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A direct arylation approach for the preparation of benzothiadiazole-
based fluorophores for application in luminescent solar concentrators
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Abstract A straightforward synthetic protocol featuring direct C-H arylations
as key steps has been optimized to prepare two benzo-2,1,3-thiadiazole
(BTD)-based organic fluorophores. Their light absorption and emission
properties, as well as their affinity to PMMA as the chosen polymer matrix,
were found suitable for application in luminescent solar concentrators
(LSC). Solar concentration devices were fabricated with both emitters and
their relevant optical and photovoltaic properties were presented.

Key words Direct arylation, Fluorophore, Heterocycles, Luminescent Solar
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Organic luminescent materials have attracted increasing
attention over the past few years, since they can find
application in several different fields such as the fabrication of
organic light-emitting diodes (OLEDs),! optical communication
and interconnection technologies,?
photovoltaics (PV).*

biomedicine3 and

Concerning the latter, several studies have been focused on
their application in luminescent solar concentrators (LSCs), a
class of optical devices that can be used to generate electric
power from sunlight. LSC technology has been studied since
the 1970s5¢ and operates with common plastic (eg.,
poly(methyl methacrylate), PMMA) panels doped with a
fluorescent dye. The fluorophore must be capable of absorbing
sunlight and emitting it at longer wavelengths: thanks to the
different refractive indexes between air and the plastic
material, the emitted radiation is mainly concentrated, via total
internal reflection, at the edges of the panel (where
conventional silicon solar cells can be placed). The key
advantages of such devices are that they are transparent and
lighter than common silicon panels and can also absorb
indirect light; as such, they can be easily incorporated into
building components, furniture, roofs, and fagades.” To obtain
efficient LSCs, it is mandatory to carefully optimize the

N

Se

N

SCAC4H9 Br \
B
H s d

X
o X,
H—< |
s
Br
Br. HoC4

o

materials used for their fabrication, among which the
fluorophore is key.8
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Figure 1 Structure of the FEB molecules based on the benzo-2,1,3-
thiadiazole core (see ref. 18).

In particular, the exploitation of small organic molecules as
emitters appears very interesting, offering many advantages
such as ease of preparation, tunability of the photophysical
properties, and low costs. In this context, we have approached
the study of molecules with donor-acceptor-donor (D-A-D)
architectures, having one (or more) strong electron-donating
moiety (D) connected to a highly electron-poor motif, the
acceptor (A).912 This kind of structures might favor strong
intermolecular charge transfer (ICT) processes upon
photoexcitation, leading to red-shifted emissions and large
Stokes shift (SS) values, which are possibly beneficial to limit
re-absorption phenomena in the devices.!3 Such molecular
design allowed us to obtain LSCs characterized by excellent
optical properties, in some cases even superior to those
provided by state-of-art commercial fluorophores (such as
BASF LR305).1415 The emission maxima of those compounds
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were usually limited to the 460-550 nm range; nevertheless, a
further red-shift of the emission could be useful not only to
improve the match with the absorption of Si solar cells and,
consequently, to enhance the PV efficiency of the resulting
LSCs, but also to extend the palette of available colors of the
devices. Furthermore, emitters with photophysical properties
compatible with chlorophylls (i. e. absorption in the green
region of the spectrum and emission in the red region) could
be useful to fabricate LSCs applicable in the growing fields of
greenhouse- and photobioreactor-integrated PV.1617 For these
reasons, we decided to investigate the effect of adding to the
molecular scaffold further aromatic moieties to obtain a m-D-A-
D-mt sequence. We were inspired by the fluorescent probe, FEB-
2000 (Fig. 1), reported by Yang and co-workers in 2017 for
tumor imaging applications.’® Such compound includes a
benzo-2,1,3-thiadiazole (BTD), 3,4-ethylene-dioxythiophene
(EDOT) and fluorene moieties in a typical m-D-A-D-mt structure,
resulting in an emission centered at 675 nm, coupled with a
high fluorescence quantum yield (85% in toluene solution).
Given such promising properties, we devised to prepare and
apply in LSC two new compounds based on the FEB-2000
structure, that is LSCA1, having simple butyl chains on the
moieties, LSCA2 having a
pentylpropylenedioxy-thiophene (ProDOT) unit
EDOT (Fig. 2).

fluorene and bis-n-

replacing

LSCA1, X = CH,CH,
LSCA2, X = CH,C(C,H,,),CH,

Figure 2 Structures of the two emitters LSCAL and LSCA2.

The previously reported synthesis of FEB (precursor of FEB-
2000, Fig. 1) consisted of four synthetic steps and involved the
preparation of two tin-containing intermediates, required to
assemble the final molecule through the Stille-Migita cross-
coupling reaction (Scheme S1, Supporting Information).18

BrAQ—Br |
!\ %

S

N,N-DMF

g wo-0°c %o N\
20-3h X Yer

2a,b (5.0 eq) o~

Pd(OAc),
PivOH, K,CO,
———

S

0" o
2a, X = CH,CH,
]\ 2b, X = CH,C(C,H,,),CH,
s

Scheme 1 Synthetic route leading to compounds LSCA 1-2.

Despite the overall yield of the final compounds being quite
satisfactory, we decided to design a different and more
sustainable synthetic approach to LSCA1-2, based on the direct
C-H arylation process.’® Such a procedure enables facile
coupling of aryl halides with non-substituted heteroaryls and
has been recognized as a very efficient synthetic tool for
producing well-defined and high-performance m-conjugated
materials,20 also as a part of sequential domino protocols.2! Our
approach to prepare the two fluorophores is reported in
Scheme 1. Commercially available 4,7-dibromo-2,1,3-
benzothiadiazole (1) and EDOT (2a), or the previously
reported ProDOT (2b),20 were reacted under optimized direct
arylation conditions, employing Pd(OAc): as palladium source,
K2CO3 as base, pivalic acid (PivOH) as additive, and DMF as
solvent. Upon heating, the desired intermediates 3a (140 °C,
3h)22 and 3b (100 °C, 20 min) were recovered, after workup
and purification, in 70% and 48% yield, respectively. In the
subsequent step, 3a and 3b were reacted with 2-bromo-9-
dibutyl-fluorene (4) wusing Pd(OAc)2, bis(adamantyl)-n-
butylphosphane (CataCXium® A) as ligand, Cs2CO3 as base,
PivOH as additive, and toluene as solvent. The choice of ligand
was based on previous results obtained by our research group,
showing an efficient functionalization of ProDOT-containing
compounds under direct arylation conditions.20 After heating
at 95°C for 18 h, the final fluorophores LSCA 1-2 were obtained
in very good yields after purification (90% and 70%
respectively). Thus, the two syntheses proceeded with yields
comparable to that of the original preparation of FEB
compounds, although they were conducted under more
sustainable conditions, without the use of pre-formed or toxic
organometallics.

The two emitters have been fully characterized and their
optical properties were analyzed via UV-Vis and fluorescence
emission spectroscopy in solution. Toluene was selected as a
solvent since it has a similar refractive index (1.496) to that of
PMMA (1.491), the most common polymer used in LSC, thus
providing a relevant reference for the foreseen application. The
spectra were also recorded in a more polar solvent such as
dichloromethane to check the occurrence of positive emission
solvatochromism, usually observed for conjugated donor-
acceptor fluorophores because of excited state stabilization.
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Table 1 Spectroscopic properties of LSCA1 and LSCA2 in dichloromethane (DCM) and toluene solution.

Compound Solvent Aabs (nm) € (x10* M1 cm?) Aem (M) SS (eV) Or (%)
DCM 550 [385)° 4.97 [7.18)° 670 0.40 [1.37) -
LScaL Toluene 550 [387] 4.81 [6.49)° 650 0.35 [1.30° 66
LSCA2 DCM 528 [371]? 3.11 [5.07]2 662 0.47 [1.47]? -
Toluene 531 [374]? 3.17 [4.68]? 638 0.39[1.37]? 68

2 In parentheses, values of A, €, SS relative to a second absorption peak at a shorter wavelength are reported.
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Figure 3 (a) Pictures of 0.01 mM toluene solution of LSCA1 (left) and LSCA2 (right); (b) Absorption spectra of LSCA1 (red line) and LSCA2 (black line) in toluene
solution, 0.01 mM; (c) normalized absorption (solid lines) and emission (dot lines) spectra of LSCA1 (red) and LSCA2 (black) in toluene solution, 0.01 mM, with Aexc at
550 and 531 nm, respectively.

Spectroscopic data are reported in Table 1. Both dyes exhibited
similar shapes of the visible spectra in the two solvents,
characterized by two broad absorption ranges, an absorption
peak at a shorter wavelength (370-390 nm), corresponding to
a localized m—m* transition, and another one between 500 and
600 nm, corresponding to the ICT photoexcitation process.23
The absorption intensity increased with concentration, with a
comparable trend in both solvents (Fig. S10). For both
absorption maxima, LSCA1 exhibited a higher € than LSCA2
(Fig. 3b), corresponding to a better light-harvesting ability. The
emission spectra of the two dyes were also registered in both
solvents, after excitation at the maximum absorption
wavelength. They showed only one peak, centered at 650-670
nm for LSCA1 and at 638-662 nm for LSCAZ2, respectively,
depending on the solvent (Fig. S11). In general, large Stokes
shifts, around 100-130 nm, and limited overlap between
absorption and emission spectra were observed in agreement
with a strong ICT effect in both solvents (Fig. 3c). Moreover, the
regular shapes of the emission spectra proved the absence of
emissive aggregates. Remarkably, due to the presence of alkyl
chains, both fluorophores showed good solubility in a nonpolar
solvent such as toluene. Such behavior might entail an easy

dispersion into the polymer matrix used for LSC, facilitating
device fabrication, and offering an important advantage on
large-scale applications.

The two compounds were then characterized in a polymer
matrix. Films with a 25 + 5 pm thickness were prepared by
dispersion into transparent and totally amorphous PMMA, at
different (range: 0.4-2.0 wt%). Both
compounds gave homogenous with negligible
macroscopic phase separation at the surface, even at the
highest fluorophore content, as confirmed by epifluorescence
microscopy images (Fig. S13). UV-Vis spectra of LSCA1-2 in
PMMA at different concentrations (Fig S14) also showed a
regular increase of absorbance with fluorophore concentration.
The emission spectra of the two fluorophores were also
recorded at different concentrations showing a red-shift of the
maximum wavelength, accompanied by a moderate decrease of
fluorescence quantum yield (Fig. 4a,b). This is a typical trend,
the red-shift being due to the increase of self-absorption,
usually worsening with the concentration of the fluorophore,
as well as fluorescence quenching phenomena potentially
arising from dipole-dipole or surface-dipole interactions,
occurring more frequently in more concentrated matrices.24
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Figure 4 Emission spectra of LSCAL (a) and LSCA2 (b) in PMMA at different concentrations (wt. %). Fluorescence quantum yields are reported in brackets; (c)
External photonic efficiencies (next) of LSCs built with LSCA1-2 emitters vs. their wt.% concentration in PMMA films.
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Finally, the efficiency of the corresponding LSC devices was
evaluated.?’ The external (nex) and internal (min) photonic
efficiencies were recorded for all different concentrations (see
SI for definitions and experimental details). The two emitters
showed a comparable behavior, with maximum mnex values of
4.96% and 5.61% for LSCA1 and LSCA2, respectively, obtained
in both cases at 1.6 wt. % fluorophore concentration (Fig. 4c).
On the contrary, the highest nint values were found at the lowest
concentration, in agreement with the above-mentioned trend of
the fluorescence quantum yield of the two fluorophores in
PMMA (Fig. S12). This is not surprising since, the nin: parameter
is calculated based on the number of photons actually absorbed
by the LSC, and thus depends only on the light emission and re-
absorption phenomena occurring within the polymeric film.
Then, to assess the LSC performances in the direct light-to-
electricity conversion, the photovoltaic efficiency (ndev)
parameter was measured, connecting two Si-PV cells in series to
an edge of the thin-film LSCs and measuring the electric power
generated by the devices under simulated solar irradiation (see
SI for details). In agreement with nex measurements, the best
TNdev Values were also recorded at 1.6 wt.% (0.70 and 0.72 % for
LSCA1 and LSCA2, respectively), indicating that at such
concentration the devices had the highest capability of
converting light into electricity. The fact that both the best next
and ndev values were obtained at relatively high concentrations
in the matrix highlights the efficacy of the chosen m-D-A-D-mt
design in reducing self-absorption phenomena thanks to the
resulting large Stokes shifts, suggesting the possibility to employ
this kind of emitters in large scale concentration devices.26

In conclusion, we have prepared two m-D-A-D-m luminescent
compounds using an efficient and high-yielding two-steps direct
arylation protocol that avoids the use of highly flammable
reagents, such as n-butyllithium, or highly toxic agents, such as
organotin compounds. Both emitters showed physical and
optical properties suitable for application in LSC devices. In
particular, the chosen molecular design was confirmed to yield
compounds with a strong absorption in the middle of the visible
region and fluorescence emission centered above 600 nm,
resulting in large Stokes shifts and a good match with Si solar
cells absorption. Preliminary results showed that both
compounds had excellent dispersibility in PMMA matrix, and
their LSC devices reached external photonic efficiencies close to
or above 5.0% (at 1.6 wt.%), which were comparable or
superior to those recently obtained with other donor-acceptor
type organic fluorophores measured under similar conditions.27-
30 Therefore, their favorable spectral features, excellent physico-
chemical properties and simple synthetic procedures make
LSCA1-2 derivatives very promising candidates for scaled-up
LSC applications.

Funding Information

We thank the National Research Council of Italy (“FluoCom” project,
“Progetti di Ricerca @CNR” call) for financial support.
Acknowledgment

Mr. C. Bartoli (CNR-ICCOM) is gratefully acknowledged for his help in
scientific instrumentation building and maintenance. Mr. A. Gjura
(University of Pisa) is kindly acknowledged for the LSC characterization.

Supporting Information

YES (this text will be updated with links prior to publication)

Primary Data

NO.

Conflict of Interest

The authors declare no conflict of interest.

References and Notes

(1) Chen, D; Li, W,; Gan, L.; Wang, Z; Li, M,; Su, S.-]. Mater. Sci. Eng. R
Reports 2020, 142, 100581.

(2) Liu,D.S; Wu,]; Xu, H; Wang, Z. Adv. Mater. 2021, 33,2003733.

(3) Murawski, C,; Gather, M. C. Adv. Opt. Mater. 2021, 9, 2100269.

(4) Manzhos, S.; Chueh, C. C,; Giorgi, G.; Kubo, T.; Saianand, G.; Liider,
J.; Sonar, P.; Thara, M. J. Phys. Chem. Lett. 2021, 12, 4638.

(5) Batchelder, ]. S.; Zewai, A. H.; Cole, T. Appl. Opt. 1979, 18, 3090.

(6) Weber, W. H.; Lambe, ]. Appl. Opt. 1976, 15, 2299.

(7) Meinardi, F.; Bruni, F.; Brovelli, S. Nat. Rev. Mater. 2017, 2,17072.

(8) Roncali, J. Adv. Energy Mater. 2020, 10,2001907.

(9) Papucci, C.; Geervliet, T. A.; Franchi, D.; Bettucci, O.; Mordini, A.;
Reginato, G.; Picchioni, F.; Pucci, A.; Calamante, M.; Zani, L. Eur. J.
Org. Chem. 2018, 2657.

(10) Papucci, C; Dessi, A,; Coppola, C.; Sinicropi, A,; Santi, G.; Di Donato,
M.; Taddei, M. Foggi, P.; Zani, L; Reginato, G.; Pucci, A;
Calamante, M.; Mordini, A. Dye. Pigment. 2021, 188, 109207.

(11) Goti, G; Calamante, M.; Coppola, C.; Dessi, A.; Franchi, D.; Mordini,
A.; Sinicropi, A.; Zani, L; Reginato, G. Eur. J. Org. Chem. 2021,
2655.

(12) Yzeiri, X.; Calamante, M.; Dessi, A.; Franchi, D.; Pucci, A.; Ventura,
F.; Reginato, G.; Zani, L.; Mordini, A. Molecules 2021, 26, 5428.

(13) Clarke, T. M,; Gordon, K. C.; Kwok, W. M.; Phillips, D. L.; Officer, D.
L.J. Phys. Chem. A 2006, 110, 7696.

(14) Debije, M. G.; Verbunt, P. P. C. Adv. Energy Mater. 2012, 2, 12.

(15) Papucci, C; Charaf, R,; Coppola, C.; Sinicropi, A.; Di Donato, M,
Taddei, M.; Foggi, P.; Battisti, A.; De Jong, B.; Zani, L.; Mordini, A;
Pucci, A,; Calamante, M.; Reginato, G. J. Mater. Chem. C 2021, 9,
15608.

(16) Gorjian, S.; Bousi, E.; Ozdemir, 0. E.; Trommsdorff, M.; Kumar, N.
M.; Anand, A,; Kant, K.; Chopra, S. S. Renew. Sustain. Energy Rev.
2022, 158,112126.

(17) Raeisossadati, M.; Moheimani, N. R,; Parlevliet, D. Renew. Sustain.
Energy Rev. 2019, 101, 47.

(18) Yang, D,; Wang, H,; Sun, C; Zhao, H.; Hu, K;; Qin, W,; Ma, R;; Yin, F.;
Qin, X;; Zhang, Q.; Liang, Y.; Li, Z. Chem. Sci. 2017, 8, 6322.

(19) Bohra, H; Wang, M. J. Mater. Chem. A 2017, 5, 11550.

(20) Parisi, M. L,; Dessi, A,; Zani, L.; Maranghi, S.; Mohammadpourasl,
S.; Calamante, M.; Mordini, A.; Basosi, R.; Reginato, G.; Sinicropi, A.
Front. Chem. 2020, 8, 214.

(21) (a) A. Nitti, G. Bianchi, R. Po, T. M. Swager, D. Pasini, /. Am. Chem.
Soc. 2017, 139, 8788; (b) A. Nitti, P. Osw, G. Calcagno, C. Botta, S. I.
Etkind, G. Bianchi, R. Po, T. M. Swager, D. Pasini, Org. Lett. 2020,
22, 3263; (c) G. Bianchi, C. Carbonera, L. Ciammaruchi, N.
Camaioni, N. Negarville, F. Tinti, G. Forti, A. Nitti, D. Pasini, A.
Facchetti, R. M. Pankow, T. ]J. Marks, R. Po, Solar RRL 2022, 6,
2200643.

(22) Kerszulis, J. A; Bulloch, R. H.; Teran, N. B,; Wolfe, R. M. W,
Reynolds, J. R. Macromolecules 2016, 49, 6350.

(23) Martin, R;; Prieto, P.; Carrillo, ]. R; Rodriguez, A. M.; De Cozar, A.;
Boj, P. G.; Diaz-Garcia, M. A,; Ramirez, M. G. J. Mater. Chem. C 2019,
7,9996.

(24) Green, A. P; Buckley, A. R. Phys. Chem. Chem. Phys. 2015, 17, 1435.

(25) Debije, M. G.; Evans, R. C.; Griffini, G. Energy Environ. Sci. 2021, 14,
293.

(26) F. Corsini, A. Nitti, E. Tatsi, G. Mattioli, C. Botta, D. Pasini, G.
Griffini, Adv. Energy Mater. 2021, 9,2100182.

Template for SYNLETT

Thieme



Synlett Letter / Cluster / New Tools

(27) Ceriani, C.; Corsini, F.; Mattioli, G.; Mattiello, S.; Testa, D.; Po, R; (29) Meti, P.,; Mateen, F.; Hwang, D. Y.; Lee, Y.-E.; Hong, S.-K; Gong, Y.-D.
Botta, C.; Griffini, G.; Beverina, L. J. Mater. Chem. C 2021, 9, 14815. Dye. Pigment. 2022, 202,110221.

(28) Rosadoni, E.; Bellina, F.; Lessi, M.; Micheletti, C.; Ventura, F.; Pucci, (30) Mateen, F,; Meti, P, Hwang, D.-Y.; Swelm, W.,; Algarni, H,; Al-
A. Dye. Pigment. 2022, 201,110262. Sehemi, A. G.; Kim, Y.-C;; Gong, Y.-D.; Hong, S.-K. Dye. Pigment.

2022, 205,110563.

Template for SYNLETT Thieme



