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Luminescent Solar Concentrators Based on Renewable Polyester
Matrices

Tristan A. Geervliet,[a] Ionela Gavrila,[a] Giuseppe Iasilli,[b] Francesco Picchioni,[a] and
Andrea Pucci*[b]

Abstract: This study reports for the first time the use of bio-
based alternatives for PMMA as host matrix for luminescent

solar concentrators (LSCs). Notably, two types of renewable
polyesters were synthesized in varying molar ratios via a

two-step melt-polycondensation reaction with dibutyl tin
oxide as catalyst. The first is a homopolymer of diethyl
2,3:4,5-di-O-methylene galactarate (GxMe) and isosorbide
(IGPn), and the second is a random copolymer of GxMe with

1,3-propanediol and dimethyl terephthalate (GTPn). The two

polyesters were found to be optically transparent, totally
amorphous with a Tg higher than 45 8C and temperature re-

sistance comparable to PMMA. Lumogen Red (LR) and an
aggregation-induced emission (AIE) fluorophore, TPETPAFN,

were utilized as fluorophores and the derived thin polymer

films (25 mm) were found highly homogeneous, especially
for those prepared from GTPn, possibly due to the presence
of compatibilizing terephthalate units in the matrix composi-
tion and the higher molecular weight. The spectroscopic
characterization and the optical efficiency determination

(hopt) evidenced LSCs performances similar or superior to
those collected from LR/PMMA thin films. Noteworthy, hopt of

7.7 % and 7.1 % were recorded for the GTPn-based matrix
containing LR and TPETPAFN, respectively, thus definitely
supporting the bio-based polyesters as renewable and

highly fluorophore-compatible matrices for high-per-
formance LSCs.

Introduction

The relation between energy consumption and greenhouse

gas emissions has been investigated thoroughly and con-

firmed[1] and the role of the residential sector in global warm-
ing has been pointed out to be significant.[2] The building

sector accounts for approximately 40 % of primary energy con-
sumption in first world countries and 20–30 % globally.[3]

Energy losses via windows, walls, light, miscellaneous electric
loads or plug loads, etc. , significantly impact the degree of

energy consumption in buildings. The concept of Net Zero-

Energy Buildings (NZEBs) is receiving an increasing amount of
attention by the scientific community[4] and policy organiza-

tions, such as the European Committee.[5] NZEBs are buildings
that balance their energy consumption with the production of

renewable energy on a yearly basis. Currently, NZEBs are tech-
nically feasible for individual houses and small buildings due

to rooftop photovoltaic (PV) cells and efficient insulation.[6]

However, considering that approximately 7 m2 kW@1 of peak
power is required for NZEBs[7] the mere use of PVs is not

worthwhile for larger buildings since they can only be used on

rooftops so far. As accessible solution to this problem, lumines-
cent solar concentrators (LSCs) have been the focus of many

new studies.[8] LSCs are devices that absorb incoming sunlight,
re-emit the light via fluorescence and, subsequently, capture a

substantial portion of this re-emitted light that is concentrated
at their side, where it can be converted into electricity by pho-

tovoltaic (PV) cells. Although the concept of this system is rela-

tively old,[9] more efficient techniques in the field of harvesting
solar energy[8a] and the development of more efficient lumines-

cent systems[10] have led to a renaissance in the field. The
major advantage of LSCs is that they are less sensitive to the

orientation angle than conventional silicon PV cells and less af-
fected by shadowing effects (e.g. clouds), thus making them

ideal for the PV integration on the sides of large buildings.[11]

Lastly, besides these technical advantages, LSCs are semi-trans-
parent so that they leave the aesthetics of buildings mostly

intact.
Typically, LSCs are slabs of transparent material doped with

high quantum yield fluorophores. The refractive index of the
host materials higher than air allows to trap mostly of the

emitted photons by means of total internal reflection. Photons

are then collected at the edges of the LSC to produce electric
power by PV cells. In conventional LSCs, fluorophores are in-

corporated in optically transparent plates or films of polymers
characterized by a relatively high Tg, good durability and good

transparency, that is, all factors that are essential to maximize
LSCs’ optical efficiency.[12] Current state of the art host poly-
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mers are commercially available poly(methyl methacrylate)s
(PMMA) that are also effective for providing good compatibility

with a wide variety of high quantum yield fluorophores. Never-
theless, the oil-based nature of this polymer is a critical draw-

back for modern urban areas, being the use of solar harvesting
systems or devices based on renewable materials also highly

desirable. Over the past decades, attention towards bio-based
polymers and bio-based platform chemicals has increased tre-

mendously[13] but only a few examples are reported in litera-

ture as renewable matrices in LSC composition.[14] Authors effi-
ciently reported the use l-poly(lactic acid) (l-PLA) and cellulose
nanocrystals as green alternatives to PMMA for LSCs being
characterized by similar refractive index, processability and
transparency. Also, biomass offers the advantage of being a
source of novel building blocks that can lead to a broader

range and even higher performance polymeric materials.[15] For

example, isosorbide and furandicarboxylic acid (FDCA) building
blocks are currently commercially available examples derived

from sugars and are reported in numerous polymer syntheses
suitable for engineering thermoplastics.[16] Related to this

aspect, the transesterification reaction of acetalised galactarate
esters such as dimethyl-2,3:4,5-di-O-isopropylidene-galactarate

(GxMe) with 1,6-hexanediol has been recently reported by us

as effective in the preparation of bio-based polyesters with tar-
geted characteristics (i.e. , molecular weight, dielectric constant

and hydrolytic stability).[17]

On this account, we herein report the synthesis of two

sugar-based polymers, that is, a GxMe and isosorbide derived
homo-polyester and a copolymer of GxMe with 1,3-propane-

diol and dimethyl terephthalate, and their utilization as thin

film in the preparation of LSC. As fluorophores, Lumogen Red
305 (LR) was utilized as the state of the art dopant in LSCs and

their optical efficiencies compared with those of standard
PMMA-based solar collectors. The study was also extended to

the use of 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl)phenyl)ami-
no)phenyl)fumaronitrile (TPETPAFN) that is an aggregation-in-

duced emission fluorophore,[18] that is, an important class of

emissive materials recently found as promising in high per-
formance LSCs.[19]

Results and Discussion

Polymer synthesis and characterization

IGPn homopolymers of diethyl 2,3:4,5-di-O-methylene galacta-
rate (GxMe) and isosorbide (IS) and GTPn co-polyesters of

GxMe, 1,3-propanediol (PD) and dimethyl terephthalate (DT)
(Figure 1) were synthesized via a two-step melt-polycondensa-

tion reaction with dibutyl tin oxide as catalyst according to the

recent literature.[17] In both syntheses, ethanol was captured as
side product. Transesterification was performed under low ni-

trogen flow at about 140 8C for as long as the viscosity in-
creased. Subsequently, polycondensation reactions were per-

formed at similar temperature as the transesterifications in
order to minimize the decomposition of thermally sensitive

sugar compounds, and under vacuum to facilitate the removal

of volatile by-products.
The composition of the polymers was determined by

1H NMR (Figures S1–S4) and the molecular weights and molec-
ular weight distributions were estimated by GPC (see support-
ing information) (Table 1).

For IGPn homo-polyesters, which were obtained from the re-

action between GxMe and isosorbide, a slow reactivity of the

Figure 1. Synthesis of IGPn homo-polyesters and GTPn copolymers.

Table 1. Overview composition and Mw of the polymer samples used in
the study.

Entry Feed composition
[mol %]

Polymer composition
[mol %]

Mw [g mol@1] Mw/Mn

GxMe IS PD DT GxMe IS PD DT

IGP2 50 50 – – 58 42 – – 3500 1.6
IGP5 50 50 – – 51 49 – – 3000 1.3
GTP3 25 – 50 25 27 – 50 23 20 000 1.6
GTP4 25 – 50 25 28 – 50 22 44 000 1.6
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diol was found. This feature was attributed to the different
possible orientation of isosorbide hydroxyl functionalities with

the endo-OH group being significantly less reactive than the
exo-OH.[16a, 21] Accordingly, homo-polyesters with low weight

average molecular weights of 3000–3500 g mol@1 were gath-
ered after 5–6 hours of reaction. Conversely, for the case of

GTPn copolymers, which were obtained from the reaction be-
tween GxMe, 1,3-propanediol and dimethyl terephthalate, the
conversion to the polymer proved to be higher and two differ-

ent samples of similar composition were successfully prepared
with average Mw between 20 000 g mol@1 (GTP3) and
44 000 g mol@1 (GTP4) (Table 1), according to the different reac-
tion time (4 and 6 hours of vacuum, respectively).

As far as the final applications in LSCs is concerned, the uti-
lized polymers should be totally amorphous, colorless and with

a Tg higher than room temperature, for example, >45 8C.[12]

UV/Vis-NIR experiments revealed that the polymers are mostly
transparent in the visible range and with limited light absorp-

tion in the Vis-NIR region up to 2500 nm (Figure S5). DSC
measurements (Figure S6) indicated that both IGPn and GTPn

are amorphous with a Tg according to the required specifica-
tions (Table 2). The IGP2 and IGP5 samples showed the highest

Tg of 60 8C and 70 8C compared to 45 8C and 48 8C for the
GTP3 and GTP4 terephthalate copolymers, thus indicating a

negligible influence of the molecular weight in the thermal

properties of the materials. Notably, this results is noteworthy
considering the low Mw range of the isosorbide-based homo-

polyesters. In terms of thermal stability, all GxMe polyesters are
comparable to PMMA (Table 2). Onset degradation tempera-
tures (5 % weight loss, T5 %) were found higher than 290–
300 8C, thus making IGPn and GTPn suitable for LSCs applica-

tion.

Optical properties and morphology of polymer films

IGPn and GTPn films with a thickness of 25:5 mm (Starrett mi-
crometer) were prepared by pouring about 1.2 mL chloroform

(CHCl3) solution containing about 60 mg of the polymer and
the desired amount of LR or TPETPAFN (Figure 2). Red emitting

fluorophores were selected since they well-match with the ex-
ternal quantum efficiency of the Si-based PV module used in

the photovoltaic experiments of this work.[22]

In Figure 3 a, the absorption and emission characteristics of
LR/IGP2 films are reported. LR shows molecular absorption
maximum at about 570 nm with a broad absorption band
from 410–550 nm, which result mostly similar to those record-
ed in PMMA films.[22] Notably, no evident absorption bands at-
tributed to the formation of LR aggregates are observed and

absorbance intensities increase regularly with fluorophore con-

tent, and without leveling off at the highest concentration (i.e. ,
1.4 wt %).

Conversely, LR/IGP2 films displayed emission features affect-
ed by fluorophore content (Figure 3 a). When dispersed at low

concentration in PMMA (i.e. , 0.2–0.6 wt.%), LR showed a fluo-
rescence emission peaked at 609 nm, respectively, with a

Stokes shift of 39 nm, perfectly in agreement with results col-

lected in PMMA.[22] Notably, LR is a strong emitter also in the
solid phase with quantum yield (QY) higher than 70 %. Above

this range of concentration, the fluorescence band was affect-
ed by quenching phenomena like occurring in most of pery-

lene-based fluorophores[22b] due to their aggregation-caused
quenching (ACQ) character. The mild red-shift of the emission

maximum probably originated from auto-absorption phenom-

ena (inner filter effect). Nevertheless, LR fluorescence in IGP2
was mostly retained with QY values of about 57 % at the high-

est concentration (1.4 wt %), thus making the films suitable for
the preparation of LSCs. Identical results in terms of spectro-

scopic features were gathered from LR/IGP5 and are not re-
ported and discussed for simplicity. As far as LR/GTP3 and LR/

GTP4 films are concerned (Figure 3 b and 3 c), the optical fea-

tures resulted mostly unchanged from the respective IGPn
films in terms of absorption and emission wavelengths. Nota-

bly, similar to what observed for IGPn films, absorbance in-
creased progressively with fluorophore content, whereas fluo-
rescence quenching appeared less pronounced. It is worth
noting that QY values of 74 % was measured for LR/GTP3 con-
taining the 1.4 wt % of LR and of 64 % for LR/GTP4 film with

Table 2. Thermal characteristics of the prepared polymers.

Entry Tg

[8C]
T5 %

[8C]
Td

[8C]

IGP2 75 300 358
IGP5 65 293 371
GTP3 44 328 372
GTP4 46 - -
PMMA 100 252 400

Figure 2. Chemical structures of the fluorophores investigated in this work.
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the highest fluorophore content of about 1.8 wt %. These re-
sults are remarkable considering that the calculated QY of LR/

PMMA films dropped from 86 % to 69 % by varying the fluoro-
phore content from 0.2 to 1.4 wt %. The higher emission effi-

ciency of highly doped LR/GTPn films with respect to the cor-

responding LR/IGPn and LR/PMMA ones was possibly attribut-
ed to the presence of terephthalate units in the polymer com-
position. The aromatic content increases the matrix compatibil-
ity with the perylene-based core, thus limiting the ACQ

behavior of LR. Moreover, the lower compatibilizing efficiency
of the IGPn matrix could be also attributed to the low molecu-

lar weight (i.e. , &3000 g mol@1 compared to >20 000 g mol@1

for GTPn) that possibly had a detrimental impact on the
toughness of the derived thin films.

The emission of LR/IPG2 and LR/GTP3 films containing the
1 wt % of fluorophore was also observed under the direct illu-

mination at 450 nm (Figure 4 a and 4 b, respectively). In partic-
ular, the surface of the film based on IPG2 result less homoge-

neous with respect to that composed by GTP3. The very high

compatibility between the GTP3 matrix and LR was corroborat-
ed by examining the film under an optical microscope. Negligi-

ble microphase-separation at the film surface was observed,
thus confirming the suitability of the GTPn matrix for applica-

tion in high performance LSC. In order to broaden the research
also to another class of organic red-emissive molecules, LR was

replaced with TPETPAFN, that is, a highly conjugated aggrega-
tion-induced emission (AIE) fluorophore. AIE molecules (AIE-

gens) are non-fluorescent in solution of good solvents, but
became highly emissive in poor solvents or in solid state, thus

circumventing the adverse effects associated to the ACQ be-

havior also when dispersed in polymers.[23] In detail, TPETPAFN
was designed to have high emission efficiency peaked at
about 650 nm, high brightness in the aggregate state (QY =

42.5 %) and strong photobleaching resistance.[24] GTP3 was se-

Figure 3. UV/Vis absorption (dashed lines) and emission (solid lines) spectra of (a) LR/IGP2, (b) LR/GTP3, (c) LR/GTP4 films as a function of fluorophore concen-
tration (wt %). Excitation wavelength of 450 nm for all polymer films and absolute quantum yields reported in parentheses.

Figure 4. 5 V 5 mm 1.0 wt % (a) LR/IPG2 and (b) LR/GTP3 films under the illu-
mination of a Dark Reader Transilluminator at 450 nm and (c) optical micros-
copy image of the same LR/GTP3 sample.
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lected as polymer matrix since it was demonstrated as compat-
ible with highly conjugated aromatic fluorophores such as LR,

thus possibly being suitable also for TPETPAFN.
In Figure 5, the absorption and emission characteristics of

TPETPAFN/GTP3 films are reported. TPETPAFN showed a broad
molecular absorption peaked at about 500 nm, similarly to

what observed in THF.[24] Notably, TPETPAFN/GTP3 films dis-

played a fluorescence emission peaked at 600–630 nm and
with a very large Stokes shift higher than 100 nm. The emis-

sion intensity increased with the TPETPAFN content up to

1 wt %, above which fluorescence quenching occurred, even if
only partially. Indeed, profiting of the AIE features, the fluores-

cence QY resulted almost similar for all TPETPAFN/GTP3 films
and never below 61 % even at the highest fluorophore concen-

tration investigated (i.e. , 1.4 wt %). In addition, a progressive
red-shift of the emission maxima occurred with TPETPAFN con-

tent and possibly caused to auto-absorption phenomena

(inner filter effect).[19c, 25] Moreover, the TPETPAFN/GTP3 film
with the 1 wt % of the AIE fluorophore showed excellent com-
patibility without any microphase separation (Figure S7). This
results is noteworthy and strongly supports the use of the

GTPn matrix in the realization of LSC based on renewable poly-
mer matrices.

Optically efficiency determination of the prepared LSCs

The LSCs performances were determined by covering an opti-
cally pure 50 V 50 V 3 mm glass with the fluorophore-doped

polymer films with a thickness of 25:5 mm. Photocurrent
measurements were carried out with a home-built device

based on a Si-based PV cell attached to one edge of the con-

centrator (see experimental section and Figures S8 and S9).
The optical efficiency hopt (Table 3) was calculated from the

concentration factor C, which is the ratio between the short
circuit current measured in the case of the cell over the LSC

edge (ILSC) and short circuit current of the bare cell when per-
pendicular to the light source (ISC) [Eq. (1)]:

hopt ¼
ILSC

ISC 1 G
ð1Þ;

where G is the geometrical factor (G = 16.6), which is the ratio
between the area exposed to the light source and the collect-

ing area.

A similar trend of hopt was found for all films. The optical effi-
ciency increased as a function of dye concentration up to a

certain content, after which it decreased slightly. This behavior

originated in response to two opposing factors. Firstly, increas-
ing the dye concentration increases the amount of emissive

fluorophores in the film, thus potentially enhancing the solar
harvesting efficiency. Secondly, dissipative phenomena such as

re-absorption and fluorescent quenching, adversely affect the
LSC performances. Notably, this behavior was also reflected to
the QY variations with fluorophore concentrations (Figure 3
and Figure 4). Especially at higher concentrations, these ad-

verse effects become so significant that they counterbalance
the beneficial effect of fluorophore contents. This explains why
an optimal dye concentration was found for all films corre-
sponding to about 1.4 wt %. Furthermore, the highest optical
efficiency of 7.7 % was recorded for LR containing films based

on GTP3, that is, the polymer matrix already reported as the
most promising for LSC being the most compatible with both

fluorophores. It was worth noting that the value of 7.7 % was
higher than that of 7.4 % gathered from the state of the art
LR/PMMA thin films. These striking results definitely support

the bio-based polyesters as renewable matrices for high per-
formance LSCs. Moreover, the hopt of 7.1 % obtained from TPET-

PAFN/GTP3 films indicates that the proposed polymer matrix
works well with both ACQ and AIE fluorophores.

Figure 5. TPETPAFN/GTP3 films as a function of fluorophore concentration
(wt %). Excitation wavelength of 450 nm for all polymer films and absolute
quantum yields reported in parentheses.

Table 3. Optical efficiencies (hopt) calculated for the prepared LSCs with
different fluorophore content (wt %). hopt was calculated from an average
of 3 measurements. Standard deviation is 0.1 % for all the values reported
in the table. In italic, the highest hopt per film type.

Entry Fluorophore content [wt %] hopt [%]

LR/IGP2

0.2 5.4
0.6 6.3
1.0 6.5
1.4 6.4

LR/GTP3

0.2 6.0
0.6 6.4
1.0 6.8
1.4 7.7
2.0 6.9

LR/GTP4

0.2 3.9
0.6 3.8
1.0 4.6
1.4 5.0

TPETPAFN/GTP3

0.2 5.1
0.6 5.8
1.0 6.4
1.4 7.1
2.0 6.8

LR/PMMA

0.2 5.2
0.6 6.0
1.0 6.0
1.4 7.4
2.0 6.7
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Conclusions

This work demonstrated the potential of replacing state-of-
the-art PMMA in LSC systems with renewable bio-based poly-

esters. Two types of polymers were synthesized, one from
equimolar amounts of GxMe and isosorbide (IGPn), one from

GxMe, terephthalate and 1,3-propanediol (GTPn) with feed
molar composition of 0.25/0.25/0.5, respectively. All polymers

showed the required thermal properties (Tg>45 8C), transpar-
ency and stability to be used as host matrix in LSCs. GTPn co-
polymers showed to be highly compatible with LR and TPET-
PAFN fluorophores and provided thin films more homogene-
ous with respect to those based on IGPn. The higher compati-
bility possibly provided by the terephthalate units of GTPn and
the higher molecular weight (Mw>20 000 g mol@1 compared to

&3000 g mol@1 of IGPn) conferred optical properties similar or

superior to those collected from LR/PMMA thin films in the
same range of fluorophore content. This feature was also re-

flected on the LSC performances, with maximum hopt of 7.7 %
gathered from LR/GTP3 films, that is, higher than that of 7.4 %

obtained from PMMA-based LSCs. These properties were also
confirmed by using the AIE fluorophore TPETPAFN, thus defi-

nitely promoting the bio-based polyesters as renewable matri-

ces for high-performance LSCs.

Experimental Section

Materials

1,3-propanediol (>99 %), dimethyl terephthalate (>99 %), dibutylti-
n(IV) oxide (DBTO) (98 %) were purchased from Sigma–Aldrich and
used as received. Diethyl 2,3:4,5-di-O-methylene-galactarate (>
99 %) was received from Royal Cosun; 1,4:3,6-dianhydrosorbitol
(isosorbide) (>98 %) was purchased from TCI Chemicals and both
used without further purification. Poly(methyl methacrylate)
(PMMA, Aldrich, Mw = 350 000 g mol@1, acid number <1 mg
KOH g@1) and Lumogen Red F350 (LR, BASF) were used as received.
TPETPAFN was received from AIEgen Biotech Co., Limited (Hong
Kong) and used without purification. Optically clear glass slides
were prepared by cleaning in 6 m HCl for 12 h, rinsing with water,
acetone and 2-propanol and then drying for 8 h at 120 8C.

Polymer synthesis

The protocol used in the present study is adapted from the previ-
ously reported synthesis of similar polymer structures. For all poly-
merizations, the overall mass of the monomers was about 5–6 g.[17]

GxMe-Is homopolymers (IGPn): an equimolar mixture of GxMe and
isosorbide together with an amount of 0.5 mol % of DBTO were
brought into a 3-neck cylindrical flask equipped with a magnetic
coupling stirrer, a nitrogen gas inlet and a temperature controlled
distillation setup. The initial temperature of the reaction was fixed
at 140 8C and the mixture was vigorously stirred at 1000 rpm under
a constant nitrogen flow. Subsequently, the distillation setup was
replaced with a vacuum adapter and high vacuum was applied
(0.01 mbar). The progress of the reaction was followed by monitor-
ing the torque values while keeping the temperature constant. The
resulting polymers were dissolved in chloroform and precipitated
in an excess of diethyl ether. The polymer powder was recovered
by vacuum filtration and dried in the vacuum oven until constant

weight. About 3.3 g (yield 65 %) and 5.9 g (yield 80 %) were recov-
ered for IGP2 and IGP5, respectively.

GxMe copolymers (GTPn): a mixture of GxMe (25 mol %), 1,3-pro-
panediol (50 mol %) and dimethyl terephthalate (25 mol %) togeth-
er with an amount of 0.5 mol.% of DBTO were brought into a 3-
neck cylindrical flask equipped with a magnetic coupling stirrer, a
nitrogen gas inlet and a temperature controlled distillation setup.
The initial temperature of the reaction was fixed at 140 8C and the
mixture was vigorously stirred at 1000 rpm under a low flow of N2.
After 5 hours, high vacuum (0.01–0.05 mbar) was applied for 4
(GTP3) up to 6 (GTP4) more hours before stopping the reaction.
Subsequently, the setup was cooled down to room temperature
under a stream of N2. The resulting polymer were dissolved in
chloroform and precipitated in an excess of diethyl ether. The poly-
mer powder was recovered by vacuum filtration and dried in the
vacuum oven until constant weight. About 4.3 g (yield 85 %) and
2.8 g (yield 60 %) were recovered for GTP3 and GTP4, respectively.

Preparation of fluorophore/polymer films for LSC

Different fluorophore/polymer thin films were prepared by pouring
about 1.2 mL chloroform (CHCl3) solution containing about 60 mg
of polymer and the desired amount of fluorophore (i.e. , LR or TPET-
PAFN) to get concentrations in the range of 0.1–1.5 wt % on 50 V
50 V 3 mm cleaned glass (Edmund Optics Ltd BOROFLOAT window
50 V 50 TS). CHCl3 evaporation was obtained on a warm plate
(30 8C) and in a closed environment. The film thickness was mea-
sured to be 25:5 mm (Starrett micrometer). For spectroscopic and
microscopic investigations, the polymer films were removed after
immersion in water and stored in a desiccator.

Equipment and techniques

1H NMR spectra were recorded at room temperature on a Varian
Mercury Plus equipment operating at 400 MHz, using samples of
approximately 50 mg dissolved in 1 mL of deuterated chloroform.
A total of 64 scans were acquired for each sample. Thermogravi-
metric analyses were performed using a Mettler Toledo TGA/
SDTA851 equipment. The measurements were performed on sam-
ples of 5–10 mg under a nitrogen flow of 20 mL min@1 at a heating
rate of 10 8C min@1, within a temperature range of 25–600 8C. Differ-
ential Scanning Calorimetry (DSC) were performed on a PerkinElm-
er instrument equipped with an autosampler. Samples of polymer
of approximately 5 mg were held at 30 8C for 1 minute, after which
they were heated until 180 8C and subsequently cooled down to
30 8C (under a nitrogen flow of 20 mL min@1). The glass transition
temperature Tg was determined from the second heating cycle. Gel
permeation chromatography (GPC) was used to determine the mo-
lecular weights and molecular weight dispersion of polymer sam-
ples with respect to polystyrene standards. Samples of 3–5 mg
were dissolved in 1 mL of chloroform and injected in a four-chan-
nel pump Jasco PU-2089 Plus chromatograph, equipped with a
Jasco RI 2031 Plus refractometer and a multichannel Jasco UV-2077
Plus UV/Vis detector set at 252 and 360 nm. The flow rate was set
at 1 mL min@1 at a temperature of 30 8C which was held constant
by a Jasco CO 2063 Plus Column Thermostat. A series composed
by two Polymer Laboratories columns PLgelTM MIXED D and a
PLgelTM precolumn packed with polystyrene was used to perform
the analysis (linearity range 100 Da–400 kDa). Spectrophotometric
measurements were performed using a PerkinElmer Lambda 650
spectrometer with temperature control to within :0.1 8C. Fluores-
cence spectra in the solid state were measured at room tempera-
ture with a Horiba Jobin–Yvon FluorologS-3 spectrofluorometer
equipped with a 450 W Xenon arc lamp and double-grating excita-
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tion and single-grating emission monochromators. The emission
quantum yields of the solid samples were obtained by means of a
152 mm diameter “Quanta-f” integrating sphere, coated with
SpectralonS , using as excitation source the 450 W Xenon lamp cou-
pled with a double-grating monochromator for selecting wave-
lengths. The Quanta-f apparatus was coupled to the spectrofluor-
ometer by a 1.5 m fiber-optic bundle in a slit-round configuration,
180 fibers; slit-end termination 10 mm O.D. V 50 mm long; round-
end termination FR-274; sheath is PVC monocoil. The optical mi-
croscope analysis was accomplished on a Reichert Polyvar optical
microscope with crossed polarizers.

Optical efficiency measurements of LSCs

A home-built equipment setup was utilized to measure the effi-
ciency of the LSCs. Each fluorophore concentration was tested in
triplicate.[20] A sample holder with the photovoltaic (PV) module
(IXYS SLMD121H08L mono solar cell 86 V 14 mm: Voc = 5.04 V, Isc =
50.0 mA, FF >70 %, hPV =22 %) is placed 2.5 cm above a scattering
layer. The PV cell is masked with black tape to match LSC edge
(50 V 3 mm) so that limiting the stray light to negligible levels. Sili-
con was used to grease the LSC edge. The other three edges of
the LSC were covered with a reflective aluminum tape. A solar sim-
ulating lamp (ORIELS LCS-100 solar simulator 94011A S/N: 322,
AM1.5G std filter : 69 mW cm@2 at 254 mm) was housed 27.5 cm
above the sample. The PV module was connected to a digital po-
tentiometer (AD5242) controlled via I2C by an Arduino Uno
(https://www.arduino.cc) microcontroller using I2C master library. A
digital multimeter (KEITHLEY 2010) was connected in series with
the circuit, between the PV module and the potentiometer, to col-
lect the current as a function of the external load. Conversely, the
voltage was measured by connecting the multimeter in parallel to
the digital potentiometer. Arduino Uno controlled the multimeter
via SCPI language over RS-232 bus using a TTL to RS-232 converter
chip (MAX232). Arduino Uno was connected to pc via USB port
and controlled by a Python script. The measurement cycle began
with a signal from PC.
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