Open Access Article. Published on 11 October 2021. Downloaded on 12/4/2025 11:28:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2021,
9, 15608

Received 23rd June 2021,
Accepted 10th October 2021

DOI: 10.1039/d1tc02923a

rsc.li/materials-c

Luminescent solar concentrators with outstanding
optical properties by employment of D—A-D
quinoxaline fluorophoresf

¢ Adalgisa Sinicropi, (2 °¢
9" Antonella Battisti, ('

3 Andrea Pucci, () %29

Costanza Papucci,®*° Rima Charaf,“ Carmen Coppola,
Mariangela di Donato, 2 °" Maria Taddei,*" Paolo Fogg,
Bastiaan de Jong,” Lorenzo Zani, 2@ Alessandro Mordini,
Massimo Calamante () *3° and Gianna Reginato () *?

Luminescent solar concentrators (LSCs) are devices designed to efficiently collect both direct and
diffuse solar radiation and concentrate it on photovoltaic cells to foster their use in building-integrated
photovoltaics (BIPV). The optimization of LSC performances involves the adjustment of both the
fluorophore and the guest polymer matrix. On this account, we investigated a series of high quantum
yield, donor—acceptor—donor (D—-A-D) photostable fluorophores (DQ1-5), presenting a central quinox-
alinic acceptor core, not previously employed in LSCs, and triarylamines or phenothiazine as donor
groups. The molecules were also decorated with alkyl chains on the central core and/or the donor
groups, to explore their compatibility with the poly(methyl methacrylate) (PMMA) and poly(cyclohexyl
methacrylate) (PCMA) matrices utilized in this study. The PMMA and PCMA films (25 pm thick),
containing 0.2-2.2 wt% of DQ1-5, absorbed in the 370-550 nm range and presented emission maxima
at 550-600 nm, with fluorescence quantum yields higher than 40% even at the highest doping
contents. Notably, the DQ1/PMMA thin-films showed enhanced phase compatibility and excellent
quantum vyields, ie., >95%. Accordingly, they were designed to obtain 25 cm? area LSCs with
remarkable internal (i) and external (nex) photon efficiencies of 42.9% and 6.2%, respectively, higher
than those observed from state-of-the-art devices based on the Lumogen Red 305 (LR305) as the
reference fluorophore. Overall, these were the best results ever achieved in our laboratory for thin-film
LSCs built with organic fluorescent emitters.

1. Introduction
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In the past few decades, the need to reduce CO, emissions
generated by human activities has prompted the scientific
community to study new and efficient methods to utilize renew-
able energy sources, such as sunlight, for power generation,
aiming to progressively replace the use of fossil fuels." Among
the currently available technologies, silicon photovoltaics (Si-PVs)
have been the subject of continuous development efforts, which
ultimately led to the reduction in the production prices of the
modules at an actual electricity cost of about 0.2 $ per Watt peak
(Wp)* without detrimenting performances.

Nevertheless, Si-PV panels provide the maximum efficiency
only under direct light irradiation and require an efficient
dissipation of the excess heat due to the unconverted energy.
Luminescent solar concentrators (LSCs) rely on a technology
studied since the 1970s>* and were developed with the aim of
obtaining large-area, semi-transparent and cheap photovoltaic
devices capable of concentrating both direct and diffuse solar
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radiation on small solar cells at their edges. Specifically, they
consist of a panel of a common plastic material (e.g,
poly(methyl methacrylate)) PMMA) containing a fluorescent
dopant capable of absorbing direct and indirect sunlight and
emitting it at longer wavelengths. Commonly used fluorescent
compounds can be quantum dots, perovskites, rare-earth com-
plexes and organic molecules.” The emitted radiation is mainly
concentrated, via total internal reflection, at the edge of the
panel (where the solar cells are placed) thanks to the different
refractive indexes of air and the plastic material. This, together
with the aesthetic characteristics of LSCs (color and shape
tunability), supports their use in building-integrated photo-
voltaics (BIPVs).®

In order to obtain high-performance LSC devices, a careful
study of the materials used for their assembly must be
performed, concerning both the selection of the fluorophore
and the plastic material in which it is dispersed.’ Regarding the
fluorophore, the most critical parameters influencing the final
properties of the device are its fluorescence quantum yield (&)
and Stokes shift (SS) which, together with the match between
its emission spectrum and the electronic band-gap of the PV
cell, govern the efficiency of the solar collector.

These properties, particularly @¢, can depend on the polarity
of the medium (solution or polymer) in which the fluorophore
is dispersed. For the polymer matrix, the main factor to be
considered is its ability to disperse large amounts of
fluorophores to promote solar harvesting, without activating
fluorescence quenching phenomena due to aggregation”®
(aggregation caused quenching - ACQ). Furthermore, a good
matrix might be able to affect the stability of the fluorophore
excited state and thus enhance its fluorescence quantum yield.
Clearly, a smart selection of the polymer, specifically tailored to
fit the fluorophore properties, is an important factor for
improving the device performance.

Among the different kinds of fluorophores applicable
in LSCs, small organic molecules with a donor-acceptor type
(D-A) structure, whose excitation determines the formation of a
charge-transfer state with a significant dipole moment,” appear

R R H13C60

v O

DQ1,R=Ph

DQ4, R = CgH13 H43C60

PMMA

DQ2, R =Ph
DQ5, R = CgHys

View Article Online

Journal of Materials Chemistry C

particularly interesting. We recently investigated the properties
of a series of organic fluorophores with donor-acceptor-donor
(D-A-D) structures, presenting a benzo[1,2-d:4,5-d’]bisthiazole
acceptor core, dispersed in three methacrylic polymer matrices
of different polarity.'® Notably, we found that by decreasing the
polarity of the matrix by passing from PMMA to poly(cyclohexyl
methacrylate) (PCMA, Fig. 1), the @; of the molecules increased
due to the decreased stabilization of the charge-transfer
excited state, resulting in a superior optical efficiency of the
corresponding LSCs.

To further explore the interactions between organic emitters
and polymer matrices of varying polarity and assess their
effects on the performances of the corresponding LSCs, we
decided to investigate a different series of luminophores, still
presenting the same D-A-D architecture. We focused on
quinoxaline, a molecular scaffold which is quite easy to
functionalize and is characterized by good light harvesting
ability, high &; and large $S."* %

Owing to their photophysical properties, quinoxalines are
good candidates for application in LSCs but, although they
have been extensively applied in organic optoelectronics,"®
their use in such devices has not yet been reported. Therefore,
starting from a previously reported compound, DQ1,>%*" a series
of symmetrical derivatives were designed and synthesized by
modifying both the donor groups at the 5,8 positions and the
substituents at the 2,3 positions (Fig. 1).

The optical properties of the new molecules were investigated
in solution and after dispersion in the PMMA and PCMA
matrices to determine their absorption and emission features
as well as their & Furthermore, transient absorption spectro-
scopy (TAS) and fluorescence lifetime studies were also carried
out to monitor the excited state evolution and correlate the
device characteristics with the dynamic optical properties of
the fluorophores. Due to the outstanding performances of these
emitters also when dispersed into polymers, LSCs presented
excellent optical properties, even superior to those found using
the commercial reference fluorophore Lumogen Red 305
(LR305).>%'°
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Fig. 1 Chemical structure of fluorophores based on 2,3-diphenyl-quinoxaline (DQ1-3) or 2,3-dihexyl-quinoxaline (DQ4-5) acceptor cores and of the

used polymer matrices.
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2. Experimental
2.1 General remarks

All commercially available compounds were purchased from
Merck KgaA, Fluorochem Ltd and T.C.I. Co. Ltd, and were used
without further purification unless stated otherwise. Anhydrous
toluene was obtained after drying with a PureSolv Micro
apparatus (Inert). Organometallic reactions were carried out
under dry nitrogen using Schlenk techniques. Solvent degassing
was carried out according to the “freeze-pump-thaw” method.
Reactions were monitored by TLC on Kieselgel 60 F254 (Merck)
aluminium sheets and the products were visualized by exposing
the plate to UV light or by staining it with KMnO, solution. Flash
column chromatography was performed using a Merck Kieselgel
60 (300-400 mesh) as the stationary phase. "H-NMR spectra were
recorded at 200-400 MHz, and "*C-NMR spectra were recorded at
50.3-100.6 MHz, using Varian Gemini/Mercury/INOVA series
instruments. Chemical shifts (6) are reported in parts per million
(ppm) and are referenced to the residual solvent peak (CDCl;, 0 =
7.26 ppm for "H-NMR and 6 = 77.0 ppm for *C-NMR; CD,Cl,, 6 =
5.32 ppm for "H-NMR and § = 53.84 ppm for *C-NMR), while
coupling constants (/) are reported in Hz. ESI-MS spectra were
obtained by direct injection of the sample solution using a
Thermo Scientific LCQ-FLEET instrument, while HRMS spectra
were measured using a Thermo Scientific LTQ Orbitrap (FT-MS)
instrument (carried out at the Interdepartmental Centre for
Mass Spectrometry of the University of Florence, CISM); main
peaks for both are reported in the form m/z.

2.2 Spectroscopic analysis in solution

UV-vis absorption spectra were recorded with a Shimadzu 2600 series
spectrometer, and fluorescence spectra were recorded with a JASCO
FP-8300 spectrofluorometer, irradiating the sample at the wavelength
corresponding to maximum absorption in the UV-vis spectrum.
Absolute fluorescence quantum yields (&) in toluene solution were
determined at room temperature using an integration sphere.

2.3 LSC film preparation

Polymer thin films containing the selected fluorophore were
prepared by pouring 1.5 mL of toluene (Sigma-Aldrich, HPLC
Plus, >99.9%) solution containing about 60 mg of the polymer
and different concentrations (0.2-2.2 wt%) of the fluorophore
on a 50 x 50 x 3 mm optically pure glass substrate (Edmund
Optics Ltd BOROFLOAT window 50 x 50 TS). The amount of
fluorophore was taken from a mother solution at a concen-
tration of 1.5 mg mL™'. The glass slides were cleaned with
chloroform and immersed in 6M HCI for at least 12 h and then
dried according to previously reported procedures.>>™*’
Fluorophore-doped polymer thin films with a thickness of
25 £+ 5 um (Starrett micrometer) were obtained after complete
evaporation of toluene at room temperature under a saturated
atmosphere of chloroform (Merck, ACS reagent, >99.8%). After
LSC characterization, the polymer films were carefully detached
from the glass surface by immersing the LSC in water, stored in
a desiccator and then analysed by means of absorption and
emission spectroscopies.
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2.4 Spectroscopic analysis of polymer films

UV-vis absorption spectroscopy on polymer films was performed
at room temperature by using an Agilent Cary 5000 spectro-
photometer. Fluorescence spectra on polymer films were
recorded at room temperature with a Horiba Jobin-Yvon
Fluorolog®-3 spectrofluorometer equipped with a 450 W xenon
arc lamp and double-grating excitation and single-grating
emission monochromators. Fluorescence quantum yields (&) in
the solid state were determined using a 152-mm-diameter
“Quanta-@” integrating sphere, coated with Spectralon™ and
following the procedures reported earlier.>**®?° Epifluorescence
microscopy was accomplished using a LED epifluorescence micro-
scope (Schaefer South-East Europe S.r.l., Rovigo, Italy) equipped
with a LED blue and green 5W light source and a DeltaPix Invenio
2EIII microscope camera (DeltaPix, Smorum, Denmark).

2.5 Transient absorption spectroscopy and fluorescence
lifetime imaging (FLIM)

Ultrafast transient absorption spectra of all samples have been
recorded on a system consisting of a home-built Ti:sapphire
laser oscillator and regenerative amplifier system (Amplitude
Pulsar) which produced 80 femtoseconds pulses at 810 nm with
an average output power of 450-500 mW. Excitation pulses at
400 nm were obtained by the second harmonic generation of the
fundamental laser output in a 2 mm-thick f-barium borate (BBO)
crystal. For all measurements, the pump beam polarization was
set at the magic angle with respect to the probe beam by rotating
a A/2 plate to exclude rotational contributions to the transient
signal.*>*" The excitation powers were on the order of 50-100 nJ.
The probe pulses were generated by focusing a portion of the
800 nm radiation beam on a 3 mm-thick CaF, window. The time
delay between the pump and probe pulses was introduced by
sending the portion of 800 nm light used for probe generation
through a motorised stage. After passing through the sample,
the white light probe was sent to a flat field monochromator
coupled to a home-made CCD detector. For samples in solution,
measurements were performed in a quartz cell (2 mm thick)
mounted on a movable stage in order to refresh the solution and
avoid undesired photochemical degradation of the sample. In
the case of samples dispersed in PMMA, the polymeric films
were directly mounted on the same motorised stage used for
liquid samples. Analysis of the transient data was performed
applying singular value decomposition (SVD)** and global
analysis,® using GLOTARAN software.** Global analysis allows
the simultaneous fit of all the measured wavelengths with a
combination of exponential decay functions and retrieves the
kinetic constants describing the dynamic evolution of the system
and the corresponding spectral component, called evolution
associated difference spectra (EADS). A linear decay kinetic
scheme was employed for data analysis.

Fluorescence lifetime imaging (FLIM) was carried out on
PMMA films doped with fluorophores DQ1-5 (1.0 wt%) using a
inverted confocal microscope Leica TCS SP5 (Leica Microsystems,
Wetzlar, GE) coupled with an external pulsed diode laser (Jex =
405 nm) and a TCSPC acquisition card (PicoHarp 300, PicoQuant,

This journal is © The Royal Society of Chemistry 2021
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Berlin, GE) connected to internal spectral detectors. The laser
repetition rate was set to 20 or 40 Hz. The images (256 x 256
pixels) were usually acquired with a scan speed of 400 Hz (lines
per second). The pinhole aperture was adjusted depending on the
fluorescence intensity and films were imaged under a 40x/NA
0.60 dry objective (Leica Microsystems). Fluorescence emission
was monitored in the 480 and 620 nm range using the built-in
acousto-optical beam splitter detection system of the microscope.
Acquisitions were stopped after the collection of about 100-200
photons per pixel, at a photon counting rate of about 200-
300 kHz. The decay curves were obtained from the binned lifetime
images and fitted using PicoQuant SymPhoTime software.

2.6 Determination of LSC optical properties

Internal (n;,) and external (ex) photon efficiencies were
evaluated in agreement with recent protocols®® (see the ESIt
for additional discussion and pictures). All the measurements
were performed using a commercially available system (Arkeo -
Cicci research s.r.l.) containing a CMOS-based spectrometer
with a symmetrical Czerny-Turner optical bench connected to
an integrating sphere. A fiber-based tunable LED source was
used to excite the center of the LSC device with a circular spot of
2 mm in diameter and at a distance of 0.5 mm. The platform
includes a tunable LED source composed of 10 monochromatic
diodes (from 360 to 960 nm) and 2 white diodes (warm and
cold) used to match AM 1.5G (Fig. S22 and S23, ESI{). The use
of LED source allowed the irradiation stability with time. An
integrating sphere of 5 cm of diameter and 1 cm of aperture is
placed along the edge of the glass plate, such that the aperture
of the sphere is fully covered by the glass and one corner
coincides with the edge of the aperture hole. The integrating
sphere was moved along the side of the LSC until all the slab
edges had been scanned. The spectrally resolved edge output
photon count was collected from the CMOS-based spectrometer
and calibrated into optical power (W) and then in irradiance.
Aimed at limiting reflections of unabsorbed light, an absorbing
matte black background was placed in contact with the LSC
rear side. The fiber was kept close and perpendicular to the
centre of the LSC front surface to minimize the diverge of the
excitation beam and to avoid the direct illumination of
the integrating sphere.’® A series of 3-5 measurements were
repeated in order to align the integration sphere to collect the
maximum single-edge output power. For the auto-absorption
experiments, the Arkeo platform included a motorised
translation stage and was equipped with a 405 nm, 1 mW laser.

2.7 Synthesis of DQs

4,4’-(2,3-Diphenylquinoxaline-5,8-diyl)bis(N,N-diphenyl)
aniline, DQ1. In a Schlenk tube, under an inert atmosphere of
nitrogen, Pd(dppf)Cl, (18 mg, 0.023 mmol, 10 mol%) was
added to a solution of 5,8-dibromo-2,3-diphenylquinoxaline 5
(100 mg, 0.23 mmol, 1.0 eq.) in toluene/MeOH 6:1 (4 mL). KF
(39 mg, 0.68 mmol, 3.0 eq.) and boronic acid 7 (164 mg,
0.57 mmol, 2.5 eq.) were added to the mixture. The solution
was heated at 80 °C for 18 h. The mixture was then cooled at
room temperature and water (5 mL) was added. The mixture

This journal is © The Royal Society of Chemistry 2021
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was extracted with EtOAc (3 x 4 mL). The organic phase was
washed with water and brine and then dried on anhydrous
Na,SO,. Purification by flash column chromatography (SiO,,
petroleum ether/DCM 3:1) gave product DQ1 as an orange
solid (37 mg, 0.048 mmol, 21%). "H-NMR (400 MHz, CDCl,): 6 =
7.89 (s, 2H), 7.80 (d, J = 8.4 Hz, 4H), 7.63 (d, J = 7.6 Hz, 4H),
7.27-7.38 (m, 14H), 7.20-7.27 (m, 12H), 7.07 (dd, J = 7.6, 6.4 Hz,
4H) ppm. *C-NMR (100 MHz, CDCl,): 6 = 151.0, 147.7, 147.3,
139.1, 138.6, 138.4, 132.1, 131.7, 130.1, 129.4, 129.3, 128.8,
128.2, 124.7, 123.0, 122.7 ppm. HRMS: m/z calculated for
Cs6H4;N,: 769.3326. Found: 769.3315 [M + HJ".

General procedure for microwave-activated Suzuki-Miyaura
cross coupling

In a microwave tube, Pd(dppf)Cl, (10 mol%) was added to a
solution of appropriate dibromoquinoxaline (1.0 eq.) in
toluene. Meanwhile, in a Schlenk tube, under a nitrogen
atmosphere, boronic ester/acid (2.5 eq.) and KF (3.0 eq.) were
dissolved in MeOH. After complete dissolution, the latter
solution was added into the MW tube. The mixture was stirred
for 30’ at room temperature and then heated under MW
irradiation at 70 °C for 35’. The mixture was cooled at room
temperature and the solvent was removed under a vacuum.
4,4'-(2,3-Diphenylquinoxaline-5,8-diyl)bis(V,N-bis(4-(hexyloxy))
phenyl)aniline, DQ2. 5,8-Dibromo-2,3-diphenylquinoxaline 5
(86 mg, 0.11 mmol, 1.0 eq.), Pd(dppf)Cl, (8.0 mg, 0.011 mmol,
10 mol%) in toluene (3 mL), boronic ester 8*” (157 mg, 0.27 mmol,
2.5 eq.) and KF (19 mg, 0.33 mmol, 3.0 eq.) in MeOH (0.5 mL)
were reacted following the above general procedure. The crude
product was purified by flash column chromatography (SiO,,
petroleum ether/DCM 5:1 — 3:1) obtaining DQ2 as an orange
solid (28 mg, 0.024 mmol, 21%). *H-NMR (400 MHz, CDCl,): 6 =
7.86 (s, 2H), 7.69 (d, J = 9.0 Hz, 4H), 7.58 (d, J = 7.4 Hz, 4H), 7.37-
7.29 (m, 6H), 7.15 (d, J = 9.0 Hz, 8H), 7.04 (d, J = 11.9 Hz, 4H), 6.88
(d,J=9.1 Hz, 8H), 3.96 (t, ] = 6.4 Hz, 8H), 1.83-1.74 (m, 8H), 1.52-
1.44 (m, 8H), 1.40-1.33 (m, 16H), 0.93 (t, J = 6.6 Hz, 12H) ppm.
3C-NMR (100 MHz, CDCl,): § = 155.8, 151.1, 148.4, 140.4, 139.2,
138.3,131.3, 129.9, 129.8, 129.15, 128.6, 128.1, 127.0, 118.9, 115.2,
68.3, 31.6, 29.3, 25.7, 22.6, 13.8 ppm. HRMS: m/z calculated for
CgoHgoO4N,: 1169.6878. Found: 1169.6864 [M + H]".
3,3'<(2,3-Diphenylquinoxaline-5,8-diyl)bis(10-(4-methoxyphenyl))-
10H-phenothiazine, DQ3. 5,8-Dibromo-2,3-diphenylquinoxaline
5 (174 mg, 0.23 mmol, 1.0 eq.), Pd(dppf)Cl, (16.8 mg,
0.023 mmol, 10 mol) in toluene (3 mL), boronic ester 9
(248 mg, 0.57 mmol, 2.5 eq.) and KF (40 mg, 0.69 mmol, 3.0
eq.) in MeOH (0.5 mL) were reacted following the above general
procedure. The crude product was purified by flash column
chromatography (SiO,, petroleum ether/DCM 4:1 — 2:1)
obtaining DQ3 as a yellow solid (93 mg, 0.10 mmol, 46%).
'"H-NMR (400 MHz, CDCl;): 6 = 7.74 (s, 2H), 7.59 (dd, J = 6.0,
3.6 Hz, 6H), 7.36 (d, ] = 6.0 Hz, 4H), 7.33-7.29 (m, 8H), 7.15 (dd,
J =7.6, 3.2 Hz, 4H), 7.03 (dd, J = 5.6, 1.6 Hz, 2H), 6.82 (ddd, J =
9.2, 4.0, 1.2 Hz, 4H), 6.30 (d, J = 8.8 Hz, 2H), 6.19 (dd, J = 4.0,
2.0 Hz, 2H), 3.92 (s, 6H) ppm. "*C-NMR (100 MHz, CDCl,): J =
159.2,151.1, 144.4, 144.0, 138.3, 137.5, 133.2, 132.3, 132.2, 130.1,
129.1,128.8, 128.7, 128.2, 126.8, 126.6, 122.3, 119.5, 118.9, 115.9,
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115.6, 115.2, 55.5 ppm. HRMS: m/z calculated for CsgHs,N,:
889.2665. Found: 889.2652 [M + HJ".

4,4'-(2,3-Dihexylquinoxaline-5,8-diyl)bis(N,N-diphenyl)aniline,
DQ4. 5,8-Dibromo-2,3-dihexylquinoxaline 6 (66 mg, 0.14 mmol,
1.0 eq.), Pd(dppf)Cl, (10.2 mg, 0.014 mmol, 10 mol%) in toluene
(3 mL), boronic acid 7 (101 mg, 0.35 mmol, 2.5 eq.) and KF
(24.4 mg, 0.42 mmol, 3.0 eq.) in MeOH (0.5 mL) were reacted
following the above general procedure. The crude product was
purified by flash column chromatography (SiO,, petroleum
ether/DCM 4:1 — 2:1 — EtOAc) obtaining DQ4 as a yellow
solid (67 mg, 0.08 mmol, 55%). "H-NMR (400 MHz, CDCl,): § =
7.77 (s, 2H), 7.72 (d, ] = 8.4 Hz, 4H), 7.29 (dd, ] = 15.9, 8.0 Hz, 8H),
7.24-7.15 (m, 12H), 7.04 (m, 4H), 2.97 (t,] = 7.6 Hz, 4H), 1.91-1.81
(m, 4H), 1.46-1.37 (m, 4H), 1.36-1.21 (m, 6H), 0.86 (t, / = 6.0 Hz,
6H) ppm. *C-NMR (100 MHz, CDCl;): § = 155.1, 148.0, 147.1,
138.8, 138.3, 132.9, 131.8, 129.4, 128.5, 124.7, 123.0, 34.9, 32.0,
29.3, 27.3, 22.8, 14.2 ppm. HRMS: m/z calculated for Cs¢Hs,N,:
785.4577. Found: 785.4564 [M + HJ".

4,4'-(2,3-Dihexylquinoxaline-5,8-diyl)bis(N,N-bis(4-(hexyloxy)
phenyl)aniline), DQ5. In a Schlenk tube, under an inert atmosphere
of nitrogen, Pd(PPh;s), (13 mg, 0.011 mmol, 10 mol%) was
added to a solution of 5,8-dibromo-2,3-dihexylquinoxaline 6
(50 mg, 0.11 mmol, 1.0 eq.) in toluene (4 mL). Cs,CO; (116 mg,
0.33 mmol, 3.0 eq.) and appropriate boronic ester 87 (132 mg,
0.23 mmol, 2.1 eq.) were added to the mixture. The solution was
heated at 110 °C for 4 h. The mixture was cooled at room
temperature, water (5 mL) was added and the resulting solution
was extracted with EtOAc (3 x 4 mL). The organic phase was
washed with water and brine and then dried on anhydrous Na,SO,.
The crude product was purified by flash column chromatography
(SiO,, petroleum ether/DCM 3:1 — 1:1) obtaining DQ5 as an
orange solid (108 mg, 0.091 mmol, 83%). 'H-NMR (400 MHz,
CDCL): 6 = 7.72 (s, 2H), 7.65 (d, J = 8.4 Hz, 4H), 7.13 (d, J =
9.2 Hz, 8H), 7.03 (d, J = 8.4 Hz, 4H), 6.84 (d, J = 9.0 Hz, 8H), 3.94
(t,J = 1.2 Hz, 8H), 2.96 (t, J = 1.2 Hz, 4H), 1.74-1.90 (m, 14H),
1.51-1.43 (m, 10H), 1.37-1.33 (m, 21H), 0.95-0.89 (m, 14H),
0.88-0.82 (m, 7H) ppm. *C-NMR (100 MHz, CDCL;): 6 = 155.4,
154.7,147.9, 140.8, 138.7, 138.0, 131.4, 130.6, 128.1, 126.7, 119.6,
115.2, 68.2, 34.7, 31.8, 31.6, 29.3, 29.2, 27.3, 25.8, 22.6, 14.1,
14.0 ppm. HRMS: m/z calculated for CgoH;¢50,N4: 1184.8058.
Found: 1184.8042 [M + HJ".

3. Results and Discussions
3.1 Synthesis of chromophores DQ1-5

Compounds DQ1-5 were rationally designed to modulate their
relevant electronic and physico-chemical properties. By inserting

/S\
N\ /N H,N NH,
\>:</ NaBHj (18 eq)
Br Br ———— pr Br
EtOH, tt, 16h
(77%)
1 2

Scheme 1 Synthesis of the quinoxaline cores.
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different electron-donating groups at the 5,8 positions of the
quinoxaline core, the HOMO-LUMO energy difference could be
tuned, thus effectively modulating their absorption spectra.®®
In addition, the nature of the substituents at the 2,3 positions can
affect the electron-accepting capacity of the quinoxaline unit,
stabilizing the LUMO orbital.”* Finally, the presence of alkyl chains
on the acceptor and donor groups, other than modifying the
electronic and optical properties, can also alter the dispersibility
of the fluorophores in the polymer matrix, controlling the potential
formation of non-emissive aggregates. Compounds DQ1-5 (Fig. 1)
were synthesized by means of an easy and flexible three-step route,
making use of well-known Suzuki-Miyaura cross-coupling reac-
tions as key steps. The two acceptor cores were prepared following a
common strategy, shown in Scheme 1. Diamine 2 was synthesized
in good yield by the reduction of commercially available 4,7-
dibromo-2,1,3-benzothiadiazole (1) using a large excess of NaBH, in
EtOH."” Compound 2 was used immediately, without purification,
for the subsequent step involving a cyclization reaction using
diketones 3 or 4, under slightly different conditions, to obtain
quinoxalines 5 and 6, respectively. The latter were employed in the
Suzuki-Miyaura cross-coupling reactions, whose conditions were
individually optimized to enhance the yield of each product
(Scheme 2).

In particular, compounds DQ2-4 were synthesized by reacting
quinoxalines 5 or 6 with the corresponding boronic acid/ester
(7-9) in the presence of Pd(dppf)Cl, as the catalyst and KF as the
base under microwave (MW) heating. Compared to conventional
heating, MW irradiation allowed shortening the reaction time
(approx. 35 minutes at 70 °C) and reducing the number of side-
products. A mixture of toluene and MeOH (6/1) was identified as
the best medium to absorb microwaves efficiently. However, the
MW irradiation conditions were surprisingly ineffective in the
synthesis of DQ1 and DQ5. So, DQ1 was obtained under similar
conditions to DQ2-4 (Scheme 2), but applying conventional
heating for 18 h, while DQ5 was prepared using a synthetic
method reported by Kang et al. for a different compound.® This
last reaction was run using Pd(PPh;), and Cs,COj; as the catalyst
and base, respectively, at a temperature of 100 °C for 4 hours.

3.2 Spectroscopic characterization in solution

Steady-state UV-vis absorption and fluorescence emission
studies. The optical properties of compounds DQ1-5 were
studied in solution by UV-vis absorption and fluorescence
emission spectroscopies. The solvent used was toluene because
it effectively dissolved all compounds and its refractive index
(1.496) is similar to that of PMMA (1.491). Relevant data are
presented in Table 1 and Fig. 2. All compounds showed

6 Ry=CeHys (39%)
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Scheme 2 Synthetic procedures for the preparation of DQ fluorophores.

Table 1 Spectroscopic properties of compounds DQ1-5 in toluene
solution

)vabs )Lemi
Compound (nm) ¢ x 10° (M 'em ™) (nm) SS (nm [eV]) @ (%)
DQ1 433 3.1 538 105 [0.56] 74
DQ2 457 3.3 567 110 [0.53] 66
DQ3 452 1.2 601 149 [0.68] 46
DQ4 398 1.2 512 117[0.71] 44
DQ5 416 2.0 529 112 [0.62] 67

“ Absolute quantum yield of solutions.

maximum absorption wavelengths between 400 nm and
460 nm (Fig. 2, solid lines). Fluorophores DQ1-3, having a

o
1

—--Da1
—--DQ2
—--DQ3
—--DQ4
—--DQ5

Normalized intensity(a.u.)
=]
(4]

Wavelenghts (nm)

Fig. 2 Normalized absorption spectra (solid lines) and normalized
fluorescence emission spectra (dash dot lines) of DQ1-5 in toluene
(0.01 mM) with Jeyc at 433, 457, 452, 398 and 416 nm, respectively.
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2,3-diphenylquinoxaline acceptor core, showed a red-shifted
absorption in comparison with the 2,3-dihexylquinoxalines
DQ4-5. This is consistent with the more extended conjugation
provided by the phenyl rings.”’ The maximum absorption
wavelength increased from DQ1 (433 nm) to DQ3 (452 nm)
and then DQ2 (457 nm), in agreement with the increasing
electron-donating characteristics of the lateral groups.*® The
same effect was also found for DQ4 and DQ5.

In addition, all the absorption spectra featured broad peaks,
maintaining a constant shape at different concentrations
(see Fig. S2-S6, ESIt).

The ground-state frontier molecular orbitals of the DQ series
were calculated using Gaussian 16,"° Revision C.01 suite of
programs, at the B3LYP*"*?/6-31G* level of theory in toluene.

Solvent effects were included using the polarizable continuum
model (PCM).** The inspection of the frontier molecular orbitals
(see Fig. S1, ESIT) suggests that in all cases, the light absorption
in the visible region could involve an internal charge-transfer (ICT)
mechanism, as already observed in DQ1 and similar molecules.”"**
This is in agreement with the spectroscopic results.

The fluorescence spectra showed an intense emission band
between 512 and 600 nm (Fig. 2, dash dot lines), relatively well-
matched with the external quantum efficiency of a Si-based PV
module. No vibronic structure was observed, and the constant
shape of the emission band at different concentrations proved
the absence of dye aggregation in toluene for all DQs in the
explored concentration range (Fig. S2-S6, ESIt). Furthermore,
in all cases, large Stokes shifts (0.53-0.71 eV, corresponding
to >100 nm) with limited overlap between the absorption
and emission spectra were observed, leading to minimal
re-absorption phenomena (Table 1).

Transient absorption spectroscopy (TAS) studies. To further
characterize the excited states of DQ1-5 chromophores and
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investigate the dynamics of their relaxation after light
absorption in toluene solution, femtosecond transient
absorption spectroscopy experiments were also carried out.
The samples were excited at 400 nm, at the blue edge of
absorption of the quinoxaline core, and their transient spectra
were recorded in the 0.1 ps-1.5 ns time interval. The results
were analysed by simultaneously fitting all the kinetic traces
with a combination of exponential functions (global analysis),
and using a kinetic scheme based on a sequential decay.
Besides kinetic constants, global analysis also retrieves the
corresponding spectral components, indicated as evolution
associated difference spectra (EADS). The transient absorption
spectra of DQ1-5 recorded in toluene are reported in Fig. 3 and
4, respectively, with the correspondent EADS obtained from
global analysis in the bottom panels.

2,3-Diphenyl-substituted compounds DQ1-3 showed a
broad positive excited state absorption (ESA) band, covering
almost all the probed spectral interval (Fig. 3a-c). DQ1 and DQ2
showed very similar spectra, indicating a minor influence of the
alkyl chains on the excited state dynamics, with a small
negative band centred at about 440 nm, corresponding to the
ground-state bleaching, and a more intense broad positive one,
featuring a double-peaked structure because of an evident
overlap with the negative stimulated emission (SE) band.
In the corresponding EADS panels (Fig. 3d and e), the first
component (black line) of both samples presents a broad
positive band peaked at 600 nm, living about 2 ps in case of
DQ1 and 700 fs for DQ2.

In the following evolution (red lines in Fig. 3d and e), the
ESA assumes a double-peaked shape, because of the increase in
the positive signal in the 450-500 nm region and the super-
position between the broad positive absorption band and the
stimulated emission band (peaked at about 530 nm for DQ1
and 550 nm for DQ2). This spectral evolution can be assigned

View Article Online
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to a fast electronic relaxation of the molecule, as evidenced by a
large red-shift of the stimulated emission signal.

According to the theoretical analysis (see Fig. S1, ESIY),
the lowest excited state has a charge-transfer character. The
positive band above 700 nm noticed in the second EADS could
be interpreted in terms of the simultaneous localization of the
negative charge on the quinoxaline unit and the positive charge
on the triphenylamine donor, as evidenced in previous
studies.*>*® After 14.4 ps for DQ1 (7.3 ps for DQ2), the red
component evolves towards the blue EADS.

Although the spectral shape of the third EADS remains
mostly unaffected, the stimulated emission signal partially
recovers and red-shifts at about 30 nm reflecting a dynamic
Stokes-shift due to solvent-induced excited state relaxation.
On the same timescale, the band peaked at 600 nm narrows
and slightly blue-shifts, as the effect of vibrational cooling
occurring in the excited state. The narrowing at 600 nm is
particularly evident for DQ2. Finally, the signal intensity slightly
decreases on the following 448 ps timescale for DQ1 (540 ps for
DQ2). For both samples, the final spectral component (green
EADS) lives beyond the time interval of the measurement
(1.5 ns).

The transient spectrum of DQ3 appears slightly different as
compared to the previously described samples, reflecting the
presence of the phenothiazine donor group (Fig. 3¢ and f), but
the excited evolution can be interpreted in a similar way. Also in
this case, after a fast electronic relaxation occurring in about
500 fs, a positive band peaked at about 500 nm is observed to
increase, together with a broad absorption extending between
600 and >750 nm, and presenting a minimum at about
570 nm, due to the superposition with the stimulated emission
band. The band peaked at 500 nm may reflect the localization
of positive charge on the phenothiazine ring, while the signal in
the red part of the spectrum (> 600 nm) can be assigned to the
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Fig. 3 Transient absorption spectra (a—c) and evolution associated difference spectra (EADS) (d—f) of DQ1-3 (from left to right) in toluene solutions.
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localization of the negative charge on the quinoxaline core,
thus confirming the formation of a charge-transfer state also in
this case. The spectral dynamics observed on the 5 ps timescale
reflects a dynamic Stokes shift of the emission band. The
intensity of the overall transient spectrum slightly decreases
on the following 212 ps timescale and the final spectral
component (green line, Fig. 3f) once again lives longer than
the investigated timescale.

The transient absorption spectra and EADS of 2,3-di-n-
hexylquinoxalines DQ4 and DQ5 are reported in Fig. 4. For
both samples, a negative band, peaked at about 500 nm, is
assigned as the SE signal, and a broad positive ESA band is
noticed in the spectra. Opposite to the previous series of
compounds, here the spectral evolution observed within the
investigated timescale is quite limited. Inspection of the EADS
shows a progressive red-shift of the SE band, ascribed to a
solvent-induced excited state relaxation, occurring within 10 ps
for both samples (evolution from the black to the red component
and from the red to the blue one, Fig. 4c and d). The intensity of
the ESA band partially decreases in about 325 ps for DQ4 (about
430 ps for DQ5). Already in the second spectral component, a
positive band at about 600 nm can be recognized, possibly
related to the partial localization of the positive charge on the
triphenylamine groups and therefore signalling the emergence
of a charge-transfer state upon photoexcitation. Also for these
samples, the final spectral component lives longer than the
investigated timescale. Overall, the transient absorption
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spectroscopy measurements of all the investigated compounds
confirm the charge-transfer characteristic of the lowest energy
excited state, furthermore indicating that no intermediate
dark states are involved in its decay, suggesting that its main
relaxation channel is of radiative nature, a very beneficial feature
for compounds to be employed as LSC emitters.

3.3 Spectroscopic characterization in polymer matrices

DQ luminophores were characterized in polymer matrices by
dispersing them in transparent and totally amorphous PMMA
and PCMA, obtaining films with a 25 pm + 5 pm thickness, at
different concentrations (0.2-2.2 wt%). All molecules visually
showed good dispersion in the polymer matrices, which
appeared homogenous and with negligible macroscopic phase
separation at the film surface even at the highest fluorophore
content (Fig. 5).

Steady-state absorption and emission studies in PMMA. In
PMMA films, all DQs exhibited broad absorption bands in the
370-550 nm interval (Fig. 6, solid lines and Table 2), with
intensity regularly increasing with concentration and without
evident differences in the spectral shape (Fig. S7-S11, ESIY).
Moreover, no clear absorption bands attributed to the aggregates
in polymer films were observed. Fluorescence bands encom-
passed the 500-700 nm spectral range (Fig. 6 dash dot lines),
without evident vibronic contributions even at high doping
(Fig. S7-S11, ESIt). The shape of the emission band remained
unaltered at different fluorophore concentrations but showed a
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Fig. 4 Transient absorption spectra (a and b) and evolution associated difference spectra (EADS) (c and d) of DQ4-5 (from left to right) in toluene

solutions.
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Fig. 6 Normalized absorption spectra (solid lines) and normalized

fluorescence emission spectra (dash dot lines) of DQ1-5 in PMMA
(1.0 wt%) with Aexc at 430, 454, 456, 400 and 415 nm, respectively. UV-
vis absorption and emission spectra as a function of fluorophore concen-
tration are reported in the ESI (Fig. S7-S11).

progressive red-shift, possibly caused by moderate auto-
absorption phenomena (i.e., inner filter effects).”*"” Notably,
SS of more than 100 nm were observed for all DQs/PMMA films.
It is worth noting that DQ1 showed an outstanding fluorescence
quantum yield in PMMA (90-97% as compared to 74% in

Table 2 Spectroscopic properties of compounds DQ1-5 in PMMA and
PCMA (1.0 wt%)

PMMA PCMA

;-abs ;“emi Aabs /]-emi
Compound (nm) (nm) SS(nm[eV]) (nm) (nm) SS (nm [eV])
DQ1 430 546 116 [0.61] 432 538 106 [0.56]
DQ2 447 580 133 [0.64] 459 569 110 [0.52]
DQ3 446 583 137 [0.65] 449 566 117 [0.57]
DQ4 406 513 107 [0.64] 404 493 89[0.55]
DQ5 414 553 139 [0.75] 419 519 100 [0.57]
15616 | J Mater. Chem. C, 2021, 9, 15608-15621
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PMMA and PCMA films doped with DQ1-5 at 1.4 wt% concentration under visible light illumination.

toluene) (Fig. S7, ESIt), seemingly due to the beneficial effect
provided by the glassy polymer matrix. This is a typical trend,
since entrapment of the fluorophore within the polymer chains
can cause a decrease in its conformational freedom, resulting in
an increased dissipation of the excited state energy through
radiative channels.”®" Moreover, no quenching effects were
observed up to a concentration of 1.8 wt%, thus suggesting also
an excellent compatibility of the fluorophore with the polymer
matrix.

This is confirmed by the inspection of epifluorescence
microscopy images, revealing the presence of only a few micro-
sized fluorophore aggregates with an average size of about
15 pm (Fig. 7), characterized by brilliant emission. Such
behaviour appears very promising in obtaining solar collectors
with improved optical performances.

Conversely, DQ2/PMMA films showed & values of 30-40%
within the entire range of concentrations (Fig. S8, ESIt), lower
than those recorded in solutions. No beneficial effect was
exerted by the polymer matrix in this case, which can be
attributed to the emersion of a large fraction of phase-
separated microscopic fluorophore aggregates (Fig. 7). We can
hypothesize that, in the initial toluene solution used for film
preparation, DQ2 molecules were well-dispersed. Upon the
evaporation of the solvent, their local concentration increased,
and thanks to the interaction of their long alkyl chains, they
started to form small aggregates, which became progressively
entrapped in the polymer matrix. This caused the size of the
aggregates to increase, leading to the observed microscopic
phase separation (Fig. 7).

The phase dispersion in PMMA also influenced the quantum
efficiency of DQ3/PMMA and DQ4/PMMA films, since the values
of 56% and 80% measured at the lowest fluorophore content
(0.2 wt%) gradually collapsed with the increasing content to 33%
and 58%, respectively (Fig. S9 and S10, ESIt). In these cases,
the lower fluorophore compatibility with the PMMA matrix
progressively gave rise to the emersion of micro-scale aggregates
that, in turn, triggered the activation of the typical ACQ effect
(Fig. 7).>>%

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Fluorescent microscopy images of 1.4 wt% DQ1-5/PMMA films. Scale bar = 100 pm.

This phenomenon appeared much less severe in the case
of DQ5/PMMA films, whose fluorescence quantum yield
remained constant at 50-60% in the entire range of
investigated concentrations (Fig. S11, ESI¥).

Steady-state absorption and emission studies in PCMA.
All DQ fluorophores were also dispersed in PCMA, which is
considered less polar than PMMA due to the stronger aliphatic
contribution of the side-chain (Fig. 1)."® In general, the spectra
recorded in PCMA were comparable with those recorded in
PMMA, with negligible differences between the peak maxima
positions (Fig. 8 and Table 2). In particular, DQ1-3 films
showed absorption maxima increasing with concentration
and all the emission bands were affected by red-shifts at high
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Fig. 8 Normalized absorption spectra (solid lines) and normalized
emission spectra (dash dot lines) of DQ1-5 in PCMA (1.0 wt%) with Jexc
at 430, 459, 447, 400, and 419 nm, respectively. UV-vis absorption and
emission spectra as a function of fluorophore concentration are reported
in the ESIt (Fig. S12-516).

This journal is © The Royal Society of Chemistry 2021

fluorophore concentrations (Fig. S12-S14, ESIT). Significant SS
at about 90-120 nm were observed for all molecules, similar to
what found in PMMA.

The quantum yields of DQ1-3 fluorophores appeared
generally maintained or increased in the PCMA matrix
compared to PMMA. Accordingly, DQ1/PCMA films confirmed
high values of @; of around 96-98% (Fig. S12, ESIT), whereas a
striking increase from 40% to 71% and from 33% to 53% was
recorded moving from PMMA to PCMA for DQ2 (Fig. S13, ESIY)
and DQ3 (Fig. S14, ESIY), respectively, at the highest
fluorophore content. This behaviour suggests that a less polar
environment increases the phase compatibility between the
fluorophores and the polymer matrix, as indicated by the
images obtained by fluorescence microscopy of compound
DQ2 in PCMA films (Fig. 9, left). Clearly, a reduced number
of smaller DQ2 aggregates were present in PCMA with respect
to the more phase-separated DQ2/PMMA system (Fig. 7).

Moving to DQ4 and DQ5 (Fig. S15 and S16, ESIY), the
introduction of hexyl chains into their acceptor core resulted
in a less evident quenching of fluorescence for concentrations
higher than 1.4 wt% and in a less pronounced bathochromic
shift of the emission maximum. Nevertheless, the alkyl

Fig. 9 Fluorescent microscopy images of a 1.4 wt% DQ2,5/PCMA film.
Scale bar = 100 um.
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characteristic of DQ4 and DQ5 affected divergently the &
variations with the fluorophore content. While DQ4 showed a
considerable increase of @¢ with concentrations (i.e., from 65%
at 1.0 wt% to 90% at 1.8 wt%), the quantum yield of DQ5
declined drastically from 80% at 0.2 wt% to around 53% at
1.8 wt%, i.e., comparable to data gathered from PMMA films at
the same content. @ declining in DQ5/PCMA films was attrib-
uted to the formation of phase-separated aggregates triggering
the formation of micro-cracks over the surface of the PCMA film
as revealed by fluorescence microscopy (Fig. 9, right). Such
hypothesis seems to be confirmed by the emission spectra of
DQ5/PCMA (Fig. S16, ESIT), where a second emission at a longer
wavelength appeared for high concentrations in agreement with
the formation of emissive aggregates. Overall, the introduction
of alkyl chains into the backbone of the fluorophores seems to
promote better dispersion and compatibility with the less polar
PCMA matrix, as especially evident in the case of compounds
DQ2 and DQ4. Notwithstanding this general observation, DQ5,
featuring the highest number of alkyl chains of the series,
diverges from such behaviour, requiring a more refined
explanation.’**> Indeed, it must be considered that DQ5, despite
the flexibility of the n-hexyloxy substituents, is the largest
molecule among those examined, clearly larger than DQ1, but
also than DQ4. Since the relative motions of the polymer film
constituents are restricted, unlike what happens in solutions, it
is possible that increasing the concentration of DQ5 above a
certain limit prevented the polymer chains to come sufficiently
close due to steric reasons, decreasing the mechanical strength
of the films. This caused the appearance of the observed micro-
cracks, accompanied by a progressive phase-segregation of the
emitter molecules, which was supported by the above-mentioned
change in shape of the emission spectra (Fig. S16, ESIt).
Overall, DQ1 displayed the highest quantum yields in both
polymer matrices. Notably, compared to the other compounds
studied in this work, DQ1 does not present either any
flexible alkyl substituent on its backbone or phenothiazine
substituents, which can assume different conformations due
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to the bending of the tricyclic system. Therefore, compared to
the other compounds, it should be less prone to the non-
radiative energy losses resulting from vibrational relaxation of
the excited state. This is supported by its relatively low SS value,
as can be seen in Table 1, indicative of a lower degree of
structural reorganization in the excited state. Finally, from
the TAS studies reported in Fig. 3 and 4, it can also be seen
that the initial spectral evolution for DQ1, assigned to a fast
electronic relaxation of the molecule, appears slower than that
of the other emitters seem to indicate similar rate constants for
all compounds. The variation of @¢ values with concentrations
for all compounds both in the PMMA and PCMA matrices is
reported in Fig. 10. All the collected results possibly suggest
that even PCMA could experience compatibility issues at the
highest fluorophore content of 1.8-2 wt%, which often requires
maximizing the solar harvesting features of the LSC collectors.
An accessible solution to overcome such an issue would be
using copolymers made from methyl methacrylate and cyclo-
hexyl methacrylate to take advantage of both the film stability
induced by the former and the effective fluorophore dispersion
allowed by the latter. Research efforts aimed at developing
these new aspects are currently being pursued in our labs.

Transient absorption spectroscopy studies in polymer
matrices. All the transient absorption spectra of the samples
dispersed in the polymer appeared very similar (Fig. S17 and S18,
ESIT): an intense and broad positive excited state absorption
band was observed soon after excitation, covering the most of
the spectrum. The intensity of the signal gradually decreases in
time, without significant spectral evolution.

The dynamic Stokes shift observed in solution is barely
observed in the matrix, because of the lower vibrational freedom
and more constrained geometry experienced by the molecules in
such an environment. The intensity of the absorption signal
decayed bi-exponentially in all DQ samples, with the excited
state showing a relatively long lifetime of >1.5 ns. Overall,
these measurements show that the excited state relaxation is
dominated by the radiative channel also in the polymer, and that

PCMA
100
] —=—DQ1
90 4 —e—DQ2
23] ——DQ3
] —v— DQ4
70 4 ——DQ5
60+ ‘//\
3 1 T
S 50
e 4
40 4
30 4
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Fig. 10 & values (%) of the PMMA (left) and PCMA (right) films tested at different fluorophore concentrations.
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the variation in @¢ observed when moving from the solution to
the solid phase can mainly be associated with both the more
restricted conformation adopted by the different molecules in
the polymer and the degree of dispersibility of the various
compounds in the matrix. To demonstrate the effect of the
matrix, which can also induce a decreased emission efficiency
in the case of suboptimal compatibility, Fig. 11 reports the
comparison of the kinetic traces measured at the maximum of
the excited state absorption band (640 nm) for DQ5 in toluene
and in the two polymer matrices, PMMA and PCMA (1.0 wt%).
It is evident that the fast decay component has a higher weight in
the polymers compared to the solution, which affects the overall
¢ observed in the different environments. This is most probably
due to the lower conformational freedom experienced by the
molecules in the polymer matrix, which reduces the degrees of
structural rearrangement in the excited state, as also evidenced
by the reduced dynamic Stokes shift of the stimulated emission
band (see Fig. S17 and S18, ESIt). To complete the characterization
of the films, fluorescence lifetime measurements have also been
performed for all compounds dispersed in PMMA at 1.0 wt%
concentration. The fluorescence decay rates are similar for all
compounds, with lifetimes in the 4-8 ns time range, quite typical
of organic fluorophores. Fluorescence lifetimes are slightly
shorter for DQ4 and DQ5 if compared to the other molecules.
We found that the best fitting results (with a > value of about 1)
were obtained for a bi-exponential decay: this could reflect
either the presence of small inhomogeneities in the chemical
environment surrounding the fluorophore molecules or the
formation of oligomers with slightly different decay rates. The
fluorescence decay curves and lifetimes are reported in the ESIf
(Fig. S19 and Table S1).

3.4 LSC performances

Before determining the photon efficiencies of the prepared
thin-film LSCs, auto-absorption in the active film was analysed.
The measurements were performed by irradiating the surface
of the selected devices with a laser (ley. = 405 nm, 1 mW cm ™ ?)

PCMA
= Toluene
0.044 + PMMA

0.00

T T T T T T
0 200 400 600 800 1000 1200 1400

time (ps)

Fig. 11 Comparison of the kinetic trace at 640 nm measured for DQ5
in toluene (black squares); PCMA (blue open circles); PMMA (red
filled triangles). Continuous lines represent fit from global analysis. The
associated time constants are reported in Fig. 4(d), Fig. S18.1(d) and S182(b)
(ESIF).
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and the edge-emitted power was recorded as a function of the
optical pathlength distance between the excitation spot and the
collecting edge (Fig. S21, ESIt). LSCs based on LR305, DQ1 and
DQ4 were evaluated. LR305 was selected to be as the state-of-
the-art fluorophore in LSC, while DQ1 and DQ4 as fluorophores
with top and intermediate fluorescence quantum efficiencies,
as reported in Figure 10. Fluorophore content was selected in
terms of the maximum absolute &y, i.e., 1.4 wt% for DQ1 and
DQ4. As far as LR305 is concerned, the concentration of
1.0 wt% was selected in terms of the maximum LSC
performance as determined in a previous study.®

Notably, as the optical pathlength distance increased, the
edge-emitted power was found to progressively decrease in all
cases (Fig. S21a, ESIt). This phenomenon appeared more
evident for the LSC based on LR305, possibly due to the lowest
SS of 36 nm*’ compared to 106 nm for DQ1 and 89 nm for DQ4.
Moreover, by comparing the collected emission spectra, an
evident red-shift of about 20 nm in the emission maximum was
observed in the case of LR305, thus supporting emission losses by
the occurrence of reabsorption phenomena (Fig. S21b, ESI).

The optical performances of LSC based on LR305, DQ1 and
DQ4 were then evaluated in terms of the internal and external
photon efficiency (1ine and 7ex, respectively) (Table 3). #i,: and
Next Were obtained according to the recently published
protocols®® and calculated from eqn (S1) and (S2) (ESIf).
In detail, i, represents the ratio of photons collected at the
LSC edges to the number of absorbed photons by the embedded
fluorophores, and it is a key parameter to determine all lightguide
losses. nex is the ratio of photons collected at the LSC edges to the
number of total incident photons, and it also provides information
about the solar harvesting features of the device.

It is worth noting that for both the #;,. and 7.y parameters,
DQ1 was the best fluorophore in providing the highest LSC
efficiencies with values of 42.9% and 6.2%, respectively.
Surprisingly, the #;,, of the LSC based on LR305 resulted the
lowest (16.6%). According to the 7;,; determination, the broadest
absorption band of LR305 adversely affects this parameter in
largest extent.

Conversely, 77.xc shows a different trend of performances, i.e.,
with DQ1 as the best fluorophore followed by the state-of-the-art
LR305. DQ4, notwithstanding the higher but similar & values (64.4
against 59.3%), possibly suffers from inferior solar harvesting
characteristics with respect to the perylene bisimide chromophore.

Moreover, the photon efficiencies obtained here appear to be
higher than those reported in a recent study.’® Overall, DQ1 turns
out to be a very promising fluorophore for employment in LSCs.

However, for LSC practical applications, DQ1/PMMA stability
must be assessed through performance measurements over time.

Table 3 Best @; (%) and optical performances obtained for fluorophores
DQ1 and DQ4 dispersed in PMMA in comparison with LR305

Chromophore Matrix Concentration (Wt%) @ (%) #ine (%) Hext (%)

LR305 PMMA 1.0 59.3 16.6 4.7
DQ1 PMMA 1.4 96.7 42.9 6.2
DQ4 PMMA 1.4 64.4 27.9 3.6
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Notably, DQ1/PMMA films did not show any noticeable variation
in their visible appearance following their preparation, and with
optical performances maintained over months. Also, the thermal
stability of the fluorophore was evaluated through thermogravi-
metric analysis showing that the samples maintained at least 95%
of their weight up to 300 °C (Fig. S25, ESIt). The photostability
of DQ1/PMMA LSCs was then preliminarily investigated by
continuously irradiating a 0.25 cm? spot of the film at 430 nm
with a 450 W Xe arc lamp under aerobic conditions. The film
samples were placed in the spectrofluorometer chamber and fixed
in the solid-state holder, thus receiving irradiances of about
50 W cm™ . Notably, DQ1 retained 97.8% of its emission after
two hours of continuous excitation compared to the 98.8% of
LR305 (Fig. S26, ESIt), thus suggesting a potentially sufficient
photostability. Further experiments will be carried out in order to
definitely assess this behaviour.

4. Conclusions

In conclusion, we have reported the preparation of thin-film
LSCs having optical properties superior to those of the state-of-
the-art solar collectors. This result was obtained by replacing
the reference fluorophore LR305 in PMMA and PCMA films
with a series of new high quantum yield, donor-acceptor-
donor (D-A-D) photostable fluorophores (DQ1-5) characterized
by a central quinoxalinic acceptor core and triarylamines or
phenothiazine as donor groups. Thanks to their structures, all
fluorophores presented excited states characterized by a high
degree of intramolecular charge transfer, which was confirmed
by both DFT computational analysis and transient absorption
spectroscopy studies. Notably, they displayed intense emissions
between 550 and 600 nm with Stokes shifts at about 80-120 nm
that helped in minimizing the auto-absorption effects when
dispersed in polymers at high content. Furthermore, decoration
with long alkyl chains at different parts of the molecular backbone
allowed tuning their dispersibility in polymer films. It is worth
noting that DQ1 in PMMA provided outstanding LSC #ine and #ex
values of 42.9 and 6.2%, respectively. This result was addressed to
the effective combination between high phase compatibility and
excellent quantum yield, which for DQ1 reached remarkable
values of >95% in both PMMA and PCMA matrices.

In view of these performances, our findings provide new
advances for the widespread distribution of the LSC/PV system
in the integrated photovoltaics, which is the backbone of the
zero-energy building European target.
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