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Introduction

Alginate—oligothiophene aerogels as
photocatalysts for the degradation of emerging
organic contaminants in waterfi

Andrea Trifoglio,§ Francesca Tunioli,§° Laura Favaretto,® Massimo Zambianchi, &2
Cristian Bettini,? llse Manet,@a Livia Mariani,® Anna Barra Caracciolo,@b

Paola Grenni,°> Manuele Di Sante, < Matteo Di Giosia, & <@

Tainah Dorina Marforio, © <@ Edoardo Jun Mattioli, © @ Matteo Calvaresi @ *<d

and Manuela Melucci ® *?

V-shaped oligothiophenes bearing a benzothiophene (BT) core and S-oxide or S,S-dioxide moieties are
herein proposed as photocatalysts for the degradation of three selected water emerging contaminants.
Photocatalyst molecules were designed in order to minimize aggregation in the solid state (V-shape
structure), lower the HOMO-LUMO gap (S,S-dioxide moiety functionalization) with respect to
conventional oligothiophenes and enhance the photocatalytic performance. The targeted BT molecules
were synthesized by the Stille cross-coupling reaction and their ability to generate reactive oxygen
species (ROS) upon blue-light irradiation was demonstrated. For practical exploitation, BTs were
embedded into an alginate matrix by ionotropic gelation—freeze drying processes to obtain porous
aerogels that were dispersed in water and used for the degradation of emerging contaminants.
Degradation performance of up to 99% after 2 h on ofloxacin (antibiotic), rhodamine B (dye) and
bisphenol A (plastic additive), was observed. In addition, regenerated photocatalysts showed unchanged
performance after five reuse cycles. The relationship between the BT molecular structure and ROS
production, investigated by QM calculations, highlighted the role of the S,S-dioxide moiety in ROS
generation, with ofloxacin antibiotic degradation performance reaching up to 99% for BTO,-T2.
Remarkably, ecotoxicity studies showed no toxicity of the photodegradation products toward the
Aliivibrio fischeri bioluminescent bacterium, highlighting the potential of BT molecules for water
purification.

continuously updated to ever-decreasing values,*® posing
increasingly hard challenges for the development of new

The removal of emerging contaminants (ECs), such as per- and
polyfluoroalkyl substances, pesticides, pharmaceuticals, and
endocrine disruptors, has emerged as one of the foremost
drinking water issues in the past decade.'® The allowed limits
for some of these contaminants in drinking water are
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remediation technologies since conventional drinking water
treatment plants are not designed to remove all ECs.%’
Conventional treatments for the removal of emerging contam-
inants are mainly based on membrane technologies (nano-
filtration and reverse osmosis),*® advanced oxidative processes
(AOPs)™ and adsorption.”* Adsorption is particularly advan-
tageous in terms of cost and ease of use but it produces wastes
to be regenerated or disposed of.** Despite its widespread use
for desalination or point-of-use drinking water treatment,
reverse osmosis still has high water rejection rates and high
energy consumption.’” AOPs include methods for the genera-
tion of hydroxyl radicals, superoxide and other reactive oxygen
species (ROS), which are powerful oxidizing agents that react
with harmful organic compounds, resulting into contaminant
degradation. One of the most widely investigated AOPs is pho-
todegradation, which involves the use of photocatalysts such as
TiO,, CdS and ZnO nanoparticles, i.e., materials that absorb
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light and subsequently generate reactive species destroying
contaminants.**®

Due to their high redox potential, reactivity, efficiency,
chemical stability, non-toxicity, and low cost, TiO,-based pho-
tocatalysts are the most studied and widely employed."” The
non-specific nature of the reactive species created upon irradi-
ation makes TiO,-based photocatalysts capable of degrading
different classes of organic contaminants.>*** On the other
hand, the recombination of photo-generated charge carriers,
inefficient visible light exploitation, and low adsorption
capacity require further optimization to boost photocatalytic
potential and enable practical exploitation.>

In recent years, other nanomaterials, such as metal-organic
frameworks (MOFs),>* covalent organic frameworks (COFs)*
and graphene nanosheets®® have been proposed as photo-
catalysts with excellent performance due to their tuneable-by-
design functionalities, high surface area and the large
number of active sites available for EC degradation.*”*® In
particular, MOFs have shown remarkable performance in the
degradation of organic dyes such as methylene blue and
rhodamine B, e.g., Fe-MOFs are able to degrade them by 100%
and 94%, respectively, in 60 minutes under visible light irradi-
ation.” Zr-based MOFs have also been used to degrade pesti-
cides such as glyphosate, achieving selective degradation of
64% into sarcosine and orthophosphates.** MOF-C;N, binary
composites have been employed in the degradation of phar-
maceuticals such as ofloxacin, demonstrating 96% degradation
in 200 minutes.*

Small m-conjugated organic molecules such as porphyrin
have also been used as hybrid metal-organic photocatalysts for
light-assisted degradation of various organic contaminants in
water.*> Overall, porphyrins immobilized in inorganic semi-
conductors,* zeolites,* graphene,® or porous organic poly-
mers,*® usually exhibit improved physicochemical properties
and stability, and they are active in the photodegradation of
pesticides, dyes, and pharmaceuticals.*”*® For example, Sun
et al. reported the complete degradation of rhodamine B in just
36 minutes with the use of CuPp-TiO, (CuPp: mono-[4-(2-ethyl-
p-hydroxybenzoate)ethoxyl]-10,15,20-tri(phenyl)porphyrin cop-
per(u)).*® The photocatalytic activity of the graphene-TiO,—
tetrakis(4-carboxyphenyl)porphyrin (3.0%) nanocomposite was
tested on bisphenol A, and a degradation of 85% was observed
after 240 minutes of irradiation.*®

Here, for the first time, we propose and investigate oligo-
thiophenes entrapped in an alginate matrix, as organic photo-
catalysts for the degradation of rhodamine B dye (RhB),
bisphenol A (BPA) and ofloxacin antibiotic (OFLOX), three
contaminants of high environmental relevance in drinking
water.*»** RhB is a common water-soluble organic dye employed
in the textile industry and its presence in water bodies has been
found with concentrations ranging from ng L' to pg L™.*
Even at very low concentrations (1.0 mg L"), it imparts a vivid
colour to water, but the limit concentration to protect against
hazardous effects is 140 pg L™.*** BPA is a plastic additive used
primarily in the production of polycarbonate plastics and epoxy
resins. It is classified as an endocrine-disrupting chemical and
recent research has revealed the widespread presence of BPA in
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groundwater, categorizing it as a ubiquitous pollutant.*>*
OFLOX is a fluorinated quinolone antibiotic used for human
and animal bacterial infections, and it has raised increasing
concern due to its widespread use. OFLOX was found in surface
water up to 160 pg L™ and its presence in aquatic environments
is associated with the potential to induce antibiotic resistance.”

Branched oligothiophenes (V-shaped) based on the benzo[b]
thiophene core (BT) were introduced by G. Barbarella et al. as
active layers for organic light emitting diodes.*® The V-shape
minimizes aggregation and related fluorescent quenching in
the solid state and promotes efficient solid state photo-
luminescence.”® In addition, the insertion of S-oxide or S,S-
dioxide moieties into the aromatic backbone decreases the
HOMO-LUMO energy gap.**® The capability of oligothiophene
molecules to produce reactive oxygen species under light
stimulus has been recently exploited for cancer therapy
applications.*>*

Here, aiming at EC degradation in water, we studied how the
energy gap of the targeted BT materials family affects the
generation of radicals. We synthesized a rational class of
molecules having the same molecular V-shape and respectively
no oxide (BT-T2), S-oxide (BTO-T2) and S,S-dioxide (BTO,-T2)
moieties (Scheme 1). T2(BTO,); was synthesized with the aim of
extending the 7 system and increasing the number of S,S-
dioxide moieties to promote the generation of radicals. Finally,
BTO,-Tz2 was synthesized by introducing electron-deficient
nitrogen into the system and thus creating a push-pull
system, which leads to the lowering of the HOMO-LUMO energy
gap.SS

The optical properties of BTs were investigated by spectros-
copy and DFT calculations. The ROS produced upon irradiation
were quantified and their generation mechanism was studied.
For the technological exploitation of these insoluble
compounds in water, the BT molecules were encapsulated in
alginate, a safe and water processable matrix,**** and used to
determine the degradation mechanism toward RhB, BPA and
OFLOX as well as their reusability.

Finally, to ensure water safety, we investigated the possible
ecotoxicity of the photodegradation by-products of OFLOX in
the presence of photocatalysts. This was performed using an

o’/ \\o N
BTO,-Tz2

Scheme 1 Branched V-shaped (BT-T2) and S-oxide (BTO-T2) or S,S-
dioxide (BTO,-T2, T2(BTO,)s, and BTO,-Tz2) molecules engineered
for photocatalysis studies.

This journal is © The Royal Society of Chemistry 2025
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aquatic organism, the bacterium Aliivibrio fischeri, to perform
an eco-toxicological bioassay.**® A. fischeri (formerly classified
as Vibrio fischeri) is a biosensor® extremely sensitive to different
environmental contaminants®® and it is currently used to
assess water quality with standardized procedures and ecotox-
icological evaluation.®

Experimental section
Synthesis of BT molecules

2,3-Dibromo-benzo[b]thiophene, 2-bromothiazole, 3-methyl-
benzothiophene, n-butyllithium (n-BuLi), trimethyltin chloride
(Me3SnCl), tributyltin chloride (BusSnCl), N-bromosuccinimide
(NBS), m-chloroperbenzoic acid (mCPBA), boron trifluoride
diethyl etherate (BF;-Et,0), tetrabutylammonium bromide
(TBAB), N,N-diisopropylethylamine (i-Pr,NEt), tris(dibenzylide-
neacetone)dipalladium(0)-chloroform  adduct  (Pd,(dba)s-
‘CHCl;), triphenylarsine (AsPhj), palladium(u) acetate
([Pd(OAc),];) were purchased in the highest grade available
from Sigma-Aldrich Co, Milan, Italy, and were used without
further purification. OFLOX (>99%), RhB (>95%) and BPA
(>95%) were purchased from Sigma-Aldrich Co, Milan, Italy,
and used as received.

The syntheses of 5-tributylstannyl-2,2’-bithiophene (3),* 2,3-
di([2,2’-bithiophen]-5-yl)benzo[b]thiophene (BT-T2), 2,3-dibro-
mobenzo[b|thiophene-1,1-dioxide (5), 2,3-di([2,2’-bithiophen]-
5-yl)benzo[b]thiophene-1,1-dioxide (BTO,-T2),** and 2,2-bithia-
zole®*** (6) have already been reported.

Unless otherwise noted, all operations were carried out
under a dry, oxygen-free nitrogen atmosphere. Organic solvents
were dried following standard procedures. Analytical thin-layer
chromatography was carried out using a 0.2 mm sheet of silica
60 F,5, (Merck, Milan, Italy). Visualization was accomplished
using UV light. Preparative column chromatography was per-
formed on glass columns of different sizes hand-packed with
silica gel 60 (particle sizes 0.040-0.063 mm, Merck). We referred
to ethyl acetate as EA, petroleum ether as PE, and tetrahydro-
furan as THF.

The syntheses of 2,3-dibromobenzo[b]thiophene-1-oxide (2), 5-
(trimethylstannyl)-2,2'-bithiazole (6), 2-bromo-3-methylbenzo[b]
thiophene(11), 2-bromo-3-methylbenzo[b|thiophene-1,1-dioxide
(12), 2-([2,2-bithiophen]-5-yl)-3-methylbenzo[b]thiophene-1,1-
dioxide (13), 2-(5'-bromo-[2,2'-bithiophen]-5-yl)-3-methylbenzo[5]
thiophene 1,1-dioxide (14), and 3-methyl-2-(5'-(tributylstannyl)-
[2,2"-bithiophen]-5-yl)benzo[b]thiophene-1,1-dioxide (8) are re-
ported in Section 1.1, ESL}

2,3-Di([2,2'-bithiophen]-5-yl)benzo[ b]thiophene-1-oxide (4,
BTO-T2). The catalyst Pd(AsPh;), was generated in situ:
a solution of Pd,(dba);-CHCl; (0.01 mmol, 10.4 mg) and AsPh;
(0.08 mmol, 24.5 mg) in 8 mL of toluene under a nitrogen
stream was warmed to reflux, and then 0.077 g (0.25 mmol) of
compound 2 (ref. 49) in 5 mL of toluene was added to the
mixture. Afterwards, 0.26 g (2.3 eq., 0.58 mmol) of 5-tributyl-
stannyl-2,2'-bithiophene 3 in 4 mL of toluene was added
dropwise and the mixture was stirred for 5 h. The solvent was
evaporated and the crude product was purified via column
chromatography (silica gel, PE/CH,Cl,/EA 70:15:15 v/v). The

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

isolated product was recrystallized from toluene and pentane
to obtain an orange powder (0.1 g, 83% yield); mp 129 °C; DEP-
EI-MS m/z 479 [M""]; Amax = 430 nm in CH,Cl,; App, = 571 nm in
CH,Cl,. 'H NMR (CDCl,, TMS/ppm) 6 7.96 (d, ] = 7.6 Hz, 1H),
7.59 (d, J = 3.6 Hz, 1H), 7.50 (m, 2H), 7.42 (d, J = 7.6 Hz, 1H),
7.30 (d,J = 3.6 Hz, 1H), 7.29 (dd, J = 4.0, 1.2 Hz, 1H), 7.26 (m,
1H), 7.23 (dd, J = 5.2, 1.2 Hz, 1H), 7.16 (d,J = 3.6 Hz, 1H), 7.13
(m, 2H), 7.06 (dd, J = 5.2, 3.6 Hz, 1H), 6.98 (dd, J = 5.2, 3.6 Hz,
1H); **C NMR (CDCl;, TMS/ppm) 6 143.8, 142.2, 141.1, 140.9,
140.1, 136.5, 136.4, 132.6, 131.6, 131.0, 130.6, 130.4, 130.2,
128.6, 128.0, 127.9, 126.4, 125.5, 125.3, 124.8, 124.6, 124.3,
124.0, 123.9. Anal. caled for C,,H,,0S; (478.68): C, 60.22; H,
2.95. Found: C, 60.64; H, 2.81.

2,3-Di([2,2’-bithiazol]-5-yl)benzo[ b|thiophene-1,1-dioxide (7,
BTO,-Tz2). The catalyst Pd(AsPh;), was generated in situ:
a solution of Pd,(dba);- CHCI; (0.04 mmol, 41.4 mg) and AsPh;
(0.32 mmol, 97.9 mg) in 40 mL of toluene under a nitrogen
stream was warmed to reflux, and then 0.324 g (1.0 mmol) of
compound 5 in 10 mL of toluene was added to the mixture.
Afterwards, 0.96 g (85 wt%, 2.15 eq., 2.15 mmol) of compound 6
in 5 mL of toluene was added dropwise and the mixture was
stirred for 5 h. The solvent was evaporated and the crude
product was purified by column chromatography (silica gel, PE
with increasing amounts of EA, from 60: 40 to 0:100 v/v). The
isolated product was recrystallized from toluene and pentane to
obtain a yellow powder (0.33 g, 67% yield); mp 140 °C; DEP-EI-
MS m/z 498 [M""]; Amax = 403 nm in CH,Cl,; Apy, = 530 nm in
CH,Cl,. "H NMR (CDCl;, TMS/ppm) 6 8.52 (s, 1H), 8.02 (s, 1H),
7.97 (d, J = 3.2 Hz, 1H), 7.91 (m, 1H), 7.87 (d, J = 3.2 Hz, 1H),
7.64 (m, 2H), 7.57 (d, J = 3.2 Hz, 1H), 7.49 (d, ] = 3.2, 1H), 7.41
(m, 1H); *C NMR (CDCl;, TMS/ppm) 6 165.3, 163.9, 160.6,
160.4, 146.2, 145.5, 144.4, 144.4, 135.4, 134.4, 133.8, 132.6,
130.9, 127.3, 126.2, 124.9, 124.0, 122.4, 122.3, 122.0. Anal. caled
for C,oH, (N, O,S5 (498.63): C, 48.18; H, 2.02. Found: C, 48.41; H,
2.19.

2,2'-((1,1-Dioxidobenzo[b]thiophene-2,3-diyl)bis([2,2"-bithio-
phene]-5',5-diyl))bis(3-methyl benzo[b]thiophene-1,1-dioxide)
(9, T2(BTO,);3). The catalyst Pd(AsPh;), was generated in situ:
a solution of Pd,(dba);-CHCl; (0.008 mmol, 8.3 mg) and AsPh;
(0.064 mmol, 19.6 mg) in 8 mL of toluene under a nitrogen
stream was warmed to reflux, and then 0.065 g (0.20 mmol) of
compound 5 in 4 mL of toluene was added to the mixture.
Afterwards, 0.29 g (2.3 eq., 0.46 mmol) of compound 8 in 2.5 mL
of toluene was added dropwise very slowly and the mixture was
stirred for 5 h. The reaction crude was centrifuged, the super-
natant was removed, and the precipitate was washed with
pentane (2 x 10 mL). The purification process involved many
washing/centrifugation steps during which the solid was
treated sequentially with boiling CH,Cl,, boiling toluene,
boiling dioxane, and methanol. After a final wash with pentane
a poorly soluble orange powder was isolated in 76% yield (0.13
g): mp > 300 °C; DEP-EI-MS m/z 850 [M"']; Apmax = 452 nm in
CH,Cl,; Apy, = 541 nm in CH,Cl,. "H NMR (DMSO-ds, TMS/ppm,
40 °C) 6 8.10 (m, 1H), 7.94 (m, 2H), 7.84-7.73 (m, 7H), 7.68-7.58
(m, 8H), 7.55 (d, J = 4.0 Hz, 1H), 7.53 (d, J = 4.0 Hz, 1H), 2.52 (s,
3H), 2.48 (s, 3H). Anal. caled for C,oH;(N,0,S5 (498.63): C,
48.18; H, 2.02. Found: C, 48.41; H, 2.19.
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Preparation of alginate-BT aerogels

BTs were embedded in an alginate (ALG) matrix by ionotropic
gelation technique, according to a previously reported
method.® Sodium alginate (50 mg, 1% w/v) and the desired BT
(10 mg, 0.2% w/w) were dispersed in 5 mL of ultrapure water
and sonicated for 2 h. The suspension was extruded as small
drops using a Gilson pipette (1000 pL) into a gently stirred
aqueous solution of calcium chloride (CaCl,, 0.2 M). The
distance between the pipette tip and the collection bath was
approximately 30 mm. To minimize aggregation the obtained
hydrogel beads were kept at room temperature under gentle
agitation for 12 h. After removing water by filtration, the beads
were washed three times with mQ water, and then subjected to
freeze-drying to obtain aerogel beads. The total water content of
the beads was determined gravimetrically by measuring the
difference in weight before and after drying a portion of the
beads in an oven at 100 °C until a constant weight was reached
and the water content was found to be approximately 93%. The
wet beads produced in this study had a size of 3-4 mm, while
the final freeze-dried beads had a diameter ranging from 1.5 to
2.5 mm. The BT loading was quantitative, i.e., no trace of BT was
found in the water-CaCl, solution, meaning that the average
concentration of BT in the beads was 16.7% (w/w) BT : alginate.
In a typical experiment, about 200 beads with 3.5 mm (0.5
mm) diameter were obtained, meaning that the BT content in
a single bead was approximately 50 pg (with an Alg content of

250 pg).

Theoretical calculations

All computations were carried out using the Gaussian16 series
of programs.®® The geometry of the oligothiophene molecules
was optimized in DMSO using the IEF-PCM solvation model,*
using the DFT Minnesota functional M06-2X in conjunction
with the 6-31+G* basis set (M06-2X/6-31+G*). The first excited
state (S;) was calculated considering a vertical transition from
the optimized ground state (S,) structure, using time-dependent
DFT formalism (TD-DFT) with the long-range corrected hybrid
functional CAM-B3LYP*” and the 6-31+G* basis set (TD-CAM-
B3LYP/6-31+G*). This combination effectively reproduces the
photophysical properties of oligothiophene molecules.>>**

Optical properties and confocal microscopy

Absorption spectra were recorded on a spectrophotometer
PerkinElmer 2950 with a 1 cm quartz cuvette. Reflectance spectra
of the beads were recorded on the same spectrophotometer with
and integrating sphere and a 1 cm quartz cuvette. Fluorescence
spectra were measured on an Edinburgh Spectrofluorimeter
FLSP920 with 2 nm steps and 0.5 s dwell time. The slits were set
to 2-3 nm for both excitation and emission. Right angle
detection was used. All the measurements were carried out at
295 K in quartz cuvettes with a path length of 1 cm. All fluo-
rescence spectra were obtained for air-equilibrated solutions
with absorbance less than 0.1 and corrected for the wavelength
dependent response of the monochromator/PMT couple. Fluo-
rescence lifetimes were measured in air-equilibrated solutions
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with a time correlated single photon counting system. A pulsed
Hamamatsu 405 nm laser source with a 1 MHz repetition rate
was used for excitation and the emission was collected at a right
angle at 520 nm (BT-T2, BTO,-Tz2), and 620 nm for the others.
Decay profiles were fitted using a multiexponential function
with deconvolution of the instrumental response.

Fluorescence confocal imaging was performed on an inver-
ted Nikon Ti-E microscope (Nikon Co., Shinjuku, Japan). The
confocal fluorescence microscope Nikon A1 is equipped with an
argon ion CW laser as well as 405 nm and 485 nm pulsed diode
lasers (PicoQuant GmbH, Berlin, Germany). Images were
collected using a Nikon Plan Apo VC 60x objective with NA 0.9.
Filters were set to register fluorescence in the 500-540, 560-630
nm and 660-740 nm ranges. Fluorescence imaging was
completed with differential interference contrast (DIC) images.

Spectral imaging was performed with the Nikon spectral
mode with a 32-PMT array detector. Wavelengtth resolution was
set to 10 nm per PMT and the membranes were excited either at
488 nm or 405 nm.

Fluorescence lifetime imaging was performed by exciting with
a pulsed 405 or 485 nm diode laser and collecting photons with an
integrated PicoHarp 300 electronic system (PicoQuant GmbH,
Berlin, Germany) for TCSPC measurements. A single-photon
avalanche diode detector equipped with a bandpass filter was
used as the detector. Histograms of the collected photons consist
of 3200 channels, each with 16 ps width. The repetition rate of the
pulsed excitation was 20 MHz. The instrument response function
of the system is approximately 220 ps. The fluorescence decay fit
was performed on the histogram calculated for a region of interest.
The fluorescence decay profile was analyzed with a least-squares
method, using a biexponential decay function provided by Pico-
quant SymPhoTime software.

The fitting function used is

I(t) = b+ _a; exp(~1/7) (1)

The fractional intensity and the average fluorescence life-
time are calculated according to the following equations:

fl = (lj’fi/zaj’fj (2)
=31 ®)

Photodegradation experiments

All the photodegradation experiments were performed using
a blue LED stripe (Agy = 461 nm, irradiation power density = 10
mW cm™?, and a distance of about 10 cm) and the set-up is
depicted in Fig. 6. 5 mg of photocatalysts (aerogels containing
BTs) were added to 3 mL of a solution of RhB, BPA or OFLOX (4
mg L' in ultrapure water). Samples were stirred under blue
light irradiation for 5 h; during this time 200 pL aliquots were
collected every hour and each sample was analysed by HPLC.
Reuse tests were performed on Alg-BTO,-T2, Alg-BTO,-Tz2 and

This journal is © The Royal Society of Chemistry 2025
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Alg-T2(BTO,); aerogels. After the first photodegradation
experiment, the aerogels were externally dried on filter paper,
washed with deionized H,O, and reused in a new photo-
degradation test (3 mL of a spiked solution at 4 mg L™"). The
procedure was repeated for a total of five cycles.

Results and discussion
Synthesis of BT molecules and alginate aerogel preparation

The synthesis of BT molecules was carried out via Stille coupling
between dibromo derivatives 2 and 5 and the appropriate
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stannane (Scheme 2a). The reactions were carried out in
refluxing toluene using in situ prepared Pd(AsPh;), as the
catalyst.”* Compounds 2 and 5 were synthesized starting from
commercially available 2,3-dibromo-benzo[b]thiophene (1) by
reaction with mCPBA and BF;-Et,O (yielding 76% and 90% for 2
and 5, respectively). Compound 4 was synthesized by Stille
coupling between dibromo derivative 2 and stannane 3, yielding
83%. Stannyl-derivative 8 was synthesised starting from methyl
benzothiophene 10 through a five step procedure. Compound
10 was first reacted with NBS in AcOH/CH,Cl, to give the
brominated adduct 11. Oxidation of by mCPBA in

i) Pd(AsPh3)4
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S
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Alg-BT hydrogels
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(a) Synthesis of V-shaped BT oligomers. (b) Preparation of BTs—alginate aerogels by the ionotropic gelation method.
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BTO-T2

Alg-BTO-T2

Fig. 1
(left) and under UV light with emission at 365 nm (right).

dichloromethane afforded the targeted sulphone derivative 12
in excellent yields (90%). The Stille coupling reaction of
compound 12 with distannyl bithiophene 3 afforded 13 in 91%
isolated yield. After bromination of compound 13 and subse-
quent stannylation, Stille coupling with dibromo-benzothio-
phene-S,S-dioxide 5 afforded V-shaped BT oligomers 7 and 9 in
67% and 76% yields, respectively. BT-T2 and BTO,-T2 were
synthesized under already described conditions and obtained
in 48% (BT-T2) and 90% (BTO,-T2).*

Due to the poor solubility of oligothiophenes in water, BT
molecules were embedded in an alginate matrix** by the
ionotropic gelation method (Scheme 2b). In detail, sodium
alginate and BT molecules in powder form (ratio 5 : 1 w/w) were
dispersed in water and sonicated for 2 h to obtain a homoge-
neous suspension which was added dropwise into a CaCl,
solution. Finally, hydrogels were freeze-dried to produce the
corresponding aerogels (Alg-BT, Fig. 1). All experimental details
on characterization are reported in Section 1.2, ESL.}

Fig. 1 shows images of BT powders, Alg-beads and their
dispersion under normal and UV light. The different powders
are mostly yellow, orange and red in colour and show strong
emission when exposed to UV irradiation. The reflectance
spectra shown in Fig. S1, ESI} are in line with the bead colors.

Furthermore, Fig. 1 (bottom line) shows that when Alg-BT
aerogels are dispersed in water, there is no leaching from the
alginate matrix even after 5 days of contact time, making them
suitable candidates for water treatment purposes since they can
be dispersed but not dissolved in water. The morphology of the
Alg-BT aerogels was studied by scanning electron microscopy
(SEM), as shown in Fig. 2. All the samples showed the typical
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T2(BTO,);

BTO,-Tz2

Images of BT powders (top), alginate aerogels (middle) and dispersion (bottom, after 5 days from preparation) in water under white light

micrometric porous structure of alginate aerogel with a dense
skin layer.

Fig. 2b shows the cross-section of the pristine alginate bead
and Alg-BTO,-T2 bead, taken as a case study, demonstrating
that the porous structure of pristine alginate is maintained after
the ionotropic gelation and freeze-drying processes. The porous
structure of Alg-BT can favour the penetration of contaminant
molecules into the bead and the concomitant interaction with
the photocatalysts. Noteworthily, the ability of alginate hydro-
gels to adsorb contaminants has already been demonstrated by
some of us for alginate-graphene composites and for amino-
modified alginate hydrogels.”>”® The morphology was further
explored by means of confocal fluorescence and spectral

a) Alginate

Fig. 2 SEM images of (a) pristine alginate aerogel, and (b) alginate—
BTO,-T2 aerogel. (c) Confocal fluorescence image and differential
interference contrast microscopy (DIC) image of BTO,-T2 beads.
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imaging. All beads exhibit emission from the loaded oligo-
thiophene. The images of all beads (Fig. 2c and S21) show that
BT molecules tend to accumulate in aggregates of um size on
the beads.

Optical properties and confocal microscopy

The optical properties of BT molecules were investigated by UV-
vis and fluorescence spectroscopy in CH,Cl, and PBS with 5%
DMSO (Fig. S3, ESI). Fig. 3a gives an overview of the optical
behaviour of the studied BT molecules in CH,Cl, solution
highlighting the typical fluorescence under blue light irradia-
tion. The absorption spectra of the BT molecules in CH,Cl, and
PBS/DMSO are shown in Fig. 3b and S3a.i All BT molecules
absorb in the violet-blue range of the visible spectrum and
exhibit two distinct peaks corresponding to electronic transi-
tions from the ground state to the first and second excited state.
The insertion of S-oxide or S,S-dioxide moieties results in a red-
shift of the absorption wavelength, as shown by the 4,55 of BT-
T2 (375 nm), BTO-T2 (430 nm) and BTO,-T2 (430 nm). The

BT-T2
——BTO-T2

——BTO,-T2
——T2(8T0,),
——BTO,-T22

°
n

o o o
5 o o
h h

Normalized Absorption (a.u.)
o
o

o
°

T T T T -—
250 300 350 400 450 500 550 600

BTO-T2 BTO,-T2

Vo L POy P
PO PP
PN RV )
T2(BTO,), BTO,-Tz2
Fig. 3 (a) images of BT solution in CH,Cl, under white light (top) and
UV light (A = 365 nm, bottom), (b) absorption spectra in CH,Cl, and (c)

DFT optimized geometries, for BT-T2, BTO-T2, BTO,-T2, T2(BTO,)s
and BTO,-Tz2.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

extension of the conjugated 7-system and the presence of two
other S,S-dioxide moieties in T2(BTO,); lead to a further red-
shift (A,;ps = 460 nm). The introduction of a push-pull system
in BTO,-Tz2, compared to BTO,-T2, leads to a blue-shift
(403 nm vs. 430 nm).

The spectra calculated at the TD-CAM-B3LYP/6-31+G* level (see
computational details) well reproduce the experimental ones (Fig.
S4 and Table S21), validating the accuracy of the calculations. DFT
optimization of the molecules indicates that in the most stable
conformation, the BT ring and the thiophene at BT position 2 are
conjugated and remain planar while the thiophene substituent at
BT position 3 adopts an orthogonal orientation (Fig. 3c). This
structural characteristic affects the nature of the S, — S, transi-
tions of the different molecules, because they are localized only on
the planar core of the molecules, where the m-conjugation is
maximized (m-m* transitions). The molecular orbitals (MOs)
involved in the electronic transition were calculated (Fig. S51). The
transitions with the larger oscillator strength (Table S2}) corre-
spond to the experimental bands with higher molar extinction
coefficients. Jablonski diagrams of the thiophene derivatives
(Fig. 4) showed that the calculated T, excited states (Table 1) are at
higher energies than the singlet excited state of the oxygen, sug-
gesting that all the compounds, upon intersystem crossing (ISC),
can produce singlet oxygen ('0,).

The fluorescence spectra of BTs display a large stokes shift,
especially in PBS/DMSO. The fluorescence decay is multi-
exponential with average lifetimes below 1 ns for all oligothio-
phenes (Table S3}). Likely, the dye can exist in multiple
conformations/aggregation states displaying different lifetimes.
The study was completed by measuring the emission spectra and
fluorescence lifetime of the BT-loaded beads on a confocal
microscope as well as the lifetime. Except for BTO-T2, the
confocal spectra in Fig. S6] depend on the selected area in the
sample, indicating that the oligothiophenes are likely experi-
encing different local environments. This lack of homogeneity is

8 ISC

Energy (eV)

S To
° Structure 02

Fig. 4 Jablonski diagrams for BT molecules.

Table 1 Values of the calculated singlet and triplet energies related to
the studied BT molecules

Structure S; (eV) T, (eV)
BT-T2 3.45 2.07
BTO-T2 3.06 1.57
BTO,-T2 3.06 1.51
T2(BTO,), 2.95 1.50
BTO,-Tz2 3.21 1.68
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also confirmed by the FLIM images where we can discriminate
areas with different average fluorescence lifetimes (Fig. S2bi).

Reactive oxygen species (ROS) generation by BT molecules
and Alg-BT aerogels

The ability of the different BT molecules and related alginate
aerogels to produce ROS, upon irradiation, was determined by
spectrophotometric measurements, as shown in Fig. 5 (experi-
mental details in ESI, Section 37).

Both the mechanisms of ROS production were investigated,
by using (i) the Amplex Red assay to quantify the generation of
peroxides (type I mechanism)”*”* and (ii) the 9,10-anthracene-
diyl-bis(methylene)dimalonic acid (ABMDMA) assay to quan-
tify the production of singlet oxygen (type II mechanism).”>7®
The results summarized in Fig. 5a and b show that all the
synthesized BT molecules are suitable photosensitizers, capable
of producing ROS following both mechanisms. The different
efficiencies in ROS generation, upon irradiation, can be
ascribed to the different absorption coefficients of the mole-
cules at the wavelength used for irradiation, i.e., 460 nm, with
T2(BTO,); characterized by the highest absorption coefficient
and larger oscillator strength.

Interestingly, the photosensitizing behaviour of Alg-BT aer-
ogels changes substantially with respect to the molecules in
solution (Fig. 5¢). The possibility of generating ROS via the type
II pathway seems hampered; indeed when the molecules are
dispersed in the alginate matrix, the production of singlet
oxygen is not detected. Differently, the ability of the Alg-BT
aerogels to produce ROS via the type I pathway is preserved for
all the alginate embedded molecules (Fig. 5c¢) and the trend
observed in solution is almost maintained, with a better
performance of BTO,-Tz2 compared to solution.

This effect is not due to the reaction of 'O, with the alginate
matrix, because when the experiment is repeated with thio-
phenes in solution, in the presence of empty alginate beads or
alginate in solution, the production of singlet oxygen is unaf-
fected. The dispersion of the BTs in the alginate matrix affects
their photophysical properties. Oligothiophene molecules
exhibit different fluorescence spectra according to the selected
area on the beads, indicating that their photophysical behav-
iour is influenced by the alginate matrix. In addition, confocal
imaging shows that the thiophene dyes tend to accumulate in
the pores of the alginate beads.

Aggregation is known to drastically reduce the singlet oxygen
production efficiency” primarily due to triplet-triplet annihi-
lation. However, the persistence of the type I mechanism could
be attributed to the specific chemical environment. Electron-
rich environments may facilitate the photoactivation switch
from type II to type I mechanisms. This effect can be observed
when photosensitizers are dispersed in micelles* or conjugated
to proteins.®* A sacrificial electron donor is generally required to
activate the type I mechanism.*” The environment inside the
beads is extremely electron rich, due to the presence of the
carboxylate groups in the alginate matrix. We investigated
computationally the possibility to form an anion radical, in the
case of BTO,-Tz2 (Fig. S7%). The excited state of BTO,-Tz2 can
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Fig. 5 Generation of ROS after 1 hour of irradiation with a blue LED (10
mW cm™). (a) Quantification of YO, production (type Il mechanism)
using the ABMDMA colorimetric assay by BT molecules. Quantification of
the production of hydrogen peroxide (type | mechanism) via the Amplex
Red fluorometric assay (b) by BT molecules and (c) by Alg—BT aerogels.

receive an electron from the carboxylates, forming the anion
radical (Fig. S81), while the alginate undergoes decarboxylation.
The production of a CO, molecule is the driving force (entropy-
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driven reaction) of the process and makes it exothermic. In this
case, the formation of ROS via the type I mechanism, is due to
an electron transfer process involving the ground state of the
oxygen molecule rather than the short-lived '0,. In fact, nega-
tively charged radicals can react with oxygen, eventually leading
to H,0, formation in an aqueous environment.*®

Photodegradation experiments

All Alg-BT aerogels were tested for the photodegradation of the
three different ECs, i.e. RhB, BPA and OFLOX (Fig. 6a), under
blue visible light with A;,.x = 460 nm, and the experimental set-
up is shown in Fig. 6b-d. A solution of the given contaminant
was gently stirred in the presence of Alg-BT aerogels for a total
of 5 h and samples were collected every hour to perform HPLC
analysis detecting the concentration of the ECs and allowing for
the calculation of the degradation percentage (details in ESI,
Section 5%). In detail, the degradation percentage was calculated
as a ratio between the detected contaminant concentration after
the photodegradation cycle and the initial spiked solution
concentration. Control samples of each contaminant without
photocatalysts were treated under the same conditions to eval-
uate the potential effect of interaction between radiation and
the water-soluble contaminant molecule. The possible adsorp-
tion of the three contaminants by alginate beads has been
excluded in previously reported experiments.” Fig. 7 shows the
EC degradation percentage as a function of irradiation time.
RhB, BPA and OFLOX showed negligible degradation without

%) \N o N( Yo (N7
~ N
O /OH HOMNJ
g on T

Bisphenol A, BPA

Rhodamine B, RhB Ofloxacin, OFLOX

Fig. 6 (a) Chemical structure of the selected emerging contaminants
(ECs), (b) photoreactor used in degradation experiments with LED off
and (c) LED on. (d) Alg—BT aerogels (Alg—BTO,-T2 in the image) were
suspended in contaminant spiked water (RhB case study in the image)
and irradiated with blue visible light at room temperature.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

photocatalysts, proving the photostability of these ECs under
the experimental conditions used.

The results obtained from the five photocatalysts (Alg-BT-T2,
Alg-BTO-T2, Alg-BTO,-T2, Alg-T2(BTO,);, and Alg-BTO,-Tz2)
showed a common trend for all the tested ECs. Alg-BTO,-Tz2
reached a photodegradation percentage higher than 99%
within 2 h of contact time for RhB and OFLOX and 3 h for BPA,

—*—Alg-BT-T2 —e—Alg-BTO-T2
—e—Alg-T2(BTO,); —*—Alg-BTO,-Tz2
—o—AIg-BTO,-T2

3

RhB Degradation %
ey
o

20

b)

BPA Degradation %

OFLOX Degradation %

time (h)

Fig. 7 % Degradation of (a) RhB, (b) BPA, and (c) OFLOX obtained by
Alg—BT aerogels (V = 3 mL, Cy = 4 mg L%, 5 mg of photocatalysts).
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making it the fastest photocatalyst among those tested. Alg-
BTO,-T2 and Alg-T2(BTO,); showed comparable performance
towards RhB and OFLOX, achieving complete degradation in
4 h and 3 h of contact time, respectively. For BPA, Alg-T2(BTO,);
showed higher degradation capacity, reaching 85% in 5 h,
compared to Alg-BTO,-T2 which showed a slightly lower
degradation percentage (65%). The best performances in the
degradation of the three ECs tested, were achieved by using Alg-
BTO,-Tz2 and Alg-BTO,-T2 with the trend that closely matches
the amount of ROS generated by the Alg-BT aerogels, reported
in Fig. 5c. The ability to reuse photocatalytic materials is
fundamental for reducing waste generation and process costs.
With the aim of assessing the potential of recycling the photo-
catalysts for multiple reuses, the stability of the best performing
Alg-BTs aerogels (Alg-BTO,-T2, Alg-T2(BTO,);, and Alg-BTO,-
Tz2) was investigated (Fig. 8a).

Photodegradation of RhB, BPA and OFLOX was performed
for five consecutive runs. At the end of each cycle, the floating
aerogels were quickly recovered from the solution by using
a small colander and reused for the next run after washing with
deionized water.

Interestingly, after five consecutive runs, no significant
change was observed in the degradation efficiency of RhB for
any of the BT photocatalysts, with degradation percentages
ranging from 89% to 96%. A similar trend was observed for the
other pollutants studied: specifically, OFLOX was completely

a) Irradiated

b)

[ Alg-BTO,-T2 [l Alg-T2(8TO,), [l Alg-BTO,-Tz2

100

80
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40

RhB Degradation %

20

1 2 3
cycles

I
o

Fig. 8 (a) Sketch of the photodegradation (irradiated at A = 460 nm)
and reuse process (aerogels washed with deionized water). (b) Recy-
cling of Alg—BTO,-T2, Alg—-T2(BTO,)s and Alg—BTO,-Tz2 aerogels on
RhB showed as a case study (BPA/OFLOX, in Fig. S9, ESIT).
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degraded (98-99%), and BPA degradation ranged from 59% to
65% for Alg-BTO,-T2, from 79% to 85% for Alg-T2(BTO,)s3, and
from 93% to 96% for Alg-BTO,-Tz2 (Fig. S9, ESII).

Ecotoxicity experiments

Water solutions of OFLOX were analysed with the biolumines-
cent bacterium A. fischeri to assess the possible intrinsic acute
ecotoxicity and, in the case of irradiated solutions, the ecotox-
icity of degradation by-products. The bioluminescent bacterium
A. fischeri, was exposed for 5, 15 and 30 minutes to solutions in
accordance with the standardised method and the experimental
details are reported in Section 6, ESL.{*

The effects are considered toxic if the inhibition of biolu-
minescence is >20% (toxicity threshold) compared to the light
emission of the bacterium under optimal conditions (in saline
solution, 20 g per L NaCl).* The effects are reported as average
values % of bioluminescence inhibition (+standard error). The
30-min toxicity results are shown in Fig. 9; results for all expo-
sure times (5, 15 and 30 min) are reported in Table S4 in ESL.}
All solutions showed no toxic effects at any of the exposure
times on A. fischeri. Indeed, bioassays on the OFLOX antibiotic
and its irradiated solutions showed values below the ecotoxicity
threshold (<20%), with bioluminescence inhibition values
ranging between 0% and 11.64%.

Consequently, the irradiated antibiotic with and without the
photocatalyst displayed no ecotoxicity. In particular, OFLOX in
water displays a bioluminescence inhibition of 6.91% =+ 1.23%,
and the antibiotic irradiated in the presence of the photo-
catalyst (OFLOX + Alg-BTO,-T2 + UV) displayed even lower
inhibition (0.93% = 0.42%). This means that the photo-
degradative by-products were not toxic, showing even lower
inhibition compared to the starting OFLOX solution. In addi-
tion to OFLOX solutions, the test was also performed on ultra-
pure water left in contact with the Alg-BTO,-T2 aerogel in the
absence of light. In this case, the solution proved to be non-toxic
and no bioluminescence inhibition was observed. This
confirms that the BT molecules are stable and are not released
into water, once encapsulated in the alginate matrices. Finally,
Alg-BTO,-T2 aerogels in water were irradiated in the absence of
OFLOX as a control, and the resulting solution (Alg-BTO,-T2 +
UV) was analysed under the same conditions. The solution was

25

Toxicity threshold
R s ot ashisl

L[]

OFLOX

Control samples

Bioluminescence inhibition %

i |
Alg-BTO,-T2 OFLOX+Alg-BTO,-T2

OFLOX Alg-BTO,-T2

Fig. 9 A. fischeri bioluminescence inhibition% at 30 min induced by
solutions containing (from left to right): OFLOX kept in the absence of
light, OFLOX irradiated, Alg—BTO, in the absence of light, Alg—BTO,
irradiated, and OFLOX irradiated in the presence of Alg—BTO,-T2
aerogels. The flash highlights the irradiated samples.
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not toxic being below the 20% threshold but displayed the
highest bioluminescence inhibition (10.86% =+ 1.65%)
compared to the other samples. Probably, in the absence of
contaminants to be degraded, the radicals formed during irra-
diation cause oxidative stress to A. fischeri.

Conclusions

A family of V-shaped oligothiophenes, derived from a benzo[b]
thiophene (BT) core and S-oxide or S,S-dioxide moieties, was
synthesized by the Stille cross-coupling reaction, with yields in
the range of 67-83%. The optical properties of BT molecules
were studied by spectroscopy and DFT calculations. Upon blue-
light irradiation, the targeted BT molecules demonstrated the
ability to generate ROS following both type I and type II mech-
anisms. BT molecules were encapsulated in an alginate matrix
by ionotropic gelation-freeze drying, resulting in porous aero-
gels that were dispersed in water and tested in the photo-
degradation of three emerging contaminants, i.e., RhB, BPA and
OFLOX. Among the synthesized alginate-BT aerogels, Alg-
BTO,-Tz2 proved to be the best performing photocatalyst,
achieving complete degradation of all the three ECs within 2 h,
followed by Alg-BTO,-T2 and Alg-T2(BTO,);, which still showed
high efficiency (complete degradation in less than 5 h). This
trend perfectly reproduces the amount of ROS generated by the
Alg-BT aerogels and the obtained results highlight the impor-
tant role of the S,S-dioxide moiety in the generation of ROS. The
stability of the aerogels was evaluated by performing five pho-
todegradation cycles with the same photocatalysts, showing no
noticeable change in degradation efficiency, proving the reus-
ability of the photocatalysts. Furthermore, an ecotoxicological
bioassay using Aliivibrio fischeri was performed on the OFLOX
antibiotic and its photodegradation by-products. Both solutions
showed no toxicity (values below the threshold: inhibition of
bioluminescence < 20%), and the photodegradation by-
products displayed less bioluminescence inhibition in the
bacterium, lower than the initial OFLOX solution. This work
demonstrates the possibility of exploiting oligothiophenes as
photocatalysts and sheds some light on the structure-proper-
ties relationships in S-oxide and S,S-dioxide based materials,
opening new perspectives for water treatment and the degra-
dation of persistent emerging contaminants.

Data availability

Detailed description of materials synthesis and characteriza-
tion, theoretical calculations, light-induced reactive oxygen
species quantification, photodegradation experiments, high
performance liquid chromatography analyses, and ecotoxicity
experiments.
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