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Abstract: This study reports for the first time the use of waterborne polymers as host matrices for
luminescent solar concentrators (LSCs). Notably, three types of waterborne polymer dispersions based
either on acrylic acid esters and styrene (Polidisp® 7602), acrylic and methacrylic acid esters (Polidisp®
7788) or aliphatic polyester-based polyurethane (Tecfin P40) were selected as amorphous coatings over
glass substrates. Water soluble Basic Yellow 40 (BY40) and Disperse Red 277 (DR277) were utilized as
fluorophores and the derived thin polymer films (100 pm) were found homogeneous within the dye
range of concentration investigated (0.3-2 wt.%). The optical efficiency determination (nopt) evidenced
LSCs performances close to those collected from benchmark polymethylmethacrylate (PMMA) thin
films and Lumogen Red F350 (LR) with the same experimental setup. Noteworthy, maximum nept of
9.5 + 0.2 were recorded for the Polidisp® 7602 matrix containing BY40, thus definitely supporting the
waterborne polymer matrices for the development of high performance and cost-effective LSCs.

Keywords: waterborne polymer dispersions; water soluble fluorophores; luminescent
solar concentrators

1. Introduction

Luminescent solar concentrators (LSC) have been considered as one of the most effective solution to
promote the diffusion of the photovoltaic (PV) systems in the urban environment. Although discovered
in 1977 [1] the utilization of the LSC technology has only recently been fueled by the European Directive
supporting the concept of Net Zero-Energy Buildings (NZEBs) [2-9]. NZEBs are buildings with zero
net energy consumption, that is on an annual basis they balance their energy consumption with the
production of renewable energy. Since 7 m?/kW is the peak power required for NZEBs [10] the use of
the LSC-PV systems would be worthwhile for meeting such energy demand especially in view of the
possible installation of large LSC on building facades and terraces [10-13]. LSC are glass or plastic
slabs able to harvest the incoming sunlight that is collected via fluorescence on their surface, where it is
efficiently converted into electric current by PV cells (Figure 1) [14]. Typical LSCs are composed by high
quantum yield organic or inorganic fluorophores that are embedded in optically transparent amorphous
polymer plates or films with a good visible transparency and stability over time [15,16]. Among polymer
matrices, those based on commercially available polymethylmethacrylates (PMMA) or polycarbonates
(PC) are the most utilized, due also to their good compatibility with many fluorophores of different
type and nature [15]. Moreover, form the perspective of a more sustainable fabrication route, recent
approaches have proposed the use of biobased polymers and materials from renewable resources [17].
For example, L-poly(lactic acid) (L-PLA) [18] cellulose nanocrystals [19] fluorescent proteins [20,21]
and polyesters [22] have all been lately reported as green alternatives to PMMA.
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Figure 1. Working principle of the LSC-PV system and chemical structure of the investigated
fluorophores (BY40 and DR277, inset) as well as the selected polymer matrices.

In connection with these findings, the use of waterborne polymer dispersions is proposed in
this work for the realization of thin film LSCs. Waterborne polymers are widely utilized in a range
of applications, including paints and coatings, due to their unique properties and the advantage of
being solvent free [23-26]. In this work plasticizer-free aqueous copolymer dispersions based on
acrylic acid esters and styrene (Polidisp® 7602), on acrylic and methacrylic acid esters (Polidisp®
7788) and on aliphatic polyester-based polyurethane (Tecfin P40) were selected since they form very
homogeneous films over glass surfaces with outstanding weathering resistance. These features have
been also confirmed in recent works by our group concerning the preparation of Near-Infrared (NIR)
reflective organic coatings [27-29]. Moreover, being water-based, the polymer dispersions minimize
the issues associated with the use of toxic volatile organic compounds in the coating process and their
eventual disposal costs.

The waterborne dispersions were tested in combination with the water soluble Basic Yellow
40 (BY40) and Disperse Red 277 (DR277) fluorophores (Figure 1). BY40 finds applications in acrylic
fibers and in daylight fluorescent pigments [30] and it was selected here thanks to its yellow/green
fluorescence, water solubility and excellent compatibility in several media provided by the functional
moieties connected to the conjugated central core [31] DR277 is commercially used for the coloration of
polyester fabrics for high-visibility safety garments [31,32] and it was eventually tested in LSC as a water
soluble molecule in order to validate the proposed approach also by using a red-emitting fluorophore.

All LSCs were obtained by casting the fluorophore-doped waterborne polymer dispersions over
optically pure 50 X 50 X 3 mm? glass by varying the type of the emitter and its concentration (wt.%),
while maintaining constant the film thickness at 100 um. The performances were determined in terms
of the optical efficiency () and discussed with those determined from PMMA-based LSC previously
obtained with the same experimental setup [33,34].
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2. Materials and Methods

2.1. Materials

The aqueous copolymer dispersion based on acrylic acid esters and styrene (Polidisp® 7602) was
supplied by Resiquimica. The milky-like water dispersion is characterized by a pH (25 °C) of 7.5-9,
density (20 °C) of 1.020 + 0.010 g/mL and a solids content of 50 wt.%. The dried material shows a
glass transition temperature of about 9 °C. The aqueous copolymer dispersion based on acrylic and
methacrylic acid esters (Polidisp® 7788) was also supplied by Resiquimica. The milky-like water
dispersion is characterized by a pH (25 °C) of 7.5-9, density (20 °C) of 1.050 + 0.010 g/mL and a
solid content of 50 wt.%. The dried material shows a glass transition temperature of about 10 °C.
The anionic aliphatic polyester-based polyurethane (Tecfin P40) water dispersion was provided by
Tecnochimica Srl. The milky-like water dispersion is characterized by a pH (25 °C) of 7.5-9.5, density
(20 °C) of 1.040 + 0.010 gm/L and a solid content of 30 wt.%. The dried material shows a tensile
strength (ASTM D882) of 35-55 MPa. Basic Yellow 40 (BY40, CAS n. 29556-33-0) and Disperse Red
277 (DR277, CAS n. 70294-19-8) were kindly provided by Gruppo Colle (Italy) used without further
purification. Poly(methyl methacrylate) (PMMA, M,, = 350,000 g/mol, acid number < 1 mg KOH/g,
Aldrich, Milan, Italy) and Lumogen Red F350 (BASF) were used as received. Optically clear glass
slides (BOROFLOAT® Window, Edmund Optics Ltd., York, UK) were cleaned and dried according to
literature methods before their use [22]. The water used to prepare the solutions and dispersions was
purified by a Millipore Milli-Q water purification system (Merck, Milan, Italy).

2.2. LSC Preparation

A 3 mg/mL stock solution of either BY40 or DR277 in water was prepared. Then, 0.6-0.8 g of
waterborne polymer dispersion was diluted with water up to a volume of 1.5 mL and a desired
amount of the fluorophore solution added in order to obtain final fluorophore concentrations ranging
from 0.3 to 2 wt.%. The dispersion was gently mixed to ensure homogeneity and then casted over
50 x 50 X 3 mm? cleaned glass. Water evaporation was obtained on a warm plate at 40 °C and in
a closed environment. Film thickness was measured by means of a micrometer (The L.S. Starrett
Company, Athol, MA 01331-1915, USA). LSC based on PMMA thin films and Lumogen Red F350 (LR)
were obtained in agreement with literature procedures carried out in our group [22,35-39].

2.3. Equipment and techniques

UV-Vis absorption spectroscopy was performed at room temperature by using Cary 5000
spectrophotometer (Agilent, Santa Clara, CA, USA). Fluorescence spectra were measured at room
temperature with a Fluorolog® -3 spectrofluorometer (Horiba Jobin-Yvon, Horiba Italy, Rome,
Italy) equipped with a 450 W xenon arc lamp and double-grating excitation and single-grating
emission monochromators. The emission quantum yields were determined by using a 152 mm
diameter “Quanta-¢” integrating sphere, coated with Spectralon® and following recently reported
procedures [22,33,34].

The concentration factors and the optical efficiencies of the LSC were obtained by using an
®LCS-100 solar simulator (ORIEL, Newport, Stratford, CT, USA) under AM 1.5 G simulated solar
radiation at an irradiance of 1000 W/m? and calibrated by a standard silicon solar cell, and a PV cell
(IXYS SLMD121HO0SL mono solar cell 86 x 14 mm?, 1 = 22%, the External Quantum Efficiency (EQE)
was reported in Figure 2b [36,38,40,41] connected to a precision Keysight Technologies B2900 Series
source/measure unit (Keysight Technologies, Santa Rosa, CA, USA). The optical efficiency nopt was
determined from the concentration factor, i.e., the ratio between the short circuit current measured for
the cell over the LSC edge (I1sc) and that of the bare cell when perpendicular to the light source (Isc):

ILsc
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where G is the geometrical factor (G = 16.666) that is the ratio between the area exposed to the solar
simulator and the collecting area by the PV cell (Figure S1). Notably, during the I} sc measurements,
a white back scattering layer (Microcellular MCPET reflective sheet, ERGA TAPES Srl, Milan, Italy)
was placed beneath the LSC with an air gap of about 5 mm. The reported nopt values were calculated
as the average of three distinct measurements on identical LSC samples.

3. Results and Discussion

Coumarins have been the object of several pioneering works on LSC thanks to their near
unity emission quantum yields and excellent compatibility with plastic matrices [42,43]. On this
account, Basic Yellow 40 (BY40) and Disperse Red 277 (DR277) were selected as water soluble highly
emissive coumarin-based fluorophores and showed absorption maxima centered at 434 and 512 nm,
respectively (Figure 2a). For BY40, only a partial fraction of the available range of incident wavelength
can be collected [16]. Conversely, thanks to the highly conjugated chromophoric core [44]. DR277
showed a broad absorption band that covers most of the solar spectrum characterized by the highest
solar irradiance.

The inspection of the emission behavior of BY40 and DR277 revealed fluorescence peaks at
505 (Stokes shift of 71 nm) and 570 nm (Stokes shift of 58 nm), respectively, the latter flanked by an
important contribution above 600 nm and in correspondence of the highest external quantum efficiencies
(EQE) of the utilized solar PV cell (Figure 2b). Due to their high structural rigidity, both fluorophores
have a high quantum yield of fluorescence that reaches values higher than 60%-70% [30,46]. This feature,
together with the solar harvesting characteristics (Figure 2a), made the selected fluorophores as good
potential candidates for the preparation of efficient luminescent solar concentrators (LSC). Moreover,
the Stokes shift higher than 60 nm would also suggest limited auto-absorption phenomena, which are
reported to adversely affect the overall performances of LSC [47].

LSCs based on thin films with a thickness of 100 + 10 um were obtained by pouring about 1.5 mL
of water dispersion containing 0.6-0.8 g of the waterborne polymer and the desired amount of the
fluorophore (0.3 to 2 wt.%) over the 50 x 50 x 3 mm?3 glass substrate. After complete evaporation
of the water, very homogeneous thin films were obtained starting from the three different Polidisp®
7602, Polidisp® 7788 and Tecfin P40 resins with no evident formation of micro-sized dye aggregates
(Figure S2). Notably, BY40 was found compatible with all the selected polymer matrices in the
investigated interval of concentration, whereas a homogeneous film containing DR277 were obtained
from Polidisp® 7602 only. As representative examples, photos of the obtained Tecfin P40 thin film
containing the 1 wt.% of BY (i.e., 1 wt.% BY/Tecfin P40) are shown in Figure 3 under illumination with
a visible and ambient light (Figure 3a) and by using the solar simulator (Figure 3b). Notably, the glass
surface appeared homogeneously coated and with a uniform distribution of the fluorophore molecule.
Bright and intense fluorescence can be detected, thus suggesting that the selected fluorophores
maintained their emission efficiency also when dispersed in the solid Polidisp® 7788 and Polidisp®
7602 resin films (Figure S3b, for a 1 wt.% BY/Polidisp® 7788 and 1 wt.% BY/Polidisp® 7602 coatings).
The limited dispersability of DR277 in the solid resins were attributed to its more conjugated and rigid
chromophoric system than that of BY40 (see Figure 1, inset), which caused a limited interaction with the
functional groups of the selected polymer matrices and favored the formation of micro-sized aggregated.
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Figure 2. (a) Normalized UV-Vis absorption spectra of BY40 (yellow curve) and DR277 (red curve)
in water (107> M) and solar spectral irradiance at air mass 1.5 (AM 1.5) collected from American
Society for Testing and Materials (ASTM). Standard: ASTM G-173-03 [45] (grey curve). (b) Normalized
emission spectra of BY40 (yellow curve, Aexc = 366 nm) and DR277 (red curve, Aexc = 400 nm) in water
(107° M) and external quantum efficiency (EQE, grey open circles) of the utilized PV solar cell.

As a representative example, macroscopic phase segregation can be detected for the 1 wt.%
DR277/Tecfin P40 LSC under the illumination of a long-range UV lamp at 366 nm (Figure S4).

The optical performances of the prepared 50 x 50 x 3 mm3 LSC were determined in terms of
the optical efficiency nopt that was calculated according to Equation (1) (see Materials and Methods).
The concentration factor C was obtained from the ratio between the short circuit current measured in
the case of the cell over the LSC edge (I1 sc) and short circuit current of the bare cell when perpendicular
to the light source (Isc). Photocurrent measurements were carried out with a home-built device
based on a Si-based PV cell attached to one edge of the concentrator (Figure S1) and connected to
a source-meter.

Representative I/V and P/V curves of the LSC/PV systems based on Polidisp® 7602 measured
under AM 1.5 G simulated solar irradiation were reported and compared with the same curves obtained
from the bare PV cell (Figure 4). In all the investigated LSC/PV systems, both I} s¢c and the maximum
power (P gc) were higher than the respective Isc and Psc, thus providing concentration factors greater
than 1 (Table 1).
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Figure 3. (a) Photos of the 1 wt.% BY/Tecfin P40 LSC taken at ambient light and (b) under the illumination

of the ORIEL® LCS-100 solar simulator lamp. The size of the solar collector is 50 x 50 x 3 mm?.
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Figure 4. Representative I/V (black line) and P/V (blue line) curves obtained for (a) 1.5 wt.%
BY40/Polidisp® 7602 LSC/PV, (b) 1 wt.% DR277/Polidisp® 7602 LSC/PV systems and I/V (black

dashed line) and P/V (blue dashed line) curves for the bare PV cell.
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The calculated C and nopt reported in Table 1, were investigated as a function of the polymer
matrix, fluorophore type and its content (wt.%). As far as BY40 is concerned, LSC optical performances
increased with fluorophore concentration up to 1.0-1.5 wt.%, after that a decreasing occurred for all
the polymer matrices except for Tecfin P40 in which, however, BY40 did not display the highest C
and nept values. This peculiar trend was in agreement with the behavior found by Goezberger who
proposed an effective method to evaluate the LSC optical performances as a function of fluorophore
content [1,39,48]. Before a certain fluorophore content threshold that depends on its solubility and
dispersibility in the polymer matrix, the optical efficiency raising is governed by the solar harvesting
features of the LSC system. Namely, more absorbing chromophores are contained and greater are the
solar collector performances. Conversely, above that concentration threshold, the optical efficiency of
the LSC becomes adversely affected by the typical fluorescence quenching due to the formation of
poorly emissive fluorophoric aggregates.

Table 1. Concentration factors (C) and optical efficiencies (opt) calculated for the prepared LSCs with
different fluorophore content (wt.%). nopt was obtained from C as an average of 3 measurements
(G factor = 16.666). For LR/PMMA films were selected those with a thickness of 25 + 5 pm since they
represent those with the highest LSC performances [22,39]. All the measurements were conducted with
the same experimental setup.

LSC Fluorophore Content (wt.%) C TNopt (%)
BY40/Polidisp® 7788 0.3 1.36 + 0.01 82+0.1
BY40/Polidisp® 7788 0.6 1.41 +0.01 85+0.2
BY40/Polidisp® 7788 1.0 1.44 +0.01 8.6+0.1
BY40/Polidisp® 7788 1.5 1.20 = 0.01 72+0.2
BY40/Polidisp® 7602 0.5 1.40 = 0.01 85+0.1
BY40/Polidisp® 7602 1.0 1.36 = 0.01 82+0.2
BY40/Polidisp® 7602 1.5 1.57 £ 0.01 9.5+0.2
BY40/Polidisp® 7602 2.0 1.31 £ 0.01 79+0.2

BY40/Tecfin P40 0.3 1.18 £ 0.01 71+0.1
BY40/Tecfin P40 0.5 1.25 + 0.01 75+0.1
BY40/Tecfin P40 0.6 1.26 +0.01 7.6 +0.1
BY40/Tecfin P40 1.0 1.29 + 0.01 7.8 +0.1
BY40/Tecfin P40 2.0 1.46 + 0.01 8.7+0.2
DR277/P01idisp® 7602 0.5 1.20 = 0.01 72+0.1
DR277/Polidisp® 7602 1.0 1.26 £ 0.01 7.6+0.2
DR277/Polidisp® 7602 1.5 1.37 £ 0.01 83+03
DR277/Polidisp® 7602 2.0 1.05 + 0.01 6.3+0.2
LR/PMMA 0.2 1.14 + 0.02 69+03
LR/PMMA 0.6 1.38 + 0.03 83+0.3
LR/PMMA 1.0 1.54 + 0.01 9.3+0.2
LR/PMMA 1.4 1.69 + 0.02 102+0.3
LR/PMMA 1.8 1.43 + 0.02 8.6 £0.3

Polidisp® 7602 was revealed as the best polymer matrix since its maximum nopt of 9.5 + 0.2
was reached at the BY40 concentration of 1.5 wt.%. This data was notable since it was close to that
of 10.2 + 0.3 calculated for the benchmark LR/PMMA LSC system by using the same experimental
setup. This relevant result was attributed to the fact that notwithstanding the lower solar harvesting
characteristics and emission not perfectly matching the maximum EQE of the solar cell, the very high
dispersibility of BY40 into Polidisp® 7602 allowed for maintaining the quantum yield higher than
60% [49] also in the solid state and at the highest wt.% content. Polidisp® 7602 being composed by both
acrylic acid esters and styrene repeating units possibly enables the generation of effective secondary
interactions with BY40 and allowed the fluorophore dispersion when DR277 was used. The solar
collecting features of LSCs based on DR277 followed the typical trend with growing nopt values with
fluorophore content. Nevertheless, the lowest 6.3 + 0.2 optical efficiency calculated for the 2.0 wt.%
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DR277/Polidisp® 7602 system suggested that significant fluorescence dissipative phenomena occurred
at the highest fluorophore content. This behavior was possibly addressed to the highly conjugated and
rigid planar structure of DR277 molecules that favored the formation of 7-rt staking interactions that in
turn promoted the typical aggregation-caused quenching phenomenon (ACQ) [16,49,50]. Quantum
yield of about 30% were actually reported for the DR277/Polidisp® 7602 system containing the highest
2 wt.% fluorophore content. This data was even more evident if compared with the performances
of the benchmark LR/PMMA LSC systems based on the red-emitting LR fluorophore (Figure 5) that
is characterized by a very high compatibility with the acrylic matrix and significant quantum yield
also at the highest contents, as reported by many authors in the recent literature as well [39,51-56].
Microscopic investigations actually revealed that no micro-sized or sub-micro-sized assemblies of
LR can be detected in the PMMA matrix even at high content [57]. Conversely, compatibility issues
(Figure S4) of DR277 adversely affected its homogeneous distribution that resulted detrimental for
the optical efficiency of the derived LSC. Anyway, LSC based on the DR277/Polidisp® 7602 system
provided maximum ngpt higher than 8 (i.e., 8.3 + 0.3), thus confirming the general validity of the
proposed idea, that is the preparation of efficient LSC starting from waterborne polymer dispersions.

10.5

©
)

Lo

——

©
o

——

® ©
o )
I

DR277/P7602 BY4O/P7788I BY40/TP40 BY40/P7602I LR/PMMA

Figure 5. Maximum nopt values calculated for the investigated LSC/PV systems. Bars were colored
according to the rainbow color table.

The significant optical performances offered by the combination of BY40 with Polidisp® 7602
was even more evident when compared in Figure 5 with those maxima of all the investigated
LSC/PV systems.

Such a combination appeared very beneficial to boost the diffusion of the LSC/PV technology in the
urban environment since the cost of the generated power could be below to the required threshold of
1€/Watt peak (Wp) [58]. For example, the cost of 1 kg of BY40 is estimated to be less than 100 €, whereas
1 kg of LR is quoted about 7,500 € by the BASF chemical company. More than that, the proposed
technology could also take advantage of coating techniques typical of paints, thus also decreasing
the costs required for the realization of solar collectors with large surface area and those needed for
possible renovation due to weathering effects or photodegradation.

4. Conclusions

This work demonstrated the potential of using waterborne polymer matrices such as Polidisp®
7602, Polidisp® 7788 and Tecfin P40 for replacing benchmark PMMA films in LSC/PV systems.
Such matrices were found to uniformly coat glass surfaces and be compatible with the BY40 and
DR277 water soluble fluorophores in the investigated 0.3-2 wt.% range of concentrations. The high
compatibility, especially that found for BY40 dispersed into Polidisp® 7602 possibly provided by
the styrenic and acrylic repeating units of the polymer conferred optical performances very close to
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those obtained from LR/PMMA thin films in the same range of fluorophore content and experimental
setup. Maximum nept of 9.5 + 0.2 were actually obtained, compared with that of 10.2 + 0.3 obtained
from PMMA-based LSCs. These features definitely promoted the waterborne polymer dispersions
in combination with the highly emissive water-soluble fluorophores as low cost alternatives for high
performance LSCs. Future works will be oriented to finding alternatives to coumarin-based fluorophores
that are characterized by limited photostability over long exposure times [16]. Also, fluorophores
based on the typical aggregation-induced emission [37,50] will be also taken into account in an attempt
to get rid of the typical fluorescence quenching of highly-conjugate red-emitting fluorophores in the
solid state.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/7/655/s1,
Figure S1: Home built apparatus for the measurement of the LSC performances; Figure 52: Confocal microscopy

image of the 1 wt.% BY/Tecfin P40 LSC; Figure S3: (a) Photos of the 1 wt.% BY/Polidisp® 7788 LSC taken at
ambient light; (b) under the illumination of a long-range UV lamp at 366 nm; (c) the bare glass under the same UV

light; the 1 wt.% BY/Polidisp® 7788 taken at ambient light; Figure S4: photo of the 1 wt.% DR277/ Tecfin P40 LSC
taken under the illumination of a long-range UV lamp at 366 nm.
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