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Abstract

We report on the preparation of luminescent collectors based on epoxy resins containing Coumarin
6 as fluorescent dye. Fluorescent epoxy slabs were obtained by carefully mixing from 60 to 150
ppm of the fluorophore with bisphenol A diglycidyl ether and 4,4’-methylenebis(2-
methylcyclohexylamine) as curing agent. Spectroscopic (FT-IR, solid-state NMR, Raman)
investigations and calorimetric analysis evidence the success of the preparation procedure in terms
of slab homogeneity, fluorophore dispersibility and its role in promoting the crosslinking extent.
The concentrating ability and the derived optical efficiencies of the epoxy-based collectors are
determined with a properly designed set-up and result greater (~10%) than that of poly(methyl
methacrylate) concentrators with the same fluorophore and geometry. Optical efficiencies as high as
7.4% are obtained and enable the potential use of epoxy resins as bulk thermosetting materials for

solar collectors.



1. Introduction

Fluorescent collectors are a promising path to cost-effective photovoltaic (PV) technologies thanks
to several advantages: low weight, ability to work well with diffuse light and no needs of sun
tracking or cooling apparatuses.[1] Moreover, these systems have recently received great impulse
thanks to the modern building architectures that have inspired PV application of colourful
windows.[2, 3] The building-integrated PV market is actually set to steadily increase promoted by
the European Energy Performance of Buildings Directive 2010/31/EU, which states that each new
building should be made ‘nearly zero energy’ from 2020 onwards.[4] Notably, fluorescent
collectors, known also as luminescent solar concentrators (LSCs), are slabs of transparent material
doped with a fluorophore.[5] The refractive index of the host higher than the environment traps a
fraction of the emitted photons by means of total internal reflection. Photons are then collected at
the edges of the slab to produce electric power by means of PV cells. The use of commodity plastics
and consolidated industrial processes offer encouraging means to include solar energy to the built
environment. The research on LSC-PV systems has been focusing on high power conversion
efficiencies (PCE)[6-13] by selecting even more efficient organic or inorganic fluorophores[14-18]
or by enhancing the spectral absorption window of collectors, therefore increasing the number of
available photons.[7, 19-23] Sloff described a stacked device with PCE of 7.1%, which is, at best of
our knowledge, the highest value ever reported for LSC-PV systems.[24] Conventional fluorescent
collectors are made of visible transparent plates or films of poly(methyl methacrylate) (PMMA).
However, PMMA is affected by two important drawbacks: the first resides in an evident shrinkage
during polymerization and moulding,[25] which induces additional steps in LSC realization; the
second consists in the apparent NIR absorption due to overtones of C-H vibration bands of PMMA
(Figure S1),[26] thus limiting solar concentration in this spectral region.

This study proposes to investigate epoxy resins as accessible thermosetting fluorescent collectors,
aimed to help the distribution of PV technology in the modern building architectures. The

worldwide market for epoxy resins is slated to reach 3.03 million tons by the year 2017.[27]



Demand for epoxy resins is enormous due to their low cost and solid performance in both interior
and exterior applications. Epoxies are the most versatile and utilised materials for high-tech
applications. The most widely used epoxies are based on diglycidyl ethers of bisphenol A and
epichlorohydrin (Figure 1), which provide fast monomer conversions and NIR transmittance
(Figure S1).[28, 29] In the scenario of a sustainable economy, epoxy resins, and thermoset materials
in general, can be efficiently obtained from renewable resources and ecofriendly processes[30, 31].
Moreover, epoxy resins and thermosets can be also rendered reworkable by using a series of
thermally cleavable linkages.[32, 33]

Fluorophore doped epoxies have been already utilised in optical waveguides, light emitting diodes
(LEDs)[34] and chromogenic materials[35] and attempts for polymer photostability under light
exposure have been successfully made since years.[36] As far as LSC applications are concerned,
they can offer outstanding physical attributes, including high physical strength, excellent adhesion
to a variety of substrates, broad temperature resistance and the ability to cure in sections with
controlled thickness. Moreover, epoxy resins possess superior properties with respect to PMMA
such as minimal shrinkage during curing, good resistance to moisture, solvents and chemical
attacks.[37] By contrast, the thermoset nature of epoxy resins might lead to a reduced reservoir of
compatible fluorophores. Nevertheless, only a few examples have been reported so far for the
preparation of epoxy-based fluorescent collectors.[38-40] Notably, this study examines the use of
high quantum yield (QY) fluorophores such as Coumarin 6 (QY = 97-99%) [41] and Lumogen Red
F350 (QY = 95-96%) [42] in epoxy-based fluorescent slabs (Figure 1). The combined solid state
NMR (ssNMR), Raman spectroscopy and calorimetric investigations helped in determining the
structural characteristics of the thermoset slabs. Their light concentration and optical efficiencies
were determined with a properly designed setup[43] and compared to collectors made of PMMA

thin films deposited on glasses with the same geometry of epoxy slabs.



HoN NH,

mﬁ%of

Bisphenol A diglycidyl ether (n = 1.2) (BADGE) 4,4’-methylenebis(2-methylcyclohexylamine)

Coumarin 6

==

Lumogen Red F350
XX )

|
AN N0 N0 N
P

Figure 1. Epoxy resin precursors and fluorophores utilised in this study




2. Experimental section

2.1 Materials

Bisphenol A diglycidyl ether (BADGE) (Chemix Srl, Mw = 700 g/mol, d= 1.16 g/mL), Lumogen
Red F350 (BASF), Coumarin 6 (>99%, Sigma Aldrich) were used as received. 4,4’-
methylenebis(2-methylcyclohexylamine), mixture of isomers (Chemix Srl, d = 0.9 g/mL) was
purified by distillation over KOH pellets at 130 °C and 0.3 mmHg. Poly(methyl methacrylate)
(PMMA, Aldrich, Mw = 350,000 g/mol, acid number <1 mg KOH/g) was used as received.

2.2 Preparation of epoxy-based slabs

In a typical procedure, the appropriate amount of fluorophore was added to about 2 g of 4,4’-
methylenebis(2-methylcyclohexylamine) in a Falcon™ conical centrifuge tube. The mixture was
gently heated to allow dye dissolution in the diamine. Then, about 6.5 g of BADGE (about 10/3 by
weight with respect to diamine) was added to the tube and the mixture homogenised with a
mechanical stirrer at 80 °C for a few minutes. The homogeneous mixture was then centrifuged at
4500 rpm for 1h to remove air bubbles. The mixture was then casted at 110 °C in a mould (Figure
S2) and cured at 110 °C for 4 hs. After cooling, the slab was separated by the mould and polished
(Figure S3) to get the final size of 50x50x3 mm. The thickness was measured to be 3+0.1 mm.

2.3 Preparation of PMMA thin films

PMMA thin films were prepared by drop casting, that is pouring 0.8 mL CHCI; solution containing
30.5 mg of PMMA and the required content of Coumarin 6 (0.2-1.4 wt.%) on 50x50x3 mm
optically pure glass slides (Edmund Optics Ltd BOROFLOAT window 50x50 TS). The glass slides
were cleaned with 6 M HCI for 12 h, rinsed with water, acetone and isopropanol and dried for 8 h at
120 °C. Solvent evaporation was performed on a hot plate at about 30 °C and in a closed
environment. The film thickness was measured by a Starrett micrometer to be 25+5 um.

2.4 Apparatuses and methods

The thickness of the slabs was measured with a Starrett micrometer. Absorption spectra were

recorded at room temperature on a Perkin—Elmer Lambda 650 spectrometer. Fluorescence spectra



were measured at room temperature on a Horiba Jobin—Yvon Fluorolog®-3 spectrofluorometer and
equipped with a 450 W xenon arc lamp, double-grating excitation and single-grating emission
monochromators. The fluorescence of epoxy and PMMA slabs were recorded by using the Solid-
Sample Holder and collecting the front-face emission at 30°. FTIR-ATR spectra on solid samples
were measured on Perkin Elmer GX with MIRacle TM ATR with a germanium crystal. Raman
spectra were measured by using a XploRA ONE™ Raman confocal microscope at an excitation
wavelength of 532 nm.

3C CP/MAS (Cross Polarization/Magic Angle Spinning) spectra were recorded on a dual-channel
Varian InfinityPlus 400 spectrometer, working at the Larmor frequencies of 400.03 MHz for proton
and 100.67 MHz for carbon-13, equipped with a 7.5 mm CP/MAS probehead. The 'H 90° pulse
duration was 6 ps. The spectra were acquired under high-power decoupling and MAS conditions,
using a MAS frequency of 4 kHz, a CP contact time of 500 ps, and accumulating 6000 transients
with a relaxation delay between consecutive scans of 5 s. The °C chemical shifts were referenced
to TMS as primary reference, while hexamethylbenzene was used as secondary reference. The
spectra were recorded at 20 °C (+ 0.1) using air as spinning gas. 'H FID’s (Free Induction Decay)
were acquired on a spectrometer constituted by a Stelar PCNMR acquisition system coupled with a
NiuMag permanent magnet, working at the '"H Larmor frequency of 21 MHz. A solid-echo pulse
sequence was applied under on-resonance conditions with an echo delay of 14 ps, a recycle delay of
1 s and accumulating 400 transients. The experiments were carried out at 25 °C (£ 0.1).

Differential scanning calorimetry (DSC) measurements were performed with a Perkin-Elmer DSC
Pyris equipped with a cooling system. The calibration was performed with Indium. Heating and
cooling thermograms were carried out at a standard rate of 20 °C/min. Thermogravimetric scans
were performed with a TA Instruments Q5000IR equipped with Agilent Resolution Pro version
5.2.0 software. Samples were heated from 30°C to 900 °C at 10 °C/min under nitrogen flow (25
mL/min).

2.5 Photocurrent measurements



A proper apparatus was build and composed by a plywood wooden box 15 x 15 x 30 cm with walls
1.5 cm thick. A removable cover hosting a housing for a solar lamp is present at the top. During the
measurement a solar lamp TRUE-LIGHT® ESI E27 20W was used. Two 50x3 mm slits were
carved out at 5 cm from the bottom of the box to exactly fit the collector systems (size 50x50x3
mm) so that the minimum amount of light would come out during the measurement conditions. On
the outer side of the slit, a set of three 1x1 cm photodiodes (THORLABS FDS1010 Si photodiode,
with an active area of 9.7x9.7 mm and high responsivity (A/W) in the spectral range of 400—1100
nm, figure S5) connected in parallel fashion was placed and coupled to a multimeter (KEITHLEY
Mod. 2700) for photocurrent measuring. Notably, the active surface of the photodiods is larger than
the LSC edge, anyway stray light was reduced by covering the analysed area with a black thick
cloth. The photocurrent data were fitted by using the curve fitting routine in the program Igor Pro
(Wavemetrics; Lake Oswego, OR).

2.6 Efficiency measurement using a PV-cell

A different set of collectors was prepared to measure the concentration efficiency attaching a Si-PV
cell (IXYS SLMD121HOSL mono solar cell 86x14 mm, with a solar cell efficiency of 22% and a
fill factor > 70%, Figure S6) to one edge of the sample using silicone grease while the remaining
edges were covered with an aluminum tape. The Si—based PV cell was masked with a dark tape to
cover just the LSC edge (50x3 mm) aimed at reducing the stray light to negligible levels. These
devices where then placed over a white poly(ethylene terephthalate) scattering sheet
(Microcellular® MCPET reflective sheet, ERGA TAPES Srl) and placed about 20 cm under a solar
lamp (TRUELIGHT® ESL E27 20W, with a correlated color temperature of 5500 K). The
efficiency is reported as mep, Which is the ratio between the short circuit current of the PV cell
attached the collector edges under illumination of a light source (I sc) and the short circuit current

of the bare cell put perpendicular to the light source (Isc).

3. Results and discussion



3.1 Spectroscopic and calorimetric analyses of epoxy slabs

4,4’ -methylenebis(2-methylcyclohexylamine) and Bisphenol A diglycidyl ether (BADGE) were
used as the epoxy resin precursors. When fabricating the luminescent slabs, 60-150 ppm of the
fluorophore was dissolved in the diamine and then BADGE was added (about 10/3 by weight with
respect to diamine) under stirring at 80 °C for a few minutes. Air bubbles were removed by
centrifugation prior curing at 110 °C for 4 hs. A final polishing step was required to get the
50x50x3 mm collector ready for structural and optical characterization. These conditions allowed to
obtain highly homogeneous optically transparent epoxy slabs.

Epoxy slabs were initially characterized via spectroscopy aimed at determining their optical features
and fluorophore compatibility within the thermoset matrix. Figure 2 shows the light transmitted in
the visible range by the neat epoxy slab and the slabs containing 100 ppm of Coumarin 6

(Epoxy100 Coum) and Lumogen Red F350 (Epoxy100 Lumo), respectively.
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Figure 2. Visible transmittance spectra of 50x50x3 mm neat epoxy slab (straight line), the slabs
containing 100 ppm of Coumarin 6 (Epoxy100 Coum, dotted line) and Lumogen Red F350
(Epoxy100 Lumo, dashed line), respectively.

The neat epoxy slab showed light transmittance around 90 % for most of the visible range, thus

confirming the potential utility of this material in the fabrication of high performance luminescent

collectors. A complete VIS-NIR spectrum of neat Epoxy was reported in Figure S1 as well as that
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of a commercial PMMA matrix typically utilized for LSC applications. It is worth noting that epoxy
preserves transparency along the entire NIR region, whereas PMMA shows significant light
absorptions over 900-1000 nm.

Epoxy100 Coum and Epoxy100 Lumo displayed optical absorptions according to the characteristics
of the corresponding fluorophores. Lumogen Red F350 absorbs at longer wavelengths (about 130
nm red-shifted) with respect to Coumarin 6, whereas signal saturation for Epoxy100 Coum possibly
suggest a higher absorption extinction coefficient for the latter fluorophore.

Figure 3 shows the emission features of the epoxy slabs doped by the two fluorophores at different
concentration. Epoxy slabs containing Coumarin 6 displayed a progressive and linear increase of
the emission intensity peaked at 502 nm with fluorophore content (Figure 3a). No additional bands
attributed to aggregates emerged with Coumarin 6 content, nor detectable fluorescence losses. The
slab appeared optically clear and well homogeneous, i.e. indicating an excellent compatibility
between the fluorophore and the thermosetting matrix. In contrast, epoxy slabs based on Lumogen
Red F350 showed an emission centred at 615 nm (that is about 115 nm red-shifted compared to
Coumarin 6, Figure 3b) that, however, appeared adversely affected by fluorophore concentration.
The low fluorescence intensity that drops with dye content (Figure 3b, left inset), and the dull red
colour of the slab, clearly suggest that compatibility issues between system components became
apparent. Since solar harvesting in LSCs is favoured with high fluorophore content, epoxy slabs

containing Lumogen Red F350 were disregarded in the successive studies.
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Figure 3. Fluorescence and images (insets) of epoxy slabs containing Coumarin 6 (a, Aexe. = 433

nm) and Lumogen Red F350 (b, Acxe. = 450 nm)

Neat epoxy slabs and those containing Coumarin 6 were then analysed in detail to investigate their
structure and thermal behaviour after curing. FTIR spectra of BADGE, and epoxy slabs were
compared looking at the intensities of the CH,-O-CH bending of the epoxy group at about 915 cm™
(Figure 4).[44] Data were also referred to a highly crosslinked epoxy slab obtained after curing the
components according to the resin data sheet, i.e. four progressive annealing steps at 80 °C, 120 °C,
160 °C and 200 °C for 2 hours each. This procedure was not followed for the preparation of

luminescent collectors since it promoted strong segregation of the fluorophore.

11



— o = = -
— — = ——
- -
— o o e o o e o

x ]

N~— 96_

() ]

o ]

c 94+

© 1

'S 92

S 9] — BADGE

© - — neat epoxy

— I Epoxy100 Coum
88_: — — neat epoxy hc
86

I I I I I 1

940 930 920 910 900 890 880
-1
wavenumber (cm )

Figure 4. FTIR of BADGE, neat epoxy slab, neat epoxy slab highly crosslinked (neat epoxy hc)
and epoxy slab containing 100 ppm of Coumarin 6

The neat epoxy slab displayed a residual absorption at 915 cm™ due to the unreacted epoxy
moieties, in contrast to the almost negligible contribution of the same slab after extensive curing at
200 °C. It is worth noting that the epoxy slab doped with 100 ppm of Coumarin 6 (Epoxy100
Coum) showed the same spectrum of the highly crosslinked system, thus suggesting that the
fluorophore might act as a curing catalyst as analogously reported in literature for tertiary amines
and Lewis bases.[45, 46] Quantitative analysis were performed taking into consideration the
absorbance of the band at 915 cm™ with respect to that of the 1,4-disubstituted aromatic ring
stretching at 826 cm™'. Notably, the extent of the epoxy conversion (o) were determined according

to the equation 1:[44]

.20
ap% = |1 - 2202 100 (eq. 1)

.20
Ag26'Ag1s

where A3, and A9, are the absorbances of the epoxy peak for the uncrosslinked BADGE resin.
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Table 1. Epoxy conversion values (a %) for the different epoxy slabs

Entry a %
BADGE 0
Neat epoxy 54
Epoxy100 Coum 66
Neat epoxy hc 75

As expected, the highest conversion (75 %) was calculated for the highly crosslinked slab, whereas
only 54% of epoxy groups were reacted following the experimental conditions that provided
colourless epoxy slabs with negligible brittleness. Notably, the presence of 100 ppm of Coumarin 6
increased the epoxy conversion of about 20%.

In order to obtain information on the structural properties of the epoxy slabs, and in particular on
the degree of epoxy group conversion, a ssNMR characterization was also performed, based on °C
CP/MAS spectra and on the analysis of the on-resonance 'H FID recorded under low-resolution
conditions (‘"H Larmor frequency of 21 MHz). The ssNMR experiments were carried out on the neat
epoxy slab, the epoxy slab containing 150 ppm of Coumarin 6 (Epoxyl50 Coum), and, as a
reference system, on the highly crosslinked epoxy slab. >C CP/MAS spectra obtained for the three
samples are shown in Figure 5, along with the signal assignment. The significant broadness of the
spectral lines can be mainly ascribed to the complete amorphous character of these materials, for
which the lack of conformational and long-range order is reflected in a distribution of "*C chemical
shift for each non-equivalent carbon. It is worth noticing that CP spectra cannot be considered as
quantitative. Indeed, the efficiency of the magnetization transfer from the 'H to the °C spin system
depends on the strength of the 'H-">C dipolar couplings, so that signals from carbons with a larger
number of attached protons and/or located in more rigid environment (i.e. involved in stronger 'H-
C dipolar couplings) are favoured. However, the spectra of the three samples here investigated
were recorded under the same experimental conditions; moreover, as it will be further confirmed by

'H FID analysis, it can be assumed that the dynamic properties of the system do not significantly
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change: therefore, variations of signal intensities can be safely ascribed to changes of structural

properties.
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Figure 5. °C CP/MAS spectra of (A) the highly crosslinked epoxy slab, (B) the epoxy slab
containing 150 ppm of Coumarin 6, and (C) the neat epoxy slab. The assignment of the different
carbon signals is indicated. Spinning sidebands are marked with *.

All the spectra show the main signals of the epoxy resin aromatic and aliphatic carbons, as indicated
in Figure 5, and are similar to each other apart from the 50-60 ppm spectral region, where
significant differences among the samples can be observed. In particular, a signal at about 51 ppm is
clearly observable in the spectra of the neat epoxy slab and of Epoxy150 Coum, but not in that of

the highly crosslinked epoxy slab, which was ascribed to the CH carbon (a;) of the terminal

unreacted epoxide groups. It is interesting to notice that this signal significantly decreases in
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passing from the neat epoxy slab to that containing 150 ppm of Coumarin 6, further indicating, in
agreement with FTIR results, an increase of the epoxide group conversion in the presence of the
fluorophore. In the spectrum of the highly crosslinked epoxy resin a quite broad signal at about 55
ppm is present, ascribable to the CH,N carbon (a’) formed after the reaction between the epoxide
and the amino groups. This signal is not clearly observable in the spectra of the neat epoxy slab and
of Epoxy150 Coum, characterized by a lower degree of crosslinking, probably due to its intrinsic
lower intensity in these samples combined with the scarce spectral resolution. The analysis of the
'H FID recorded under on resonance conditions could also be useful to obtain information on the
degree of crosslinking. In this analysis, the experimental FID’s are fitted by means of a linear
combination of functions, chosen among Gaussian, exponential, Abragamian, Weibullian and Pake
functions, each characterized by a different value of 'H T, relaxation time.[47] Since in the solid
state, 'H T, monotonically increases with the degree of mobility, due to the motional averaging of
the strong 'H-'H dipolar couplings, this analysis allows different polymeric domains to be
distinguished on the basis of their degree of mobility. Furthermore the weight of each function in
the linear combination is proportional to the fractional population of protons in the domain,
providing quantitative information. The 'H FID’s of the three samples here investigated were well
reproduced by means of a linear combination of a Gaussian function characterized by a very short
T, of about 16 ps, which accounts for almost the 90 % of the protons, and an exponential function
with a slightly longer T, of about 30-50 us. The results of the 'H FID analysis are reported in Table
2, while in Figure S7, as an example, the experimental 'H FID obtained for the sample Epoxy150
Coum is shown together with the best fitting function and each component of the linear
combination. The short values of 'H T, characterizing both the Gaussian and the exponential
functions indicate that the epoxy resin chains experience a very low degree of mobility in all the
samples. The exponential function can be ascribed to epoxy resin segments located in more mobile
environment, but its assignment to specific groups is not possible on the basis of the sole weight in

the linear combination (8-14 %). However, it is reasonable that terminal unreacted epoxide groups,
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characterized by a slightly higher degree of mobility, contribute to this component. To this respect it
is interesting to note that the weight of this exponential component is slightly smaller for the highly
crosslinked epoxy slab and the epoxy slab containing 150 ppm of Coumarin 6, for which a higher

degree of epoxide group conversion was already highlighted by FTIR and °C CP/MAS ssNMR

spectra.

Table 2. Results of the fitting of the experimental 'H FID obtained for the neat epoxy slab (Neat
epoxy), the epoxy slab containing 150 ppm of Coumarin 6 (Epoxy150 Coum), and the highly
crosslinked epoxy slab (Neat epoxy hc). A linear combination of a Gaussian (GAU) and an
exponential (EXP) function was used in all cases to fit the experimental FID. The weights in the
linear combination (w %) and the 'H T, (ps) values for each component are reported.

Neat epoxy hc Epoxy150 Coum Neat epoxy
GAU: T, (us) 15.6 15.6 15.6
w (%) 91.8 90.8 86.4
EXP: T, (us) 47.5 40.8 28
w (%) 8.2 9.2 13.6

The thermal behaviour of the prepared epoxy slabs was determined by differential scanning
calorimetry (DSC, Figure S8) and confirmed the results acquired by spectroscopy. The neat epoxy
slab showed a glass transition temperature (Tg) of 112 °C, which is a typical value of partially
cured resins with negligible brittleness.[48] Tg increased to 132 °C and 150 °C for epoxy100 Coum
and neat epoxy hc slabs, respectively, thus confirming that the curing process was favoured at
higher temperature and promoted by the presence of Coumarin 6.

Epoxy groups conversion was also evaluated by means of Raman spectroscopy by monitoring
Raman bands corresponding to epoxide vibration in the range of 1230 cm™ and 1280 cm™ (Figure
6). Notably, the intensity of the peak at 1254 cm™, which is attributed to the breathing of the

epoxide ring, is dependent on the concentration of epoxide groups in the resin mixture.[49]
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Figure 6. Raman microscopy spectra of (a) the neat epoxy slab and reactants and (b) of epoxy slab
at different z-scan depths (Aexe. = 532 nm).
In Figure 6a, the Raman spectrum of the epoxy slab was compared to those of reactants, i.e.
BADGE and the 4,4’-methylenebis(2-methylcyclohexylamine) (diamine). It was observed that the
1254 cm™ epoxide ring vibration decreased in intensity but did not completely disappear according
to the results obtained by FTIR investigations. Nevertheless, Raman scattering intensity was
identical at different slab depths, thus indicating that the curing process homogeneously occurred

within the epoxy slab (Figure 6b).
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3.2 Photocurrent measurements and data analysis of epoxy and PMMA fluorescent collectors

Photocurrent measurements were accomplished with a home-built apparatus (see experimental part)
by using a set of three 1x1 cm photodiodes assembled in parallel fashion. Photodiodes are ideal for
measuring light sources in fluorescent collectors by converting the optical power to an electrical
current, allowing for a fast, precise and reproducible response even with different sets of samples.
This approach was used to study the best working conditions for different epoxy slabs doped with
Coumarin 6 since the response curves of the photodiodes and the utilized PV module do not differ
significantly. Notably, the active surface of the photodiods is larger than the LSC edge, anyway
stray light was reduced by covering the analysed area with a black thick cloth. Since photodiods
measurements are aimed at determining relative variations of optical parameters between samples
and not absolute values, data are considered meaningful since stray light affect all measurements in
the same way. Photocurrents produced by luminescent epoxy slabs were reported in Figure 7 and
compared to that generated by Coumarin 6 dispersed in poly(methyl methacrylate) (PMMA) thin
films (25+5 pum), that is the reference polymer matrix for luminescent collectors. For thin PMMA
films, a comparable range of Coumarin 6 concentration was selected as also suggested by earlier
investigations with different classes of fluorophores.[43, 50, 51] In order to get comparable data,
PMMA/Coumarin 6 films were attached on 50x50x3 mm optically pure glass substrate, i.e.

characterized by the same aspect ratio and geometry of the Epoxy/Coumarin 6 slabs.
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Figure 7. Photocurrent variation of 5x5x0.3 cm Epoxy/Coumarin 6 (black open circles) slabs and
PMMA/Coumarin 6 thin films (red open squares). The curves were fitted with eq. 2 with
parameters listed in Table 3.

The current intensities for both Epoxy/ and PMMA/Coumarin 6 collectors were found to increase
up to a certain content of fluorophore, above which a decline became apparent due to the prevailing

dissipative phenomena of the emission response.

Notably, both photocurrent curves fitted quite well according to eq. 2:
Nopt = € - e Hort® + D (eq. 2)
where np 1s @ term proportional to the current generated by photodiods, ¢ is the concentration of

the dye in wt.%, and €' and pp are two empirical constants defined as:

g «<h-e! (eq. 3)

Hopt * 1'(QY,p) -1 (eq. 4)

where 7 is the thickness of the thin film, [ is the mean path length of the radiation in the optical
system and p" is a term depending on both QY and the probability of fluorescence re-absorption
(p), being greater at high p and low QY. D is an empirical constant added since even an empty

system of transparent material (c = 0) is capable of trapping some light by means of surface and

bulk defects due to scattering phenomena. Eq. 2 was inspired by the work of Goezberger[52] who
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proposed in 1977 an effective method to evaluate the collectors efficiency. Both ¢ and u,,; must be
considered as completely empirical since even the most accurate estimations require strong
approximations. Nevertheless, the determination of how they affect the final #,,, is straightforward
for determining the performances of luminescent collectors. Notably, ¢’ is a coefficient related to
the absorption properties of the dye/polymer system, whereas u,,, combines all the fluorescence
quenching mechanisms due to the dye. An optimal dye/polymer system should therefore present a
high &’ and a small u,, so that the maximum efficiency is shifted to higher concentrations and the
curve steadily rises under the influence of the linear part (eq. 2). A complete and exhaustive
determination of eq. 2 was recently reported in literature by our group.[43] The fitting parameters of
photocurrents were reported in table 2.

Table 3. Fitting parameters of the photocurrent data measured for Coumarin 6-based luminescent

collectors
Entry g' Wopt D
Epoxy Coumarin 6 2.97+£0.45 | 0.010+0.002 | 70+1
PMMA Coumarin 6 3.00+0.03 | 0.026+0.001 | 76=*1

The fitting parameters of Epoxy/Coumarin 6 slabs were found to be similar of those of
PMMA/Coumarin 6 thin films, even if worthwhile differences are present. Notably, identical values
for ¢’ and smaller u,, were obtained for the former collectors. On the contrary, D values resulted to
be quite similar for all the systems since the contribution of non—fluorescent trapping is mostly the
same for systems with the same geometry. Being ¢’ related to the light absorption properties of the
material at low fluorophore content, identical ¢” values in both polymer matrices were expected. In
contrast, higher u,, value calculated for PMMA/Coumarin 6 suggested that larger dissipative
phenomena occurred in PMMA with fluorophore content that adversely affected fluorescence
concentration.

Epoxy and PMMA luminescent slabs were then analysed by using a Si-based PV cell attached to
one edge of the collector, as described in the experimental section. As reported, the stray light was

reduced to negligible levels by masking the Si—based PV cell with a dark tape to cover just the LSC
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edge. The optical efficiency #,,. (Table 4) was evaluated from the concentration factor C, which is
the ratio between the short circuit current measured in the case of the cell over the collector edge

(Ic) and short circuit current of the bare cell when perpendicular to the light source (Isc) (eq. 4):

Ic
Nopt= ISC_G (eq. 4)

where G is the geometrical factor (in our case, G = 16.6), which is the ratio between the area

exposed to the light source and the collecting area.

Table 4. Concentration factors (C) and optical efficiencies (7,:) calculated for Epoxy/ and

PMMA/Coumarin 6 LSCs
Entry C Nopt (%0)
Epoxy Coumarin 6 1.23+0.02 7.4
PMMA Coumarin 6 | 1.13+0.01 6.7

The maximum 7,,, calculated for the Epoxy/Coumarin 6 was found higher than that gathered from
PMMA collectors with the same geometrical factor, possibly due to the higher fluorophore
compatibility in the epoxy matrix. This phenomenon limits the adverse dissipative disexcitation
processes, thus increasing concentration efficiency of about 10%, and enabling the use of epoxy
resins for the preparation of efficient luminescent collectors. Although such difference could be also
addressed to the different fluorescence self-absorption occurring in the PMMA film, Fusco et al
demonstrated that that the maximum conversion efficiencies found for the slab and thin film are
identical, though they are obtained for different dye concentrations.[53]

As far as final application in LSC is concerned, experiments are being made to determine the
photostability of the epoxy-based system with time. Preliminarily results evidenced a loss of optical
efficiency of about 25% after sun exposure during summertime (from June to September) in Pisa
(Italy). This drop in optical performances was mostly addressed to fluorophore
photodegradation[54] (Figure S9) since epoxy degradation under photolytic conditions would be
possibly prevented by the presence of the UV-absorbing fluorophore (see also the note below

Figure S10). Nevertheless, we are confident that the introduction of triplet-state quenchers or redox-
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active compounds[55] in the final system recipe would contribute to the overall photostability of the

luminescent collectors during continuous sun irradiation.

Conclusions

We have demonstrated that a low cost and optically transparent epoxy resin can be effectively used
to prepare accessible and effective fluorescent collectors. The slabs were prepared by carefully
mixing from 60 to 150 ppm of the fluorophore with Bisphenol A diglycidyl ether and 4,4’-
methylenebis(2-methylcyclohexylamine) as curing agent. Coumarin 6 was selected as highly
emissive fluorophore being well miscible in the thermoset matrix in the range of concentration
investigated. Spectroscopic and calorimetric investigations revealed that the curing process at 110
°C for 4 hs provided highly homogeneous epoxy slabs whose crosslinking degree was affected by
the presence of Coumarin 6 that acted as a curing agent. Photocurrent measurements and data
analysis of epoxy slabs yielded maximum optical efficiencies (7,,,) of 7.4% that were found higher
than that gathered from PMMA collectors with the same geometry. Overall, considering the easy
preparation, low cost, optical transparency, and concentration performances, all findings
consistently support the effective use of epoxy resins as bulk thermosetting materials for fluorescent

collectors in PV applications.
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