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A selenophene-containing fullerene dyad (CeoSe) was electrochemically co-deposited with bis-selenophene
(BisSe) to form a visible light absorbing poly(selenophene) layer with incorporated fullerene photosensitizers on
platinum (Pt) or indium-tin oxide (ITO) substrates. The resulting photoactive films (P(CgoSe_BisSe)) were
characterized by cyclic voltammetry, UV-Vis, IR, Raman and X-ray photoelectron spectroscopies. The efficiency
of P(CeoSe_BisSe) towards singlet oxygen photogeneration was investigated by applying reactions with chemical
traps, i.e. a-terpinene and 1,3-diphenylisobenzofuran (DPBF), monitored by UV-Vis spectroscopy. The com-

position of the electropolymerized layer was controlled by varying the monomers ratio in the feed solution and it
had a strong influence on the spectroscopic and photosensitizing properties of the deposited film. It has been
shown that the efficiency of the visible light-driven singlet oxygen generation can be increased by optimizing the
ratio between Cgo photosensitizers and organic units in the layer.

1. Introduction

Lately, carbon nanostructures, i.e. fullerenes, nanotubes and gra-
phene, have attracted considerable attention in the photocatalysis, be-
cause of their high efficiency of singlet oxygen (*0,) production [1,2].
Since such photosensitizers absorb mainly in the ultraviolet region,
their spectroscopic properties have to be optimized. This can be done
using different strategies that are generally based on the covalent at-
tachment of a chromophore or incorporation into organic matrix ab-
sorbing in the visible region [3-8]. The resulting visible light-harvesting
structures can be effectively applied as a source of 'O, molecule. This
active form of oxygen can be simply produced in the photosensitization
process, in which a photosensitizer molecule is activated by light illu-
mination and transfers energy to triplet state oxygen via collision (so
called Type II mechanism) [9-11]. Next to carbon nanostructures, other
organic or inorganic photosensitizers show high photosensitizing effi-
ciency: dyes, porphyrins, inorganic transition metals complexes or
semiconductors oxides [10,12].

Among Reactive Oxygen Species (ROS), singlet oxygen possess one
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of the highest oxidative properties and reacts rapidly with an un-
saturated carbon-carbon bond or with neutral nucleophiles. Singlet
oxygen is extremely attractive as an oxidizing agent in the light-acti-
vated synthesis of fine chemicals, i.e. production of ascaridole, juglone
etc., or in the wastewater treatment [1,9,13]. The lifetime of 102
strongly depends on the type of solvent [14] - it can vary from few ps in
water and methanol, up to few hundreds ps in chlorinated or deuterated
ones [15]. Still, this active form of oxygen is relatively short-lived, and
thus, it has to be generated in situ in a reaction mixture. Though, ty-
pically higher efficiency is observed for the homogenous photo-
sensitization, the heterogeneous approach has many advantages, like
simplified operation, product separation or recycling of a photocatalyst.
In some cases even higher stability of the latter can be observed
[1,16,17]. Various approaches for the deposition of photoactive mole-
cules have been reported, e.g. based on the covalent immobilization on
a solid support or non-covalent incorporation into a polymeric matrix
[1,18,19].

The investigation of new solid fullerene-based photosensitizers
should take into account the type of precursor and the strategy of the
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layer deposition, that would allow controlling the properties of both —
the fullerene photosensitizer and the visible light absorbing unit. In our
previous work we have shown that the structure of terthiophene-full-
erene dyad strongly influences the photosensitizing efficiency of the
resulting photoactive layer [20]. Till now, the organic layers containing
thiophene and selenophene units have been mainly investigated for the
application in the organic electronics, especially in the fullerene or non-
fullerene Organic Photovoltaic Devices (OPVs) [21-24]. Lately, it has
been shown that fullerene — conjugate polymers blends are able to
generate ROS, including singlet oxygen. This, however, is considered as
a drawback in solar cells, since it may result in a device degradation
[25-29].

Here, we continue our studies aiming to increase the visible light
absorption of the photoactive layer by the introduction of selected or-
ganic-only units absorbing in the low energy region. Thus, a seleno-
phene/thiophene-fullerene dyad (CeoSe), chosen as a photoactive pre-
cursor was co-deposited with bis-selenophene (BisSe) in the
electrochemical polymerization process. The main aim of this study was
to optimize the composition of the resulting photoactive layer in order
to tune its spectroscopic properties, i.e. broadband absorption in the
visible range, and the photosensitizing properties. The deposited layers
were characterized by electrochemical and spectroscopic methods. The
efficiency of the visible light-driven singlet oxygen photogeneration
was tested in the process of a-terpinene oxidation leading to ascaridole
formation, that was followed by UV-Vis spectroscopy. Quantum yields
of 10, production by the investigated layers were estimated with che-
mical quencher, ie. 1,3-diphenylisobenzofuran (DPBF). The influence
of the monomers ratio on the electrochemical, spectroscopic and pho-
toactive properties of the layer was studied.

2. Experimental
2.1. Materials

CeoSe dyad and BisSe (Fig. 1) were synthesized applying previously
reported procedures [20,30,31]. The synthetic routes and the product
identification are given in the Supporting Information. The electro-
chemical co-deposition of the photoactive layers and their character-
ization was conducted in Tetrabutylammonium tetrafluoroborate
(TBABF,) (Sigma Aldrich, 99%) electrolyte solution in dichloromethane
(HPLC grade, Sigma Aldrich). The photosensitizing properties were
tested with a-Terpinene (TCI, purity 90%) in acetonitrile (Sigma Al-
drich) or 1,3-diphenylisobenzofuran (DPBF) (Acros Organics,
purity > 97%) in methanol (Acros Organics, 99.9%). Rose Bengal
(Acros Organics) was used as a reference in the determination of the
quantum yield of singlet oxygen photogeneration.

2.2. Electrochemical co-deposition of CgpSe and BisSe

The electrochemical co-deposition of CgoSe and/or BisSe monomers
was conducted using SPI-150 electrochemical workstation (Bio-Logic).

Fig. 1. Investigated monomers: CgoSe dyad and BisSe.
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A three-electrode cell was used with a platinum disc electrode (Pt,
EDAQ, 1 mm dia.) or an Indium-Tin Oxide (ITO)/borosilicate glass
(Prazisions Glas & Optik GmbH, PGO) acting as a working electrode, a
silver wire - as a pseudoreference electrode and a platinum wire - as a
counter electrode. The potential was calibrated with respect to ferro-
cene (Fc/Fc*) internal standard. The platinum disc electrode was
cleaned with a diamond paste. All electrodes were washed with acetone
and dichloromethane and were placed in a Teflon holder in 2 ml conical
cell or 5 ml cell, if Pt or ITO were used as a working electrode, re-
spectively. The electrochemical polymerization of CgoSe and BisSe was
carried out by cyclic voltammetry (CV) within the potential range (-0.6
; 0.9) Vvs Fe/Fc™ at the scan rate 0.05 V/s in the monomer-containing
solution in 0.1 M TBABF, / dichloromethane. The layer was deposited
within 10 scan cycles with the initial anodic polarization. The con-
centration of CgoSe dyad was kept constant at 0.45 mM in all the ex-
periments, while the concentration of BisSe was varied, in order to
obtain a different molar ratio of the monomers (5:1, 2:1, 1:1, 1:2 and
1:5). The solution was homogenized with ultrasonic mixing for 15 min
and then it was bubbled with Argon (Ar) to remove oxygen prior to
measurements.

2.3. Electrochemical and spectroscopic characterization of P(CgoSe:BisSe)
layers

The electrochemical properties of the layers were investigated in a
monomer-free electrolyte solution (0.1 M TBABF, /CH,Cl, purged with
Ar before measurements) using SPI-150 electrochemical workstation
(Bio-Logic) and the above-mentioned three-electrode system. CV curves
were recorded within (-1.8 + -0.6) V or (-0.6 =+ 0.9) V vs Fc/Fc™
potential ranges at 0.05 V/s scan rate.

The content of fullerene in the deposited films was estimated using
Equation (1) [32]:

feo = pea m
where Q is a charge exchanged in a reversible reduction of Ce to

Ceo®, n is a number of electrons, here: equal to 1, A is a platinum

electrode surface area (0.785 mm?) and F is Faraday constant.

Hewlett Packard 8452A UV-Vis spectrometer was used to record
UV-Vis spectra of the photoactive layers deposited on ITO and UV-Vis
spectra of 0.025 mM solution of CgSe, Cgo and BisSe in CH,Cl,.

IR spectra of the photoactive layers deposited on a platinum plate,
powder Cgo, BisSe and CgoSe dyad were collected using ATR mode with
Perkin Elmer Spectrum Two IR spectrometer equipped with DTGS MIR
detector in the range 2500 — 450 cm ~ . Additionally, Raman spectra of
co-deposited films were acquired with Renishaw inVia Raman
Microscope (Renishaw, Inc., New Mills, UK, with high sensitivity ultra-
low noise RenCam CCD detector). A diode laser with the wavelength of
514 nm (maximum power of 12 mW, reduced to 5%), 2400-line/mm
grating and 50x objective were used. Renishaw software was applied
for spectra smoothing and baseline subtraction.

X-ray photoelectron spectroscopy (XPS) investigations of photo-
active layers deposited on ITO utilized an Mg Ka radiation
(hv = 1253.6 eV), having an overall full width half maximum energy
resolution of about 0.9 eV. The spectrometer is a 150 mm hemispherical
analyzer from SPECS GmbH working in magnification mode at a pass
energy of 20 eV. The samples were mounted on a flat plate with two
wing clamps touching the upper part of the specimen, thus ensuring
good mechanical and electric contact. Before each experiment, the
sample resistance with respect to the ground was checked, the mea-
sured resistance was in the range from 5 to 15 Ohm. The fixed samples
were placed in an ultra-high vacuum chamber (base pressure of about
1 x 107'° mbar) [33]. The samples, coming from outside, were firstly
inserted inside a fast-entry and, after a couple of hours of pumping,
transferred inside the main chamber. No charging effects or sample
detriments in vacuum have been detected during the measurements.
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Fig. 2. Scheme of reaction of singlet oxygen with a) a-terpinene and b) DPBF.

2.4. Photogeneration of singlet oxygen by P(CeoSe:BisSe) layers

The photogeneration of singlet oxygen molecule was tested with a-
terpinene in acetonitrile and 1,3-diphenylisobenzofuran (DPBF) in
methanol. The reaction schemes are given in Fig. 2a and Fig. 2b, re-
spectively.

The photosensitizing properties of the deposited layers under visible
light illumination were tested with 0.05 mM a-terpinene in acetonitrile.
The process was followed in situ in 10 X 4 mm quartz cuvette (Hellma
Analytics) arranged as a thin layer cell, as in our previous works
[20,34]. The setup scheme is given in Fig.S2. The UV-Vis spectra of a-
terpinene were collected with Hewlett Packard 8452A UV-Vis spec-
trometer. Ca. 0.5 cm? of sample surface was illuminated with a xenon
lamp equipped with a filter transmitting only the radiation above
400 nm, that was placed perpendicularly to the UV-Vis spectra acqui-
sition. The yield and the kinetic parameters of the process were de-
termined based on the decrease in the absorption of a-terpinene at
266 nm [20,34].

DPBF (0.05 mM in CH3;0H) was applied as '0, specific quencher
under green light illumination. The measurement set-up was arranged
as for a-terpinene tests. In this case 532 nm diode laser (Oxxius, LCX-
532L-150-CSB-PPA model, 150 mW maximum power, 50 mW power
used) was applied as an excitation source. The quantum yields of singlet
oxygen photogeneration, @, were estimated applying so-called DPBF-
method and Rose Bengal (RB) as a reference with known ®gg equal to
0.80 in CH3OH. The quantum yield of photochemical production of 10,
can be calculated using Equation (2).

m; Qgrp

B @
where @; and ®gp are quantum yields of singlet oxygen photo-

generation by unknown photosensitizer or RB, respectively; m; and mgp

are rate constants of DPBF oxidation in the presence of an unknown

photosensitizer or RB, respectively, and a is absorption correction

factor given by a = 1 — 10™ (A is absorbance at irradiation wave-

length, here: 532 nm) [35-38].

Applied Surface Science 525 (2020) 146594

x103
——C,oSe
1.24—Bisse 5
s
0.9 g
5
—_ (&]
< 064
: -0.3 0.0 0.3 0.6 0.9
c Potential (V vs. Fc/Fc*)
g 0.3
=1
O g0
-0.3 -
-0.6 - . o 4.
CeoSe : BisSe =1:1

06 04 02 00 02 04 06 08
Potential (V vs. Fc/Fc*)

Fig. 3. CV curves recorded for Pt disc electrode in electrolyte solution con-
taining CgoSe and BisSe in 1:1 M ratio; arrows indicating the trend of change in
the recorded currents. Inset: CV curves recorded for Pt disc electrode in elec-
trolyte solution containing CgoSe (red line) or BisSe (blue line).

3. Results and discussion
3.1. Electrochemical co-deposition of CgpSe and BisSe

The electrochemical polymerization of monomers was firstly in-
vestigated with the platinum disc electrode (Pt). As in our previous
works [20,39] such strategy was chosen, since it allows to control the
process of layer formation and the amount of the electroactive species
being deposited. Fig. 3 presents CV curves recorded during continuous
scanning in the equimolar solution of C¢oSe and BisSe. In the first
anodic scan an irreversible oxidation at 0.85 V (vs. Fc/Fc*) is observed,
that can be assigned to the oxidation of organic unit, namely seleno-
phene group, to form radical cations [40]. In the consecutive scans the
increase in the recorded current in the broad potential range can be
observed, indicating the deposition of the electroactive layer on the
platinum electrode surface. Similar CV curves were recorded for ITO
acting as a working electrode. The electropolymerization process was
conducted only in the anodic domain in order to activate organic units
only and to ensure the stability of fullerene present in C¢oSe monomer.
Both, the current increase and the appearance of the new redox couple
centered at ca. 0.4 V (vs. Fc/Fc*), confirm the polymerization of the
organic units to form conjugated polymeric layer [41]. It can be seen in
the first scan cycle recorded in the single-component solutions (Fig. 3,
inset) that the onset of the anodic oxidation, initiating electro-
polymerization process, is located at ca. 0.4 V (vs. Fc/Fc*) for both
monomers. Therefore, it can be stated that under applied conditions
both CgpSe and BisSe undergo electrochemical polymerization [42].

3.2. Electrochemical and spectroscopic characterization of P(CgpSe:BisSe)
layers

3.2.1. Cyclic voltammetry

The electrodeposited polymeric layers, consisting of selenophene
and thiophene rings with incorporated fullerene photosensitizers, were
in turn characterized by electrochemical and spectroscopic techniques.

The CV curve of P(CgoSe_BisSe_1:1) layer recorded in the pure
electrolyte solution (Fig. 4) shows three redox couples located at ca.
0.4Vand —1.2 Vand —1.5 V vs. F¢/Fc*. The first signal, that arises
from the redox process within the polymeric unit, occurs at potential
that lies between the potentials of the corresponding signal in P(CgSe)
and P(BisSe) — that is ca. 0.6 V and 0.3 V vs. Fc/Fc™, respectively.
Hence, the presence of both monomer in the structure of the layer is
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Fig. 4. CV curves recorded for P(CgoSe_BisSe_1:1) (black line), P(CgoSe) (red
dashed line) and P(BisSe) (blue dashed line) deposited on Pt disc electrode in
electrolyte solution.

confirmed.

In the cathodic scan, two reversible redox couples centered at ca.
—1.2 V and at ca. —1.5 V vs. Fc¢/Fc* are observed. Those signals,
which are absent in the case of P(BisSe) layer, arise from the two-step
reduction of Cep to Cgo® and then to Cgo>, respectively [40,43]. This
confirms the presence of fullerene units in P(CgoSe_BisSe_1:1) layer.
Similar CV curves were recorded for other polymeric films deposited
from the solution with varied monomers ratio. Taking into account the
area under first reduction peak arising from Cgo to Ceo® transition, the
fullerene content in the formed layers was roughly estimated. As ex-
pected, the amount of Cgg units in P(CgoSe_BisSe) films was decreasing
by lowering the CgoSe — to — BisSe ratio in the feed solution (Table 1).

3.2.2. UV-Vis spectroscopy

The UV-Vis spectra of the electrochemically deposited layers
(Fig. 5) show two distinctive absorption bands. The band with max-
imum at 330 nm corresponds to the fullerene absorption, that for
pristine Cg in CH,Cl, solution is located at 329 nm (Fig. 5, inset). The
second band present in the low energy region can be linked to the
absorption of conjugated polymeric unit, namely 5 — 5t* transition. The
UV-Vis spectrum of the fullerene-dyad monomer shows only one broad
signal covering Cgo and organic unit absorption (Fig. 5, inset), while in
the UV-Vis spectra of P(CgoSe_BisSe) layers the band of selenophene/
thiophene-containing matrix is batochromicaly shifted and well-sepa-
rated from the Cgo absorption band, which confirms that electro-
deposition process results in the elongation of the conjugate organic
chain [44]. The maximum of the above-mentioned band is located at ca.
490 nm and is slightly red-shifting with the increase in the BisSe con-
tent. In all cases, only one absorption maximum is observed in the
visible region and it is located between the maxima of the corre-
sponding homopolymers, i.e. 480 nm for P(CgoSe) and 500 nm for P
(BisSe) (Fig. 5, inset). This may indicate that the electrochemical co-
deposition results in the formation of the copolymeric structure rather
than the blend of homopolymers [45,46]. Since the onset of m-m*

Table.1
Fullerene content in P(CgoSe_BisSe) layers deposited from the solution with
various molar ratio of monomers.

Photoactive layer Fullerene content [mol/mm?]

P(CeoSe_BisSe_5:1) 5.7 -10°
P(CgoSe_BisSe_2:1) 4.2-10°
P(CgoSe_BisSe_1:1) 2.5-107°
P(CooSe_BisSe_1:2) 1.2-10°
P(CgoSe_BisSe_1:5) 4.9-10M
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Fig. 5. UV-Vis spectra of P(CgoSe_BisSe) layers deposited on ITO from solutions
with varied molar ratios of monomers. Inset: UV-Vis spectra of 0.025 mM so-
lution of Cg( (black dashed line), CgoSe in dichloromethane (red dashed line), P
(Ceo0Se) (red line) and P(BisSe) (black line) layers deposited on ITO.

transition band is located at ca. 675 nm for all the films, it can be stated
that the resulting photoactive layers possess comparable effective
conjugation length [47]. Importantly, the absorbance in the Vis range is
significantly increasing with respect to Cg( absorption at 330 nm, with
the increase in the content of BisSe. This confirms that the spectroscopic
properties of the photoactive layer can be tuned by changing the
monomers ratio in the feed solution.

3.2.3. ATR-IR spectroscopy

Fig. 6 presents the IR spectra of both monomers and P
(CgoSe_BisSe_1:1) layer recorded in the ATR mode. In the case of full-
erene dyad spectrum, four characteristic Cqy bands are observed at
524 cm ™!, 574 cm ™}, 1177 em ™! and 1427 cm ™!, that can be assigned
to the vibrations of pentagons and hexagons of the fullerene cage [48].
The presence of organic unit in the monomer dyad is confirmed by C-H
out-of-plane vibrations of the monosubstituted selenophene ring lo-
cated at 678 cm ™! [47]. The latter vibration is the most dominant in
the IR spectrum of BisSe, together with the aromatic stretching band at
1427 cm ™! [47] and other signals in the fingerprint region at 748 cm ~*
and 814 cm ™, that can be assigned to the adjacent and isolated out-of-
plane bending vibrations of the selenophene ring [49]. For P
(CgoSe_BisSe_1:1) layer the aromatic stretching vibrations, namely

/ T 678 cm™!
1427 em™ 1 4
1177 cm 574 cm
@ C 608 e 524 cm™!
o
<
]
(%]
(=
]
= A
£ T 814 cm
n . . ETAAN
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’
1432cm™ e
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Fig. 6. ATR-IR spectra of CgoSe, BisSe and P(CgoSe_BisSe_1:1) layer deposited
on Pt plate.
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symmetric and asymmetric stretching of C = C in the selenophene ring,
are observed at 1432 cm ™! and 1653 cm™*, respectively [50]. Those
bands are significantly broaden when compared to monomers spectra,
which is typical for electrodeposited polymeric layers [44]. The effec-
tiveness of the electropolymerization process is also confirmed by the
decrease in the relative intensity of 678 cm ™' band being specific for
the monosubstituted heterocyclic ring. The strong signal at 788 cm ™!
arises from C-H out-of-plane vibrations in the 2,5-disubstituted sele-
nophene rings, which indicates that the electrochemical polymerization
occurs via a,a’-mechanism [51]. This is also supported by the absence
of the band at ca. 820 cm ™! that is characteristic for polyselenophene
obtained by a,B-coupling [50]. Moreover, the band located at
524 cm ™! confirms the presence of Cg units in the deposited photo-
active polymeric layer. The position of the vibrations of the fullerene
spheres, ie. “pentagonal pinch” A; mode, in the recorded Raman
spectra (Fig. S3) gives the final check of the structure of the formed
layer. The mentioned band is located at slightly lower wavenumbers
(1455 cm ™ 1) than for the pristine Ceo, but this can be a result of the
additional contribution of the C = C stretching vibration of BisSe, ra-
ther than the oligomerization of the fullerene units [52,53].

3.2.4. X-ray phototoelectron spectroscopy

The structures of the electrochemically polymerized photoactive
layers were further investigated by XPS (Fig. 7). In the survey spectra
obtained for P(CeoSe_BisSe_1:1)/ITO layer, given in Fig. 6a, signals of Se
3d, S 2p, C1sand N 1 s appear at 56 eV, 165 eV, 286 eV and 399 eV,
respectively [54,55]. While the presence of selenium, sulfur and ni-
trogen is specific for the deposited layer, the carbon signal arises from
the deposited layer and the so-called adventitious carbon residues
[56,57]. The O 1 s peak, placed at around 530 eV, has reasonably the

x1(15
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same origin, even if the ITO substrate contribution cannot be excluded.
Importantly, only weak signals coming from the electrolyte or solvent
used during the electrodeposition process, like F 1 s at 686 eV, are
observed. Similarly, only low-intensity peaks from the ITO substrate are
recorded, i.e. Sn 3d at 485 eV, In 3d at 444 eV and Si 2p at 100 eV [58],
which confirms the homogeneity of the layer.

The high-resolution spectra recorded for P(CeoSe_BisSe_1:1) are
shown in Fig. 7b — d. The experimental data (dashed lines) were fitted
using CASA XPS with components given as a product of Gaussian and
Lorentzian lines. The Shirley function was used for the background
subtraction [20,59]. The decomposition of N 1 s region (Fig. 7b) gives
one component at 399.4 eV arising from the amine-linker in the full-
erene-organic dyad [60]. In the case of two partially overlapping re-
gions, namely S 2p and Se 3p region (Fig. 7c) four components, i.e. Se
3ps3,2 and S 2p3,, with their spin—orbit split counterparts can be dis-
tinguished at 162.3 eV and 163.9 eV, respectively [54,55,61]. More-
over, for Se 3d region (Fig. 7d) two spin—orbit components Se 3ds,, and
Se 3d3,, with 0.86 eV separation and ca. 1.4-ratio are observed [62,63].
The position of both S 2p3,, and Se 3ds,, confirms the presence of
thiophene- and selenophene-containing organic layer on the ITO sur-
face. Importantly, since no additional components are observed in S 2p
or Se 3d regions, it can be stated that no oxidized species are present
within 2-3 nm from the sample surface [55,61]. The analysis of the C
1 s spectrum (Fig.S4) reveals the presence of five components arising
from both - the deposited layer and the adventitious carbon [64]. The
ratio between the components (Tab.S1) is in good agreement with the
stoichiometry of the layer, confirming that the contamination is not
significant.

Taking into account that N 1 s signal recorded at 399.4 eV arises
from the amine-linker that is present only in the CgoSe dyad, the high-

x1n3
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Fig. 7. XPS a) wide scan (pass energy 40 eV) and high resolution spectrab) N 1 s, ¢c) S 2p + Se 3p and d) Se 3d recorded for P(CeSe_BisSe_1:1) layer deposited on

ITO.
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feed solution.

resolution N 1 s and Se 3d regions after correcting the signal intensity
for the element and the transition specific photoemission cross sections,
were in turn used to estimate the composition of the deposited P
(CeoSe_BisSe) layers. Fig. 8 presents the relation between the compo-
sition of the feed solution and the monomers ratio in the resulting layer.
As assumed, the monomers ratio in the solution strongly influences the
deposited layer composition: the increase in the concentration of the
fullerene-containing monomer yields layers with higher Cqo content,
with almost linear relation. This is in agreement with the above-men-
tioned CV and UV-Vis spectroscopy results. The estimated monomers
ratios in the deposited layers are not equal to the ones in the feed so-
lutions. The significantly higher content of BisSe units was observed,
which suggests that, though both monomers undergo irreversible oxi-
dation at similar potentials, the electropolymerization of BisSe
monomer is more effective, probably because of the steric effect.

3.3. Singlet oxygen photogeneration by P(CgoSe:BisSe) layers

The photogeneration of singlet oxygen in homogenous and hetero-
geneous systems can be investigated directly, i.e. by measuring lumi-
nesce at ca. 1270 nm, or indirectly with chemical traps. Since the
emission signal of singlet oxygen is quite weak, the second strategy is
more common. Various chemical traps that can be monitored with
UV-Vis or EPR spectroscopies have been proposed for the indirect de-
tection of 10, [65,66]. In this work, a-terpinene was used for the in-
vestigation of visible light photogeneration of ROS, while DPBF - spe-
cific singlet oxygen quencher, was applied under green-light
illumination for the determination of the quantum yield.

The effectiveness of the visible light-induced photooxidation reac-
tion was monitored by UV-Vis spectroscopy as the decrease in the ab-
sorption of a-terpinene at 266 nm [20]. Fig. 9a presents the UV-Vis
spectra of o-terpinene recorded during illumination of P
(CeoSe_BisSe_1:1) layer with the xenon lamp equipped with the filter
transmitting only visible radiation. The decrease in the characteristic
absorption band of a-terpinene observed at 266 nm indicates its reac-
tion with ROS photogenerated by P(CeoSe_BisSe_1:1) layer. The pho-
tooxidation of a-terpinene results in the formation of ascaridole
(Fig. 2a) [16,67]. Importantly, the deposited layer is not dissolving in
the reaction medium, since no new bands are observed in the recorded
spectra during the photoprocess.

Fig. 9b shows that almost no decrease in the substrate absorbance is
observed when unmodified ITO is illuminated, which confirms that
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under applied conditions the process of a-terpinene self-decomposition
can be excluded. Additionally, the decrease in the absorbance after
30 min of illumination is significantly higher for the electrochemically
deposited polymeric layer containing fullerenes than for the layer
containing only BisSe monomer. Thus, it can be stated that in-
corporated Cgo photosensitizers are mainly responsible for the ROS
photogeneration. As in our previous work, it is shown that the photo-
sensitizers based on carbon nanostructures retain their photoactivity
after deposition on a solid support [34].

The activity of P(CgoSe_BisSe_1:1) layer towards singlet oxygen was
also tested applying DPBF - chemical quencher and 532 nm laser as an
illumination source. Fig. S5 presents the UV-Vis spectra of DPBF in
methanol recorded during irradiation of P(CgoSe_BisSe_1:1) layer with
the green laser. The drop in the DPBF absorbance at 410 nm confirms
that the energy transfer from the poly(selenophene) matrix to Cgo can
occur and it may result in the formation of 10, species [4,6,7,68-71].
The quantum yield of singlet oxygen photogeneration was determined
by the DPBF-method with Rose Bengal as a reference [36-38]. ® is
equal to ca. 0.7% for P(CeoSe_BisSe_1:1) and P(CeoSe) layers, suggesting
that the efficiency of the above-mentioned energy transfer is compar-
able in both cases, even if the additional organic-only component
(BisSe) acting mainly as a visible light antenna, is introduced into the
deposited layer.

Further, as presented in Fig. 9b, the drop in a-terpinene absorbance
at 266 nm is ca. 2.5-times higher for P(C¢oSe_BisSe_1:1) layer than for
the layer consisting of the fullerene dyad only - P(CgoSe). This can be
explained by higher absorbance of the photoactive layer containing
BisSe units in the visible range, which confirms the effectiveness of the
assumed strategy.

In the next step, all electrochemically co-deposited layers were ap-
plied as a source of 10, in the oxidation of a-terpinene, yielding similar
set of spectra as presented in Fig. 9a. In order to compare the efficiency
of the photoprocess, the rate constants were determined based on the
drop of a-terpinene concentration. Assuming the pseudo-zero order
kinetics [20], the rate constants were estimated with a linear regression
as a slope of the line (c-Cjnigial) VS. time. As it can be seen in Table 2, the
highest value of the rate constant was observed for the polymeric layer
deposited from the feed solution with monomers ratio equal to 1.
Further increase in the content of the organic unit or fullerene-dyad
resulted in the drop of the reaction rate. This indicates that the ratio
between the fullerene photosensitizer and the poly(selenophene) ma-
trix, acting as an antenna for visible light, is the best optimized in the
case of P(C60Se_BisSe_1:1) layer.

4. Conclusions

In the presented work, CgoSe fullerene-dyad was electrochemically
co-deposited with bis-selenophene on Pt or ITO/glass, yielding the
polymeric matrix with incorporated Ceo photosensitizers. The proposed
strategy resulted in the formation of the thin photoactive layer, which
structure was confirmed with electrochemical and spectroscopic tech-
niques. It was shown that the composition of the resulting layer can be
simply varied by changing the monomers ratio in the feed solution.
This, in turn, allows to tune the spectroscopic properties, namely the
absorption in the visible range, and the photosensitizing properties of
the deposited films. It was found that the layer with ca. 1:2 ratio be-
tween the fullerene dyad and bis-selenophene units, formed from the
equimolar solution, shows the highest efficiency of singlet oxygen
photogeneration under visible light illumination. The quantum yield of
the photoprocess was comparable for CgoSe_BiSe and CgoSe-only layers.
The presented results demonstrate that the efficiency of the visible light
photogeneration can be simply enhanced by the introduction of the
visible light-harvesting organic units into fullerene-containing photo-
active layer.
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Fig. 9. a) UV-Vis spectra of a-terpinene recorded during illumination of P(C60Se_BisSe_1:1) layer with xenone lamp equipped with filter transmitting > 400 nm, b)
decrease in the absorbance of a-terpinene at 266 nm during illumination of P(C60Se_BisSe_1:1), P(BisSe), P(C60Se) layers deposited on ITO and unmodified ITO.

Table.2

Rate constants of a-terpinene photooxidation reaction with
singlet oxygen generated by P(CeoSe_BisSe) layers with various
composition.

Photoactive layer k [mM'min~']

P(CooSe_BisSe_5:1) (1.72 + 0.01)10*
P(CeoSe_BisSe_2:1) (2.85 = 0.01)10*
P(CgoSe_BisSe_1:1) (5.10 = 0.02)10*
P(CgoSe_BisSe_1:2) (2,52 + 0.01)10*
P(CeoSe_BisSe_1:5) (1.30 + 0.01)10™
P(CeoSe) (2.03 + 0.01)10™
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