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a b s t r a c t

Luminescent Solar Concentrators (LSCs) are a type of light concentrating devices which offer several
advantages over other optical methods, like the possibility of working with diffuse light and the
appealing aesthetics, which makes them an ideal technology for their integration in building's facades of
urban settings. In order to improve their effectiveness and foster a large-scale adoption, solutions to
lower the impact of their production and extend their lifetime would be extremely beneficial. Photo-
stability is crucial for fluorophores used in LSCs, as they have to endure extended sunlight exposure over
years. UV radiation can alter the structure of organic emitters, reducing LSC efficiency and causing panel
replacement, with economic costs and environmental implications. In this study, two push-pull dyes
comprising distorted heptagonal inclusionsdnamely, Peri2F and Nap2Cardwere investigated as emit-
ters for bulk PMMA-based LSCs fabricated employing chemically regenerated monomers (r-MMA).
Compared to the use of virgin monomer, the Global Warming Potential of slab production is about four
times smaller, thereby enhancing the sustainability and encouraging circularity of large-scale LSC
fabrication. The most effective Peri2F/r-PMMA system yielded an hdev of 0.7%, lower than that of devices
comprising the state-of-the-art emitter LR305. Remarkably, however, Peri2F showed a far superior
resistance to photodegradation. Forecast analysis estimated that the LSC containing 100 ppm of Peri2F
can match LR305 performance in r-PMMA after about 1 year of use, with less than 2% decrease in initial
emission intensity.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to their low price and high compatibility with polymeric
materials, organic fluorophores are among the preferred options for
harvesting sunlight photons, which makes them useful for energy
applications [1]. Depending on their sector of use, the molecular
structures of organic fluorophores can be tuned to combine their
light-harvesting characteristics with the necessary phase disper-
sionwithin the selected polymermatrix. In this way, their color and
rlotti), andrea.pucci@unipi.it
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appearance can be controlled, making them easily integrated into
solar energy technologies, e.g. building-integrated photovoltaics
(BIPV) [2,3]. An example of these consists of Luminescent Solar
Concentrators (LSCs), devices composed of a slab of polymeric or
glassy material doped with fluorophore molecules, which absorb
incident radiation and re-emit it, directing the photons towards the
edges, thus resulting in light concentration (Fig. 1b) [4]. The
resulting higher flux of photons can easily be exploited by small-
area photovoltaic cells placed on the device's edges. To allow for
high light concentration efficiencies, high photoluminescence
quantum yields (PLQYs) and large Stokes shifts are required [5,6].
Furthermore, aggregation-caused quenching (ACQ) must be pre-
vented due to its detrimental effect on the emission and device
efficiencies [7].
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Abbreviations

ACQ Aggregation-caused quenching
AIBN Azobisisobutyronitrile
BIPV Building-integrated photovoltaics
BODIPY Boron dipyrromethene
HOMO Highest occupied molecular orbital
LSC Luminescent solar concentrator
LUMO Lowest unoccupied molecular orbital
MMA Methyl methacrylate
OPV Organic photovoltaic cell
PADI Polycyclic aromatic dicarboximides
PLQY Photoluminescence quantum yield
PMMA Poly(methyl methacrylate)
PV Photovoltaic
PVC Poly(vinyl chloride)
r-MMA Regenerated methyl methacrylate
r-PMMA Recycled poly(methyl methacrylate)
UV Ultraviolet
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Photostability is a critical trait for fluorophores used in LSC ap-
plications, as these molecules must endure prolonged exposure to
sunlight, which includes UV radiation, often spanning years. The
literature extensively details the effects of energetic radiation
organic dyes [8]. When subjected to UV photons, organic emitters
may experience structural alterations, thus resulting in fluores-
cence losses. Notwithstanding that organic dyes improve photo-
stability by two orders of magnitude when trapped in solid
matrices [9], such processes still remain detrimental for LSC effi-
ciency, thus possibly requiring its replacement. This incurs eco-
nomic costs and environmental consequences, including increased
waste production and energy consumption associated with
manufacturing and installing new panels., For example, El-Bashir
et al. demonstrated that the relative absorption of a coumarin flu-
orophore, i.e. Macrolex Fluorescent Red G, embedded in poly(-
methyl methacrylate) (PMMA), decreased by approximately 8%
after one year of sunlight exposure in Riyad, Saudi Arabia [10]. Also,
Mooney et al. [11] observed that only one of the three investigated
BODIPY derivatives had discrete photostability with about 40%
relative absorption drop over 700 simulated hours of thermally
accelerated UV aging. Recently, an LSC based on tetra(t-Butyl)
rubrene and a thiol-ene resin was reported to show a long life-
time by Zhang et al. [12], with no efficiency loss after 800 h of UV
irradiation. However, the radiation power was relatively low, i.e.,
Fig. 1. (a) Peri2F (left) and Nap2Car (right) molecular structures and LSC appearances; (b) Il
shelter in Livorno, Italy.
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2.8 W/m2, if compared to the other examples reported herein (see
Table S1). Kinderman et al. [13] measured for F570 and F083
Lumogen dyes dispersed in acrylic LSC plates a relative absorption
reduction of 38 and 31%, respectively, after the equivalent of 8
months of outdoor exposure in West Europe. Earp et al. [14] re-
ported a 50% decrease in emission after 14 days of sunlight irradi-
ation for the same Lumogen F083 in PMMA, whereas the relative
absorption decreased by 9%, indicating that even a slight reduction
in absorbance can result in significant output losses. Among the
dyes of the Lumogen series, the F Red 305 (LR305) is considered as
the state of the art in LSC, thanks to its broad absorption and PLQY
close to unity [15e18]. Because of its relevance, also its photo-
stability has been extensively investigated in the literature, both
experimentally and from a mechanistic perspective [19]. For
example, in the work of Hyldahl et al. [20], the absorption
maximum of a LR305 LSC panel decreased by around 5% after
around 600 h of solar irradiation (95mW/cm2). Li et al. [21] showed
that the performance of an OPV-LSC system containing LR305
decreased by about 20% after 300 h of continuous 1 Sun illumina-
tion. Delgado et al. [22] observed a 7% efficiency drop in LSC pro-
totypes containing LR305 after 4 months of outdoor exposure. The
same fluorophore in a fluoropolymer lost 13% efficiency after 800 h
UV irradiation (50W/m2), as reported by Pintossi et al. [23]. It must
be noted that the fluorophore lifetime is directly affected by the
polymer matrix, and some results from the literature might not be
comparable [24]. This is because LR305 photodegradation, as well
as that of most organic dyes, involves the homolytic cleavage of
carbon-heteroatom bonds that result in the formation of stabilized
radicals [25]. Such degradation pathways, albeit less impactful than
other kinds of fluorophores, can still become significant when light
irradiation is extended to longer periods of time despite the
remarkable performances of LR305. The development of efficient
emitters less prone to photodegradation could prolong the lifetime
of assembled LSC devices, making such technology more affordable
and sustainable. In this regard, compounds characterized by the
absence of moieties easily cleavable by homolytic scissions could
offer a superior resistance to photodegradation.

Inspired by the work of Kantarod et al. [26], who synthesized a
series of heptagon-embedded push-pull molecules showing high
quantum yields (up to 90%) and small HOMO-LUMO energy gaps
for a more efficient solar harvesting, we prepared LSC slabs based
on two of the most efficient compounds reported therein. The first
selected fluorophore, shown in Fig. 1a and named Nap2Car, consists
of push-pull molecule where a naphthalene dicarboximide acts as
acceptor moiety and a dibenzo-heptagon bearing two carbazole
substituents act as donor. The second fluorophore, which we will
refer to as Peri2F (Fig. 1a and Fig. S1b), differs from the former as it
lustration of LSC functioning from a photograph taken during LSC installation on a bus
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presents a perylene dicarboximide core containing a heptagonal
ring and two fluoride substituents in the di-benzoheptagon donor
moiety. Compared to the former, the latter does present bonds that
can yield to the ready formation of stable radicals from a homolytic
cleavage. The introduction of a seven-membered ring gives a
curved shape to the molecule, hindering aggregation and fixing the
geometry of the molecule, thus contributing to the high quantum
yield observed.

As host material, we selected PMMA, a widely used commodity
plastic for its transparency and high internal transmittance, i.e., key
features that allow photons to penetrate the material and be
conveyed to the edges [27,28]. Taking into consideration the overall
sustainability of the LSC production process, PMMAwas synthesized
by using a high-purity chemically regenerated methyl methacrylate
(r-MMA), so we will refer to it in this paper as r-PMMA. The prop-
erties of r-PMMA for LSC applications have been recently described
by our research group [29]. r-PMMA has been shown to be a sus-
tainable alternative to synthetically derived PMMA, as the environ-
mental impact of its production is reduced by 75%. Furthermore, its
use does not adversely affect the LSC performance but slightly in-
creases the photodegradation rate if impurities are present. When
considering a future semi-industrial production of PMMA sheets,
leading to materials totally composed of plastics, the use and recycle
of r-PMMAwould ensure a circular economyapproach, the efficacyof
which could indeed benefit from the use of fluorophores which are
particularly resistant to photodegradation.

Notably, in this study, we prepared r-PMMA-based LSCs
employing a free-radical bulk polymerization via a cell casting
process. For each fluorophore (Nap2Car and Peri2F), we fabricated a
series of LSCs containing different concentrations (100, 150, 200,
and 250 ppm) that were then cut and polished to obtain 5 � 5 cm2

squares with a thickness of 0.3 cm, as suggested by recently pub-
lished protocols to allow inter-laboratory comparisons [30]. The
devices were characterized spectroscopically and their perfor-
mances were evaluated both in terms of concentration efficiencies
and resistance to photodegradation.

2. Experimental section

2.1. Materials

Chemically regenerated methyl methacrylate (r-MMA) was ob-
tained from Madreperla S.p.a. (Milano, Italy). Poly(methyl meth-
acrylate) powder (DIAKON, Mw ¼ 95,000 g/mol) was purchased
from Lucite International (Rotterdam, The Netherlands). Azobisi-
sobutyronitrile (AIBN, Sigma Aldrich, USA) was used as an initiator.
The syntheses of Peri2F and Nap2Car are reported elsewhere [26].

2.2. Methods

PMMA free-radical polymerization (FRP) was performed by cell
casting [31] pouring a solution of chemically regenerated methyl
methacrylate, poly(methyl methacrylate) powder, fluorophore, and
initiators into a 12� 12� 0.3 cm3 mold. The molds were composed
of two glass sheets separated by a PVC gasket thick, when pressed,
as much as the required PMMA sheet. Some metallic clamps
allowed the mold to remain sealed during polymerization. The
pouring resin (50 g) contains 10 g of DIAKON (20 wt%), 40 g of r-
MMA (80 wt%), 0.30 g of AIBN (0.1 wt%). Nap2Car and Peri2F were
added in the desired concentration (100, 150, 200, 250 ppm). The
sealed mold was placed in a water-filled tank overnight at a tem-
perature of 50 �C and then it was transferred to an oven for a curing
of 4 h reaching 120 �C. At the end of the curing process, the two
glass sheets were separated, and the PMMA slab was cut to size by
laser cutting and polished.
3

UVevis spectra were acquired at room temperature with a Cary
5000 Series UVevis NIR spectrophotometer (Agilent Technologies,
USA). Fluorescence spectra on polymer films were measured at
room temperature with a JobineYvon Fluorolog®-3 spectrofluo-
rometer (Horiba, Japan) equipped with a 450 W Xenon arc lamp
and double-grating excitation and single-grating emission
monochromators.

Photoluminescence quantum yields (PLQY) were determined
using a 152 mm diameter Quanta-f integrating sphere (Horiba,
Japan). Epifluorescence micrographs were taken on an LED epi-
fluorescence microscope (Schaefer South-East Europe) equipped
with LED blue and green 5W light sources and a DeltaPix Invenio
2EIII camera (DeltaPix).

LSC photonic efficiencies were calculated from irradiance spectra
acquired using a solar simulator LCS-100 94011A (S/N: 322, AM 1.5G
stdfilter: 69mW/cm2 at 254mm,Oriel Instruments, USA) as the light
source and a spectroradiometer connected to an integration sphere
provided by Cicci Research s.r.l. (Grosseto, Italy) as the detector. The
incident light irradiance spectrum was integrated in the
350e1100 nm range. The absorbed irradiance spectrum was only
integrated in correspondence with the absorption peaks, and the
edge-emitted irradiance spectrum was integrated from 400 to
800 nm tominimize overestimations of efficiencies due to stray light.

IeV curves for electric device efficiency were obtained by
coupling the device with two silicon PV cells (IXOLAR KXOB25-
12X1F solar cell 20.0 � 5.65 mm2, Voc ¼ 0.69 V, Isc ¼ 46.7 mA,
FF > 70%, h ¼ 25%, Anysolar Ltd., South Korea) in series, connected
to a B2901A precision source/measure unit (Keysight Technologies,
USA). The PV cell is masked with black tape to match the LSC edge
(50 � 3 mm2), limiting the stray light to negligible levels. Silicone
grease was used to ensure optical contact between the LSC and the
PV cell. The other three edges of the LSC were covered with a
reflective aluminum tape. The reported hint, hext, and hdev [30]
values were calculated as the average of three distinct measure-
ments on a 50 � 50 � 3 mm3 LSC sample. All detailed procedures
are reported in the Supplementary Information section.

The accelerated aging test was conducted for 450 min total
placing the samples on a controllable hot stage set at 80 �C. The
surface temperature of the samples was 70 �C. A LED tower (Cicci
research s.r.l., Grosseto, Italy) was used as light source and an op-
tical fiber connected to a spectroradiometer as the detector
(CCARK.A.4.Spectroradiometer, Fiber Optic VIS/NIR spectrometer,
2048 pixels, grating VA (360e1100 nm), slit-50, OSC, DCL- UV/VIS),
placed at a distance of <1 cm from the polymer sample with a
detection angle of ca. 35�. More details are available in the SI.

3. Results and discussion

Peri2F and Nap2Carwere selected to fabricate 5 � 5 � 0.3 cm3 r-
PMMA slabs according to recent protocols [30,32] and following a
widely known industrial procedure [33,34]. Notably, a solution of
PMMA (pre-polymer), AIBN (initiator), and fluorophore (at 100,
150, 200, and 250 ppm concentrations) in r-MMA was poured in a
glass mold and heated in a water tank overnight to promote the
polymerization process. After the curing phase in an oven, the
plates were cut and polished. The appearance of the samples is
shown in Fig. S2. At first glance, the devices containing Peri2F
appeared opaque and more colored than their Nap2Car-based
counterparts; on the contrary, the emission of the latter appeared
more intense (Fig. 1a, Fig. S3).

3.1. Spectroscopic investigation

UVevis absorption and fluorescence investigations were per-
formed to assess any differences in fluorophore features when
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dissolved in solution [26] or in PMMA. As shown in Fig. 2, Nap2Car
displayed an absorption maximum centered at 430 nm, i.e. almost
identical to that observed in chloroform solution (434 nm). Peri2F,
on the other hand, showed a particularly broad absorption peak at
544 nm, close to the 540 nm peak observed in CHCl3 [26]. Notably,
Peri2F displays a much larger absorption coefficient (ε), responsible
for the more intense coloration. This is also evident in CHCl3 so-
lutions, where the ε value for Peri2F stands at 35,500 mol⁻1 L cm⁻1,
notably greater than the 25,600 mol⁻1 L cm⁻1 observed for Nap2Car.

With regard to fluorescence, Nap2Car showed a blue-shifted
emission compared to the solution (536 nm), with a maximum
that shifted with concentration from 499 to 503 nm. The small red
shift of the fluorescence maximum with concentration was
addressed to the inner filter effect [35] as usually observed for
organic fluorophores dispersed in solid polymers [36e38]. The
Stokes shift of Nap2Car in the r-PMMA slabs was 69e73 nm.
Conversely, Peri2F displayed an emission peak centered at 602 nm
at a concentration of 100 ppm, which shifted progressively to
607 nm at 250 ppm. This agreed with studies in solution, where the
emission was centered at 611 nm. Peri2F in r-PMMA showed a
Stokes shift of 58e63 nm, i.e., slightly lower than that of Nap2Car.

Subsequently, we performed quantum yield (QY) measure-
ments aimed at studying the influence of the nature and fluo-
rophore concentration on their emission efficiency. Nap2Car,
characterized by a QYof 0.77 in solution [26], showed in r-PMMA a
decrease from 0.48 to around 0.40 (Fig. 3a) at 100 and 250 ppm pf
concentration, respectively. Similarly, Peri2F, characterized by a
quantum yield of 0.59 in CHCl3 [26], exhibited a comparable trend
in r-PMMA at low concentrations (0.60 at 100 ppm), but decreased
to 0.49 at 250 ppm. This is a common behavior occurring in flu-
orophore/polymer dispersions, since an increase in fluorophore
Fig. 2. Absorption (left) and emission (right) spectra of a) Nap2Car and b) Peri2F fluorophore
and 250 ppm showed coincident spectra due to too low transmittance (thickness ¼ 3 mm
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concentration makes aggregation-caused quenching (ACQ) effects
more likely [7]. Based on the transmittance spectra (Fig. S4), we
hypothesized that fluorophore aggregation occurred, leading to
damage to the lightguide due to scattering effects and potentially
causing emission quenching. Epifluorescent microscopy indeed
revealed the formation of micro-sized aggregates of Peri2F at 200
and 250 ppm concentrations (see Fig. S5). Conversely, these ag-
gregates were not observed in less concentrated samples or in
Nap2Car-doped r-PMMA. Although not outstanding nor close to
those of the state-of-the-art fluorophores (i.e. Lumogen Red F305,
coumarins, and rhodamines, whose high QYs allow the effective
use of these dyes in large-scale devices), QYs were still considered
interesting for application in LSCs.

3.2. Photonic and electrical efficiencies

Due to its broader, more intense, and more red-shifted absorp-
tion, flanked by the higher QY, Peri2F appeared the best candidate
for LSC applications [39]. By placing an integration sphere on the
LSC edge and connected to a calibrated spectroradiometer, one can
acquire edge-emission irradiation spectra and integrate them to
obtain the total emitted irradiance per unit area. Fig. 3b shows that
Peri2F produces a much more intense edge emission than Nap2Car
at 100 ppm; however, the emission intensities are similar at
250 ppm. Since, as mentioned above, the QYs of both fluorophores
decrease similarly with increasing concentration, the significant
drop in edge-emitted intensity observed for 250 ppm Peri2F LSC
must be due to phenomena occurring within the optical path.
Analyzing the edge-emission spectra (Fig. 3b) and comparing them
to the upper surface emission (Fig. 2), we noted that a longer
average optical path in the lightguide caused a considerably greater
s in r-PMMA LSC devices investigated in this study. In the case of Peri2F, samples at 200
).



Fig. 3. (a) Photoluminescence quantum yield (QY) of Nap2Car (green) and Peri2F (magenta) in r-PMMA; (b) Edge-emission spectrum of the LSC containing Nap2Car (green) and
Peri2F (magenta). The emission maxima of the 100 ppm and 250 ppm concentrations are labeled to show the red shift due to reabsorption effects.
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red-shift of the emission peak. For instance, in the case of the LSC
containing Peri2F at the concentration of 250 ppm, a broad edge
emission at 653 nm occurred, with a 46 nm red-shift relative to the
peak of the surface emission. This shift is less evident for Nap2Car,
measuring 21 nm (503e524 nm). This behavior is typically
observed in the case of fluorophores with high tendency to reab-
sorption, which also causes high photon losses and a detrimental
effect on the edge-emission intensity [40].

From the edge-emitted irradiance spectrum, it is possible to
calculate the number of edge-emitted photons and compare it to
that of incident photons to obtain the external photonic efficiency,
hext (Fig. 4a; a more detailed analysis of hext and the other pa-
rameters employed to characterize the performances of the LSC can
be found in the SI). As expected, hext of the Peri2F-based LSC
remained about twice that ofNap2Car over the entire concentration
range but was characterized by a significant drop when increasing
the concentration, i.e., from 5.7% to 4.4% on going from 100 to
250 ppm. This is probably related to the aggregation of the dye in
the r-PMMA matrix even at relatively low concentrations. Nap2Car,
Fig. 4. (a) External photonic efficiency (hext) of LSCs containing Nap2Car and Peri2F; (b) Inter
(c) Electrical device efficiency (hdev) of LSCs containing Nap2Car and Peri2F.
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on the other hand, displayed an hext below 3% but remained
roughly constant on going from 100 to 250 ppm.

To better characterize these phenomena, one can calculate the
internal quantum efficiency, hint, by dividing the number of edge-
emitted photons by the absorbed photons (Fig. 4b). Surprisingly,
in this case, the Nap2Car containing-LSC performed about 8% better
than Peri2F. This result indicates that, despite its higher QY, Peri2F
appeared to be less effective in re-emitting the absorbed photons,
possibly due to higher reabsorption as well as the ACQ effect.
Reabsorption may not be relevant in QY determinations, using a
small fragment as a sample; however, in a lightguide, characterized
by a longer optical path for emitted photons, this effect has a
greater impact on efficiency.

To better understand the influence of reabsorption and scat-
tering losses, we measured how the edge-emitted irradiance of the
LSCs varied when illuminated with a laser in different positions
(laser source wavelength ¼ 405 nm; spot diameter ¼ 1 mm;
Fig. S6). As the spot was moved farther from the detector, the op-
tical path length increased, thus the normalized edge irradiance
nal photonic efficiency (hint) of LSCs containing Nap2Car (green) and Peri2F (magenta);
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was more dependent on the nature and concentration of the fluo-
rophore. At higher Peri2F concentrations, we observed that the
edge-emitted irradiance appeared to decrease more markedly
(Fig. S7). This behavior highlights the tendency of Peri2F to reab-
sorption, given its higher absorption coefficient and a greater
spectral overlap of absorption and emission. Conversely, the
behavior of Nap2Car samples was independent of concentration.

Finally, we measured the electrical device efficiency (hdev) from
the edge output power of the LSC coupled to a silicon PV cell and
the incident optical power. A solar simulator was used as the light
source to replicate outdoor illumination. As shown in Fig. 3d, Peri2F
containing-LSCs were more effective for energy production, with
the highest hdev over 0.7%. Nap2Car, on the contrary, endowed r-
PMMA LSCs with efficiencies of 0.4% maximum. Peri2F can thus be
considered the best emitter for LSC technologies among the
heptagonal-embedded PADIs investigated, achieving more than
half of the performance of a similarly prepared device employing
the state-of-the-art lumophore LR305 (hdev ¼ 1.3%) [29].

3.3. Photodegradation studies

In the context of the energy transition and the analysis of the
production impact on the overall device performances, it is
imperative that LSCs possess robust UV resistance, a characteristic
often overlooked in existing literature which can, however, dras-
tically hamper scale-up and technology diffusion. For this purpose,
we conducted a photodegradation study to assess the long-term
stability of the LSC in a simulated real-life application. The litera-
ture details several aging methods, which generally allow to
calculate acceleration factors originating from thermal or high
irradiation power conditions [41e45]. This study follows an
experimental procedure outlined previously based on an ASTM
protocol [46] and corresponds to a 4-month outdoor experiment
[29]. In this study, an optical fiber was positioned on a hotplate near
an LSC fragment under a UV light source to simulate the UV irra-
diance of radiation corresponding to 1 Sun, and the emission in-
tensity was recorded over time during irradiation. The temperature
was set to 80 �C, to reach 70 �C on the upper surface of the device
and ensure adequate accelerated aging (details available in the SI).
The selected LSCs for this experiment were r-PMMA-Peri2F
Fig. 5. (a) Normalized emission irradiance of the samples containing Nap2Car (green, 200 p
(b) Photodegradation comparison of the devices presented in this work (Peri2F 100 ppm, N
various fluorophores are represented with different colors, which are displayed in the legen
considered less relevant for comparisons. The quantity on the y axis is efficiency (squares) o
was noted that even a small drop in absorption causes a greater relative decrease in efficie
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100 ppm and r-PMMA-Nap2Car 200 ppm, which were the best-
performing devices of the two series. Remarkably, as shown in
Fig. 5, Peri2F containing-LSCs maintained a constant emission after
180 simulated hours of direct illumination. Nap2Car, on the other
hand, degraded quickly, losing roughly 30% over the same time-
frame. Hence, there is another reason to prefer Peri2F toNap2Car for
LSC applications. Moreover, the test on an LSC comprising Peri2F
and r-PMMA was repeated for a longer time, corresponding to
2900 h of simulated aging. The sample maintained about 100% of
the initial emission intensity, with reproducible results across the
two datasets (Fig. S8). Assuming a constant degradation rate from
the longer test [29], it would take 27,000 h of direct illumination to
half its emission intensity (approximately 12.5 years, considering a
day consisting of an average of 6 h at 1 Sun irradiation) [47,48]. This
is even more remarkable as the impurities present in r-PMMA (e.g.,
methyl isobutyrate), originating from the depolymerization pro-
cess, have been shown to increase the rate of photodegradation of
fluorophore/PMMA systems [19,29,49e51]. Aware of the variety of
photodegradation tests carried out in the literature and the diffi-
culty of comparing them, a test was designed in the harshest
conditions we could achieve. We set Far UV, UV, Deep Blue, and
Green LED lights at the maximum power (total irradiance¼ 360W/
m2, Fig. S9) to irradiate a Peri2F 100 ppm sample at 70 �C. As shown
in Fig. S10, the emission irradiance decreased to 98% over 40 testing
hours, demonstrating the remarkable photostability of Peri2F in r-
PMMA even under the most severe conditions. Moreover, the UV
range below 350 nm has been investigated separately, as it was not
covered by the LED tower used in the above-mentioned tests. We
exposed an LSC fragment to the light of a 400 W high-pressure
mercury lamp, whose spectrum has strong emission in the
250e350 nm range (Fig. S11). Overheating of the lamp during
operation caused the temperature of the sample to rise to 60 �C,
thereby accelerating photodegradation. The QY after 12 h was ac-
quired and was almost unchanged with a slight decrease from 59 to
57% (Fig. S12).

To better highlight the superior performance of the system
described here, we compared it to a similar device realized
employing the state-of-the-art fluorophore, LR305. Although the
latter had a higher initial performance in terms of hext, under the
same photodegradation conditions showed a faster performance
pm), Peri2F (magenta, 100 ppm), and LR305 (red, 400 ppm) over simulated aging time;
ap2Car 200 ppm) with literature references (indicated between square brackets). The
d. Hollow squares correspond to LSC made from polymers different from acrylics, thus
r absorption (triangles) after the aging time (x axis) relative to the pristine samples. It
ncy [14]. More details on the characterization setups are shown in the SI (Table S1).
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loss, about 4% in only 180 h of simulated aging [29], in line with
what was observed by other groups previously [20e23]. The
mechanism of LR305 photodegradation has already been investi-
gated in literature [25]; in particular, it involves the formation of
radicals from the homolytic cleavage of the imide CeN bonds
(resulting in a phenyl radical) and CeO bonds on phenolic sub-
stituents in the bay positions. The formation of these aromatic
radicals is favored by delocalization. Similarly, we can argue that for
Nap2Car the connections between the carbazole units and the ar-
omatic core can degrade by a comparable mechanism, exacerbated
by the improved stability of the radicals formed in this case. In
addition, a through-space photoinduced electron transfer from the
carbazole unit to the naphthalene dicarboximide could initiate a
photo-oxidation process leading to an irreversible degradation [52].
On the other hand, in Peri2F, the alkyl substituent on the imide
group and the presence of fluorine atoms as withdrawing moieties
on the dibenzoheptagonal group, which undergo abstraction and
photoinduced electron transfer much less easily [53], improve
significantly the photostability of this compound. This fact is well
reported in the literature and is related to the strong CeF bond and
the large electronegativity of fluorine [54,55]. From the results re-
ported in Fig. 5 and in Fig. S8, considering the initial hext of both
systems and their respective degradation rates, we can envisage
that an LSC containing Peri2Fwould outperform an identical device
containing LR305 during its lifetime. The noticeable superior pho-
tostability of Peri2F highlights how this system could be an optimal
candidate for the fabrication of large-scale sustainable LSCs capable
of combining the reduced fabrication impact offered by r-PMMA
over the use of virgin materials (a reduction in Global Warming
Potential of about 75%) [29] and the extended lifetime provided by
Peri2F, which prevents the need of replacing LSC panels every few
years.

4. Conclusion

In this study, we tested the performances of two different push-
pull dyes comprising distorted heptagonal inclusions, i.e., Peri2F and
Nap2Car, as organic fluorophores for bulk 5 � 5 � 0.3 cm3 LSCs at
different concentrations, from 100 ppm to 250 ppm. The cell casting
synthesis of PMMA from the regenerated monomer (r-PMMA)
resulted in transparent devices with few defects and brightly illu-
minated edges. The use of chemically regeneratedmonomer instead
of virgin one to produce PMMA slabs has a Global Warming Po-
tential about four times smaller, making the large-scale fabrication
of LSC significantly more sustainable and possibly circular. However,
the impurities inherently present in the recycled monomer reduce
the lifetime of the fluorophores in the final device [29].

Between the two different dyes, Peri2F showed a more intense
absorption at wavelengths that are more suitable for sunlight
harvesting, and a higher quantum yield (more than 50% across the
entire range of concentrations tested) which can be considered
adequate for LSC applications. As a result, when considering the
edge-emission features that characterize the LSC functioning,
Peri2F displayed a higher hext, achieving a maximum of 5.7% at
100 ppm concentration. We found that significant reabsorption and
aggregation-caused quenching, especially at higher concentrations,
limited the performance of the system. Conversely, Nap2Car,
despite showing lower reabsorption effect and, consequently, a
larger hint (above 40%), the hext was found below 3% in the entire
concentration range, demonstrating its poor suitability for LSC
applications.

The Peri2F/r-PMMA system resulted in an hdev of 0.7%, about half
that of LSCs doped by the state-of-the-art fluorophore LR305 and
with similar geometrical characteristics. Remarkably, however,
when compared to the latter, Peri2F showed an outstanding
7

resistance to photodegradation. To the best of our knowledge, no
other fluorophore has demonstrated comparable longevity in
PMMA matrices. We related this behavior to the structural char-
acteristics of Peri2Fwhich present fewer bonds that are susceptible
to homolytic cleavage to form stabilized aromatic radicals. Since
these devices must have a life of several years in order to be cost-
effective and genuinely sustainable, Peri2F may be a valid term of
comparison among organic emitters for long-lasting LSC in-
stallations and could provide novel design rules for the preparation
of organic fluorophores that combine suitable optical properties
and good photostability.
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