just a single broad structureless band (Q(0,
0)) with the maximum at 660 nm. Upon protonation of the TSPP molecule through the addition of HCI, the
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A(nm) | 7 (ns) | @, | D | Do | k(107 | ki (10757 | k(107 s7) | Adg . (em™) | Eg, (kJ/mol)
TPPS* 639 10.05 0.18 [ 0.30 | 0.52 | 1.8 4.9 2.9 147.9 187.3
HZTPPS} 660 3.85 0.11 | 047 | 0.50 | 2.7 10.9 12.2 5354 182.5

Table 1. Spectroscopic properties of singlet excited state S,: S, lifetimes (), fluorescence (®y), triplet (®.)
and internal conversion (@) quantum yields and the rates constants of intersystem crossing (k.), radiative
(k;) and internal conversion (k;y.), Stokes shift (AAy ) and S, energy level (Eg,) of protonated and non-
protonated TPPS in water.

second emission band Q(0,1) diminished - a phenomenon well-documented for protonated porphyrins.
The fluorescence quantum yields @y, also underwent changes upon macrocycle protonation, with the emission
quantum yield at pH 3.0 found to be 0.11. Protonation or deprotonation events have the potential to alter non-
radiative decay pathways, thereby influencing the interplay between radiative and non-radiative processes
governing fluorescence emission.

The fluorescence lifetime calculated from the emission decay was 3.85 ns for TPPS in an acidic environment
and 10.05 ns under pH 6.0 (Fig. 5b). Protonation shortened the fluorescence lifetime of the molecule. Considering
the results obtained from both steady-state and time-resolved emission experiments, it can be concluded that
the formation of the protonated species leads to an increase in the fluorescence probability k.. However, due to
competition with enhanced radiationless deactivation rates, the fluorescence quantum yield @y, decreases for the
protonated form. One can point out the substantial quantum yield of the internal conversion in both forms of
TPPS, with significantly higher value for the protonated TPPS. Smaller @, and @, values for the protonated
TPPS are mainly at the expense of the internal conversion.

Thus far, we have investigated the properties of the singlet excited states of TPPS. Nanosecond transient
absorption spectroscopy served as an additional tool to get further insight into the excited-state photophysics
of the triplet state of TPPS. This technique enabled the study of the triplet excited state lifetime and transient
absorption spectra for TPPS. Nanosecond transient absorption difference spectra were acquired for deoxygenated
TPSS solution in water at pH 6.0 and 3.0 (Fig. 6). The resulting difference spectra for H,TPPS*" exhibited an
intense ground-state bleach at ~430 nm and a less intense band at 650 nm (Fig. 6¢). Both bands match the
position of the ground-state absorption spectrum. The positive signal with a maximum at 500 nm can be
attributed to the triplet state absorption as confirmed by its quenching in the presence of oxygen. In addition,
a low-intensity signal in the region of 700-800 nm was also observed. Upon laser excitation at 355 nm, TPPS
at pH 6.0 exhibited a strong bleaching peak, identical to the ground state peak at 410 nm and the triplet state
absorption around 430-500 nm, consistent with the literature data (Fig. 6a)>"*. The triplet lifetimes for TPPS at
pH 3.0 and pH 6.0 were obtained from monoexponential fits of the bleach recovery (435 nm and 415 nm) and
transient decay (450 nm and 500 nm) (Fig. 6b, d, Table S2). Both kinetic traces were characterized by the same
time constant for corresponding pH values. The TPPS triplet lifetime was found to be 146 us and 320 us at pH
3.0 and pH 6.0 respectively.

The T, quantum yield (@) is one of the most important characteristics in the study of the photochemical
properties of porphyrins. The @ . values were determined by adopting the methods recently developed by
Gongalves et al.’! (see details in Supplementary). @ for TPPS* and H,TPPS*" were found to be 0.52 and 0.50,
respectively (Fig S8, Fig. S9, Table S2).

High values of @y indicates that the S, > T, intersystem crossing dominates the decay of the S, excited state
in both forms of TPPS. Since various oxygen forms could potentially play a role in the photodegradation of RhB
in the presence of TPPS, it was of interest to determine the bimolecular rate constant for the quenching of triplet
excited state of TPPS by O,. The triplet lifetimes of both TPPS forms were strongly reduced in the presence of
oxygen under ambient conditions (Table S3, Supplementary Fig. S10). The bimolecular quenching rate constants
of TPPS by oxygen (kq) in air-saturated solutions were obtained from Eq. (4):

IsC

To

- = 1+ ky7,[09] (4)

where 7, is the lifetime of triplet states in degassed solutions and 7 is the lifetime of triplet state in air-saturated
solutions. Assuming [O,] concentration of 1.22 mM (in water)?® we calculated k_based on Eq. (4) (Table
S3). The bimolecular rate constant k_ for the quenching of triplet states of TPPS by oxygen was found to be
5.0%10° M s and 5.3 10° M! s”! for pH 3.0 and pH 6.0, respectively.

Finally, to quantitatively evaluate the ability of TPPS to produce singlet oxygen, singlet oxygen generation was
monitored in real-time through time-resolved measurements of its 'O, phosphorescence*'. Figure 7 displays
the tail of the time-resolved singlet oxygen decay at A =1270 nm for TPPS at two pH values. The singlet oxygen
decay was fitted to a lifetime of 65 ps. This lifetime value aligns well with the published literature values for
the lifetime of singlet oxygen in D,0*. Based on the comparison of the signal amplitude with the reference
compound TMPyP (¥, =0.74)®, it was calculated that the quantum yields of singlet oxygen generation was 0.58
and 0.59 for TPPS in pH 3.0 and pH 6.0 respectively. High value of singlet oxygen quantum yield for TPPS form
suggests that it might find application in photodegradation of organic dyes.

In summary, both forms of porphyrin, TPPS* and H,TPPS*" exhibited significant absorption in the visible
range with similar molar absorption coefficients, nearly identical intersystem crossing efficiency, long-lived
triplet state, and comparable singlet oxygen generation efficiency. The strikingly similar properties of both
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Fig. 6. Transient absorption spectra (a and c) and decay profiles (b and d) obtained during laser flash
photolysis (with excitation at 355 nm) of deoxygenated aqueous solutions of TPPS at a) pH 6.0 ([TPPS*
]=6.5uM); c) pH 3.0 ([HZTPPSZ’] =7.7 uM); monoexponential decay fits shown as black lines.
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porphyrin forms, crucial from the perspective of photocatalysis, do not provide a clear explanation for the
substantial increase in activity towards RhB photodegradation at pH 3.0. This indicates the necessity for further
research to understand the mechanisms underlying this phenomenon.

Discussion on possible mechanistic pathways

As discussed in the Introduction, the phototransformation of RhB manifested by the decrease in the
characteristic absorbance peak at 554 nm can occur through various pathways (Fig. 1). These pathways include:
(i) photodiscoloration due to adsorption phenomena, (ii) photodiscoloration due to reduction into a colorless
leuco form (iii) RhB self-sensitization effects, (iv) photodegradation leading to the formation of stable organic
products, and (v) complete mineralization, resulting in the production of CO, and H,O with no residual
contaminants. In our homogeneous system, the adsorption of RhB on the photocatalyst can be disregarded.
Similarly, the possibility of photocatalytic transformations of RhB through N-deethylation can be ruled out, as
the anticipated hypsochromic shift in absorption, indicative of N-deethylation, was not observed**.

The remaining processes were investigated through the following methods: 1) photolysis of RhB in the
presence of TPPS, with radical and oxygen singlet traps 2) photolysis of RhB in the presence of TPPS using LED
that can selectively excite RhB, 3) emission and femtosecond transient absorption spectroscopy studies of TPPS
in the presence of RhB.

Although reactive oxygen species (ROS) are frequently associated with the photodegradation of organic
compounds,*~*7 their central role is not guaranteed. Therefore, it’s essential to carry out thorough trapping
experiments to precisely determine the mechanisms at play and pinpoint the true agents of the degradation
pathway. According to previous reports, the «OH, O," and 'O, were assumed to be the major active species
responsible for photocatalytic reaction?>*44>-47, Therefore, a series of additional experiments were conducted to
probe the mechanism involved in the visible light-induced RhB photodegradation by H,TPPS* at pH 3.0 (Fig. 8).
The discrimination among the produced ROS can be obtained by introducing radical-trapping agents during
light exposure. These scavenger molecules by interacting with photogenerated radicals, inhibit their reaction
with the organic dye. In particular, sodium iodide Nal, t-BuOH, and 1,4-benzoquinone (BQ) can be efficiently
used to scavenge photogenerated holes, hydroxyl radical (+OH) , superoxide radical O, , respectively'®*. In
addition NaN, is known to acts as singlet oxygen (*O,) scavenger. The results obtained (Fig. 8) show that RhB
degradation in the presence of t-BuOH follows almost the same kinetics as in the absence of the scavenger, as
confirmed by the coincidence of the experimental points with the pseudo-first order kinetic curve in the absence
of the scavenger. Therefore «OH are not the main oxidizing species in the process of RhB degradation.

It has been suggested that the reactive species responsible for the photooxidation of substrates by oxygen using
visible light activation of porphyrin involve singlet oxygen (*O,), generated by triplet-triplet energy transfer
from the excited state of porphyrin to oxygen. TPPS forms 'O, in high quantum yield (Table S3). Therefore, to
identify whether 'O, is involved in the photodegradation of RhB, we investigated the influence of NaN, on the
photodegradation process. The results show that the degree of RhB photodegradation remains unchanged in the
presence of NaN,. Thus, it is inferred that the mechanism for the photodegradation of RhB by H,TPPS* does
not to involve singlet oxygen processes.

However, a different situation was observed in the presence of BQ, where the RhB concentration decreased
by only 36% after 90 min of irradiation. The significant influence of BQ on photodegradation strongly suggests
that the dye photodegradation is largely caused by O,"-. It has been previously reported that the superoxide
anion radical (O,"-) plays a role in the photodegradation of pollutants®>**!. Surprisingly, experiment involving
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Fig. 8. Effect of radical-hole scavengers on the degradation rate of RhB (7.5 uM) by using TPPS (5.14 pM)
at pH 3.0: blue - 1,4-benzoquinone, black — Nal, red - no scavenger, green — t-BuOH; orange — NaN,.
Conditions: irradiation with Xe lamp (A >400), aerated aqueous solutions, stirring at 800 rpm, T=298 K,
Scavengers concentration: 10 mmol L.,
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irradiation of argon-saturated solution led to the decrease in the absorbance of RhB which was comparable to
that observed in air-saturated sample (Supplementary Fig. S11). Therefore, the possibility of direct interaction
between the photoexcited H,TPPS*" and BQ has been examined. It was found that both the singlet and triplet
excited states of H,TPPS*" can be quenched by BQ (details in Supplementary Material and Fig. $12). This
discovery suggests that conclusions drawn from trapping experiments using BQ must be approached cautiously,
as there is a risk of BQ directly interacting with the excited state of photocatalysts, thereby reducing the efficiency
of the photocatalytic process.

All our trapping experiments revealed that when the photocatalyst is directly excited, RhB does not undergo
non-selective oxidation by generated reactive oxygen species or react with singlet oxygen. Additionally, under
LED 505 nm irradiation, selective excitation of RhB did not induce a notable decrease in its absorbance
(Supplementary Fig. S13). Hence, the excitation of RhB followed by oxidation in the presence of TPPS does
not account for the observed transformation of RhB. This mechanism of RhB sensitization has been previously
proposed, for example, for the TiO, photocatalyst**.

It was found that only selective excitation of H,TPPS*" with 420-nm LED leads to efficient color removal of
the RhB (Supplementary Fig. S13). After excluding the action of ROS and N-deethylation process, the decrease
in absorbance may indicate the formation of the colorless leuco form of RhB, which is the product of the direct
reduction of RhB. It was reported that the formation of the leuco form of RhB can occur through a one-step
hydrogen atom transfer [H*=H* +e¢") or a two-step process involving electron transfer followed by proton
transfer>>3, It has been postulated that the H* forms a 0-bond with the nt-electron of C-9 carbon (marked with
an asterisk in Fig. 9) in RhB, which completely disrupts the conjugated structure and is the main cause of the
disappearance of color during the reduction process®>**. The mechanism of RhB photodiscoloration involving
two-step process of electron transfer followed by proton transfer would explain the enhanced removal of RhB
color under acidic pH>. This catalytic reduction technique has received significant attention due to its ease
of application, cost-effectiveness, cleanliness, and ability to rapidly purify contaminated water from colorful
organic dyes?. For example, silver nanoparticles on various supports in the presence of reductant such as NaBH,
were reported to efficiently remove RhB by reduction to leuco for >>%7. To validate the proposed reaction
mechanism, involving the direct reduction of RhB by the excited state of TPPS we investigated the interaction
between the excited state of TPPS and RhB, by monitoring the emission decay profiles of TPPS at pH 3.0 and pH
6.0 in the presence of varying RhB concentrations (Fig. S14). On the basis of the Stern-Volmer plot (the inset in
Supplementary Fig. S14a), the quenching rate constant (k ) calculated from the equation t,/t=1+k_t,[RhB] is
7.3x 10" M1 57! for pH 3.0. The value is reaching the diffusion control limit. It noteworthy that a very similar
value for the quenching rate constant was obtained for TPPS at pH 6.0 (Supplementary Fig. S14b), indicating
that the second step in the discoloration of RhB, namely proton transfer, is crucial for the overall process.

Femtosecond transient absorption measurements were carried out to further confirm deactivation of the
singlet excited state of TPPS by RhB, as expected from the emission experiments. The transient absorption
spectra recorded shortly after a 425 nm laser pulse excitation of TPPS exhibited absorption band with the
characteristic spectral shape of singlet excited states of porphyrins (Fig. S15)°%-%°. TPPS in its singlet excited state

S0y @ euco RhB
e SO~
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Fig. 9. Mechanistic scheme for the photodiscoloration of RhB in the presence of TPPS under acidic pH.
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has a broad, intense absorption band with a maximum at 460 nm and a Q-band bleach with maximum at 650 nm
that matches with the Q-band position observed in stationary UV-Vis absorption spectra. TA spectra recorded
in the presence of RhB are disturbed in the regions 500-600 nm due to significant absorption of probe light by
RhB in this region but besides this the TA obtained in the presence and absence of RhB show shape similarity.
Kinetic profiles at 460 nm recorded for TPPS in the absence and presence of RhB are depicted in Figure S16. It is
clear that within the same time observation window (3 ns), a significant difference can be seen between the two
investigated samples. Undoubtedly the kinetic profile at 480 nm for TPPS in the presence of RhB showed faster
decay dynamics compared with the TPSS in the absence of RhB.

The discoloration reaction of RhB was found to be catalytic, as under air-saturated conditions, the decrease
of the RhB concentration was nearly six time higher that the corresponding depletion of H, TPPS?". Interestingly,
the depletion of H,TPPS*" was significantly more pronounced when visible light irradiation of RhB in the
presence of H,TPPS?* was performed under argon-saturated condition (Supplementary Fig. $17).

Based on the obtained results, the mechanism for the discoloration of RhB in the presence of HZTPPSZ’ was
proposed (Fig. 9). As discussed earlier, the excited TPPS may undergo a series of energy-transfer and electron-
transfer reactions generating reactive oxygen species (ROS) such as singlet oxygen or superoxide radical.
Generally, the degradation of organic compounds can be initiated indirectly by ROS or directly by interaction
with the excited state of TPPS. Initially, by applying scavengers, we ruled out ROS and singlet oxygen as reagents
involved in the RhB discoloration. Interestingly, the absence of O, (under argon saturation condition) did not
inhibit the degradation of RhB. This implies that the degradation RhB under acidic pH is initiated by the direct
electron transfer between photoexcited TPPS and RhB followed by proton transfer that leads to the formation
of colorless leuco form (Fig. 9, reaction 4). Although this reaction does not involve O,, the dissolved oxygen is
essentially needed to recycle TPPS (Fig. 9, reaction 5). In the presence of O, the superoxide radical is formed
which can react with the TPPS radical cation. In the absence of O,, TPPS radical cation accumulates as the
reaction proceeds and the overall activity should decrease gradually. Our study has shown that color removal is
not equivalent to dye mineralization; indeed, total color removal can be achieved without mineralization.

Conclusions
This study underscores the potential of meso-tetra(4-sulfonatophenyl)porphyrin (TPPS) as a catalyst for the
decolorization of water contaminated with RhB under visible light irradiation in homogeneous conditions. Our
findings highlight the critical role of pH in determining the efficacy of TPPS in RhB decolorization. Specifically,
rapid and efficient removal of RhB, with approximately 95% decolorization achieved within 120 min, was
observed at an initial pH of 3.0. In contrast, the removal rate at pH 6.0 was notably lower, at only 12%. A
comprehensive investigation into the photophysical properties of TPPS at different pH levels elucidated key
factors influencing RhB discoloration. Our mechanistic studies revealed that the degradation of RhB in the
presence of TPPS occurs primarily through a direct electron transfer mechanism, followed by proton transfer
at acidic pH conditions. Interestingly, reactive oxygen species (ROS) and singlet oxygen were found to play
negligible roles in the decolorization process within this system. Instead, the dissolved oxygen was found to be
essential for recycling TPPS. Importantly, our study demonstrates that color removal does not necessarily equate
to dye mineralization, as total color removal can be achieved without permanent damage to the chromophore
within the RhB structure. This distinction emphasizes the need for careful mechanistic investigations to properly
interpret experimental data and understand the underlying processes involved in dye degradation.

Based on our findings, H, TPPS*" emerges as a promising sensitizer for immobilization onto various supports,
such as TiO,, silica or 2D materials. The insights gained from this study contribute to the development of efficient
and environmentally sustainable strategies for water purification and pollutant remediation.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information file).
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