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. Introduction

In the field of sunlight conversion and management, polymer-
ased luminescent solar concentrators (LSCs) have recently gained

ncreasing attention as they represent a promising technology to
educe manufacturing and installation costs of traditional photo-
oltaic (PV) systems and simultaneously overcome some of the
imitations presented by standard silicon-based PV devices, namely
heir heavy weight, poor response under diffuse sunlight and lim-
ted choice of colors and shapes [1]. In its most basic layout, the
SC consists of a transparent polymeric host matrix in which one
r more luminescent species are embedded. The incident sunlight
s absorbed by the luminescent molecules and is then re-emitted at
longer wavelength. Being the refractive index of the host matrix
igher than that of air, a fraction of the re-emitted light is trapped

ithin the polymer by total internal reflection, becoming con-

entrated along the edges of the plate, where it can be collected
y small area solar cells [2]. By matching the emission spectrum
f the luminophore to the band gap of the PV cell, PV device

∗ Corresponding author. Tel.: +39 02 2399 3213.
E-mail address: gianmarco.griffini@polimi.it (G. Griffini).
operation can be optimized and the price-per-watt of solar elec-
tricity can be significantly reduced [3–5]. Moreover, because of its
light weight, color and shape tunability and ability to work well
under diffuse light, LSC technology is particularly attractive for
building-integrated PV applications and for installation in urban
areas, where it could offer interesting possibilities to architects and
building designers [6–8].

Two typical device configurations are commonly used in LSC
technology, namely the bulk-plate and the thin-film LSC. In the first
and more conventional case, a polymeric slab that also serves as the
waveguide is homogeneously and lightly doped with the lumines-
cent species. In the second case, a thin polymeric film more heavily
doped with the luminescent species is deposited onto a transpar-
ent substrate, such as glass. Although no significant differences
in performance can be found between these two configurations,
thin-film LSCs present some technological advantages compared
to conventional bulk-plate LSCs, as they can be easily deposited as
thin luminescent coatings on a wide range of substrates by means

of deposition techniques typical of the coating industry [9].

Intense research efforts have been made in past few years to
achieve optical concentrations and device efficiencies suitable for
practical applications. In particular, a variety of new luminescent
species with high efficiency and improved photostability have been
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eveloped for use in LSC including organic dyes, inorganic phos-
hors and quantum dots [10–14]. Despite the encouraging results
btained with these high performing luminescent materials in
erms of device efficiency, LSC commercial deployment is still ham-
ered by the limited lifetime of the operating devices. In addition to
he degradation of the luminescent species (organic dyes in partic-
lar) [15,16], the poor stability of the polymeric host matrix when
ubjected to continuous illumination still represents an obstacle
o achieve prolonged LSC device lifetime. Nowadays, poly(methyl

ethacrylate) (PMMA) represents the material-of-choice for the
olymeric host matrix in standard LSC devices because of its high
ransparency, its high refractive index and its easy processability
17]. However, its limited photostability as thin coating [18–20]
an severely impact on the lifetime of PMMA-based LSC devices.
n fact, degradation of the polymeric coating may lead to the for-

ation of photon trapping sites that may decrease the photon
ransport efficiency [21,22]. In addition, radical species forming
uring polymer photodegradation may interact with the lumines-
ent organic dye molecule resulting in degradation and decreased
uorescence quantum yield of the luminophore [23]. Recently, a
reat deal of attention has been devoted to the development of
ew LSC host matrix systems alternative to PMMA [24–27] that
ave led to improvements in LSC device optical efficiency. However,
one of these materials has proven to be a promising candidate to
chieve improved LSC device lifetime compared to PMMA under
rolonged light exposure. Therefore, alternative polymeric systems
hat can ensure significantly improved outdoor stability of LSCs are
till needed.

In a recent work by our group [28], it was demonstrated
hat some fluorinated polymers crosslinked with aliphatic poly-
socyanate may represent an interesting alternative to PMMA to
abricate higher durability thin-film LSC devices. In fact, fluorinated
olymers represent a class of high-performance materials that rely
n the superior strength of the carbon-fluorine bond to achieve out-
tanding durability, weatherability and chemical resistance [29,30].
t is well known that consolidated industrial uses of fluorinated
olymers span from the coil coating field to the heavy duty and
ater/oil repellency [31,32]. In addition, their use in the field of

nergy storage and conversion has also been recently demonstrated
33–35]. The innovative use of fluoropolymeric coatings in the LSC
echnology may open up new possibilities for the design and fabri-
ation of LSC devices with excellent long-term durability. In order to
chieve that, a thorough understanding of the relationship between
he modifications occurring to these materials upon light exposure
nd the PV behavior of the corresponding LSC devices is however
ecessary and still to be accomplished.

In the present work, a detailed characterization of fluorescent
uorinated coatings upon long term light exposure (over 1000 h of
V–vis light irradiation) is presented in the attempt to correlate LSC
evice efficiency with chemical, physical and morphological mod-

fications occurring to the fluorescent coating upon light exposure.
n order to evaluate the influence of the type of crosslinking net-

ork on the durability of the coating, different crosslinking agents
re employed, yielding different crosslinking chemical function-
lities. It is shown that superior long-term operational stability
ompared to reference PMMA-based devices can be obtained with
he new fluorinated coatings by appropriate selection of crosslink-
ng agent, as also evidenced by the modifications occurring to the
oatings upon prolonged light exposure. Finally, the effect of light
tabilizers on the weathering behavior of the LSC devices is also
nvestigated.
The ultimate aim of this study is to achieve a greater understand-
ng of structure-property relationships in crosslinked fluorinated
oatings subjected to long-term light exposure and to provide use-
ul guidelines for the design of high durability fluorescent coatings
o be employed in the field of light management and photovoltaics.
2. Experimental

2.1. Materials

All materials employed in this study are of commercial source
and were used as received. A perylene-based fluorescent dye
(Lumogen F Red 305, BASF) was used as the fluorescent doping
species in all polymeric coatings presented in this work. Its molecu-
lar structure and its absorption and emission spectra are presented
in Fig. 1a and b, respectively. Poly(methyl methacrylate)–PMMA
(Perspex XT, Lucite) was used as polymeric carrier in ref-
erence luminescent coatings. Lumiflon LF-910LM (Asahi Glass
Company Ltd.), a chloro-trifluoro-ethylene-vinyl-ether (CTFEVE)-
based polymer, was employed as fluorinated polymeric binder
in all crosslinked coatings studied in this work. Three different
crosslinked coating systems were obtained by selectively react-
ing this fluorinated binder with three different crosslinking agents,
namely an aliphatic polyisocyanate based on hexamethylene diiso-
cyanate (HDI) trimer (Tolonate HDT-LV2 by Perstorp) (from here
on referred to as LT system), a cycloaliphatic polyisocyanate
based on isophorone diisocyanate (IPDI) (Vestanat T1890/100 by
Evonik Industries AG) (from here on referred to as LV system)
and a hexamethoxy-methyl-melamine (HMMM)-based crosslinker
(Cymel 303 by Cytec Industries Inc.) (from here on referred to as
LC system). A summary of the materials employed in this work to
prepare crosslinked fluorinated coatings is presented in Fig. 1c.

2.2. Instrumentation

UV–vis, fluorescence and FTIR spectroscopy were performed
on solid state samples deposited onto glass/quartz/KBr/CaF2 sub-
strates by spin-coating (WS-400B-NPP Spin-Processor, Laurell
Technologies Corp.) at 1200 RPM for 40 s in air. The coating thick-
ness was measured by optical profilometry (Microfocus, UBM).
UV–vis absorption spectra were recorded in air at room temper-
ature in transmission mode by means of a Jasco V-570 UV-VIS-NIR
Spectrophotometer. Fluorescence emission spectra were recorded
in air at room temperature on a Jasco FP-6600 Spectrofluorometer.
FTIR spectra were recorded in air at room temperature on a Nico-
let 760-FTIR Spectrophotometer. Differential scanning calorimetry
(DSC) was performed on solid state samples using a Mettler-Toledo
DSC/823e instrument at a scan rate of 20 K/min in N2 environ-
ment. Thermogravimetric analysis (TGA) was performed on solid
state samples using a Q500 TGA system (TA Instruments) from
ambient temperature to 600 ◦C at a scan rate of 20 ◦C/min in air.
Static optical contact angle (OCA) measurements on the polymeric
coatings were performed with an OCA 20 (DataPhysics) equipped
with a CCD photo-camera and with a 500-�L Hamilton syringe to
dispense liquid droplets. Measurements were taken at room tem-
perature via the sessile drop technique. At least 20 measurements
were performed in different regions on the surface of each coat-
ing and results were averaged. Water and diiodomethane were
used as probe liquids. Atomic force microscopy (AFM) measure-
ments were performed on the coatings by means of an Nscriptor
DPNWriter (NanoInk) in tapping mode with a scan rate of 0.3 Hz
using conventional Si tips (ACT probes by AppNano). All lumines-
cent coatings were subjected to weathering tests under continuous
Xenon light illumination in a weather-o-meter chamber (Solarbox
3000e, Cofomegra S.r.l.) equipped with an outdoor filter cutting
all wavelengths below 280 nm. The total irradiance was mea-
sured by means of a power-meter with thermopile sensor (Ophir)

and found to be approximately 1000 W m−2 (550 W m−2 in the
300–800 nm wavelength range [36]) for the entire duration of the
test (>1000 h). The UV-light irradiance level in the 295–400 nm
range was 50 W m−2, as measured by means of a UV-photodiode.
The relative humidity and the working temperature inside the
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ig. 1. (a) Molecular structure, (b) absorption/emission spectra of the fluorescent or
n this work to prepare the new crosslinked fluorinated coatings: CTFEVE – chloro-tri
f reactive hydroxy groups – 100 mg KOH/g polymer), HDI – hexamethylene diisoc

esting chamber were maintained constant and measured to be
0% and 38 ◦C, respectively. The illuminated LSC/solar cell sys-
ems (from here on referred to as LSC devices) were characterized
y recording current–voltage (I–V) curves by means of a Keithley
612 source-measure unit under AM 1.5 G solar illumination at
000 W m−2 (1 sun) (Abet Technologies 150 W solar simulator), cal-

brated with a NREL certified reference cell (PV Measurements). I–V
esting was carried-out in air by performing scans between −0.2 V
nd 0.6 V with 10 mV steps on the illuminated LSC device and by
ecording the current response. The solar simulator power output
as monitored by means of a power-meter with thermopile sensor

Ophir).
All normalized trends presented in this work for UV–vis absorp-

ion, fluorescence emission and device efficiency were calculated
y dividing the value measured at a given exposure time by the
alue measured at 0 h of exposure.

.3. Device fabrication

All LSC devices were fabricated on glass substrates
50 mm× 25 mm × 1 mm microscope slides, Thermo Scientific). For
eference PMMA-based LSC systems, solid PMMA was dissolved
n chloroform (15 wt% solution) under magnetic stirring, in the
resence of the organic luminescent dye (5 wt%). For the prepa-
ation of LT- and LV-based systems, a 20 wt% chloroform solution
f Lumiflon LF910-LM and Tolonate HDT-LV2 (for LT-coatings) or
umiflon LF910-LM and Vestanat T1890/100 (for LV-coatings) was
repared under magnetic stirring (NCO/OH = 0.97), followed by
he addition of the luminescent organic dye (4 wt%). For LC-based

uminescent coatings, a 20 wt% chloroform solution of Lumiflon
F910-LM and Cymel 303 (80:20 w/w) was prepared under mag-
etic stirring, followed by the addition of the luminescent organic
ye (4 wt%). In stabilized systems, 1 wt% of a NOR-HALS stabilizing
gent (Tinuvin 123, CIBA) was also added to the stirring solution.
dye employed in this work, and (c) basic structural units of the materials employed
-ethylene-vinyl-ether (some of the R-groups are hydrogens, leading to the presence
, IPDI – isophorone diisocyanate, HMMM – hexamethoxy-methyl-melamine.

Right before the spin-coating deposition process, a catalyst solu-
tion (di-n-butyltin dilaurate in chloroform for LT- and LV-systems,
p-toluene sulfonic acid in ethanol for LC-systems) was added to
each fluorinated system (0.1 wt% for LT- and LV-coatings, 1 wt% for
LC-coatings). The fluorinated-polymer luminescent solution was
then spin-cast onto the glass substrate in air (1200 RPM, 40 s) and
allowed to crosslink in an oven at 150 ◦C for 30 min. After thermal
annealing, complete crosslinking was achieved for all fluorinated
systems, as evidenced by the resistance of the crosslinked coat-
ings to solvent rubbing (MEK double rub test [37]). In addition,
disappearance of the N C O stretching signal (2270 cm−1) in
the FTIR spectrum of the annealed LT- and LV-coatings was also
observed, indicating complete reaction of all the NCO groups
present in the polyisocyanates with the corresponding OH groups
present in Lumiflon LF910-LM. The PMMA-based LSC coatings
were instead dried out in air after the spin-casting process prior
to further processing. The final coating thickness was found to be
6 �m, 6 �m, 5 �m and 9 �m for LT, LV, LC and PMMA coatings,
respectively. The so-formed LSC coatings were then coupled to
a mc-Si PV cell (SLSD-71N400 - active area 45.2 mm2, average
power conversion efficiency of 9.5%, by Silonex Inc.) so that one
edge of the glass substrate was connected to the photoactive area
of the PV cell. Bonding was performed by means of a hotmelt
thermosoftening polyurethane adhesive (Krystalflex PE399, by
Huntsman Polyurethanes) 0.5 mm thick that was placed on the
active face of the PV cell after positioning the PV cell face-up on
a 140 ◦C hot-plate. Once softening of the polyurethane film was
achieved (approximately 2 min at 140 ◦C), one edge of the LSC
glass substrate was pressed onto the adhesive film for about 30 s

to ensure a good optical contact with the solar cell. The LSC system
was then allowed to cool down to room temperature so that
hardening of the polyurethane could be achieved. This ensured
firm bonding between the solar cell and the LSC and good handling
resistance.
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. Results and discussion

PMMA currently represents the material-of-choice as host
atrix in standard LSC devices. However, its limited photostabil-

ty as thin coating negatively affects the lifetime of PMMA-based
SC devices. Alternative polymeric systems that can ensure signif-
cantly improved outdoor stability of LSCs are therefore urgently
eeded. In this regard, the use of fluorinated polymer coatings for
utdoor applications represent a way to achieve high weathering
esistance and long-term durability in a variety of technological
elds, due to the higher dissociation energy of the carbon-fluorine
ond (105.4 kcal/mol) compared to the carbon-hydrogen bond
98.8 kcal/mol) [38] that imparts improved resistance to pho-
odegradation. The main drawback in the use of fluoropolymer
s their very limited compatibility and miscibility with common
rganic dyes. To this end, a particular class of fluorocarbon binders
ased on CTFEVE copolymers (Lumiflon LF-910LM, Fig. 1c) was
mployed in all fluorescent coatings herein considered. Because
f the presence of both carbon-fluorine and carbon-chlorine bonds
n its repeating unit, such fluoropolymer can guarantee sufficiently
igh polarity and good solubility in most organic solvents (includ-

ng aromatics), and allow easy incorporation and dissolution of
he luminescent organic dye used in this work. To further improve
he environmental stability of the LSC coatings, this fluoropolymer
as crosslinked with either an aliphatic polyisocyanate (based on

ither HDI or IPDI) to yield crosslinked coatings based on urethane
onds (LT- and LV-systems), or with a melamine-based crosslinker
o yield a crosslinked coating based on ether-bonds (LC-system)
Fig. 1c). Indeed, a crosslinked coating can guarantee lower perme-
bility toward oxygen and moisture compared to a non-crosslinked
tructure because of its lower free-volume. This is expected to yield
slower rate of photodegradation of the polymeric coating and thus
longer lifetime of the corresponding LSC devices.

Differential scanning calorimetry (DSC) was used to evaluate the
lass transition temperature (Tg) of the crosslinked matrices. For
SC purposes, the Tg of the polymer coating should in principle be
igher than room temperature in order to slow down degradation
ffects due to prolonged outdoor exposure to high temperatures.
s presented in Table 1, a Tg value well above room temperature

s found for all pristine dye-doped fluorinated systems (64 ◦C for
T, 108 ◦C for LV and 94 ◦C for LC), thus confirming their suitabil-
ty to outdoor use. In particular, an almost two-fold increase in Tg

alue is observed when the CTFEVE-fluoropolymer is crosslinked
ith the IPDI-based polyisocyanate (LV coating) as compared to

he HDI-based polyisocyanate (LT coating). Such an increase can be
xplained by taking into account the considerably higher Tg value of
he IPDI-based crosslinker (Tg ≈ 73 ◦C) compared to the HDI-based
rosslinker (Tg ≈ −75 ◦C).

In order to evaluate the physical response of the polymeric
oatings to long-term weathering, DSC measurements were also
erformed after 1000 h of light exposure in a weather-o-meter
hamber. As evident from Table 1, the crosslinked coatings do
ot appear to undergo significant changes upon long-term light
xposure. In fact, only a minor decrease of Tg (approximately 3 ◦C
ower) is found for these systems. On the contrary, the dye-doped
MMA-based coating shows a larger decrease in Tg after 1000 h of
ight exposure (from 116 ◦C to 108 ◦C), which may be attributed
o a decrease in the polymer molecular weight resulting from
hotodegradation phenomena (depolymerization) occurring upon
rolonged light exposure, or more probably to some plasticization
ffect [18].
The thermal stability of the fluorinated coatings was also inves-
igated through TGA analysis (Supporting Information). All systems
howed decomposition temperatures at 5% weight loss above
00 ◦C, likely ascribable to cleavage of the crosslinking bonds. This
hermal behavior indicates that for all crosslinked coatings the
presence of the fluorinated units allows to achieve satisfactory
thermal stability for the target application.

The wettability of the surface of all the fluorescent coatings was
investigated by means of static contact angle measurements with
water and diiodomethane, and the surface tension � of each system
including its dispersive and polar components (�d and �p, respec-
tively) was calculated using the Wu method [39]. The results are
shown in Table 2. All pristine fluorinated coatings present a moder-
ate hydrophobic character with water contact angles �H2O of 94.4◦,
92.8◦ and 93.4◦ for LT, LV and LC systems, respectively. In addition,
similar surface tension values are found for all fluorinated coatings
(35.4 mN/m, 35.3 mN/m, and 34.6 mN/m for LT, LV and LC, respec-
tively), indicating that the type of crosslinking network (urethane
bonds for LT and LV, ether bonds for LC) does not significantly
influence the surface behavior of the coatings. On the contrary,
hydrophobicity is lower with PMMA (�H2O = 69.5◦), which also
shows the highest surface tension value (� = 48.5 mN/m). It is worth
underlying that all crosslinked coatings show values of the polar
component of the surface tension �p (5–6 mN/m) higher than what
found in other fluorinated systems, where this contribution usually
plays a minor role. This behavior can be attributed to the presence of
C Cl bonds in the CTFEVE binder chain that increase the polarity of
the coating [40–42]. After 1000 h of light exposure, only small mod-
ifications on the wettability behavior of the coatings are observed,
indicating that the surface energy of the systems is not substantially
affected by weathering.

The surface morphology of the fluorescent coatings was inves-
tigated by means of atomic force microscopy (AFM) on pristine and
weathered systems. As shown in Fig. 2, where AFM topography
images of all coatings are presented, the nanoscale morphology
of the pristine fluorinated systems appears slightly coarser com-
pared to PMMA-based coatings. In particular, large surface features
such as bumps and valleys are observed in the LC system (LC –
0 h), gradually decreasing in size in LV (LV – 0 h) and LT (LT –
0 h) films. In accordance with these observations, the surface root-
mean-square roughness RRMS of LC coatings is found to be the
highest (RRMS = 1.94 nm) among the fluorinated systems, followed
by LV (RRMS = 0.62 nm) and LT (RRMS = 0.52 nm). As opposed to this,
PMMA coatings show a very smooth surface with an RRMS value as
low as 0.23 nm.

After prolonged light exposure (1000 h), coarsening of the sur-
face morphology is observed on all coating systems, resulting in a
general increase in surface roughness. In particular, an RRMS value
as high as 3.06 nm is found in weathered LC systems (LC – 1000 h),
as opposed to 1.05 nm and 0.67 nm for LV (LV – 1000 h) and LT (LT –
1000 h), respectively. A slightly smoother surface is again observed
on weathered PMMA coatings (PMMA – 1000 h) with an RRMS of
0.42 nm, which represents however a two-fold RRMS increase com-
pared to the pristine PMMA coating.

The UV–vis absorption spectrum of the fluorescent organic dye
molecule used in all LSC coatings is characterized by two different
absorption peaks, as presented in Fig. 1b. It has been shown in a
previous work [16] that the shorter-wavelength absorption peak
can be attributed to the absorption of the four phenoxy groups
in bay-positions in the dye molecule, while the higher-intensity
longer-wavelength absorption peak is associated to the absorp-
tion of its perylene core. Fig. 3a presents the evolution of the
absorption intensity of such perylene-core absorption peak upon
increasing light exposure time for all polymeric systems investi-
gated in this work. A decrease of absorption intensity at increasing
light exposure time is observed in all systems, even though some

differences can be highlighted. In particular, the LC coating man-
ifests an over 60% absorption intensity decay after 1000 h of light
exposure, which is much higher compared to the other fluorinated
crosslinked matrices that only lose 35% (LT) and 20% (LV) of their
initial absorption intensity. A similar trend is observed for PMMA,



Fig. 2. AFM topography 3D images (50 �m × 50 �m) of LT, LV, LC and PMMA fluorescent coatings before (0 h) and after (1000 h) long-term light exposure in a weather-o-meter
chamber.

Fig. 3. Normalized (a) absorption intensity and (b) fluorescence emission intensity of LT, LV, LC and PMMA fluorescent coatings over light-exposure time in a weather-o-meter
chamber (each trend was normalized with respect to the corresponding value measured at 0 h).



Table 1
Glass transition temperature Tg for all dye-doped coatings investigated in this work, measured by means of DSC analysis on pristine (tw = 0 h) and weathered (tw = 1000 h)
systems.

LT system LV system LC system PMMA system

Tg (tw = 0 h) 64 ◦C 108 ◦C 94 ◦C 116 ◦C
Tg (tw = 1000 h) 60 ◦C 106 ◦C 91 ◦C 108 ◦C

Table 2
Static contact angles (�H2O, �CH2I2 ), total surface tension (�) and its dispersive (�d) and polar (�p) components for LT, LV, LC and PMMA coatings, before (tw = 0 h) and after
(tw = 1000 h) prolonged light exposure.

�H2O (tw = 0 h) [◦] �H2O (tw = 1000 h) [◦] �CH2I2 (tw = 0 h) [◦] �CH2I2 (tw = 1000 h) [◦] Surface tension
(tw = 0 h) [mN/m]

Surface tension
(tw = 1000 h) [mN/m]

LT 94.4 ± 0.8 93.2 ± 2.6 51.9 ± 0.6 53.8 ± 1.4 35.4 ± 0.5 (�) 34.9 ± 1.3 (�)
30.3 ± 0.3 (�d) 29.3 ± 0.7 (�d)

5.1 ± 0.3 (�p) 5.7 ± 1.1 (�p)

LV 92.8 ± 0.7 92.5 ± 2.2 53.4 ± 0.6 53.8 ± 0.5 35.3 ± 0.4 (�) 35.2 ± 0.9 (�)
29.4 ± 0.3 (�d) 29.2 ± 0.3 (�d)

5.9 ± 0.3 (�p) 6.1 ± 0.9 (�p)

LC 93.4 ± 0.8 92.1 ± 1.8 54.7 ± 0.7 55.7 ± 0.4 34.6 ± 0.5 (�) 34.6 ± 0.8 (�)
28.8 ± 0.4 (�d) 28.3 ± 0.3 (�d)

5.8 ± 0.3 (�p) 6.4 ± 0.8 (�p)
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PMMA 69.5 ± 1.6 72.4 ± 1.1 42.7 ± 1.3

hose absorption intensity after 1000 h of light exposure is 45%
ower compared to its initial value.

The emission spectrum of the fluorescent dye is shown in Fig. 1b
nd is characterized by a sharp single emission peak attributed to
he fluorescence of the perylene core in the dye molecule. As pre-
ented in Fig. 3b, the emission intensity in LC and PMMA fluorescent
oatings undergoes a constant decrease upon light exposure, lead-
ng to an approximately 50% drop after 1000 h. As opposed to that,
he other crosslinked fluorinated systems (LT and LV coatings) only
how a ∼20% emission intensity drop after long-term light expo-
ure. In addition, an increase of emission intensity in the first 100 h
f light exposure is found in LT and LV systems, which appears to
e clearly dependent on the chemical environment surrounding the
uorescent dye molecule as only coatings based on urethane link-
ges (LT and LV) show this effect. This behavior may be ascribed
o the morphological rearrangement of the organic dye molecules
ithin the polymeric host matrix following light irradiation, which
ay lead to improved dye solubility in the specific polymeric sys-

em and therefore enhance the fluorescence emission (organic dye
imers and aggregates are non-fluorescent [43,44]). It is likely that
ood dye solubility is already achieved in LC and PMMA coatings,
here this effect is not evident [28].

The FTIR spectra of the fluorescent systems were collected in the
ttempt to highlight chemical modifications occurring to the coat-
ngs upon light exposure (FTIR spectra of reactants are included in
he Supporting Information). Fig. 4 presents the FTIR spectra of LT,
V, LC and PMMA fluorescent systems before and after 500 h and
000 h of light exposure. As evidenced by the FTIR spectra of pris-
ine LT and LV systems, the N C O stretching signal (2270 cm−1)
annot be detected, further confirming that the reaction between
ll the NCO groups in the polyisocyanate crosslinker and the cor-
esponding OH groups present in the fluorinated polymer has
ompletely occurred. When subjected to prolonged light exposure,
T and LV fluorescent systems does not appear to undergo signifi-

ant modifications as no new signals in the FTIR spectra ascribable
o the formation of new chemical groups or degraded species can
e observed (Fig. 4a and b). These results may indicate that flu-
rinated coatings crosslinked via a urethane-based network are
ufficiently stable to photodegradation and may represent good
43.5 ± 0.8 48.5 ± 0.9 (�) 46.8 ± 0.6 (�)
33.0 ± 0.6 (�d) 32.7 ± 0.4 (�d)
15.5 ± 0.8 (�p) 14.1 ± 0.5 (�p)

candidates for use in durable LSC devices. Conversely, some changes
can be observed in LC and PMMA fluorescent coatings upon light
exposure.

In particular, both systems are characterized by the appearance
of FTIR absorption signals due to the stretching of OH groups in the
3600–3400 cm−1 region upon light exposure, likely due to the for-
mation of degraded oxidized species. Furthermore, the emergence
of an absorption signal at 1720 cm−1 (C O stretching vibration)
in LC coatings, whose intensity progressively increases with light
exposure time, may indicate the formation of carbonyl species
resulting from photodegradation of the polymer (Fig. 4c). Similarly,
the appearance of two broad bands in the carbonyl region adjacent
to the main peak centered at 1730 cm−1 in PMMA coatings (Fig. 4d)
indicates photooxidation of the polymeric matrix [18,45]. Finally,
an overall decrease of the absorption intensity is observed in the
entire FTIR spectrum of both LC and PMMA after prolonged light
exposure, as opposed to LT and LV systems where no significant
intensity changes are found. These results suggest that the poorer
stability of LC and PMMA coatings may lead to shorter LSC device
lifetime, as the degradation of the polymer may cause progres-
sively more frequent trapping of the emitted photons within the
polymeric host matrix, thus resulting in a decrease of the photon
transport efficiency within the LSC.

To correlate the effects of the modifications occurring to the
polymeric materials discussed so far with device lifetime, all fluo-
rescent coatings were employed to fabricate thin-film LSC devices
that were subjected to continuous illumination (no dark cycles) in
a weather-o-meter chamber for over 1000 h. PV tests under sim-
ulated sunlight were periodically conducted on all LSC devices to
evaluate their operational stability over time.

To evaluate the PV response of LSC devices, the absolute power
conversion efficiency �abs of each LSC was calculated, defined as
follows:

(ISC/A(LSC))VOC
�abs = FF
PIN

(1)

with FF [–], ISC [mA], VOC [V], A(LSC) [cm2] being the fill factor, the
short-circuit current, the open-circuit voltage and the front area
of the LSC device, respectively and PIN the incident solar power
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ig. 4. FTIR absorption spectra of (a) LT, (b) LV, (c) LC, and (d) PMMA fluorescent c
hamber.

ensity [mW cm−2]. In order to obtain a measure of the variation
f the performance of the PV cell after coupling it to a thin film
SC, the power conversion efficiency gain �� was also calculated
s follows:

� = �rel − �PV

�PV
(2)

ith �PV being the power conversion efficiency of the bare PV cell
nder direct illumination and �rel being defined as follows (A(PV) is
he active area of the PV cell):

rel = FF
(ISC/A(PV))VOC

PIN
(3)

Positive values of �� indicate that the use of an LSC device
PV cell coupled to a thin-film LSC) yields an actual gain in power
onversion efficiency with respect to the bare PV cell.

In order to verify the suitability of the new fluorinated
rosslinked coatings to serve as luminescent thin films for LSC
evice applications, the PV response of all pristine systems was
rst evaluated and compared to reference PMMA-based devices. All
ew fluorinated LSC systems were found to achieve similar PV per-

ormance, with �abs = 0.49% (�� = 27%), �abs = 0.47% (�� = 33%) and
abs = 0.51% (�� = 36%) for LT, LV and LC pristine devices, respec-
ively. On the other hand, PMMA-based systems yielded efficiencies
f 0.51% (�abs) and 41% (��). These results indicate that all new

uorinated crosslinked LSC systems are able to guarantee start-

ng efficiency values not far from those obtained with reference
MMA-based devices. The slightly higher efficiencies reported for
MMA-based devices may be ascribed to better chemical affinity
nd solubility of the organic dye in PMMA than in the fluorinated
gs before (0 h) and after 500 h and 1000 h of light-exposure in a weather-o-meter

matrices, as evidenced previously [28], since it is known that dye
aggregates or dimers are not fluorescent [43,44].

Fig. 5 presents the PV behavior of all fluorinated LSC devices
upon continuous long-term light exposure (no dark cycles). For
benchmarking purposes, also PMMA-based devices have been
included. After 1000 h of light exposure PMMA-based devices
undergo a significant decrease of performance, with a �abs drop
of almost 30% (Fig. 5a), accompanied by a nearly 80% decrease of
�� (Fig. 5b). Similar trends are observed in LC devices, where an
80% �� drop is observed after 1000 h of continuous light expo-
sure (Fig. 5b). On the other hand, both urethane-based crosslinked
systems (LT and LV) show very different behaviors. In both sys-
tems, an efficiency increase is found in the first 100 h of weathering,
which can be correlated with the changes observed in the fluo-
rescence emission spectra discussed earlier (Fig. 3b). In addition,
only a 5% �abs drop is reported upon long-term irradiation, while
�� is found to decrease of about 30%. These results are consistent
with the trends observed in the UV–vis and FTIR spectra presented
earlier (Fig. 3a, Fig. 4), and represent a further confirmation of the
critical role played by the polymeric system in the operational sta-
bility of thin-film LSC devices. Similar trends were also found in
aging experiment on the same LSC devices under UV-A light (Sup-
porting Information). The differences observed between LC and
LT/LV devices in the long-term light exposure regime may be cor-
related with the different chemical nature of crosslinking bonds

present in each crosslinked matrix. While for LT and LV systems a
urethane-bond network is formed upon crosslinking, LC coatings
undergo crosslinking through the formation of ether bonds. The
latter appear to be more prone to photodegradation, thus yielding
a constant decrease of device performance upon continuous light
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ig. 5. Normalized trends of (a) absolute power conversion efficiency �abs and (b
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xposure. As a result, fluorinated polyurethane-based crosslinked
oatings seem to be the most promising alternative to PMMA for
ong-term stability of LSC device performance.

In many applications, polymeric coatings employed for high out-
oor durability are typically doped with additives to increase their
tability toward sunlight. Hindered amine light stabilizers (HALS)
r partially oxidized NOR-HALS [45] are an example of this class of
dditives, as they are normally employed as radical scavengers to
low down the rate of photooxidative degradation of polymeric sys-
ems. Accordingly, NOR-HALS radical scavengers were employed
n all LSC systems investigated in this work in order to potentially
ncrease further the lifetime of the corresponding devices. The addi-
ion of stabilizing additives was not shown to significantly affect
he PV response of pristine LSC devices, as all stabilized systems
ielded efficiencies comparable to those found on virgin coatings

�abs = 0.48%, 0.49%, 0.50% and 0.53% for LT-NH, LV-NH, LC-NH and
MMA-NH, respectively).

Fig. 6 presents the �abs trends as a function of light exposure time
or all stabilized systems investigated in this work, together with
he corresponding undoped systems. For all fluorinated LSCs, large

ig. 6. Normalized trends of absolute power conversion efficiency �abs at increasing light
evices, (c) LC and stabilized LC-NH devices, and (d) PMMA and stabilized PMMA-NH dev
t 0 h).
er conversion efficiency gain �� at increasing exposure time for LT, LV, LC and
value measured at 0 h).

differences between virgin and stabilized devices are observed in
the first part of the weathering tests (<200 h), where the stabi-
lized devices undergo a sharper �abs decrease compared to virgin
systems. However, for longer light exposure times (>300 h) this ten-
dency is partially reversed as the PV performance of doped systems
appears to stabilize over time. In particular, LT-NH and LV-NH sys-
tems show efficiency trends comparable with the corresponding
non-stabilized counterparts for long light exposure times (>800 h)
(Fig. 6a and b). Furthermore, in LC-NH and PMMA-NH devices, this
long-term stabilizing effect is even more pronounced as the PV
response in these systems seems to improve over time and ulti-
mately exceed the corresponding undoped systems (Fig. 6c and d).
Such delayed stabilizing effect may be explained by considering the
induction time needed for the activation of the stabilizing additive
molecule, which might be in the order of a few hundred hours in

all systems.

In conclusion, the PV trends reported on stabilized LSC devices
suggest that NOR-HALS may act as effective stabilizing agents for all
coating systems considered in this work, especially in the long-term
light exposure regime (>600 h).

exposure time for (a) LT and stabilized LT-NH devices, (b) LV and stabilized LV-NH
ices (each trend was normalized with respect to the corresponding value measured
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. Conclusions

New crosslinked fluoropolymer coatings were presented in this
ork as novel fluorescent materials for thin film LSC devices. The
ew polymeric systems were obtained by crosslinking a functional
TFEVE-copolymer with three different curing agents, namely an
liphatic polyisocyanate based on HDI, a cycloaliphatic polyiso-
yanurate based on IPDI and a melamine-based crosslinker. All
he new coatings were subjected to continuous illumination in a
eather-o-meter chamber for over 1000 h and a full characteri-

ation of the new coatings upon light exposure was carried out.
n the attempt to correlate the chemical, physical and morpholog-
cal modifications occurring to the fluorescent coatings with LSC
evice stability, all the new coatings were employed to fabricate
unctioning LSC devices that were also tested against long term
ight exposure. As opposed to melamine-based and control PMMA-
ased devices that exhibited a sharp decrease in PV efficiency for

ncreasing light exposure time, polyurethane-based devices were
ble to retain more than 90% of their initial device efficiency �abs
ven after 1000 h of light exposure. These trends were shown to cor-
elate well with the chemical modifications observed on the same
oatings. In addition, the effect of radical scavenging additives on
SC device operational stability was investigated and it was found
hat in the long-term light exposure regime (>600 h) these additives

ay lead to improvements in LSC device lifetime.
The results of this study demonstrate that the use of fluorescent

rosslinked fluorinated systems as alternative to PMMA represents
 very promising approach to achieve high durability coatings to be
mployed in LSC and light management applications.
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