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Abstract: the integration of photovoltaic technologies within
agricultural settings, also known as agrivoltaic, is attracting increasing
attention as a sustainable approach to ensure both clean energy and
food supply. The success of this strategy relies on the development
of innovative materials that can selectively convert specific
wavelengths into energy while being transparent to photosynthetically
relevant light. To this aim, here we report our endeavors in the
synthesis of a new class of D-mi-A-11-D quinoxaline fluorophores and
their use in the preparation of wavelength-selective luminescent solar
concentrators. The dyes were expeditiously prepared following a
direct arylation protocol and extensively characterized by
spectroscopic analyses and computational studies. They present high
light harvesting ability in the green region of the visible spectrum and
good emission properties, which were fully retained in the solid state
when embedded into a poly methyl methacrylate (PMMA) matrix.
These materials were employed to construct LSC devices of
promising efficiency, fostering further developments for the use of
wavelength-selective LSC in agrivoltaic systems.

Introduction

The climate changes that our society is facing call for strong
action. New technologies to provide affordable and clean energy
are urgently needed for sustainable development.¥ In this
context, solar radiation is an ideal energy source so long as solar
energy is abundant, widely distributed, and inexhaustible on a
human lifetime scale.”! The conversion of solar energy into
electricity is achieved through photovoltaic (PV) technologies,
whose increasing generation exceeded 1000 TWh in 2021.
However, a greater effort will be needed to comply with the 2030
milestones under the Net Zero Scenario, which requires an
average annual generation growth of 25% in the period 2022-
2030.F! As the global population continues to grow, food and
energy demands are both rising, and using large tracts of land for
solar plants will increase competition for soil exploitation. In this
regard, the integration of solar PV technologies with agricultural
settings provides a sustainable approach for both clean energy
and food supply. This strategy, known as agrivoltaics, integrates
PV systems directly on cultivated lands or on top of greenhouse
covers and is attracting increasing attention as a way to produce
green energy.b!
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A fundamental requirement in agrivoltaics is that the quality and
yield of crops have not to be negatively affected by the presence
of the PV modules.®®! Nowadays, the PV market is dominated by
opague silicon panels, which inherently shields part of the solar
radiation that is no longer available for photosynthetic purposes
by the plants. Although this shielding effect has been reported to
be compatible with the growing of certain cultivars, other
strategies have to be devised for those plants that require a high
irradiance. In this regard, semi-transparent PV (STPV) modules
with enlarged transparent areas are attracting attention as a
technology enabling high transmittance able to mitigate
detrimental shadowing effects.[! Several approaches for the
construction of STPV can be devised. Particularly, the integration
with agrivoltaic systems has been investigated for STPV modules
based on crystalline silicon, thin films of amorphous silicon, dye-
sensitized solar cells (DSSCs), and organic PV (OPV);#
alternatively novel technologies of concentrating PV (CPV) and
luminescent solar concentrators (LSCs) have been also
reported.

In particular, LSC technology is based on a panel of
semitransparent material obtained by dispersing a fluorescent
dopant into a polymeric matrix. The dye harvests incident and
diffuse solar radiation and emits light at longer wavelengths,
concentrating it at the edges of the plastic sheets that are in
contact with a small solar cell.? Although efficient LSC devices
with high fluorescene quantum yield (®;) and Stokes shift (SS)
values have been successfully reported using quantum dots,
perovskites, rare-earth complexes, and organic molecules, their
application in agrivoltaics is largely underdeveloped. To date, the
integration of LSC-based STPV into an agrivoltaic system has
been reported only by Corrado and coworkers, who employed the
Lumogen Red 305 (LR305) as a commercially available organic
fluorescent dye.b! Indeed the development of such devices
might be very challenging, namely because of re-absorption
losses due to the overlap of the dye’s absorption and emission
spectra, and dye stability under solar irradiation. Furthermore, to
develop efficient LSC-based agrivoltaic systems it has to be
considered that not all the light that reaches plants is used with
the same efficiency for photosynthesis: the two main pigments
chlorophyll a and b absorb light in the blue and red regions of the
visible spectrum, whereas green light is poorly absorbed. Thus,
the optimal fluorophores should be transparent to productive
wavelengths for the photosynthetic systems of the plants, while
being able to strongly absorb the remaining radiations and
concentrate light that can be used by solar cells for energy
production. To address these points, organic fluorescent dyes
offer unigue opportunities as a fine-tuning of their spectral
properties can be realized following a rational synthetic approach.

A main strategy in the development of LSCs using organic
fluorescent dyes relies on molecules based on a donor-acceptor
(D-A) architecture, where one (or more) strong electron-donating
moiety, the donor (D), is connected to a highly electron-poor motif,
the acceptor (A). This structural feature endows the molecules
with a strong charge-transfer character, determining intense light
absorption properties in the visible range, and has been
extensively used also by our group for the synthesis of efficient
organic emitters.*?l Capitalizing on our experience, we envisioned
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the possibility of preparing green selective LSC devices for
application in agrivoltaic systems. Particularly, we focus our
attention on quinoxaline-based DQ emitters recently developed
within our group, which feature a diaryl quinoxaline acceptor core
directly connected to two triarylamine donor moieties. These
compounds harvest light between 400 < A < 550 nm and reemit
radiation between 500 < A < 600 nm, combining very high ®; and
remarkable photostability.*29 For our purposes, we envisioned
that increasing the conjugation of the donor by the introduction of
a thiophene bridge moiety would enable to access the
corresponding DQ-Th dyes that would feature red-shifted
absorption and emission properties (Figure 1). Ideally, these
newly designed D-rn-A-n-D dyes would allow harvesting light that
is not photosynthetically productive (500 < A < 600 nm) while
emitting light that can be absorbed by the silicon solar cell (600 <
A <700 nm) placed at the edges of the LSC. D-r-A-n-D molecules
based on the DQ-Th structure are almost unexplored and their
luminescent properties are still unknown.*3l We realized that a
library of DQ-Th dyes could be readily accessed by a modular
synthetic approach in which two D moieties and the n-A-n core
are directly assembled following a C-H activation strategy (Figure
1). Herein we present the realization of this idea, which enabled
rapid access to a library of seven DQ-Th dyes, and their full
photophysical characterization. The emitters allowed us to
prepare green-light-absorbing wavelength-selective LSC devices,
paving the way for their use as STPV systems in agrivoltaic

settings.
‘< DQ < high @

Xabs = 433 nm v high photostability
=538 nm ¥ match with chlorophylls active spectrum

Q.

}\‘eml

I
increased conjugation and
red-shifted absorption and emission

key disconnection
Pd catalyzed C-H activation
' good values of @
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« match with chlorophylls active spectrum
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Figure 1. Rational design of DQ-Th dyes and retrosynthetic analysis for their
synthesis.
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Results and Discussion

Synthesis of Compounds

Our synthetic strategy for the preparation of the dyes relies on a
modular approach in which donor and acceptor cores are varied
and assembled together, providing rapid access to a family of DQ-
Th constructs. Specifically, seven dyes were prepared by
combining three acceptor cores, featuring a distinct electron-
accepting character, with three different triarylamine donors of
varying electron-donating nature.

All the three dithieno quinoxaline n-A-n cores 5a-c were readily
prepared starting from the commercially available 4,7-
dibromobenzolc][1,2,5]thiadiazole 1, that was submitted to a Pd-
catalyzed Stille coupling with 2-(tributylstannyl)thiophene 2 to get
the pure dithieno benzothiadiazole 3 in 88% yield upon
recrystallization (Scheme 1). This synthetic intermediate could
be diversified by reduction with Zn dust to get the corresponding
diamino compound, which was subsequently reacted in the
presence of variously substituted 1,2-diketones 4a-c to get the
condensed products 5a-c in good yields (from 58% to 74% over
two steps).'l These three molecules present a different
substitution pattern of the two aryl rings connected to the
quinoxaline moiety, that modulates the electron-accepting
character of the whole acceptor.

With the three acceptors in hand, we could finally access the
desired DQ-Th1-7 dyes via a C-H activation strategy (Scheme 2).
Direct C-H arylation reactions are a powerful tool in synthesis and
have been widely applied to the preparation of functional
materials. They avoid the need for prefunctionalization of the
reactants, thus minimizing waste while streamlining the overall
synthetic plan.[e87125.168] Specifically, in our case we were pleased
to observe that both the thieno groups of 5a-c reacted smoothly
with triarylamine bromides 6a-c using Pd(OAc). (5 mol%) as
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catalyst, PCys;-HBF, (10 mol%) as ligand, and pivalic acid as
cocatalyst (30 mol%), giving the desired DQ-Th1-7 compounds
from moderate to excellent yields (51-97%).17] Notably, the
reaction proceeded well even when using highly electron-rich
bromo triarylamines (for DQ-Th3,5,7) or with a pending
tetraphenylethylene moiety (for DQ-Th2), a structure that has
been widely used to impart aggregation-induced emission (AIE)
properties to molecules.®®!

Bu3Sn

S, $"2 (2.2 equiv.) S
NN PdCly(PPhs), NN
(3 mol%) S, S
B Br ——>
' ' THF, reflux | Y \ |
1 3
88%

1. Zn dust (30 equiv.),
AcOH, 80°C

2.4 (1 equiv.),
EtOH, reflux

(0] (0]
R 4a-c R

R R
\
N/ N
§ S
W \
5a R = H, 74% over 2 steps

5b R = COOMe, 58% over 2 steps
5¢c R = OMe, 67% over 2 steps

Scheme 1. Synthesis of the acceptor cores 5.
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K,CO3 (3 equiv.)
DMF, 100°C, 20 h

5 (1 equiv.) 6 (3 equiv.)
5aR=H 6aR' R?=H
5b R = COOMe 6bR'=H,R%= 2~ ph
5¢ R = OMe 6cR' R2= OMe
' Ph

MeO

93%

R!

Scheme2. Preparation of the DQ-Th1-7 dyes by direct arylation of donor 6 with acceptor 5.

Photophysical Characterization in Solution

To evaluate the possibility of using the DQ-Th dyes in the
development of LSC devices for agrivoltaic application, we
determine their photophysical properties in solution, which are
summarized below in Table 1. The measurements were acquired
using toluene as a suitable solvent to estimate the absorption and
emission profiles of the emitters from the solid state. Indeed, from

our experience in the characterization of D-A-D emitters, 12216 we
have often observed that the photophysical properties of dyes
measured from toluene solutions are well retained when the dye
is embedded in a polymeric matrix such as PMMA. Related
measurements from a solution of dichloromethane (DCM) as a

more polar solvent are also reported in the Supporting Information,

Section B.

This article is protected by copyright. All rights reserved.

85UB017 SUOWILIOD 3AIIe.D 3|edl|dde 8Ly Ag pausenoh are sajo e YO esn Jo Se|nu Joj A%eigiT 8uluQ.A8]IM UO.(SUOHPUOD-PUR-SLUBHWI0D 8 [IMAreiq puljuo//:Sdny) SuoHIPUOD pLe W | 81 89S *[720z/20/Tz] Lo Ariqi sullug A8Jim ‘dnoi9 ¥ND A ZTT00202 90 B/200T OT/I0p/w0d A8 M Areiq  pujuo adoins-Ansiweyp//sdny woy papeojumod ‘el ‘0690660T



European Journal of Organic Chemistry

Absorption spectra of DQ-Th1-7 solutions in toluene showed two
main bands above 300 nm (Figure 2A): one in the UV region with
a higher attenuation coefficient e, with 363 < 2225, < 374 nm, and
a second one of lower intensity in the visible region (506 < A255, <
548 nm) ascribed to an intramolecular charge transfer (ICT)
transition. Both the substitution of the quinoxaline acceptor core
and the triarylamine donor have a strong influence on the position
of the ICT absorption band. Specifically, more electron-poor
acceptors and more electron-rich donors shift the ICT band
towards longer wavelengths. This is particularly evident for the
DQ-Th5 dye, that combines the dimethyl ester acceptor 5b with
the dimethoxy substituted donor 6¢ and possesses the most red-
shifted ICT band (425, = 548 nm). Importantly, we confirmed the
introduction of a thiophenyl © spacer between the acceptor and
the donor as a key aspect of our structural design, enabling to
red-shift the absorption properties of our previously reported DQ
emitters of about 100 nm and providing DQ-Th1-7 with strong
absorption in the green region of the visible spectrum.

We next studied the emission properties of the DQ-Th1-7 in a
toluene solution. Satisfyingly, we observed that all the compounds
emit light in the red region, with 630 < A¢7% < 693 nm. Particularly,
the emission spectra (Figure 2B, dotted lines) are characterized
by broad bands that mirror well the corresponding ICT absorption
bands, featuring no significant vibronic structure, and
considerably large SS, >100 nm. Notably, the effects of dye
substitution on light absorption are also reflected in the position of
the emission band, with DQ-Th6 emitting light at shorter
wavelengths and DQ-Th5 presenting the most red-shifted
emission, with A¢™% varying more than 60 nm between the two.
Remarkably, the DQ-Th dyes show from very good to moderate
@ (Table 1), with values gradually decreasing as the emission
band moves towards a longer wavelength, in agreement with the

Table 1. Photophysical characterization of DQ-Th1-7 dyes in solution of toluene.
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energy-gap law.® From this, the DQ-Th6 emerges as the most
efficient of the series (®;= 68%).

7x10* 4 ——DQ-Th1
DQ-Th2
6x10° ——DQ-Th3
——DQ-Th4
5x10° - \ ——DQ-Th5
4 ——DQ-Thé
- 4 DQ-Th7
< 4x10"
§
s 3x10° A \
pe . | /
2x10" \
" \ \ 74
1x10° \+
04
1x10°* T T T T T T
300 400 500 600 700 800

Wavelength (nm)

B ——— = = DQ-Th1 DQ-Th2
! —— — — DQ-Th3 —— — — DQ-Th4
~——— = = DQ-Th§ —— ~ — DQ-Thé
- DQ-Th7
= AV 3N
t N
= N \\ e
2 \ a %
2 3 \ N N N ¥
o WA S
£ &% LY
B b L e Y
& s8N
= ~
E FRA
S =
2 &
T T T T T
400 500 600 700 800

Wavelength (nm)

Figure 2. A) Absorption and B) emission spectra of DQ-Th1-7 dyes in toluene
solution.

Compound 2255 (nm) € (10° ML cm) A (nm)a Eo-o (€V) SS (nm[eV]) O (%)°
DQ-Th1 [gégl [ig:g] 645 212 [Oljzg] 59
DQ-Th2 [gé;] [(23;:3] 644 2,10 [013177] 57
DQ-Th3 [232] [4218:;] 656 2,06 [Oljg] 54
DQ-Th4 [ggg] [4212:;] 675 2,03 [Olfé] a4
DQ-Ths [2‘7‘2] ég’:g] 693 1,08 [()1.157] 25
DQ-Thé [gg% [4213:3] 630 2,15 [Olj‘é] 68
DQ-Th7 [gsg] [EZ:;] 644 2,10 [ol.i‘é] 61
@ Spectral correction has been applied for all emission spectra.

abs

b Fluorescence quantum yield @ calculated irradiating at the Afpax Of the most red-shifted absorption peak.

Computational Investigation

Compounds DQ-Th1-7 were further computationally investigated
by means of Density Functional Theory (DFT)?Y and Time-
Dependent DFT (TD-DFT)?4 methods to rationalize the effects of
structural and electronic features on their photophysical
properties. The ground (So) and excited states (S:) optimized
geometries in toluene and DCM of compounds DQ-Th1-7 are
shown in Figure S3, Supporting Information, Section C. The Sg

optimized geometries show dihedral angles between the
substituted quinoxaline acceptor cores and thiophene rings
between 10.5° and 13.2°, while dihedral angles between the
donor groups and the thiophene rings are found between 20.9°
and 29.6°. The calculated geometries for S; show overall
increased planarity of the molecules in both solvents.
TD-MPW1K[?2/6-311+G(2d,p) absorption (1223,) and emission
(A¢mL ) maxima, vertical excitation (Eex) and emission (Eemi)

This article is protected by copyright. All rights reserved.
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energies, oscillator strengths (f) and composition (%) in terms of
molecular orbitals to the transitions in toluene of compounds DQ-
Th1-7 are shown in Table 2 and Table 3, respectively. (For related
data in DCM see Supporting Information, Section C).
Compounds DQ-Th1-7 show absorption maxima between 510
and 555 nm, corresponding to 2.43-2.23 eV in toluene (Table 2).
Looking at the wavefunction plots of molecular orbitals (MOs)
involved in the lowest energy transitions (Figure 3), it is evident
that the Sp—S; excitations are characterized by an intramolecular
charge transfer from the donors to the acceptor group, involving
HOMO->LUMO orbitals. The experimental absorption maxima
are in very good agreement with the computed values with energy
differences < to 0.04 eV. Additionally, higher energy vertical
excitations are present, and they fall in the 355-372 nm range
(3.49-3.33 eV), involving HOMOs—>LUMOs orbitals (see also the

10.1002/ejoc.202400112
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wavefunction plots in Figure S4 and the ground-state energy of
frontier molecular orbitals (FMOs) in Table S4 of Supporting
Information, Section C). Even these computed values are in very
good agreement with the experimental ones, with energy
differences < to 0.11 eV.

The computed emission maxima in toluene fall in the 665-725
nm range, corresponding to 1.86-1.71 eV (Table 3) and they are
associated to S;—Sg transitions involving LUMO->HOMO orbitals
(see also the wavefunction plots in Figure S5 and the first excited-
state energy of FMOs in Table S6). The experimental emission
maxima are also in good accordance with the computed vertical
S1—Sp emission energies, as the energy difference is <to 0.11
eV. The calculated SS values are 0.55, 0.55, 0.53, 0.56, 0.61,
0.57 and 0.54 eV respectively for compounds DQ-Th1-7.

Table 2. TD-MPW1K/6-311+G(2d,p) absorption maxima (A%, in nm), excitation energies (Eexc in €V), oscillator strengths (f) and contributions (%) to ground state

to excited states transitions in toluene of DQ-Th1-7 compounds.

Molecule Excited State 255 (nm) Eexc (eV) f Contribution (%)

1 521 2.38 1.39 80% H->L
DQ-Thl

3 359 3.45 1.07 59% H->L+2

1 521 2.38 1.57 84% H->L
DQ-Th2

3 371 3.34 1.22 36% H-2->L

1 535 2.32 1.40 86% H>L
DQ-Th3

3 370 3.35 0.44 60% H-2>L

1 539 2.30 1.17 88% H>L
DQ-Th4

4 369 3.36 1.20 54% H>L

1 555 2.23 1.10 83% H>L
DQ-Th5

5 372 3.33 1.39 67% H>L+2

1 510 2.43 1.42 90% H->L
DQ-Th6

4 355 3.49 1.09 35% H>L+2

1 524 2.36 1.44 86% H>L
DQ-Th7

4 365 3.40 0.47 32% H-2>L

Table 3. TD-MPW1K/6-311+G(2d,p) emission maxima (A&7, in nm), emission energies (Eemi in V), oscillator strengths (f) and contributions (%) to the S1—So

transitions in toluene of DQ-Th1-7 compounds.

Molecule Aemi (nm) Eexc (€V) f Contribution (%)
DQ-Thl 678 1.83 1.39 96% L->H
DQ-Th2 678 1.83 1.55 95% L->H
DQ-Th3 694 1.79 1.40 95% L->H
DQ-Th4 711 1.74 1.20 95% L->H
DQ-Th5 725 1.71 1.12 93% L->H
DQ-Thé 665 1.86 1.44 96% L->H
DQ-Th7 682 1.82 1.46 95% L->H
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HOMO LUMO
DQ-Th2
;

: LSRN &Y
FENR e XD
DQ-Th3
DQ-Th4

Figure 3. DFT-B3LYP/6-31G* HOMO and LUMO ground-state electron density
distributions in toluene. Solvent effects have been included by using the

polarizable continuum model (PCM).

Preparation and Photophysical Characterization of
PMMA films

To evaluate the suitability of DQ-Th dyes in the development of
LSC devices we prepared fluorophore-containing thin films (25 £5
pum of thickness) of PMMA matrix. Specifically, the films were
prepared by solution casting of polymer solutions containing
different dye concentrations (0.4-2.0 wt.%).

Consistent with previous reports,*?>16%1  the photophysical
properties of the dyes in toluene solution were well retained in the
solid state from the PMMA matrix (Table 4, characterization data
for PMMA films with 0.4 wt% of dopant). The PMMA embedded
dyes absorbed light with 2255, ranging between 510-556 nm with
the absorbance regularly increasing with the concentration,
without any change of the spectral shape, denoting a good
dispersion in the polymeric matrix. To evaluate the compatibility
of the use of these systems with plant growing, we measured their
transparency and calculated their weighted transparency (WT%)
against the combined absorption spectrum of the main
photosynthetic pigments, namely chlorophylls a and b, and -
carotene (for further details see Supporting Information, Section
D). Notably, at a concentration of 1.2 wt% of dopant, all the PMMA
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films present high transmittance in the blue and red regions of the
visible spectrum (Figure 4A). Moreover, all of them present high
values of WT%, ranging between 38-54%, which highlights their
suitability in agrivoltaic applications.

Then, we evaluated the emissive properties of the DQ-Th dyes
from the PMMA matrix. All the fluorophore-doped films showed
light emission in the red region. Generally, we observed that the
value of 2™ gradually shifts towards higher wavelengths with
increasing concentration of the emitters, an effect that is likely due
to the insurgence of re-absorption phenomena (inner filter
effect).?® The emission profiles are generally characterized by a
single relatively large band, except for the DQ-Th4 which displays
a shoulder even at low concentration (0.4 wt%), possibly due to
the formation of emissive aggregates.

Finally, we determined the fluorescence quantum yield (®s %) for
the doped PMMA films. We observed that the emission is strongly
influenced by the dye concentration, with the ®; gradually
diminishing moving towards higher concentrations, which is
possibly due to quenching phenomena and reabsorption (Figure
4B). Moreover, the electron-accepting degree of the quinoxaline
acceptor core seems to play a role in determining the @ values.
The dyes with the strongest emission were found to be DQ-Th1-
3 (®s= 52, 64, and 56 respectively), which all share the same
quinoxaline-based acceptor core bearing two phenyl rings. The
higher @ value shown by DQ-Th2 is in line with its lower molar
concentration, and therefore we observed no AIE contribution
from the two tetraphenyl ethylene moieties. Somewhat lower @
levels were shown by DQ-Th6,7, which feature a more electron-
rich quinoxaline core. On the other hand, DQ-Th4,5 that feature
the most redshifted emission profiles presented the lowest @
values, suggesting that the higher charge transfer character
imparted by the presence of dimethyl ester substituents on the
acceptor core is detrimental.

Table 4. Photophysical characterization of DQ-Th1-7 dyes in PMMA matrix at
a concentration of 0.4% wi.

T gy eet 054
b 7 0 ore 053
S T
S T
b o7 * o 050)
AL I L

2 Weighted transparency measured for DQ-Th1-7 dyes in PMMA matrix at a
concentration of 1.2% wt and calculated against the absorption spectra of plant
photoreceptors (chlorophyll a, chlorophyll b, p-carotene). ® Emission peak at

longer wavelengths.
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Figure 4. A) Transmission of DQ-Th PMMA films at 1.2 wt% concentration and
B) @; values of PMMA films as a function of dyes concentration.

Performances of LSC Devices

An essential LSC characterization involves the determination of
two figures of merit, namely external (nex) and internal (nin)
photonic efficiencies.?4

Next Measures how many photons reach the edges relative to the
number of incident photons. As shown in Figure 5A, DQ-Th7 is
the device with the highest nex, reaching 4.5% at 0.8 wt.% and
then decreasing at higher concentrations. Since DQ-Th7 showed
the lowest SS of all fluorophores studied (Table 4), self-absorption
may have adversely affected its performance in highly doped
films. The fluorophore with the highest @y, i.e. DQ-Th2, despite
also having a large SS, has nex Vvalues of less than 3% throughout
the concentration range. This behavior may be ascribed to the
higher transmittance of the entire set of samples (Figure 4A), due
to a lower number of absorbed photons, which limits the number
of emitted photons.

Among the other samples, DQ-Th1,4,5 showed approximately
constant performance over the concentration range, with DQ-Th1
standing at around 3.3%. DQ-Th3 also achieved that efficiency at
1.2 wt.%.

nint IS the ratio of edge-emitted photons to those absorbed (Figure
5B). Again, DQ-Th7 is the best-performing sample. DQ-Th2 has
a surprisingly low nin, showing little benefit from the absorption of
incident photons. The presence of dye phase separation in the
thin films, which originated during solvent evaporation, may have
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caused this discrepancy. As expected, the other samples
exhibited substantially similar behavior to that of ®; shown in
Figure 4B.

Since LSCs are primarily designed for electrical power generation,
they should also be characterized as integrated photovoltaics, i.e.
with PV cells attached.?® The electrical device efficiency (Neev) is
the measure of electrical power generated relative to solar power
incident on the front face of an LSC-PV.

A. = DQ-Th1 DQ-Th2
+— DQ-Th3 —»— DQ-Th4
451 + DQ-Th5 < DQ-Thé
DQ-Th7
4.0
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Figure 5. A) External photonic efficiency (nex), B) Internal photonic efficiency
(nint), C) Electric device efficiency (ndev) of thin-film LSCs as a function of dye
concentration for DQ-T1-7 fluorophores.

The results, shown in Figure 5C, identify DQ-Th3 at 1.2 wt.% as
the most suitable for coupling with two m-Si photovoltaic cells in
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series, thanks to its energy production equal to 0.43% of the
optical power incident on the top surface of the LSC (PCEsingle m-si
cell = 25%, see Supporting Information for details). This value is
about half of the performance of same-sized LSCs with LR305,
i.e. the benchmark among fluorophores for such applications. ]
Also noteworthy is the performance of DQ-Th1, which achieves
0.40% neev and is the least affected by concentration effects. It is
worth noting that DQ-Th1,3 were also the dyes showing the best
@ values from the PMMA matrix. Notably, the LSCs based both
on DQ-Th1,3 were also submitted to an accelerated
photodegradation test (see Supporting Information, Section F).
From these experiments, DQ-Th3 seemed to be slightly more
affected by the photodegradation processes, resulting in an
emission intensity equal to about 70% of the initial one after 180
hours of simulated aging. On the other hand, LSC based on DQ-
Th1l maintained an efficiency of around 85% compared to the
initial one over the same period of time.

Conclusion

In conclusion, we have developed a new class of D-m-A-m1-D
quinoxaline dyes as suitable fluorophores for agrivoltaic
applications. Particularly, we applied a modular and efficient
synthetic route to assemble and modulate the photophysical
characteristics of seven distinct dyes. All these constructs were
found to strongly absorb light in toluene solution in the UV and
green regions of the visible spectrum. Moreover, they showed
light emission with large SS, with 630 < A¢™: < 675 nm and high
values of ®:. Importantly, these photophysical properties were
retained when the dyes were dispersed into a PMMA matrix.
Doped polymeric films presented a high transmittance of
photosynthetically productive blue and red light and good values
of @y, although quenching phenomena are observable at
increasing levels of emitter concentration. The tailored properties
of these materials allowed us to prepare LSC devices with
promising efficiencies, ngev Up to 0.43%, and good photostability.
More broadly, this study highlights the use of organic emitters as
a convenient strategy in the development of green-light selective
LSC devices for their integration into agrivoltaic technologies.

Experimental Section

General Information

All commercially available compounds were purchased from
Merck KgaA, Fluorochem Ltd., and T.C.I. Europe Co. Ltd., and
were used without further purification unless otherwise stated.
4,7-Dibromobenzo[c][1,2,5]thiadiazole 1, 2-
(tributylstannyl)thiophene 2, benzil 4a, 4,4-dimethoxybenzil 4c,
and 4-bromotriphenylamine 6a are commercially available and
were purchased. The dimethyl 4,4'-oxalyldibenzoate 4b was
prepared following a reported synthetic route, which is shown in
the Supporting Information, Section A.[28! The 4-bromo-N-phenyl-
N-(4-(1,2,2-triphenylvinyl)phenyl)aniline  6b was prepared
following a previously reported synthetic procedure.*?®! The 4-
bromo-N,N-bis(4-methoxyphenyl)aniline 6¢c  was prepared
following a reported synthetic route, which is shown in the
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Supporting Information, Section A.?"1 In order to remove possible
zinc oxides, Zn dust was stirred in an HCI aqueous solution (1 M)
for 15 minutes, then it was filtered and washed with water, ethanol,
and diethyl ether, in the order. The activated Zn dust was dried
under vacuum and could be stored for months under nitrogen
atmosphere. Anhydrous toluene, N,N-dimethylformamide (DMF),
tetrahydrofuran (THF), and dichloromethane (DCM) were
obtained after drying with a PureSolv Micro apparatus (Inert).
Palladium-catalyzed reactions were carried out under dry nitrogen
using Schlenk techniques. Reactions were monitored by TLC on
Kieselgel 60 F254 (Merck) aluminum sheets and the products
were visualized by exposing the plate to UV light or by staining it
with basic aqueous potassium permanganate (KMnO4) solution.
Flash column chromatography was performed using Merck
Kieselgel 60 (300—400 mesh) as the stationary phase.

NMR spectra were recorded on Varian Gemini/Mercury/INOVA
instruments at 200 or 400 MHz for *H, and 50.3-100.6 MHz for
13C respectively. Chemical shifts (8) are reported in parts per
million (ppm) and are referenced to the residual solvent peak
(CDCl3, 6= 7.26 ppm for *H NMR and 6= 77.16 ppm for *C NMR;
THF-ds, 6= 3.58 ppm for 'H NMR and 6= 67.21 ppm for 1*C NMR).
The following abbreviations are used to indicate the multiplicity: s,
singlet; d, doublet; q, quartet; m, multiplet; bs, broad signal.
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
Center for Mass Spectroscopy of the University of Florence,
CISM); both are reported as m/z.

UV-Vis spectra in solution were recorded with a Varian Cary 4000
spectrophotometer, and fluorescence spectra in solution were
recorded with a Jasco FP-8300 spectrofluorometer, equipped
with a 150 W Xenon arc lamp, irradiating the sample at the
wavelength corresponding to the maximum absorption in the UV
spectrum (spectral correction has been applied). Fluorescence
guantum yields (®r) in solution were measured at room
temperature irradiating the sample at the wavelength
corresponding to maximum absorption in the UV spectrum by
means of a 152 mm diameter Quanta-¢ Integrating sphere coated
with Spectralon, that was coupled by a 1.5 m fiber optic bundle
(PVC monocoil sheath, slit-round configuration, 180 fibers; slit-
end termination 10 mm O.D.x50 mm long; round-end termination
FR-274) to a HORIBA Jobin-Yvon Fluorolog-3 spectrofluorometer,
equipped with a 450 W Xenon arc lamp and double-grating
excitation and single-grating emission monochromator.
Centrifugation separations were performed using a Fischerbrand
GT 1R centrifuge.

Synthetic Procedures

General Procedure A for the synthesis of 5,8-di(thiophen-2-
yl)quinoxaline acceptors 5: The procedure was adapted from
an already reported one.’ In a round bottom flask, 4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3 (1 equiv.) and zinc
dust (20 equiv.) were suspended in acetic acid glacial (65 mM).
The mixture was vigorously stirred at 80°C for 2 h to obtain a
complete conversion of the starting material as assessed by TLC
(petroleum ether: DCM, 8:2). The mixture was filtered through a
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celite pad washing with an aqueous NaOH solution (1 M, 400 mL)
and diethyl ether (150 mL). The filtrate was poured into an
extraction funnel, the organic phase was separated and the
agueous phase was extracted with fresh diethyl ether (2x150 mL).
The reunited organic phases were dried over anhydrous Na,SO,,
filtered and the solvent evaporated under reduced pressure. The
crude was dissolved in ethanol (0.2 M) and 1,2-diketone 4 (1
equiv.) was added. The mixture was vigorously stirred at 80 °C
for the required time, then was allowed to cool down to room
temperature and the solvent evaporated under reduced pressure.
Unless otherwise stated, the crude was directly purified by flash
chromatography to obtain pure 5.

General Procedure B for the synthesis of DQ-Th dyes: 2,3-
Diaryl-5,8-di(thiophen-2-yl)quinoxaline 5 (1 equiv.), triaryloromide
6 (3 equiv.), and potassium carbonate (3 equiv.) were added to a
Schlenk tube and put under inert atmosphere by performing three
vacuum-nitrogen cycles. The solids were dissolved in dry DMF
and a solution of Pd(OAc). (5 mol%), tricyclohexylphosphonium
tetrafluoroborate (10 mol%) and pivalic acid (30 mol%) in dry DMF
was added, reaching a final concentration of 70 mM. The reaction
was stirred at 100°C for 24 h, then was allowed to cool down to
room temperature, water (30 mL) was added, and the mixture was
extracted with DCM (3x15 mL). Reunited organic phases were
dried over anhydrous Na,SO., the solution was filtered, and the
solvent was evaporated under reduced pressure. When required,
the crude was resuspended and centrifuged to remove soluble
impurities. The solid was then purified by flash chromatography to
give the corresponding DQ-Th dye.

Computational Details

Molecular and electronic properties of compounds DQ-Th1-7
have been computed via Density Functional Theory (DFT)2% and
Time-Dependent DFT (TDDFT)®?Y methods, using Gaussian 16,
Revision B.01 suite of programs.?®! The S, optimized geometries
of compounds DQ-Th1-7 have been obtained at B3LYP?%/6-31G*
level of theory in vacuo, as well as the ground-state electron
density delocalization and the energy of frontier molecular orbitals
(FMOs) in DCM and toluene, while the S; optimized geometries
have been computed at TD-CAM-B3LYPEY/6-31G* level of theory
including the effects of solvent (DCM and toluene). The UV-Vis
spectroscopic properties of the analyzed compounds, including
absorption (1255.) and emission (127%,) maxima, vertical excitation
(Eexc) and emission (Eemi) energies, oscillator strengths (f) and
composition (%) in terms of molecular orbitals to the transitions,
in DCM and toluene, have been computed on the minimized
structures at TD-MPW1KP?/6-311+G(2d,p) level of theory.
Solvent effects have been included by using the polarizable
continuum model (PCM) and, in the case of the emission maxima,
using the Linear-Response implementation (LR-PCM).B4

Supporting Information

Additional references cited within the Supporting Information. 32
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Green light selective LSC devices

D-7-A-7-D structure dyes

Potential application in agrivoltaic systems
Aemi> 630 NM Mg, up to 0.43%

We report a new family of quinoxaline-based dyes for the assembly of luminescent solar concentrators (LSC) with promising
performances for applications in agrivoltaic technologies. These materials are transparent to the photosynthetically relevant green
radiations, while strongly absorb other wavelengths with good emission in the red region of the visible spectrum.
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