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Poly(methyl methacrylate) (PMMA) is the most commonly used host material for luminescent solar con-
centrators (LSCs), both in the form of thin films and slabs. Assuming industrial production of LSCs, the
amount of polymeric material placed on the market would be considerable, raising questions about the
sustainability of the approach. One option to avoid this scenario is to use chemical recycling processes
for PMMA, from which a high-purity monomer, suitable for a new polymerization reaction and consider-
ably less impactful in terms of global warming potential (GWP), is regenerated. In this paper, we propose
the use of chemically regenerated methyl methacrylate (r-MMA) for the production of bulk LSC plates
containing the state-of-the-art fluorophore Lumogen F Red 305 in a range of concentrations from 200
to 500 ppm. The performance of these devices and their chemical, thermal and mechanical properties
are found to be equivalent to those obtained from commercially available virgin MMA, despite the impuri-
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ties inherently present in r-MMA. However, these latter are detrimental to LSCs’ lifetime due to the photo-
degradation reactions they trigger. However, further purification of the regenerated monomer would
allow the sustainability benefits of the production process to be exploited without sacrificing long device
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Introduction

Living in a world with an ever-growing population and increas-
ing demands for comfort, humanity has realized how sustain-
ability and green technologies are becoming necessary over
time. In 2015, the United Nations signed the Paris Agreement,
which set targets to reduce global greenhouse gas emissions.
Despite the efforts, such targets might not be met in a rela-
tively short time, as the recent criticism that arose around the
COP28 late last year in Dubai advocated." With regard to
Europe, the European Green Deal® and, more recently, the
REPowerEU project are trying to boost the expansion of what is
considered clean energy in the short, medium, and long term.
In fact, since the outbreak of war in Ukraine, the European
Commission has raised the target for total renewable energy
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capacity to 1236 GW by 2030, up from the previously planned
1067 GW.? The EU Solar Energy Strategy will promote the
deployment of photovoltaic (PV) power, aiming to connect
more than 320 GW of newly installed solar PV to the grid by
2025, surpassing today’s levels, and nearly 600 GW by 2030. In
addition to upgrading existing technologies already on the
market, developing new systems to make the solar energy
supply more efficient, accessible and affordable will be critical.
Solar concentrating technologies, such as parabolic mirrors,
are generally used to increase the intensity of light collected
on a photovoltaic cell.” However, these devices require con-
siderable space, so they can only be used in deserts or rural
areas.

Luminescent Solar Concentrators (LSCs) are a suitable solu-
tion for urban settings. Typically made of a polymeric material
in the film or slab form, these devices contain a fluorophore
capable of absorbing most of the incident solar radiation and
re-emitting it isotropically.” The polymer material acts as a
waveguide, directing the emitted radiation to the edges of the
device, where photovoltaic cells convert photons into electric
current,’ as shown in Fig. 1. Theoretically, LSCs are able to
collect light from a large surface area, concentrating it on
small area edges. This technology allows the use of cheap com-
modity plastics instead of large-area photovoltaic cells, thus
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(a) Representation of the luminescent solar concentrator (LSC) technology installed in a window. The LSC host material is PMMA obtained

from chemical recycling (marked in green), which replaces the standard production from oil (in grey); (b) a prototype of multi-fluorophore LSC
systems installed on a bus shelter; and (c) an LSC coupled to a silicon photovoltaic cell under direct solar irradiation.

largely reducing production costs.” Moreover, although still
with limited performance, LSCs are able to take advantage of
both direct and diffuse light with no significant efficiency
drop, thus making them an appealing technology to be
implemented in those environments where direct illumination
is not possible.® Among the various polymeric materials gener-
ally used in LSC production, poly(methyl methacrylate)
(PMMA) is the most common because of its suitable refractive
index (n = 1.49), high internal transmittance and excellent
transparency in the visible range (>90%) combined with its
large availability.” PMMA is being marketed for use in con-
struction as a glass substitute,'® automotive devices (e.g. head-
lights),"! electronics (e.g. screens), sanitary, health (e.g. dental
implants and contact lenses)'> and furniture.” Since the out-
break of the COVID-19 pandemic, there has been a significant
increase in PMMA production for partitioning panels and
medical equipment, although the construction and automotive
industries have suffered a slowdown."*

As LSC technology is often proposed on the basis of benefit-
ting the energy transition and the phase out of fossil
resources, one should also consider the impact related to their
production when addressing its feasibility and possible scale-
up especially considering their rather low efficiencies (gener-
ally below 10%). In particular, based on data taken from the
literature,">'® one can calculate that the overall impact of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

production of a typical dyed PMMA slab for LSC production is
about 30 times higher than that of the silicon photovoltaic cell
placed on its edge. Similar findings have been reported by
Muteri et al. for the LCA and performance assessment of a
smart window LSC prototype.'”
the extensive use of LSCs in cities, a fabrication process
capable of achieving a significant decrease in their pro-
duction’s global warming potential (GWP) can be extremely
beneficial. However, this aspect has not yet been sufficiently
emphasized in the literature.

Implementing chemically recycled materials would reduce
the environmental impact of the whole LSC production
process, making their fabrication more environmentally
friendly and more advantageously scalable. The relatively high
price of PMMA (~3000-4000 € t~")*® compared to other high-
consumption plastics such as polyolefins'® makes its recycling
worthwhile, although currently only 8 kt per year out of 300
are recycled in Europe.”® Unlike mechanical recycling, in
which polymeric materials are blended under heat, chemical
recycling allows for depolymerization, yielding a regenerated
monomer for new polymerization. Depolymerization of PMMA
is achievable in high yield by an uncatalyzed pyrolysis
process,”’ which can be performed on an industrial scale
employing different technologies, such as dry distillation, the
fluidized bed process, molten metal (or molten salt) baths,

As a result, when imagining
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and extrusion.>>** Although not yet industrialized, controlled
free-radical polymerization processes allow for more efficient
low temperature depolymerizations.>*™>®

From a circular economy perspective, a closed cycle of
PMMA production and recycling would help avoid the overpro-
duction of acrylics, which could generate large amounts of
waste.

Unfortunately, depolymerization, which has been elected
among the IUPAC’s 2023 Top Ten Emerging Technologies,* is
a high-energy demanding process. Therefore, an estimation of
the sustainability of such a process proves to be necessary, also
taking into account the production of the finished material.
To this aim, the Environmental Product Declaration (EPD) of
the GreenCast® panel made of 100% recycled and recyclable
cast acrylic sheets manufactured by Madreperla S.p.a. (Italy)*°
was taken as the benchmark. The comparison of such an eco-
profile with that calculated for the same quantity of PMMA
produced via standard MMA synthesis under the same LCA
modelling conditions allowed us to appraise the potential
environmental benefits of the recycling-repolymerization
process developed by Madreperla S.p.a. The use of regenerated
PMMA in place of synthesized primary monomers helps save
830 kg of CO, for every m* of PMMA produced, resulting in a
75% reduction (see the ESI}). Other similar processes might
be even less impactful. As such, chemically recycled MMA can
be considered a useful source material for LSC slab production,
both in terms of sustainability and cost. However, impurities
produced during the recycling process are not easily removed,
and, so far, there is no clear indication of how they may affect
the performance and lifetime of the final devices.

This paper aims to compare the quality and performances
of 5 x 5 ecm? slab LSCs produced using chemically regenerated
and synthetic methyl methacrylate (r-MMA and MMA, respect-
ively). Firstly, we investigated the composition of -MMA and
MMA to highlight chemical differences between the starting
materials. Then, we polymerized doped PMMA and r-PMMA by
cell casting. The selected dopant was Lumogen F Red 305
(LR305), which is the state-of-the-art fluorophore for these
applications thanks to its broad absorption spectrum, high
emission quantum yield and excellent photostability.®" Finally,
we characterized the obtained materials in terms of thermal,
chemical, optical, and mechanical properties and evaluated
the performances of the different LSCs comprising the two
different types of PMMA according to literature laboratory
protocols®*?? to highlight their differences in working per-
formances and lifetimes.

Experimental
Materials

Reagent-grade synthetic methyl methacrylate (MMA) was pur-
chased from TRE CI s.r.l., (Teramo, Italy), and chemically
regenerated methyl methacrylate (r-MMA) was obtained from
Madreperla S.p.a. (Milano, Italy). Poly(methyl methacrylate)
powder (DIAKON, M,, = 95000 g mol™") was purchased from
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Lucite International (Rotterdam, The Netherlands).
Azobisisobutyronitrile (AIBN, Sigma Aldrich, USA) was used as
the initiator. Lumogen F Red 305 (AB474040) was acquired
from abcr GmbH, Germany.

Methods

PMMA free radical polymerizations (FRPs) were performed by
cell casting,® i.e., pouring a solution of methyl methacrylate,
poly(methyl methacrylate) powder, fluorophore and initiators
into a 25 x 25 x 0.3 cm® mold. Molds are composed of two
glass sheets separated by a thick PVC gasket, when pressed, as
much as the required thickness of the PMMA slab. Metallic
clamps allow the mold to remain sealed during polymeriz-
ation. The pouring resin (300 g) contains 60 g of DIAKON
(20 wt%), 240 g of MMA or r-MMA (80 wt%), and 0.30 g of
AIBN (0.1 wt%). Lumogen F Red 305 was added in the desired
concentration (200, 250, 300, 350, 400, 450, and 500 ppm). The
sealed mold was placed in a water-filled tank overnight at
50 °C and then in an oven for 4 hours curing at 120 °C. At the
end, the two glass sheets were separated, and the PMMA slab
was cut to size by laser cutting and polished.

Unnotched IZOD impact tests were performed according to
ASTM DA4812 using a XJUD-22 Series impact tester (AMSE,
Italy) with an impact energy of 11 T. AGS-X was used for tensile
tests (Shimadzu, Japan) following the ASTM D3899 standard
(Type V specimen, strain rate: 1 mm min™").

DSC measurements were carried out using a Discovery DSC
250 (TA Instruments, USA), following a temperature cycle
including (a) heating from 20 °C to 200 °C at a rate of 10 °C
min~, (b) 1 min isothermal at 200 °C, (c) cooling from 200 °C
to 20 °C at 10 °C min™", (d) 1 min isothermal at 20 °C, and (e)
heating from 20 °C to 200 °C at 10 °C min~'. A TC11 TA pro-
cessor (Mettler Toledo, USA) equipped with a TG 50 thermoba-
lance (Mettler Toledo, USA) was used for thermogravimetric
analysis (TGA) under nitrogen with a temperature range from
20 °C to 700 °C.

GC-MS analysis was recorded with a 6890N gas chromato-
graph (Agilent Technologies, USA) interfaced with an
MS5973 mass detector (Agilent Technologies, USA), using a
J&W DB-5 ms column (30 m x 0.25 mm x 0.25 pm, Agilent
Technologies, USA). GC-FID analysis was performed using a
Nexis GC-2030 gas chromatograph (Shimadzu, Japan)
equipped with a J&W DB-5 ms column (30 m x 0.25 mm x
0.25 pm, Agilent Technologies, USA).

Thermal Desorption-GC/MS experiments were carried out
with an EGA/PY-3030D micro-furnace pyrolizer (Frontier
Laboratories Ltd, Japan) coupled to an Agilent 7890B gas chro-
matograph equipped with a split/splitless injector and a 5975C
mass spectrometer (Agilent Technologies, USA). Thermal de-
sorption was performed at 250 °C for 10 min, and the evolved
compounds were collected at the head of the chromatographic
column using a liquid nitrogen trap. The 6-point calibration
curve was built with methyl methacrylate solutions (R* = 0.99).

'H NMR spectra were recorded at room temperature in
chloroform-D employing an Avance Core NMR spectrometer
(400 MHz, Bruker, USA) and TopSpin software for spectrum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acquisitions. Gel Permeation Chromatography (GPC) was per-
formed in chloroform using a PU-1580 liquid chromatograph
(Jasco, Japan) equipped with two columns in series PL gel 5 pL
Mixed-D and refractive index detector RI-830 (Jasco, Japan).

FT-IR spectra were acquired using a Nicolet iS50 spectro-
meter (ThermoFisher). The samples were analyzed in the ATR
mode in the spectral range between 4000 and 700 cm™" by
setting 32 scans and a resolution of 4 cm™*. The ATR accessory
(ATR Smart ARK™) contained a ZnSe crystal.

UV-vis spectra were acquired at room temperature with a
Cary 5000 Series UV-vis NIR spectrophotometer (Agilent
Technologies, USA). Fluorescence spectra on polymer films were
measured at room temperature with a Jobin-Yvon Fluorolog®-3
spectrofluorometer (Horiba, Japan) equipped with a 450 W
Xenon arc lamp and double-grating excitation and single-
grating emission = monochromators.  Photoluminescence
quantum yields (PLQYs) were determined using a 152 mm dia-
meter Quanta-p integrating sphere (Horiba, Japan). The
reported PLQY values were calculated as the average of three
distinct measurements on three LSC samples from the same
PMMA or r-PMMA samples. Epifluorescence micrographs were
recorded on a LED epifluorescence microscope (Schaefer South-
East Europe, Italy) equipped with a LED blue and green 5 W
light source and a DeltaPix Invenio 2EIIl microscope camera
(DeltaPix, Denmark).

LSC photonic efficiencies were calculated from irradiance
spectra acquired using a solar simulator LCS-100 94011A (S/N:
322, AM 1.5G std filter: 69 mW cm™2 at 254 mm, 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 irradi-
ance spectrum was integrated in the 350-1100 nm range. The
absorbed irradiance spectrum was integrated from 350 to
610 nm, and the edge-emitted irradiance spectrum was inte-
grated from 400 to 800 nm to minimize overestimations of
efficiencies due to the scattering effects of incident light.

IV curves for electric device efficiency were obtained by
coupling the device with two silicon PV cells (IXOLAR KXOB25-
12X1F solar cell 20.0 x 5.65 mm?, V. = 0.69 V, I, = 46.7 mA, FF
> 70%, n = 25%, Anysolar Ltd, South Korea) in series, connected
to a B2901A precision source/measure unit (Keysight
Technologies, USA). The PV cell was masked with black tape to
match the LSC edge (50 x 3 mm?), limiting stray light to negli-
gible 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 reflective aluminium tape. The reported
Hints Next, AN 7gev>> values were calculated as the average of three
distinct measurements on three different 50 x 50 x 3 mm?® LSCs
from the same PMMA or r-PMMA samples. All detailed pro-
cedures are reported in the ESL}

Results and discussion

The possibility of chemically recycling PMMA by thermal depo-
lymerization is very appealing in the pursuit of an efficient cir-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cular economy and sustainable industrial production.
Currently, active pyrolysis processes usually require a conden-
sation phase,**® which enables the generation of chemically
regenerated methyl methacrylate (r-MMA) with a purity of over
95% that is, however, lower than that of commercially available
MMA (>99%). Nevertheless, the -MMA used in the present
study had an MMA content of 98.9%, which was considered
suitable for the production of new LSC slabs. The minor impu-
rities, as determined by GC-MS and GC-FID analyses (Fig. S1
and S27), consisted of methyl isobutyrate (~0.6%), methyl acry-
late (~0.3%), ethyl acrylate (~0.2%) and ethyl propionate
(<0.1%).

We then produced transparent PMMA and r-PMMA slabs
from synthetic MMA and r-MMA, respectively. NMR spectra
demonstrated the substantial equivalence of the two polymers
(Fig. S3t). Specifically, both samples exhibited signals at
3.6 ppm (singlet, indicating -O-CH; protons), 1.7-2.1 ppm
(multiplet, -CH,- protons), 0.7-1.1 ppm (multiplet, -CH;-
protons). Furthermore, FT-IR spectroscopy (Fig. S4t) revealed
the presence of the typical rovibronic bands of poly(methyl
methacrylate) in both samples,*® as 2924-2986 cm™" (associ-
ated with C-H stretching), 1735-1750 cm ™" (C=O0 stretching),
1400-1450 cm™' (-CH,~ and -CH; stretching) and
1000-1300 cm™" (C-O stretching). The main thermal, mechan-
ical and chemical properties of the realized materials are
shown in Table 1. GPC showed a bidisperse molecular weight
distribution, with one peak corresponding to the commercial
PMMA added as a prepolymer (M,, ~ 80000) and the other
corresponding to the in situ polymerized chains (Fig. S5 and
S6T). We observed no significant differences in molecular
weight between the two polymers. The glass transition temp-
erature T, was also comparable (~110 °C, Fig. S71), to the
stress—strain behavior (Fig. S8 and S9}). Even in terms of
impact resistance, measured by an IZOD impact test, the
samples showed a remarkable similarity. A high visible range
transparency of around 90% was achieved for both samples
(3 mm thickness, Fig. S10%), slightly higher in the case of
r-PMMA as will be discussed in a later paragraph.

This could be related to the residual methyl methacrylate
content, that is reported to adversely affect the optical trans-
parency of PMMA slabs,’® and which was determined by
thermal desorption-GC/MS analysis. In particular, slab
samples contained 1.2 wt% and 0.7 wt% of residual MMA and
-MMA, respectively (Fig. S11-S131). Residual MMA was

Table 1 Mechanical, thermal, chemical and optical properties of PMMA
and r-PMMA slabs

Parameter PMMA r-PMMA
T, (°C) 110.6 112.2
M,, (g mol™) 5062 000 5042 000
PDI 1.80 1.73
Fracture stress (MPa) 82+9 82+3
Fracture strain (%) 4.8+0.8 5.0 0.1
1ZOD impact (J m™) 221 +17 202 + 15
Transparency (400-800 nm) 90% 93%

RSC Appl. Polym., 2024, 2, 624-633 | 627
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present despite the curing step, in agreement with the limited
mobility of the monomer in the reaction medium as the vis-
cosity increases with the reaction time (glass effect).”’ Also,
both slabs contained traces of dioctyl terephthalate (DOTP), a
commonly used plasticizer, which MMA may have extracted
from the plasticized PVC gasket used in mold preparation.
Thermal desorption-GC/MS confirmed the presence of methyl
isobutyrate (MIB) traces in r-PMMA slabs, ie. the main by-
product generated during PMMA pyrolysis.*> However, the
presence of MIB and DOTP did not affect the thermal pro-
perties, as the T, values of both samples were consistent with
literature values reported for PMMA.*?

Spectroscopic investigation

For the application in LSC technology, optical transparency
and good fluorophore-polymer compatibility are of paramount
importance. The doped PMMA and r-PMMA slabs were thus
spectroscopically investigated to determine whether the use of
the recycled monomer adversely affected the optical properties
of the dyed polymers.** This is because the performances of
LSCs are very sensitive to the optical purity of the material and
impurities can lead to discontinuities or brittleness in the
polymeric material, which can result in scattering points and
photon losses. Several studies highlighted the paramount
importance of waveguide transparency in determining the
overall LSC performances.*>** In addition, the presence of
impurities, such as unpolymerized monomers or residual
chemicals, might also affect the emission of the fluorophore,
ie acting as quenchers or promoting aggregation,’® thus
causing a loss of the LSC performances.

For the characterization, we prepared slabs of PMMA and
r-PMMA containing different amounts (from 200 ppm to
500 ppm) of Lumogen F Red 305 (LR305), i.e. the state-of-the-
art fluorophore for LSCs. The fluorophore-doped PMMA and
r-PMMA slabs were characterized by UV-vis and fluorescence
spectroscopy. As shown in the transmittance spectra (Fig. 2a
and b), LR305 displays molecular absorption maximum at
about 570 nm with a broad absorption band from 380 to
620 nm, which is mostly similar to those recorded for PMMA
thin films.*” For all samples, virtually all photons are absorbed
around the absorption maximum. One can easily observe a
regular increase in absorbance with dye concentration, with
the ever-recognizable absorption peak centered at 444 nm
(Fig. S14%).

Conversely, emission peak positions in PMMA and r-PMMA
samples were affected by LR305 concentration, as shown in
Fig. 2c and d. In both samples, from 200 to 500 ppm the emis-
sion peak shifts by 5 nm (610 to 615 nm), resulting in a Stokes
shift increase from 36 to 41 nm. Inner filter effect (IFE),
enhanced by self-absorption phenomena,® can be addressed
for this slight red shift.

Although auto-absorption events occur, as noted from the
emission spectra, photoluminescence quantum yields (PLQY)
of LR305-containing slabs were found to be almost indepen-
dent of the fluorophore content in the 200-500 ppm range and
the type of PMMA, being primarily between 80 and 85%
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View Article Online

RSC Applied Polymers

(Fig. 3a). These observations indeed suggest that PMMA
obtained from recycled monomers can be a viable platform for
the fabrication of LSCs. It is worth noting that both LR305/
PMMA and LR305/r-PMMA experienced negligible fluo-
rescence quenching with increasing LR305 doping, thus indi-
cating that the cell casting production, with high process vis-
cosity, is successful in preventing fluorophore aggregation. In
support of this, epifluorescence micrographs taken on PMMA
and r-PMMA slabs containing 450 ppm of LR305 excluded the
presence of detectable microsized fluorophore aggregates
(Fig. S151).

Photonic and electrical characterization of the devices

To evaluate the light concentration capability of our devices,
we characterized the photonic efficiencies of LR305/r-PMMA
and LR305/PMMA LSCs (Fig. 3b and c) in terms of the internal
photonic efficiency (i) and the external photonic efficiency
(ext). These parameters represent a way of estimating how
many emitted photons reach the LSC edge in relation to the
number of incident (external) or absorbed (internal) photons.
Although scattered photons also arrive at the edges (especially
in small area devices) only 400-800 nm photons were counted
in the emission, so as to avoid overestimation due to scatter-
ing. Similar to the case of PLQY, 7, showed no clear trend,
remaining above 40% throughout the entire concentration
range for both PMMA/LR305 and r-PMMA/LR305 LSCs. Since
the fluorophore was able to emit photons with the same
quantum yield in samples of different concentrations, the
number of emitted photons increased in proportion to the
absorbed photons in the 200-500 ppm range. The effectiveness
of the waveguide, which could be affected by surface and bulk
defects, also appears to be constant with increasing concen-
tration, thus indicating good homogeneity of the material. 7¢x,
on the other hand, showed an increasing trend in both LSC
series analyzed, up to a maximum efficiency of about
10.5-11% at a concentration of 400 ppm. This result agrees
with a Monte-Carlo simulation on LSCs with the same shape,
size, waveguide and fluorophore, reported by Verma et al.,*’
where 7, = 10.1% was calculated for a 382 ppm LR305/PMMA
LSC. The same value of 7 = 10.1% can be derived from the
edge emission power density reported by Zettl et al.>° for a 6 x
6 x 0.32 cm® PMMA LSC with 500 ppm of LR305, which is fully
consistent with our results.

Interestingly, -PMMA-based LSCs systematically achieved a
higher 7., when compared to their non-recycled counterparts
throughout the series, with differences of about 0.5% or
higher for concentrations above 350 ppm of LR305. We
ascribed this systematic discrepancy to a difference in the
transparency of different PMMA matrices. In particular, a spec-
troscopic investigation of the undoped slabs (Fig. S16 and
S10t), showed that PMMA samples were characterized by a
comparable surface reflectivity (about 3%) and lower transmit-
tance (89%) compared to those made of r-PMMA (93%) at all
wavelengths, as discussed previously, despite the identical
polymerization and polishing procedures. This implies that
the refractive indices are indeed similar and thus the differ-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic characterization of LR305-based LSCs in the 200-500 ppm concentration range: (a) transmission spectrum of r-PMMA
samples; (b) transmission spectrum of PMMA samples; (c) emission spectrum of r-PMMA samples; and (d) emission spectrum of PMMA samples.

Absorption spectra available in the ESI (Fig. S97).

ence in transparency is more likely related to scattering effects.
The cause of these latter could be found in the presence of
residual monomer within the polymer, which is known to
produce internal voids during polymerization®® and was found
higher for PMMA (1.2%) than r-PMMA (0.7%) as previously
mentioned. As a result, more photons reach the edges in
r-PMMA samples than in PMMA for each LR305 concentration
(even in the case of undoped slabs, Fig. S177).

Given a geometric gain of 4.16 for the slabs of dimensions
5 x 5x0.3 cm”, the highest concentration factor (C) calculated
was 0.46 (Table S1t1). We are aware that small-size area LSCs,
with their low geometric gain, are not efficiently able to con-
centrate light, thus resulting in low values of C, but allowed us
to produce several samples to perform a statistically relevant
analysis. The goal of this study, however, was to compare the
two polymeric matrices and enable cross-laboratory compari-
sons. 5 x 5 cm” is a sufficient size for reabsorption losses to
occur to allow for a reliable performance evaluation.”® Large-
scale devices would be closer to a real-world application, but
challenging to characterize with common laboratory instru-
mentation. Other similarly sized LSC systems in the literature
based on LR305 and PMMA,>***"® reprocessed and reported
by Verma et al.,*® have concentration factors between 0.3 and
0.5, such as those discussed in this study. Finally, we

© 2024 The Author(s). Published by the Royal Society of Chemistry

measured the device electric efficiencies (17gey), Which are
shown in Fig. 3d. As expected, the trend in 7qe, iS consistent
with that of 7.y, as both parameters estimate the ability of the
device to harvest incident light efficiently. Again, it is evident
that LSCs at 400 ppm achieved optimal performances in the
case of both PMMA and r-PMMA matrices, with statistically
significant differences. At higher concentrations, efficiency
loss effects such as self-absorption and fluorescence quench-

ing are likely to play a major role.”*”>

Photodegradation studies

The lifetime of LSC devices is extremely relevant since their
high performance may last for a short period and that system
should be suitable for real-life applications. LR305 has excel-
lent photostability, which was previously outlined by various
works.’®>” In order to investigate its photodegradation in a
durability test, we chose to carry out an accelerating aging test
by UV irradiation of the samples at 70 °C for several tens of
hours (see the ESIt for additional details). Following the pro-
jection suggested in the ASTM F1980 Standard test,*® the cal-
culated real-time aging period was correlated to the emission
intensity of a sample containing 400 ppm of the fluorophore.
The resulting graph is shown in Fig. 4.
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Fig. 3 LSC efficiencies versus fluorophore concentration in LR305/r-PMMA and LR305/PMMA samples. (a) Fluorophore quantum yield; (b) internal
photonic efficiency; (c) external photonic efficiency; and (d) electrical device efficiency.

Relative emission intensity points are reported starting from
an hour of real characterization time, as the system took some
time to stabilize. After that hour, effects due to temperature
adaptation were minimized, and the system began to degrade
following an approximately linear trend. The r-PMMA-based LSC
seemed to be slightly more affected by the photodegradation
processes, resulting in an emission intensity equal to 96% of the
initial one after 300 hours of simulated aging. On the other
hand, LSC based on PMMA from synthetic origin maintained an
efficiency of around 98% compared to the initial one over the
same period. It is worth mentioning that in our case, no free-
radical inhibitors nor any other stabilizers were added to the
MMA during the processing and fabrication of the devices.
Notably, the fluorophore photodegradation that occurred for the
r-PMMA sample was possibly ascribed to the presence of methyl
isobutyrate (MIB), which upon UV irradiation may generate rad-
icals, as it has already been reported in the literature.>*™** To
investigate this effect, we prepared via cell casting two PMMA
sheets containing 400 ppm LR305 and either 0.1 wt% or 0.4%
MIB. The results of the photodegradation of these two samples
are shown in Fig. 4 and compared with the other two samples,
of which the one in r-PMMA contained approximately 0.2% MIB
and PMMA 0%. It was observed that, as the MIB content
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increases, the emission intensity of the accelerated ageing
samples decreases faster, resulting in a steeper slope of the
linear fit. This result confirms that the purity of the monomer
feed is essential not only for providing the highest LSC perform-
ances but also to limit the device degradation with time. In the
specific case of MIB impurities, those can be effectively removed
during MMA distillation.**%?

In addition, a photostability test under real conditions was
performed for the r-PMMA slab containing 400 ppm LR305.
The slab was exposed to sunlight and atmospheric agents for
4 months from July to October 2023, facing south on the roof
of the Department of Chemistry and Industrial Chemistry in
Pisa, Italy (Fig. S18%). We calculated 7 after the outdoor
exposure as 9.9%, i.e. it retained 89% of its initial efficiency.

This result was compared to the accelerated aging experiment
described above. Assuming in central Italy a typical summer day
radiation is roughly equivalent to the sum of 12 hours at an
average solar irradiance of 0.6 Sun,** 300 hours of simulated
aging at 1.14 Sun UV radiation corresponds to about 45 regular
days, i.e. 1.5 months. Since in 4 months of outdoor exposition
(equivalent to 800 hours) the -PMMA/LR305 sample lost 11% of
the initial efficiency, a good concordance of indoor and outdoor
results was observed, validating the aging protocol employed. In
fact, by using the parameters obtained from the linear fit of the
accelerated ageing of the r-PMMA sample, a value of 88.6%
efficiency over the initial one was calculated for x = 800 hours, in
line with the real exposure. It has to be noted that atmospheric
agents and cloud shading are not considered in this compari-
son. Moreover, in the case of LSC exposed outdoors, 7.y is calcu-
lated, which not only depends on the emission of the fluoro-
phore, but also on other factors such as the quality of the wave-
guide, which can also be affected by weathering. However, the
results of these studies seem to be consistent.

The photodegradation rate of r-PMMA samples compared to
PMMA was calculated as the ratio of the slopes of the linear
fitting equations. The photodegradation of r-PMMA LSCs was
2.3 times faster than that of PMMA LSCs. Since the GWP of the
PMMA recycling process is about a quarter of that of typical
MMA synthesis, the overall balance would still be advantageous,
allowing three devices with a shorter lifetime to be produced
instead of one with a longer lifetime. This strategy, however,
would not bring a cost advantage considering the current
similar cost of MMA and r-MMA. Growth in the PMMA market
would also serve as an incentive to improve current regeneration
technologies and make r-MMA cheaper. In the current scenario,
a trade-off is necessary between r-MMA purity, which would
lead to the fabrication of longer-lasting devices, and the
reduced environmental impact and affordable prices, to make
the scale-up of LSC technology more viable.

Conclusions

In this study, we fabricated 5 x 5 x 0.3 cm® slab LSCs by free-
radical polymerization of chemically regenerated or virgin MMA
mixed with the fluorophore Lumogen F Red 305. The regener-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ated MMA (r-MMA) has a purity of ~99%, with impurities
mainly composed of methyl and ethyl esters with 3-4 carbon
atoms. The use of a recycled monomer in the LSC production
process results in devices which are comparable to those using
synthetic MMA, with almost identical thermomechanical pro-
perties, optical appearance, and device performance.

Notably, the presence of unreacted MMA adversely affected
the LSC photonic efficiencies, whereas the presence of methyl
isobutyrate (MIB) in the r-MMA composition accelerated the
photodegradation of LSCs possibly caused by UV-triggered
degradation mechanisms. Nevertheless, stemming from the
environmental performance data published in the
International EPD System, it is possible to assert that PMMA
recycling allows the mitigation of the GWP of the final devices
to about one-fourth compared to the use of virgin materials.
This marked difference becomes much more significant when
compared to the environmental impact of silicon PV cell pro-
duction. In particular, the impact of LSC production goes from
more than 30 to only 6 times the impact of manufacturing the
attached Si-PV cell by replacing the MMA feed with -MMA in
PMMA synthesis. The optimization of the r-MMA purification
process, to remove MIB and similar impurities, would surely
be beneficial for device durability.

Overall, the study demonstrates the feasibility of using
r-MMA obtained from PMMA processing waste to maximize
the deployment of LSCs in urban photovoltaics in an even
more sustainable way; however, it highlights the importance of
the purity of -MMA for such applications if devices with long
lifetimes are desired.
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