
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 3
:0

5:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Comparing a cov
aDepartment of Chemical, Biological, Phar

University of Messina, Viale Ferdinando Sta
bITAE-CNR, Via Salita S. Lucia Sopra Conte
cInteruniversitary Research Center for Artic

Node), V. F. Stagno d’Alcontres 31, 98166 M

† Electronic supplementary information
adopted; synthetic procedures and cha
preparations; data on photovol
https://doi.org/10.1039/d4se00329b

Cite this: Sustainable Energy Fuels,
2024, 8, 2235

Received 9th March 2024
Accepted 7th April 2024

DOI: 10.1039/d4se00329b

rsc.li/sustainable-energy

This journal is © The Royal Society o
alently linked BODIPY–pyrene
system versus the corresponding physical mixture
as chromophores in luminescent solar
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Luminescent solar concentrators (LSCs) appear as an attractive solution to extend the application of

photovoltaic panels by installing them “invisibly” in urban architectures. Many researchers are working on

boosting the photovoltaic performances of LSCs, and an appealing strategy is to involve

a multichromophoric system where Förster resonance energy transfer (FRET) occurs. To investigate the

role of the energy donor, which is crucial in FRET processes inside LSCs, we designed a light-harvesting

antenna composed of a highly emissive donor, such as pyrene, covalently connected to a BODIPY unit

as an energy acceptor. Such an antenna was used as the chromophore to fabricate a LSC and the

photovoltaic performance of the device was compared with that of the LSC based on a physical mixture

of BODIPY and pyrene not covalently bonded. The results indicate that the LSC based on the antenna

system has a lower optical efficiency than the LSC containing the physical mixture. Such a conclusion

highlights that designing an antenna system composed of a highly luminescent species as the energy

donor (e.g. pyrene, in this case) could not improve the LSC photovoltaic performances compared to the

LSC based on the physical mixture of the separated chromophores.
Introduction

Over the recent years, renewable energies are progressing as
valuable options to replace conventional energy sources based
on fossil fuels, which are causing climate and environmental
issues on the planet.1–5 Among the existing sustainable tech-
nologies, such as wind, biomass or hydroelectric, solar energy
conversion appears to be one of the most attractive considering
that during one hour the Sun provides to the Earth's surface
a quantity of energy approximately equal to the energy
consumed in the globe over one year.6,7 In the last few decades,
various solar energy conversion devices have been developed,
including photovoltaic (PV) panels which achieve outstanding
conversion efficiencies. Although the use of photovoltaics has
been recently diffused globally, nowadays less than 1% of our
total energy consumption is generated by this technology;8 such
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an assessment suggests that the installation of more PV panels
is necessary, but on the other hand, this would include covering
some habitable landscapes, implying environmental and stra-
tegic consequences.9 A possible solution to extend the PV
applications in large areas is the development of building
integrated photovoltaics (BIPVs), where energy-generating
technologies are installed into architectural structures.10 In
this context, luminescent solar concentrators (LSC), proposed
for the rst time in 1973,11 appear as a praiseworthy solution.
LSCs are transparent plastic or glass materials containing
luminophores which absorb a portion of the solar spectrum and
emit photons at lower energy. Due to the high refraction index
of the LSC matrix which causes a total internal reection
phenomenon, the luminescence is waveguided to the edges of
the material, where photovoltaic panels are mounted and
convert emitted photons into electrical energy.12–15 LSCs can be
applied in a series of urban architectures, for instance in noise
barriers,16–18 greenhouses,19 and bus stops,20 or used as
windows, thus “invisibly” incorporating the PV panels in the
buildings, without altering the indoor illumination and helping
the diffusion of photovoltaic technologies on large areas.21

Various luminophores have been tested inside LSCs, such as
quantum dots (QDs) or molecules.22–25 Luminescent QDs are
nanomaterials exhibiting a notable photo-stability in liquid and
solid states and a large Stokes-shi which avoids emission
Sustainable Energy Fuels, 2024, 8, 2235–2244 | 2235
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Fig. 1 Molecular structures of the synthetized BODIPY derivatives and
pyrene.
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losses due to re-absorption phenomena.26,27 Nevertheless, the
highest values of power conversion efficiencies for a LSC-PV
coupled system have been reached by using luminescent
molecular dyes, like the case of the record value obtained by
using up-conversion dual panel LSCs containing a porphin–
palladium complex and a perylene unit.28,29

Although a large number of fascinating chromophores have
been explored for LSC applications, using a single chromophoric
species leads to a material capable of absorbing only a limited
portion of the solar spectrum. To overcome such a limit, an
appealing approach is to construct a covalently linked multi-
chromophoric system composed of a chromophore (i.e. donor)
which absorbs light and funnels the excitation energy to a lumi-
nophore (i.e. acceptor) which emits photons.30 Such systems
behave as a light-harvesting antenna where Förster resonance
energy transfer (FRET) processes occur.

The concept of FRET and an antenna system entrapped in
the LSC matrix was introduced in 1977,31 with the goal to
fabricate a LSC capable of absorbing a wider part of the solar
spectrum and in parallel to improve the optical properties of the
material and mitigate the energy losses in the LSC.32–36

In the last few years, several research groups studied the
energy transfer process as a possible strategy to boost the effi-
ciency of LSC-PV devices, and the results highlighted that the
selection of an appropriate energy donor and an acceptor is
a crucial feature for designing an efficient antenna system.37–39 In
particular, it is well acknowledged that an appropriate donor
must have a strong absorption in the visible region; however, less
attention is typically dedicated to its luminescence properties.

Focusing specically on the role of the donor in FRET, here
we report on a LSC based on a series of BODIPY (diuoroBOr-
onDIPYrromethene) derivatives, including a species (named
Bod-Py, see Fig. 1) where a pyrene unit is covalently linked to the
BODIPY “core”, through an amide bond of aliphatic and
aromatic spacers. The excited singlet state of pyrene lies at
a higher energy compared to the excited singlet state of BODIPY,
which favours the BODIPY–pyrene system to behave like an
antenna, where the pyrene unit plays the role of the energy
donor and the BODIPY moiety, the role of the energy acceptor
and emitter. BODIPY and pyrene derivatives have impressive
photophysical properties, such as strong visible absorption and
remarkable luminescence quantum yield, which make such
chromophores to be employed in a plethora of applications,40–45

including solar energy conversion.46,47

Here, the photophysical investigations on the synthetized
species and the photovoltaic performances of LSCs are pre-
sented. In particular, the optical efficiency of the LSC based on
Bod-Py was compared with that of the LSC based on the physical
mixture of the chromophores that are notcovalently connected,
spotlighting the effect of choosing a highly luminescent species
(i.e. pyrene) as the energy donor in these systems.

Results and discussion
Synthesis and photochemical characterization in solution

The molecular species Bod-NH2 and Bod-Amide (Fig. 1), used as
models, were synthesized according to known procedures.48
2236 | Sustainable Energy Fuels, 2024, 8, 2235–2244
Bod-Py was synthesized by a coupling reaction between Bod-
NH2 and commercial 1-pyrenebutyric acid Py. Experimental
data are provided in the ESI.†

The steady state photophysical properties of these species
have been studied in dichloromethane (DCM) dilute solutions
(∼10−6 M) and are summarized in Table 1 and illustrated in
Fig. 2 (and the ESI†).

The absorption spectrum of Py shows a series of bands in the
UV region reecting the vibronic structure of the p / p*

transitions (as typical for polycyclic aromatic units) with
a maximum at 339 nm. The absorption spectra of Bod-NH2 and
Bod-Amide are essentially identical to one another and show
a dominant band in the visible region attributable to S0 / S1 (p
/ p*) transitions, and less intense bands in the UV region due
to S0 / S2 transitions. Bod-Py exhibits an absorption spectrum
which corresponds to the overlay of Bod-Amide and Py bands,
indicating that the electronic coupling between BODIPY and
pyrene subunits is negligible at the ground state.

In a uid solution, Py has a luminescence quantum yield of
13%, with an emission band maximum centred at 395 nm, and
an excited state lifetime of 32 ns. The emission spectra of Bod-
NH2 and Bod-Amide show a narrow band with a maximum
centred at 510 nm and 512 nm, respectively; it is worth noting
that the luminescence quantum yield of Bod-NH2 is lower than
that of Bod-Amide (Table 1) and this is due to the presence of an
amino group in Bod-NH2 which partially quenches the BODIPY
excited stated uorescence via non radiative decay pathways
compared to Bod-Amide, where such an effect is downsized. As
further conrmation, the excited state lifetime of Bod-NH2 is
shorter that that of Bod-Amide. In the emission spectrum of
Bod-Py, aer excitation in the absorption region of pyrene, the
BODIPY uorescence band is exclusively observable, indicating
This journal is © The Royal Society of Chemistry 2024
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Table 1 Photophysical data of the studied species in DCM aerated solution and in a LSC rigid matrix

3 (M−1 cm−1)

lmax (nm) absorption lmax (nm) emission s (ns)

4 in DCMIn DCM In LSC In DCM In LSC In DCM In LSC

Py 33 000 339 340 395 396 32 202 0.13
Bod-NH2 73 000 496 498 510 516 2.3 5.8 0.32
Bod-Amide 71 300 497 498 512 516 3.2 6.3 0.40
Bod-Py 73 000 340a, 497b 341a, 498b 512 515 3.6 6.4 0.41
Mixc — 339a, 497b 340a, 498b 395a, 513b 396a, 517b 3.9a, 32a,b 6.6a,b, 198a,b —

a Band maximum or lifetime related to the pyrene unit. b Band maximum or lifetime related to the BODIPY unit. c The mixture composed of Bod-
Amide and Py in a ratio of 1 : 1 is named Mix; see the text.
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that Py emission is completely quenched via a quantitative
energy transfer mechanism, where excitation energy migrates
from *Py to the BODIPY “core” subunit. This is conrmed by the
excitation spectrum of Bod-Py which quite well matches the
corresponding absorption spectrum (Fig. S4, in ESI†). More-
over, data in Table 1 indicate that covalently connecting a pyr-
ene moiety to BODIPY does not affect 4 and s of Bod-Py
compared to those of Bod-Amide (taken as “model” species), as
expected in systems where energy transfer processes take
place.31 A similar BODIPY–pyrene dyad, connected by one
phenyl unit as the spacer, had been investigated by M. Fakis
et al. and it was demonstrated that not only the energy transfer
process, but also the photoinduced electron transfer process
takes place in the dyad when a polar solvent is employed.49–51 To
avoid such a process which would quench the luminescence, we
decided to use an aliphatic chain as the linker between the
chromophoric units in order to decrease the electronic coupling
between BODIPY and pyrene compared to a conjugated spacer,
thus making the charge separation process less competitive.
Fig. 2 Absorption (on the left) and emission (on the right) spectra of Bod
other species are illustrated in the ESI.†

This journal is © The Royal Society of Chemistry 2024
By using the Förster equation,17 we calculated the rate
constant of the energy transfer mechanism occurring in Bod-Py:

kF
en ¼ 8:8� 10�25

K2V
rAB

6n4s
JF (1)

where K is an orientation factor which considers the direc-
tional nature of the dipole–dipole interaction and K2 is typi-
cally 2/3 for a random orientation; n is the refractive index of
the solvent (DCM); 4 and s are respectively the luminescence
quantum yield and lifetime of the energy donor (Py in our case)
in DCM solution; rAB is the distance in Å between pyrene and
BODIPY units in Bod-Py (i.e. approximately 9.6 Å); JF is the
Förster overlap integral between the emission spectrum of the
donor (i.e. Py) and the absorption spectrum of the acceptor (i.e.
Bod-Amide) on an energy scale in cm−1 (in our case, JF =

1.77 × 10−14 cm6 mmol−1). According to eqn (1), kFen for Bod-Py
in DCM is 1.35 × 1010 s−1 which is much faster than
the rate constant of Py excited state radiative decay, that is
3.16 × 107 s−1, indicating that the Förster energy transfer
-Py and Mix in DCM and in the LSC. lexc = 350 nm. The spectra of the

Sustainable Energy Fuels, 2024, 8, 2235–2244 | 2237
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View Article Online
process is kinetically a competitive process which quenches Py
luminescence.

As a control sample, a physical mixture (meaning a mixture
of distinct molecular entities of donor and acceptor units)
composed of Bod-Amide and Py in a ratio of 1 : 1 has been
prepared in DCM dilute solution (concentration ranging from 1
× 10−6 M to 8 × 10−6 M), here named Mix. The absorption
spectrum of Mix is identical to that of Bod-Py, while the emis-
sion spectrum (excitation in the region where pyrene absorbs)
reveals the emission band of the pyrene unit, together with the
uorescence band of the BODIPY unit at lower energy. Addi-
tionally, the excited state lifetime of pyrene in Mix is equal to
that of Py; furthermore, the excitation spectrum of Mix (lem =

535 nm) perfectly matches the absorption spectrum of Bod-
Amide, with no contribution of pyrene bands (Fig. S5 in the
ESI†). This demonstrates that in the physical solution Mix, no
energy transfer process occurs, probably because it is diffusion-
dominated at this low concentration. Indeed, energy transfer
efficiency is inversely proportional to the distance between the
donor and the emitter,52 meaning that, when they are not
covalently bonded, quite a high concentration of chromophores
is needed for the energy transfer to occur. As an example, for the
case of the diffusion-controlled Förster energy transfer mecha-
nism, the concentration of the emitter should be >1 mM in
solution to sufficiently quench the donor emission.53 However,
at high concentration values, aggregation phenomena play
a key role and can lead to luminescence quenching or
enhancement (i.e. AIE, aggregation induced emission). In our
case, when a p-conjugated system such as pyrene is involved
which undergoes p–p stacking interactions, the high concen-
tration of the luminophore required for the energy transfer
process can be responsible for aggregation phenomena that
have a counter-effect to quench pyrene's luminescence. To
avoid such quenching events, we used diluted solutions (∼10−6

M) for measurements in the liquid phase and in LSCs.
Fig. 3 Photograph of the prepared LSC before and after UV irradiation
at 365 nm.
LSC preparation and optical characterization

LSCs were fabricated by a thermal activated polymerization,
where lauryl methacrylate acted as the monomer, ethyl glycol
dimethacrylate as the cross-linking agent, and lauroyl peroxide
as the initiator,54 and such a reaction mixture was used to
dissolve the synthetized species andMix. All the LSCs have been
prepared using the same concentration of chromophores, to
allow for a comparison; adopting 10−6 M as the concentration
range of the chromophore in the LSC was a good compromise
for having enough chromophores to generate a performant
device and at the same time keeping the LSC transparent and
only slightly coloured. The LSC fabrication procedure was
repeated several times, using different concentrations of BOD-
IPY or pyrene (from 2.2 × 10−6 M to 8 × 10−6 M, meaning the
chromophore : initiator ratio was from 1 : 8000 to 1 : 2200
respectively), and detecting always the same photochemical
results, on the basis of absorption and emission properties. At
temperatures higher than 80 °C, the initiator is activated and
starts a radical polymerization reaction which leads to a poly-
acrylic solid material. Investigations on the optical properties
2238 | Sustainable Energy Fuels, 2024, 8, 2235–2244
and Monte Carlo ray tracing simulations demonstrated that
conventional polyacrylates absorb less light than standard
window glasses,55 and this makes them a suitable material for
LSC applications.

The prepared LSC appears transparent and exhibits BODI-
PY's (or pyrene's) uorescence from the borders once irradiated
by UV light from the top surface (except for LSC-Py), as shown in
Fig. 3.

Comparing the absorption spectra of all the chromophores
in the LSC matrix and in DCM solution, no signicant differ-
ence is noted (just 1 nm red-shi in the LSCmatrix compared to
the liquid phase).

To calculate the fraction of photons absorbed by the LSC
over the solar spectrum from 370 nm to 1050 nm, habs-vis, an AM
1.5G solar simulator was used as the irradiation source. The
area of AM 1.5G spectra decreased by the presence of the LSCs
between the light source and the detector was divided by the
area of the solar spectrum. The habs-vis values are reported in
Table 2 (and graphically observable in Fig. 4 and S6 in the ESI†).
For the “blank” LSC (i.e. a LSC without a chromophore inside)
the fraction of photons absorbed is 12.13%, and it is related to
some incident sunlight conned in the waveguide of the poly-
acrylic rigid matrix. The value of habs-vis for LSC-Py is lower
compared to that of the other materials and similar to the value
of the blank LSC; this is not surprising considering that the
absorption contribution of pyrene in this investigation range
(from 370 nm to 1050 nm) is negligible.

As information on the visual appearance of the semi-
transparent slab, we calculated the color rendering index
(CRI), reported in Table 2, and the color coordinates using the
CIE 1931 chromaticity diagram (see Fig. 4, ESI† for details),56

that are widely investigated parameters to understand the
suitability of LSCs in real world BIPV applications. The CRI
value of LSC-Py is similar to that of LSC-Blank, since a pyrene
unit is only absorbing the UV portion of the solar spectrum;
analogously, the CRI of LSC-Bod-Py is almost identical to that of
This journal is © The Royal Society of Chemistry 2024
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Table 2 Fraction of photons absorbed over the solar spectrum, color
coordinates and CRI of the fabricated LSCs

LSC
habs-vis
(%) x y CRI

Blank 12.13 0.337 0.349 96.40
Py 12.56 0.338 0.350 96.05
Bod-NH2 21.62 0.344 0.348 94.45
Bod-Ammide 21.75 0.346 0.348 93.03
Bod-Py 25.75 0.346 0.349 93.05
Mix 25.27 0.348 0.348 91.98
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LSC-Bod-Amide. The color coordinates of all the LSCs are
located essentially in the central region of the diagram,
demonstrating so coloration of the materials, which is typi-
cally a preferable feature for indoor and outdoor illumination.
Average visible transmission (AVT) and La*b* coordinates were
also calculated and are included in the ESI.†

Once entrapped in the LSC matrix, the emission maximum of
BODIPY derivatives is red-shied and the luminescence lifetime
increases (approximately doubles) compared to that of the
solution phase (see Table 1 and Fig. 2). The emission spectrum
of LSC-Bod-Py does not show pyrene luminescence, thus indi-
cating that the energy transfer mechanism takes place in the
solidmatrix. The emission spectrum of LSC-Py exhibits the same
bands of Py in DCM; however, the luminescence is strongly
enhanced in the rigid phase, as demonstrated by the excited
state lifetime which is longer in the LSC (202 ns) compared to the
liquid solution (32 ns). This behavior is attributed to the rigid
matrix effects which decrease the non-radiative rate constants,
thus increasing the excited state lifetime and in parallel
enhancing the luminescence quantum yield.57–59 Such a trend is
further conrmed by measuring Py luminescence at 77 K in the
mixture ethanol : methanol (ratio 4 : 1) rigid matrix, where the
uorescence lifetime decay is 360 ns.
Fig. 4 In the left panel: position of the fabricated LSCs in the CIE 1931 ch
an AM 1.5G filter; the orange line represents the transmission spectrum of
LSC-Bod-Py is shown in green. LSC-Bod-Py is selected here as a represe
in Fig. S6 in the ESI.†

This journal is © The Royal Society of Chemistry 2024
Comparing the emission spectrum of Mix in DCM and in
LSC at equivalent concentration and under excitation at the
same wavelength, it is evident that in the liquid phase the
BODIPY luminescence is more intense than pyrene emission,
while in the LSC matrix the uorescence band of the pyrene
moiety appears more intense than that of the BODIPY unit. This
can be explained considering the boosted luminescence
quantum yield of Py once in the solid state.

As LSC devices are designed to be exposed to continuous
sunlight irradiation, a typical experiment is the photostability
test. All the LSCs have been irradiated on the top surface by using
an AM 1.5G solar simulator (100 mW cm2) for 24 h, whilst
registering the emission spectra.60 Despite a mild decrease for an
irradiation time longer than 12 hours, the LSC-chromophores
fabricated demonstrate adequate stability (Fig. 5).
Photovoltaic performances

To measure the photocurrent generated by the LSC-PV device,
one edge of the LSC had been placed in direct contact with
a silicon photovoltaic panel and irradiated perpendicularly at
100 mW cm2 using an AM 1.5G solar simulator,61,62 while the
other borders of the LSC were le uncovered. To reduce the
contribution of diffused light to the photocurrent, the PV cell
was covered with black tape, leaving exposed only the portion
necessary for contact with the LSC. Adopting such an experi-
mental set-up, the short-circuit current intensity, I, (mA) was
measured and converted into short-circuit current density JLSC
(mA cm−2), dividing I by the area of the LSC in contact with the
PV cell (J = I/A). Similarly, the short-circuit current density (mA
cm−2) of the PV cell, JPV, was obtained by dividing the current
intensity by the area of the PV cell directly irradiated by using an
AM 1.5G solar simulator (JPV = 15.85 mA cm−2 in our case).63

The so-detected J values, reported in Table 3, were used to
calculate the optical efficiency hopt of the LSC-PV, dened by
using eqn (2):64
romaticity diagram. In the right panel: in blue, the solar spectrum using
the solar simulator filtered by LSC-Bod-Py; the absorption spectrum of
ntative example. The spectra of the other prepared LSCs are illustrated

Sustainable Energy Fuels, 2024, 8, 2235–2244 | 2239
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Fig. 5 Panels (a), (b), (c), (d) and (e) show emission spectra (lexc = 330 nm) of the studied chromophores in the LSC after 24 h of irradiation with
a AM 1.5G solar simulator. In panel (f): normalized trend of the luminescence intensities of the corresponding emission band maximum.

Table 3 Photovoltaic data of all the LSCs fabricated, including LSC-
Blank. The results reported are average values of three experiments.
The concentration of chromophores has been the same in all the LSCs
to allow for the comparison

LSC I (mA) JLSC (mA cm−2) G factor hopt % hopt abs (%)

Blank 0.31 0.47 1.29 2.31 —
(�0.01) (�0.02) (�0.01) (�0.13)

Py 0.72 1.16 1.2 6.14 —
(�0.01) (�0.02) (�0.01) (�0.19)

Bod-NH2 0.66 1.06 1.37 4.88 51.42
(�0.01) (�0.02) (�0.01) (�0.15)

Bod-Amide 0.75 1.27 1.42 5.64 58.63
(�0.01) (�0.02) (�0.01) (�0.15)

Bod-Py 0.75 1.26 1.41 5.67 41.63
(�0.01) (�0.02) (�0.01) (�0.15)

Mix 0.8 1.52 1.37 6.98 53.12
(�0.01) (�0.03) (�0.01) (�0.18)
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hopt ¼
JLSC

JPV � G
(2)

where G is a geometrical factor, dened by using eqn (3):65

G ¼ Atop

2Aedge long � 2Aedge short

(3)

where Atop is the area of the top surface of the LSC; Aedge long and
Aedge short are the areas of the long and short edges of the slab,
respectively (the dimensions and contact areas of the LSC are
illustrated in Table S1 in the ESI†). In the case of a large LSC, the
JLSC value is expected to be typically higher than that for
a smaller LSC. The purpose of the G factor is to counterbalance
this effect; however, the inuence of G and JLSC on hopt is not
linear moving from a small to a large LSC. As a matter of fact,
2240 | Sustainable Energy Fuels, 2024, 8, 2235–2244
generally, the optical efficiency mildly decreases as the G factor
increases until reaching a plateau, and this can be attributed to
re-absorption events or light losses from the escape cone which
more frequently occur in larger LSCs than in smaller ones.66

The optical efficiencies, summarized in Table 3, demonstrate
adequate performance of LSC-PV devices compared to that of
other LSCs based on organic dyes.67 The results highlight that
the hopt of LSC-Bod-NH2 is lower than that of LSC-Bod-Amide, as
expected considering that Bod-NH2 is a less emissive species
than Bod-Amide, for the reasons discussed above. The optical
efficiency of LSC-Bod-Amide is almost the same as that of LSC-
Bod-Py, in agreement with the luminescence quantum yield
which is not inuenced by the presence of pyrene in the
molecular structure. LSC-Py exhibits a higher hopt compared to
the LSC based on the synthetized BODIPY derivatives, and this
can be explained considering the rigid matrix effect which
enhances the luminescence of pyrene compared to that in the
solution phase, as is evident looking at the excited state life-
times (Table 1). LSC-Mix has the best performance among the
series, reaching a hopt value of around 7% that is higher than
that of LSC-Bod-Py.

A plausible reason for such results could be attributed to the
energy transfer process occurring in LSC-Bod-Py which
quenches pyrene's luminescence, and consequently the
photons emitted by only the BODIPY unit contribute to the
photocurrent generated from the LSC-PV device. Differently, in
LSC-Mix, the energy transfer from *Py to the BODIPY unit does
not take place, and therefore, pyrene is strongly emissive. As
a consequence, the photons emitted by both chromophores in
LSC-Mix (i.e. pyrene and BODIPY) contribute to the photocur-
rent, leading to a better photovoltaic performance compared to
that of LSC-Bod-Py where only one chromophore (i.e. BODIPY)
emits light.
This journal is © The Royal Society of Chemistry 2024
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Some incident light can follow the LSC waveguide thus
contributing to the photocurrent of the LSC-PV device. In order
to consider such a contribution, the optical efficiency of the
LSC-Blank has been calculated and this value (2.31% in our
case) can be subtracted from the hopt of all the prepared LSCs, in
order to obtain the real optical efficiency (hopt real) of the LSC-PV
device, that is: 3.83% for LSC-Py, 2.57% for LSC-Bod-NH2,
3.33% for LSC-Bod-Amide, 3.38% for LSC-Bod-Py, and 4.67% for
LSC-Mix.

Since the hopt value strongly depends on the dimension of
the LSC and the chromophore luminescence, we calculated the
corrected optical efficiency hopt,abs to also consider the fraction
of photons absorbed by the LSC-chromophore, according to eqn
(4).

hopt abs % ¼ hopt

habs-vis ðLSC-chromophoreÞ � habs-vis ðBLANKÞ
(4)

where habs-vis (LSC-chromophore) is the fraction of photons absorbed
by every LSC containing various chromophores (see Table 2),
and habs-vis (BLANK) is the fraction of photons absorbed by LSC-
Blank. According to this equation, the corrected optical effi-
ciencies are reported in Table 3; for LSC-Py hopt,abs was not
calculated because of the negligible fraction of photons absor-
bed in the solar spectrum range adopted.

To investigate whether the photocurrent is affected by the
position of the irradiation light on the top surface, we measured
the I value when the light spot of a laser (at 406 nm) is moved
from one edge to another of the LSC side. The results are
illustrated in Fig. 6, together with the set-up adopted to perform
the experiment. The short circuit current intensity for LSC-Py is
low because Py has a low absorption coefficient at the laser
irradiation wavelength 406 nm. It is observable that in a LSC
based on BODIPY dyes, the photocurrent decreases for a short
optical path (meaning the distance between the laser spot on
the LSC top surface and LSC border), and then tends towards
a plateau. Theoretically, the luminescence intensity reaching
the edges should not be inuenced by the optical path, which
Fig. 6 In the left panel: photograph of the experimental set-up used fo
diating LSC-Bod-Py and the emission light waveguide inside the LSC ma
optical path on the photocurrent of the LSC-PV device.

This journal is © The Royal Society of Chemistry 2024
means that the photocurrent should not be altered when the
irradiation light is moved from one edge to the other of the slab
top surface. In reality, re-absorption events and bulk defects
cause the loss of some emitted photons when the optical path is
extended, and consequently, the photocurrent slightly
decreases.

The incident photon conversion efficiency (IPCE) of the LSC-
PV device was obtained by measuring the photocurrent as
a function of the excitation wavelength. To perform this exper-
iment, the LSC was placed in contact with the PV cell introduced
in the sample compartment of a spectrouorometer. The IPCE
has been calculated according to eqn (5):68–71

IPCE % ¼ ðJLSC � JLSC-BlankÞ � 1240

l� Pin

(5)

where JLSC is the current density of the LSC containing the
chromophore; JLSC-Blank is the current density of the LSC
matrix; 1240 is a numerical factor which includes the contri-
butions by Planck's constant (6.62 × 10−34 J s), the speed of
light (3.0 × 108 m s−1) and the electronic charge (1.69 × 10−19

C); l is the excitation wavelength expressed in nm; Pin is the
optical power density of the lamp source, expressed as mW
cm−2 and measured every 5 nm wavelength in the spectral
range from 400 nm to 650 nm. As evident from Fig. 7, the IPCE
spectra have the same proles as the absorption spectra, thus
conrming that the main contribution to the photocurrent is
attributed to the chromophores entrapped in the LSCs and not
to scattered light waveguided in the matrix.72 For instrumen-
tation limits related to the power meter used (see the ESI†), it
was not possible to measure the current intensity upon exci-
tation at an energy higher than 400 nm. As a consequence, the
IPCE of LSC-Py is close to 0%, because pyrene does not absorb
in the investigated spectral region (400–650 nm). For the same
reason, LSC-Mix exhibits almost identical IPCE to that of LSC-
Bod-Amide, as the contribution of pyrene is negligible. Addi-
tionally LSC-Bod-Amide and LSC-Bod-Py (which have similar
optical efficiency values), show almost the same IPCE
r monitoring the photocurrent vs. optical path; a 406 nm laser is irra-
trix is visible. In the right panel: diagram illustrating the influence of the

Sustainable Energy Fuels, 2024, 8, 2235–2244 | 2241
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Fig. 7 IPCE spectra of the fabricated LSC.
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contribution, in accordance with the photophysical properties
of these species.
Conclusions

A series of chromophores (essentially a pyrene moiety and three
BODIPY derivatives) have been synthetized, including a species
having a pyrene unit covalently connected to the to the BODIPY
“core” (named Bod-Py). Such chromophores were used to
fabricate LSCs which appear transparent and slightly coloured
and display the uorophore's bright luminescence from the
edges. Photophysical investigations in the liquid and solid state
had been performed, and photovoltaic performances are dis-
cussed. In our case, the results highlight that the LSC based on
the antenna system Bod-Py (where the chromophores are
bonded each other) has a lower optical efficiency that the LSC
based on the physical mixture (Mix) composed of the BODIPY
unit and pyrene (not covalently bonded) at the same
concentration.

This can be explained considering that in LSC-Bod-Py the
donor's (pyrene) luminescence is quenched via an energy
transfer process, so only BODIPY's uorescence is responsible
for the photocurrent generated by the device, while in LSC-Mix,
both luminophores (BODIPY and pyrene units) contribute to
the LSC photocurrent, because non-radiative decay pathways
are limited by the donor–acceptor distance and consequently
less efficient.

Such results suggest that when a strongly emissive species
(like pyrene in our case) is chosen as the energy donor to design
an antenna system, the LSC based on the covalently linked
donor–acceptor system (where only the acceptor is emissive)
would not be more efficient than the LSC based on the physical
mixture of the donor and acceptor (where both species emit
light). Differently, a good strategy to boost the LSC photovoltaic
properties can be to choose a weak-emissive energy donor in
order to design an antenna system for a LSC where two (or
2242 | Sustainable Energy Fuels, 2024, 8, 2235–2244
more) species are covalently bonded, benetting a wide
absorption of the solar spectrum by multiple chromophores
and having the excitation energy to be funnelled towards the
highly luminescent acceptor.
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