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as versatile hosts for luminescent solar
concentrators: compositional tuning for enhanced
performance†
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Novel host matrices based on fluoropolymers blended with poly(methyl methacrylate) (PMMA) are presented in

this work for application in efficient and photochemically stable thin-film luminescent solar concentrators

(LSCs). These systems consist of blends of PMMA with three different partially fluorinated polymers in

different proportions: polyvinylidenefluoride homopolymer, a copolymer of vinylidenefluoride and chloro-

trifluoro-ethylene, and a terpolymer of vinylidenefluoride, hexafluoropropylene and hydroxyl-ethyl acetate. A

detailed chemical, physical and structural characterization of the obtained materials allowed us to shed light

on the structure–property relationships underlying the response of such blends as a LSC component,

revealing the effect of the degree of crystallinity of the polymers on their functional characteristics. An

optimization study of the optical and photovoltaic (PV) performance of these fluoropolymer-based LSC

systems was carried out by investigating the effect of blend chemical composition, luminophore

concentration and film thickness on LSC device output. LSCs featuring copolymer/PMMA blends as the host

matrix were found to outperform their homopolymer- and terpolymer-based blend counterparts, attaining

efficiencies comparable to those of reference PMMA-based LSC/PV assemblies. All optimized LSC systems

were subjected to weathering tests for over 1000 h of continuous light exposure to evaluate the effect of

the host matrix system on LSC performance decline and to correlate chemical composition with

photochemical durability. It was found that all fluoropolymer/PMMA-based LSCs outperformed reference

PMMA-based LSCs in terms of long-term operational lifetime. This work provides the first demonstration of

thermoplastic fluoropolymer/PMMA blends for application as host matrices in efficient and stable LSCs and

widens the scope of high-performance thermoplastic materials for the PV field.
Introduction

In the eld of solar energy exploitation, luminescent solar
concentrators (LSCs) have regained increasing attention in the
last few years as promising technology to enable the transition
towards a true integration of photovoltaics (PV) not only into the
built environment,1 but also in a variety of other elds as diverse
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as sensing, chemicals production, horticulture, water splitting
and optical communication.2,3 Indeed, their light weight,
versatility and design exibility in size, shape and color,
together with their potential to improve the response of
conventional PV systems under diffuse illumination by
concentrating light without the need for bulky tracking equip-
ment make them particularly suitable for a vast application
portfolio.2,4–6

In their most common congurations, LSC systems can be
fabricated as bulk plates or as thin lms in which a transparent
host matrix material contains a luminescent molecule acting as
downshiing center of the incident light. Upon radiative
emission of the absorbed photons by the luminophore, most of
the downshied light can be waveguided by total internal
reection towards the edges of the LSC device, where small-area
PV cells collect the concentrated radiation.7,8

Critical to the effective wide applicability of this technology
on the market is the long-term stability of the LSC device
components.9–11 In particular, it has been shown that both the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Pure PVDF homopolymer, (b) copolymer of VDF and
chloro-trifluoro-ethylene and (c) terpolymer of VDF, hexa-
fluoropropylene and hydroxyl-ethyl acetate.
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photo-chemical stability of the luminescent material and the
durability of the polymeric matrix play a key role in ensuring
stable operational performance of the LSC assembly.12,13 In this
context, a large variety of high-efficiency luminescent systems
exhibiting sufficiently good photostability have been devel-
oped.4,14,15 This has recently led to the rst large-scale demon-
stration of the application of LSCs in a real-life scenario.16

Conversely, to date only few research studies have been con-
ducted with the aim of developing suitable LSC polymeric
matrices characterized by adequate optical properties and
capable of ensuring satisfactory photostability.17 Commodity
amorphous polymers such as polymethyl methacrylate – PMMA
– (or more generally polyacrylates) and polycarbonate (PC) are
usually considered as host materials of choice because of their
high transparency and appropriate refractive index, in addition
to being easily processable and chemically compatible with
a wide range of luminescent species.18 Still, these systems are
not free from issues associated with their outdoor durability,
particularly when they are used in thin-lm form. Indeed,
polymer coating degradation not only may yield brittleness and
opacity of the host matrix material,19 but more importantly it
may affect the waveguide process towards the edges of the
device due to the formation of trap sites for the photons within
the matrix, eventually limiting the efficiency of the LSC over
exposure time.20,21 Added to the impact on photon transport
process, matrix degradation may also produce radical species
that interact with the dye molecules, detrimentally affecting
their photophysical performance (i.e., photoluminescence
quantum yield), or even promoting the degradation of the
luminophore.11

To ll this gap, a large variety of alternative matrices has
been recently proposed,17 starting from intrinsically stable
thermoplastic copolymers made of methyl methacrylate and
styrene [poly(STY-co-MMA)]22 to partially uorinated thermoset
polymers23–25 and organic–inorganic hybrid polymeric materials
(e.g., polysiloxane-rubber26 and sol–gel-based hybrid ureasil
systems27). Standing out among these, crosslinkable matrices
based on partially uorinated functional prepolymers have
recently been demonstrated by our group as promising class of
thermosetting host matrix materials alternative to reference
host matrices (e.g., PMMA) for the fabrication of highly durable
polymeric waveguides for LSC devices.12,13,23–25 In particular,
both thermally- and light-induced crosslinking approaches
were investigated and the resulting systems were found to be
characterized by superior operational stability with respect to
reference PMMA-based devices upon long-term (>1000 h) light
exposure. Based on these results and on other recent demon-
strations of crosslinked waveguide materials,28 the use of ther-
mosetting systems as host matrices for LSCs has clearly proven
to be a viable approach for improved device durability. As
opposed to this, examples of intrinsically stable thermoplastic
polymeric systems alternative to PMMA that can ensure signif-
icantly improved outdoor durability of LSC devices are still
lacking. In particular, in order to widen further the technolog-
ical applicability of uoropolymeric materials to the eld of
LSCs, it would be of great interest to develop new thermoplastic
(melt or solution processable) uorinated systems promoting
© 2021 The Author(s). Published by the Royal Society of Chemistry
prolonged outdoor LSC stability while maintaining the optical
properties required for device application.

Within this framework, a detailed investigation of novel
thermoplastic uorinated polymeric systems is presented in this
work for use as host matrix materials in LSC devices (Scheme 1).
The new thermoplastic formulations are based on blends of
PMMA with different thermoplastic uoropolymers based on
poly(vinylideneuoride) (PVDF), with the specic aim of reducing
the crystallinity of the obtained blends which may detrimentally
affect the waveguide efficiency, since crystalline domains typi-
cally act as scattering centers of the waveguided light. A thorough
chemical–physical, optical and morphological characterization
of these novel coating materials is presented and the effect of
type and content of the blended uoropolymer on the miscibility,
optical clarity and chemical compatibility of the host matrix with
a benchmark luminescent organic dye is systematically investi-
gated. The functional performance of these uorinated blends as
host matrix materials for LSC/PV devices is evaluated at varying
luminophore concentrations and coating thickness. Further-
more, a long term (>1000 h) durability study is performed under
continuous light exposure on the LSC/PV devices to demonstrate
the superior lifetime of the new PVDF-based luminescent systems
compared to reference PMMA-based LSCs.
Results and discussion
Fluoropolymer/PMMA blends

PMMA still represents one of the most commonly employed
matrix materials for the fabrication of LSC devices and its use
has been extensively discussed in the literature.17,29 PMMA-
based LSC devices suffer from degradation due to the limited
outdoor stability of the polymer, especially when in the form of
RSC Adv., 2021, 11, 29786–29796 | 29787



Table 1 Glass transition temperature (Tg), melting temperature (Tm),
enthalpy of melting (DHm) and degree of crystallinity (XC) for pure
homopolymer (H), copolymer (C) and terpolymer (T) systems and for
OxPy, CxPy and TxPy blends

Sample Tg [�C] Tmelt [�C] DHm [J g�1] XC [%]

H �41.4 173.0 50.8 48.6
H70P30 58.9 170.1 31.8 30.4
H60P40 63.1 166.5 25.6 24.5
H50P50 69.6 167.4 2.2 2.1
C �27.7 168.6 18.6 17.7
C70P30 33.9 165.3 14.1 13.5
C60P40 47.2 161.0 4.3 4.1
C50P50 62.9 n.a. n.a. 0
T �14.4 154.3 27.2 26.0
T70P30 25.3 149.7 18.6 17.7
T60P40 40.2 n.a. n.a. 0
T50P50 61.9 n.a. n.a. 0
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thin lms.12 Recent alternative systems to PMMA have been
demonstrated based on the use of high-durability uoropoly-
meric matrix materials. One important limitation of uoropol-
ymers is their intrinsically limited solubility in conventional
solvents which makes it virtually impossible to blend them with
other polymers or additives and imposes the use of special
processing techniques for their application.30 On the contrary,
PVDF can be melt-processed on conventional extrusion and
molding equipment, dissolved in polar solvents, and blended
with several families of other resins. The unique properties of
PVDF arise from the alternating CH2 and CF2 groups along the
polymer backbone, which give rise to strong permanent dipoles
within the polymer. The electronegativity of the geminal uo-
rine atoms imparts a high acidity to the adjacent hydrogen
atoms. This increased hydrogen acidity allows PVDF to form
homogeneous blends with several acrylate and methacrylate
polymers due to hydrogen bonding interactions of the acrylic
polymer carbonyl groups to CH2 hydrogens on the PVDF chain.
Similarly, this phenomenon also allows PVDF to be dissolved in
polar solvents, such as N,N-dimethylacetamide, N-methyl-
pyrrolidone and triethyl phosphate at room temperature.
Conventional PVDF coatings are typically formulated with
acrylic polymers at a PVDF/acrylic weight ratio of 70/30. This
ratio has been shown to give a balance of physical properties
and high exterior durability, without affecting optical properties
(viz., transparency).31,32 In this work, three different grades of
PVDF were investigated in blend with PMMA as potential
alternative host matrices for thin lm LSC devices: pure PVDF
homopolymer; a copolymer of VDF and chloro-triuoro-
ethylene; a terpolymer of VDF, hexauoropropylene and
hydroxyl-ethyl acetate. To assess the effect of blend composition
on the performance of the resulting coating, different
uoropolymer/PMMA mass ratios were tested, namely 70/30,
60/40 and 50/50.

To identify the samples, the following code has been used in
this work: HxPyLz, CxPyLz, TxPyLz for blends of homopolymer
(H), copolymer (C) or terpolymer (T) with PMMA (P) at a x/y
mass ratio (with x and y referring to the wt% of uoropolymer
and PMMA, respectively), containing (when present) z wt% of
LR305 (L).
Differential scanning calorimetry

To evaluate the compositional effect of the blends on their
miscibility and their thermal transitions, differential scanning
calorimetry (DSC) was performed on coatings of increasing
uoropolymer/PMMA mass ratios (the DSC curves are reported
in Fig. S3 in the ESI†). As shown in Table 1, the addition of
PMMA leads to an overall increase in glass transition temper-
ature (Tg) with respect to the pristine uoropolymer-based
system, with maximum values reaching up to 70 �C, 63 �C
and 62 �C in H50P50, C50P50, T50P50, respectively. The pres-
ence of a unique Tg at an intermediate value between those of
the two pure components and which varies with the blend
composition demonstrates the good miscibility of the uo-
ropolymers in PMMA. Also, the theorical Tg values were calcu-
lated using two different mathematical models: Gordon–Taylor
29788 | RSC Adv., 2021, 11, 29786–29796
and Kwei equations. These allow to predict the dependence of
Tg on blend composition based on the free volume theory, the
kinetic theory, and the thermodynamic theory.33–37 More
specically, the Gordon–Taylor model (eqn (1)) is based on two
basic assumptions: volume additivity and a linear change in
volume with temperature:

Tg;b ¼ u1Tg;1 þ kG�Tu2Tg;2

u1 þ kG�Tu2

(1)

where w2¼ 1�w1 and the term KG–T is a curve-tting parameter
whose value depends on the change in thermal expansion
coefficient of each component during the glass transition and
on the density of each component.35

Instead, the Kwei model (eqn (2)) allows to predict the Tg of
polymer blends that exhibit a glass transition behavior which
deviates considerably (both negatively and positively) from
ideality (e.g., polymer blends with S-shaped or U-shaped proles
of Tg vs. composition).37,38 Indeed, in the Kwei model this
deviation is interpreted as the contribution of intermolecular
interactions between components in the mixture, such as
hydrogen bonding. To reect this effect, a second parameter (q)
is added to the previously introduced Gordon–Taylor model:

Tg;b ¼ u1Tg;1 þ ku2Tg;2

u1 þ ku2

þ qu1u2 (2)

where k (with the same physical meaning as kG–T) and q are both
tting parameters.

As illustrated in Fig. 1, the experimental data obtained from
DSC measurements for H/P and T/P systems show deviations
with respect to the theoretical values predicted by the Gordon–
Taylor model. These results may be explained by considering
that uoropolymer/PMMA blends are characterized by strong
intermolecular interactions between the two components (i.e.,
hydrogen bonds between carbonyl groups of PMMA and –CH2

groups of PVDF and dipole–dipole interactions between –CH2 in
PMMA and –CF2 in PVDF).

Conversely, the Kwei equation provides a better t of the Tg
data (higher R2 values are indeed obtained) thanks to the extra
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Experimental and predicted Tg values of all fluoropolymer/PMMA systems as a function of the blend composition for (a) H, (b) C, (c) T. (d)
Values of k, q and kG–T and the goodness of fit (R2) for fluoropolymers/PMMA blends.
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tting parameter, q, whose absolute value reects the strength
of the intermolecular interactions between the two compo-
nents. More specically, the higher the interactions between
blend components, the stronger the rigidity of the network and
therefore the more pronounced the net positive or negative
deviation from ideality of Tg of the mixture. In particular, the
produced S-shape composition dependence of Tg in H/P and T/P
blends suggests presence of stronger intermolecular interac-
tions between these two components with respect to C/P.37,39,40

In addition to a shi in Tg, a change in the degree of crys-
tallinity ΧC in the blend-based coatings was observed, the latter
being dened as the ratio between the melting enthalpy of the
coating DHm (measured by integration of the melting peak as
observed from DSC analysis) and the melting enthalpy of the
fully crystalline material DH0 (assumed to be equal to that of
pure PVDF, 104.50 J g�1),41 as shown in eqn (3) below:

XC ¼ DHm

DH0

(3)

While in the uorinated polymers XC was found to range
between 49% (for H), 26% (for T) and 18% (for C), the presence
© 2021 The Author(s). Published by the Royal Society of Chemistry
of PMMA resulted in a signicant suppression of crystallinity in
all uoropolymer/PMMA blend coatings at increasing PMMA
content, accompanied by a decrease in the melting temperature
Tm (Table 1).

In particular, completely amorphous structures were
observed for high PMMA mass ratios, namely C50P50, T60P40
and T50P50. This behaviour suggests inhibition of the growth of
crystalline domains in the uoropolymer and subsequent
increase of amorphous phase upon coating formation (as veri-
ed from SEM micrographs in Fig. S4 and S5 in ESI†),41–43 likely
prospecting improved optical properties (transparency) of the
corresponding coatings and possibly enhanced chemical
miscibility of the luminescent dye used for LSC applications.44
X-ray diffraction analysis

To further investigate this effect, X-ray diffraction (XRD) anal-
ysis was conducted on spin coated samples of pure H, C, T and
their corresponding blends with PMMA at different
uoropolymer/PMMA ratio (see Section S.4 in ESI†). While in
pure uoropolymer coatings the characteristic peaks associated
to the non-polar PVDF a-phase were clearly distinguishable,45,46
RSC Adv., 2021, 11, 29786–29796 | 29789
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a general decrease of intensity of such signals was observed by
increasing PMMA content in the blend-based coatings, thus
conrming a progressive suppression of PVDF crystallinity. In
particular, for low uoropolymer contents (C50P50, T60P40,
T50P50), the formation of a broad band at 2Q values between
10� and 20� was observed, characteristic of the presence of the
PMMA amorphous phase.
Fourier-transform infrared spectroscopy

The effect of the presence of the amorphous phase in PMMA on
the molecular characteristics of the resulting uoropolymer/
PMMA blends was also examined by means of Fourier-
transform infrared (FTIR) spectroscopy. As shown in Fig. 2a,
where the FTIR spectra of the H-based coatings are presented,
a progressive increase in PMMA content leads to the gradual
disappearance of some characteristic peaks clearly visible in the
pure uorinated polymer. In particular, a signicant reduction
(and ultimately a complete disappearance) in the intensity is
observed for the FTIR bands at 1402 cm�1, 975 cm�1 and
764 cm�1, attributable to CH2 stretching, CH2 twisting and in-
plane bending/rocking of the crystalline a-phase in PVDF,
respectively.47–53 Furthermore, the peak at 1382 cm�1 (CH2

bending/wagging of PVDF a-phase) is also found to gradually
disappear at increasing PMMA content. Concurrently, other
characteristic FTIR signals are found to appear with progres-
sively higher intensity, as a result of the incorporation of
increasing amounts of PMMA in the blend-based coatings. In
particular, a high intensity signal at 1728 cm�1 (e.g., C]O
stretching signal of the methacrylate group) is clearly visible for
higher PMMA content, together with a broad band with a peak
centered at 989 cm�1 (attributable to CH3–O bending vibrations
in PMMA). These observations provide an indirect
Fig. 2 (a) FTIR spectra of pure homopolymer compared with its PMM
appearing when PMMA content is increased. Details of FTIR spectra of pu
940 cm�1 and (c) 1500–1350 cm�1.

29790 | RSC Adv., 2021, 11, 29786–29796
rationalization of the reduction of XC in the blend-based coat-
ings when progressively higher PMMA mass content is incor-
porated, further supporting the conclusions drawn from XRD
and DSC analyses. Similar trends were also reported on C- and
T-based coating systems (see Section S.5 in the ESI†), thus
suggesting that the mechanism for crystallization suppression
is analogous in all three blend combinations explored in this
work.
Thin-lm luminescent solar concentrators

Optical characterization. Given the favourable chemical–
physical characteristics of the uoropolymer/PMMA-based
coatings highlighted above, their potential suitability as host
matrix materials for LSC applications was then investigated by
imparting the optical functionality to the system through the
incorporation of a commercial uorescent dye species into the
coating formulations. More specically, perylene-based LR305
was selected as a convenient reference platform to evaluate the
properties of the new host materials.

Initially, the optical response of all blend-based coatings was
studied at varying uoropolymer/PMMA wt ratios by means of
UV-vis absorption spectroscopy, maintaining a constant lumi-
nophore concentration (5 wt%) with respect to PMMA which
from uorescence spectroscopy resulted to be the optimal
doping level (see Fig. S8 in ESI†). The absorption intensity was
found to increase linearly with the mass fraction of PMMA in
the blend in accordance with the Lambert–Beer's law, that is
with the dye molar concentration, thus indicating similar
optical properties and good solubility of the uorophore species
in the copolymer/PMMA blends at any blend composition.
Same trends were observed for homopolymer and terpolymer
systems (Fig. S9 in the ESI†). Moreover, the molar extinction
A blends. Red circles indicate some characteristic PVDF groups dis-
re homopolymer along with its PMMA blends in the region of (b) 1010–

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 (a) UV-Vis absorption spectra normalized over sample thickness and (b) front-face fluorescence emission spectra of LSC devices made of
homopolymer, copolymer and terpolymer/PMMA blends host matrices at fixed weight content of both PMMA (50%) and LR305 (5% with respect
to PMMA).
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coefficient of the luminescent species was not found to be
affected by the type of uoropolymer present in the blend with
PMMA, as evidenced by the UV-vis absorption spectra of LR305-
doped 50/50 uoropolymer/PMMA coatings (5 wt% lumino-
phore with respect to PMMA) at constant thickness (Fig. 3a).
This indicates that the same fraction of incident photons can
theoretically be absorbed by the three different LR305-doped
uoropolymer/PMMA systems, thus enabling additional
degrees of freedom in the selection of the host matrix.

To gain further insights into the optical properties of
uoropolymer/PMMA blends, uorescence emission spectros-
copy was also performed (Fig. S10 in the ESI†). Fig. 3b shows the
uorescence emission spectra of dye-doped 50/50
uoropolymer/PMMA blends at xed luminophore content
(5 wt%). The C50P50L5 system was found to exhibit a slightly
higher uorescence intensity as compared with H50P50L5 and
T50P50L5 blends, despite their similar absorption prole. This
could be ascribed to the higher degree of crystallinity shown by
H and T-based systems, which might cause a reduction in the
solubility of the uorophore species, formation of aggregates
and partial uorescence quenching.
LSC/PV device characterization

Based on the optical characterization of the new uoropolymer/
PMMA blend systems as host matrix materials in LSC devices,
an optimization of the main LSC device parameters (dye
concentration, blend composition and LSC thin lm thickness)
was carried out on both LSCs as photonic systems and LSC/PV-
cell assemblies as photovoltaic systems by evaluating their
external and internal efficiency (hext, hint) and their optical
photovoltaic efficiency (hLSC-PV), respectively. These gures of
merit are dened in Section S.7 in ESI.†

The effect of luminophore concentration (3 wt%, 5 wt%,
7 wt%, 10 wt% with respect to PMMA) on the performance of
© 2021 The Author(s). Published by the Royal Society of Chemistry
LSC systems based on uoropolymer/PMMA¼ 50/50 blends was
rst investigated. hext and hLSC-PV were found to reach
a maximum value at 5 wt% LR305 concentration in every system
considered (see Fig. S11 and Table S2 in the ESI†). Above 5 wt%,
a general decrease in LSC performance was observed. This trend
might be ascribed to the presence of dissipative processes such
as uorescence quenching (due to either reabsorption events or
dye aggregation) which become more prominent for higher dye
concentrations.54,55Moreover, C/P blends were found to bemore
performing than the corresponding H/P and T/P counterparts.
These ndings are in close agreement with uorescence emis-
sion spectroscopic analysis and further corroborate the
previous hypothesis according to which the higher degree of
crystallinity shown by H/P and T/P systems may yield uores-
cence attenuation owing to the reduction of photon transport
efficiency within the waveguide material.

The effect of coating thickness on hext, hint and hLSC-PV of the
uoropolymer/PMMA blends-based LSC systems was also
studied by varying the polymer-matrix-to-solvent ratio and the
spin-coating speed. As shown in Fig. 4a–c, a higher lm thick-
ness led to an increase in LSC performance likely due to
a higher amount of uorophore species within the coating. In
particular, an increase of�35% in hext and hLSC-PV, was detected
when going from 1.0 mm to 3.2 mm thick luminescent coatings
(see also Table S3 in the ESI†). Thicker LSC lms could not be
obtained due to worsening of the surface quality of the lms
(spin coating speeds lower than 300 rpm and polymer : solvent
ratios higher than 10 : 90 both led to very rough and inhomo-
geneous LSC lms), in turn causing a decrease in the wave-
guiding efficiency of the polymeric host matrix as evidenced by
the sharp decrease in hint (see Fig. 4e).

Finally, the effect of blend composition (uoropolymer/
PMMA ¼ 50/50, 60/40 and 70/30 wt. ratio) on LSC and LSC-PV
device performance was also examined, as reported in
Fig. 4d–f (numerical results are reported in Table S4 in ESI,†
RSC Adv., 2021, 11, 29786–29796 | 29791



Fig. 4 (a) hext, (b) hint and (c) hLSC-PV versus fluoropolymer content for homopolymer, copolymer and terpolymer blends with PMMA. The
concentration of organic dye was kept constant at 5% weight with respect to PMMA. (d) hext, (e) hint and (f) hLSC-PV versus thickness for C50P50L5,
H50P50L5, T50P50L5 systems. The thickness of the LSC films was varied by changing the polymer matrix to solvent weight ratio or the spin
coating speed.
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where also values for the concentration factor C are reported).
In general, an increase in uoropolymer content from 50 wt% to
70 wt% resulted in a�30% drop in LSC performance in terms of
both hext and hLSC-PV, and in an enhancement of hint irrespective
of the chemical nature of the uoropolymer used in the blend,
owing to the decrease in the effective luminophore content as
the uoropolymer/PMMA ratio is increased. In particular, C/P
blend systems were systematically found to perform better
than H/P and T/P LSCs in all ranges of uoropolymer/PMMA
proportions explored. This trend can be associated to the
semi-crystalline nature of the blends and its effect on the optical
properties (clarity) of the coatings and on the level of lumino-
phore solubility in the polymer matrix. Furthermore, it is worth
noticing that copolymer-based devices at low uoropolymer
content (50% and 60% weight concentration, C50P50L5 and
C60P40L5) were proven to be comparable in terms of PV
performance to benchmark PMMA-based LSC counterparts (see
Section S8 in ESI†). This further corroborates the potential of
this class of thermoplastic blends as readily accessible platform
alternative to PMMA to fabricate fully operating LSC devices.
Accelerated weathering tests

The photo-oxidation of polymeric host matrix materials is one
of the main bottlenecks of organic-based LSCs since it detri-
mentally affects the waveguiding process during LSC operation
under continuous illumination. Consequently, an accurate
29792 | RSC Adv., 2021, 11, 29786–29796
study of the long-term outdoor durability of the new
uoropolymer/PMMA blend systems is necessary to prove their
factual viability as novel stable and performing host matrices.
To this end, accelerated weathering tests were conducted on
LSC/PV-cell assemblies based on optimized C/P blends
(C50P50L5, C60P40L5, C70P30L5) and their response was
compared with pure PMMA-based LSCs used as reference
devices (details in the Experimental section).

The weathering behaviour of the LSC devices was studied by
analysing their PV response during prolonged light exposure. As
can be observed in Fig. 5a, a general decrease in performance
was found for reference PMMA-based LSC devices, which
exhibited an over 30% loss of their initial hLSC-PV aer 1000 h.
On the contrary, during the same aging test all C/P-based LSCs
were found to fully retain their initial PV response. These trends
were found to be in close agreement with the optical response
(uorescence) of the same coatings prior to and aer prolonged
light exposure Fig. 5b.

Interestingly, an initial increase in hLSC-PV was detected in
uoropolymer-based systems, as opposed to PMMA-based
devices. A similar trend was already observed in other cross-
linked56–58 and/or uorinated11,12,24 polymeric matrices previ-
ously proposed in the literature. Although still under
investigation, this surprising behaviour could be correlated
with the rapid formation of a non-uorescent radical anion
form of the perylene species upon irradiation in the presence of
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 (a) Normalized PLSC-PV (bottom) versus time of exposure for copolymer/PMMA host matrix systems at different PVDF content and pure
PMMA. (b) Normalized fluorescence emission intensity versus exposure time for PVDF-based systems and PMMA as reference (excitation
wavelength 445 nm).
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UV light, which persists in anaerobic conditions. In the pres-
ence of high-electron-affinity oxidizing moieties such as oxygen,
this radical anion is quickly oxidized to its initial form via an
electron-transfer reaction upon which uorescence is recovered
and the performance of the LSC device is restored.57–62

Finally, FTIR spectroscopy analysis was performed to assess
the molecular modications occurring to the system during
light exposure and to correlate them to the observed PV trends.
To this end, the evolution of the FTIR spectrum of PMMA-based
samples was monitored at increasing light exposure time (0 h,
500 h and 1000 h) (Fig. S15a in ESI†). Aer long-term exposure
the intensity of the characteristic peaks attributed to the organic
dye was found to decrease sharply, likely indicating a possible
degradation of its lateral substituents, according to a mecha-
nism previously proposed in the literature.11 Moreover, pro-
longed light exposure on PMMA-based LSC systems led to the
appearance of two bands in the carbonyl region adjacent to the
main acrylate C]O stretching peak that may be attributed to
the formation of oxidation products in the dye molecule and in
the polymeric matrix. As opposed to PMMA-based LSC devices
and in agreement with LSC device results presented earlier, no
signicant modications to the FTIR spectra of uoropolymer-
based blends were found upon prolonged light exposure
(Fig. S14b in ESI†), thus further conrming their excellent
photochemical stability.
Experimental
Materials

All materials employed in this study are of commercial source
and were used as received. Lumogen F Red 305 (from now on
referred to as LR305, BASF) was used as the uorescent doping
species in all polymeric coatings presented in this work. PMMA
(Perspex XT, Lucite) was used as polymeric carrier in reference
© 2021 The Author(s). Published by the Royal Society of Chemistry
luminescent coatings. Solef 6010 poly(vinylideneuoride) –

PVDF, Solef 31508 (a poly(vinylideneuoride-co-chlorotriuoro-
ethylene) copolymer), and Solef 11005 (a poly(vinylideneuoride-
co-hexauoropropylene-co-hydroxyethylacrylate) terpolymer)
were produced and supplied by Solvay Specialty Polymers.
Chloroform (CHCl3), toluene and N-methylpyrrolidone (NMP)
were purchased by Sigma Aldrich and used as solvents for the
fabrication of LSC devices.

Characterization

UV-vis absorption spectra were recorded by means of a Jasco V-
570 UV-VIS-NIR Spectrophotometer in transmission mode.
Fluorescence emission spectra were collected on a Jasco FP-
6600 Spectrouorometer with lexc ¼ 445 nm. FTIR spectra
were acquired on a Nicolet 760-FTIR Spectrophotometer. Spin-
coating (WS-400B-NPP Spin-Processor, Laurell Technologies
Corporation) technology was used to prepare solid state
samples deposited onto glass/quartz/KBr substrates for UV-vis,
uorescence and FTIR spectroscopic analyses. The coating
thickness was measured by optical prolometry (Filmetrics
Prolm3D). Differential scanning calorimetry (DSC) was per-
formed using a Mettler-Toledo DSC/823e instrument in
nitrogen environment and at a scan rate of 20 �C min�1. Bruker
D8 Advance instrument was used to perform X-ray Diffraction
(XRD) analysis. Scanning electron microscopy (SEM) micro-
graphs was acquired with a Carl Zeiss EVO 50 Extended Pressure
at an accelerating voltage of 15.00–17.50 kV.

PLQYs of lms were obtained by using a homemade inte-
grating sphere, as previously reported.63

To collect the spectrally-resolved optical power output
spectra of the considered thin-lm LSCs, the systems top face
was illuminated with an Abet Technologies Sun 2000 solar
simulator, equipped with an AM 1.5 lter and calibrated to 1
Sun (irradiance of 1000 � 10 W m�2). Meanwhile,
RSC Adv., 2021, 11, 29786–29796 | 29793
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a spectroradiometer (International Light Technologies ILT950)
equipped with a cosine corrector was positioned at the center of
the edge, while the other edges were covered with black tape.
The optical power output spectra of the LSCs were recorded
using SpectrILight III soware. From these, the internal and
external photon efficiencies were calculated. Current–voltage (I–
V) curves of LSC/PV-cell assemblies were recorded using Lab-
View soware. A Keithley 2612 digital multimeter source-
measuring unit allowed to perform the voltage scans and
measure the current output. upon AM 1.5 G solar illumination
at 1000 W m�2. In the experimental setup, an absorbing black
backdrop was placed in contact with the LSC posterior side to
avoid photocurrent overestimation due to photon double-pass
effects and a black mask was positioned on the frontal face of
the LSC system to prevent direct illumination of the PV cells.

LSC/PV-cell assemblies were subjected to accelerated aging
tests in a weather-o-meter chamber (Solarbox 3000e, Cofomegra
S.r.l.) under continuous Xenon light illumination for the entire
duration of the test (>1000 h). The instrument was equipped
with a lter cutting all wavelengths below 280 nm. The total
irradiance was measured by means of a ILT950 spectroradi-
ometer connected with a cosine corrector and found to be
approximately 1000 W m�2 (see the irradiation spectrum in
Fig. S14 in ESI†). A constant relative humidity (20%) and a xed
working temperature (45 �C) were maintained inside the testing
chamber. To monitor the performance of the LSC devices
during accelerated aging tests, their PV response together with
the uorescence spectra were recorded over time.
Device fabrication

For the preparation of LSCs based on uoropolymer/PMMA
blends, the considered uoropolymer was dissolved under
magnetic stirring at 80 �C in a given amount of NMP (depending
on PMMA/uoropolymer mass ratio), thereby forming the base
solution. In parallel, another solution (the luminescent solu-
tion) was prepared mixing a xed amount of PMMA and LR305
with toluene in a ask for 6 h holding the temperature at 80 �C.
The total solid concentration (PMMA + uoropolymer) was xed
to 10 wt% in solvent. The luminescent solution was added to the
base solution and the obtained blend was le under stirring at
80 �C overnight to achieve complete mixing. Aer that, the
solution was deposited onto glass substrates by spin coating
(1200 rpm, 40 s) to obtain the LSC thin lms. The as-cast
samples were subjected to an annealing step into a vacuum
oven at 220 �C for 5min to ensure complete solvent evaporation.
Reference PMMA-based LSC systems were prepared starting
from a 10 wt% solution of solid PMMA in CHCl3. An amount of
LR305 corresponding to 5 wt% with respect to PMMA weight
was added to achieve the same optical density found in the
uoropolymer-based LSCs. The same spin coating conditions
were maintained. All LSC devices were fabricated on glass
substrates (50 mm � 50 mm � 6 mm).

The fabrication of the LSC-PV assembly was performed by
edge-coupling IXOLAR monocrystalline high efficiency silicon
solar cells (IXYS IXOLAR SolarBIT KXOB22-12X1F, active area
2.2 � 0.6 cm2, VOC ¼ 0.64 � 0.01 V, JSC ¼ 42.60 � 0.42 mA cm�2,
29794 | RSC Adv., 2021, 11, 29786–29796
FF ¼ 69.4 � 0.3%, power conversion efficiency ¼ 18.69 �
0.23%). Norland index matching liquid 150 (refractive index
1.52) was used as optical coupling agent. LSCs were attached to
two modules, each incorporating two monocrystalline silicon
PV cells connected in series so that two opposite edges of the
LSC glass substrate faced the photoactive area of one PVmodule
each.
Conclusions

Novel high-durability thermoplastic systems based on blends of
partially uorinated polymers and PMMAwere presented in this
work for application as thermoplastic host matrix materials in
thin-lm LSC devices. A detailed chemical, structural and
morphological characterization of these new uoropolymer/
PMMA blends evidenced their favorable chemical, physical
and optical properties. The functional performance of the new
uoropolymer/acrylic blends as host matrices in LSC/PV
assemblies was evaluated. A detailed analysis of the main
device parameters (dye concentration, chemical composition of
the blend and lm thickness) showed that the uoropolymer/
PMMA relative proportions in the luminescent coating have
a strong effect on the performance of the resulting LSC/PV,
leading to output performance comparable to that obtained
on benchmark PMMA-based LSC/PV devices. To assess the long-
term photochemical stability of the new uorinated systems,
prolonged weathering tests (>1000 h) were conducted on opti-
mized LSC/PV devices. Systems based on uoropolymer/PMMA
blends exhibited exceptionally stable device response
throughout the test with minimal performance loss even over
1000 h of continuous white-light illumination. Conversely,
reference PMMA-based LSC/PV devices displayed an overall
�30% performance loss in the same time frame. As demon-
strated by FTIR results, the improved long-term stability of LSC
based on uoropolymer blends could be attributed to their
intrinsic photochemical stability, which in turn prevents the
occurrence of radical-induced photodegradation phenomena in
the dye molecule during light exposure.

To our knowledge, the present work represents the rst
example of LSC systems based on thermoplastic uorinated
polymers as host matrices, and provides further evidence of the
potential of this class of highly performing materials as acces-
sible platform alternative to PMMA to fabricate LSC devices with
excellent long-term operational response while preserving
efficiency.
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A. J. Chatten, A. Büchtemann, A. Meyer, S. J. McCormack,
R. Koole, D. J. Farrell, R. Bose, E. E. Bende, A. R. Burgers,
T. Budel, J. Quilitz, M. Kennedy, T. Meyer,
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