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Luminescent solar concentrators (LSCs) are rapidly emerging as the
key enabling technology towards the realization of zero-energy
buildings. The development of new efficient and sustainable lumino-
phores is crucial for further improvement. The large Stokes shift,
luminescent and persistent radicals prepared using sustainable
routes offer advantages for large-area transparent LSCs featuring
minimal colour distortion of the transmitted light. LSCs based on
the best performing luminescent radicals are largely unaffected by
reabsorption losses, thus providing a better performance with
respect to the literature standards over active areas exceeding
400 cm?.

Introduction

Zero-energy buildings combine energy efficiency and on-site
renewable energy generation to become independent from
external power sources. Solar-cell panels are one of the most
established solutions for distributed renewable power genera-
tion. Unfortunately, their characteristic aesthetic appearance
and their requirement for a specific angle with respect to the
incident sunlight limit the available installation area to
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rooftops and shelters. Luminescent solar concentrators (LSCs)
are regarded as one of the most promising alternative technol-
ogies for building integrated photovoltaics, due to their ease of
integration.

A planar LSC consists of a high-optical-quality plastic or glass
slab that contains or is coated with a luminescent material that is
capable of absorbing sunlight and efficiently emitting radiation.
Since the refractive index of the slab is higher than that of air, most
of the luminescence (depending on the refractive index mismatch
between air and host material) is guided by total internal reflection
to the edges of the LSC, where it is converted into electricity by
efficient solar cells. Fig. 1 shows a schematic representation of the
device and the corresponding working principle.

Loss mechanisms belong to two categories: losses related to
the matrix material, and processes directly connected with the
luminophores. Guiding materials with a high refractive index
and good optical quality reduce both the amplitude of the
critical angle below which light is reflected instead of being
transmitted and the scattering. Poly(methyl methacrylate)
(PMMA) is the most common choice, but research on alter-
native materials is a very active field.> From the standpoint of
the luminophore, the critical parameters are the light harvest-
ing efficiency, the luminescence quantum yield, and the separa-
tion between the absorption and the emission spectra (the
Stokes shift). The Stokes shift is a particularly critical parameter
for large-area devices. Even in the case of a near-unity lumines-
cence quantum yield, every absorption and emission event
within the slab involves a randomization of the light direction.
This causes the loss of part of the emitted light due to the
escape cone formed at the slab/air interface. The larger
the area, the larger the probability of reabsorption, hence the
emphasis on spectral separation over the other chromophore
properties, at least for large-area devices.? There are two main
classes of LSCs: full-spectrum and transparent devices. Full-
spectrum devices are based on luminophores designed to
absorb most of the incident solar light. Organic luminophores
of the perylene imide family were originally proposed,*™ but they
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Fig. 1 Working principle of an LSC.

have long been outperformed by semiconducting colloidal quantum
dots that offer excellent stability and performance.>'® Schemes
based on energy transfer between the emitting species are also
possible.''*°

Transparent LSC devices are designed to be installed in
place of normal windows. They should allow through most of
the incident light with only a minor attenuation and, even more
importantly, with as little colour distortion as possible. Given
such characteristics, transparent LSCs cannot rival full-
spectrum devices in terms of their efficiencies.'” Suitable
luminophores described in the literature feature selective
absorption in the UV, NIR, or both spectral regions and belong
to the classes of UV-absorbing molecules,'® lanthanide
chelates,"*™" iridium complexes,”® wide-band-gap colloidal
nanocrystals,>*>* highly conjugated cyanines,"” cycloparaphe-
nylenes (nCPPs),>® dual-band UV and NIR absorbers,”®
non-fullerene acceptors like NIR absorbers,>” UV absorbers
featuring aggregation-induced luminescence*®*° and recently
oxidized [1]benzothieno[3,2-b][1]benzothiophene (BTBT-Ox).*°

The best luminophores so far described are based on a
trade-off between transparency and efficiency and are either
light-yellow or blue-coloured due to the presence of residual
absorption either at the UV or the NIR edges of the visible
spectrum.”*?® The alternative solution we describe here is
based on the very peculiar spectral features of a class of
persistent and luminescent radicals, structurally related to
(3,5-dichloro-4-pyridyl)bis(2,4,6-trichlorophenyl)methyl radical
(PyBTM). Such new derivatives are characterized by two absorp-
tion bands, centred in the UV-vis region.

The UV band is intense, contributes to the power generation
and does not impact the visible transparency. The visible-light
band is very weak, broad and extends over a sizeable part of the
spectrum. As a result, the visible light that is transmitted
features the minimal colour distortion characteristics, for
example, of sunglasses (Fig. 2).

Such very peculiar spectral characteristics are associated
with an exceptionally large Stokes shift, thus making the new
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Fig. 2 Colourless LSC obtained using luminescent radical PyPBTM. The
chromaticity coordinates of the device (0.351,0.369) are very close to
the white point (0.33,0.33), thus ensuring minimal color distortion of the
transmitted light.

class of luminophores particularly suitable for the large area
required to form transparent, building-integrated smart
windows.

Design and synthesis of luminescent radicals

The newly designed persistent, luminescent radicals are struc-
turally connected with the parent molecule (3,5-dichloro-4-
pyridyl)bis(2,4,6-trichlorophenyl)methyl radical (PyBTM), a
luminescent persistent radical that possesses a quantum yield
of 26% at room temperature in a poly(methyl methacrylate)
(PMMA) matrix. The emission efficiency reaches 81% in diethyl
ether:isopentane: ethanol 5:5:2 v/v (i.e., EPA, a mixture of
solvents that easily forms glasses upon solidification and thus
enables low-temperature optical measurements) at 77 K.>'° As
mentioned in the introduction, PyBTM features a weak and
broad visible absorption, connected with a very large spectral
separation with respect to the characteristic red emission
(AFm. = 584 nm). With the aim of improving the light-
harvesting capabilities and the overall photostability of
PyBTM,*® we developed three conjugation-extended derivatives
that feature two additional aromatic moieties in the p-position
with respect to the radical centre (Scheme 1).

The different substituents - phenyl (PyPBTM), 6-methoxy-2-
naphthyl (PyNBTM) and 9-phenanthryl (PyPhBTM) - were
selected to lower the optical gap of PyBTM and thus improve
the overall light harvesting, while at the same time maintaining
a suitable spectral separation. An enhanced conjugation was
also expected to positively impact on the overall stability.*”

All new derivatives can be prepared thanks to a divergent
synthesis method that uses PyBTM-H as the common precursor
and the Suzuki-Miyaura (S-M) reaction as the preferred aryla-
tion protocol. With the aim of connecting sustainability and
performance, we based our approach on micellar catalysis.
Micellar catalysis enables the substitution of organic solvents
with a water solution of suitable surfactants as the reaction
medium, and has a very positive effect on the reduction of
organic wastes. Once optimized, such a strategy is not only
more sustainable but sizeably more efficient as reactions are
faster and cleaner, requiring a reduced catalyst loading and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structures of PyBTM and the corresponding
conjugation-extended derivatives developed as luminophores for LSCs.

mild heating.*®*> Some of us have already demonstrated the

validity of the approach in the preparation of polyconjugated
materials.**™*°

PyBTM-H is a particularly challenging substrate for S-M
coupling in terms of reactivity and selectivity. Chlorine gener-
ally requires relatively harsh reaction conditions (high tempera-
ture, expensive and/or custom-made phosphines) and, aside
from steric hindrance, all 8 chlorine atoms of the molecule are,
at least in principle, reactive. Attempts carried out using an
organic solvent homogenous solution failed. Selecting the
correct surfactant and conditions for a micellar reaction is
not trivial, although useful trends are reported in the literature.

The popular designer surfactant TPGS-750M has already
demonstrated good performances in promoting the S-M cou-
pling of aryl chlorides.”® The industrial surfactant Kolliphor EL
(K-EL) proved to be particularly useful in running the reactions
under air.***” The industrial surfactant Tween 80, when used
as a mixture with lecithin (Tween 80/lecithin 8:2 w/w - TL82),
is helpful whenever reagents/products do not easily disperse in
the micellar media.*® Scheme S1 of the ESIt shows the
chemical structures of all such surfactants. Table 1 summarizes
the results we obtained under a variety of experimental
conditions.

Generally, micellar catalysis works best when reagents are
hydrophobic. Under such conditions, the selective localization
of the reagents in the hydrophobic pocket of the association
colloids formed by the surfactants leads to a high local concen-
tration. Reactions become faster and require lower activation
temperatures. The case of PyBTM derivatives is unusual and
required specific optimization as both the boronic acid and the
triarylmethane precursor are somewhat soluble in water at the
high pH that is typical of S-M couplings. Working at r.t., K-EL
and TPGS-750M 2 wt% solutions gave modest and comparable
results (40 and 35% yield, respectively). As previously observed,

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

View Article Online

Communication

Table 1 S-M coupling of PyBTM-H and phenylboronic acid as the
function of the reaction medium. Unless otherwise specified, reactions
were performed under a nitrogen atmosphere, at 0.3 M PyBTM-H with
3 eq. of phenylboronic acid, 6 eq. of N(Et)s and using 0.08 mol% Pd catalyst

Entry Medium Catalyst T(°C) Yield (%)
1 THF/H,0 2:1 v/v Pd(PPh;), Reflux —
2 K-EL 2 wt% aq. P(dppf)Cl, r.t. 5
3 K-EL 2 wt% aq. Pd(amphos)Cl, r.t. 30
4 K-EL 2 wt% aq. Pd(dtbpf)Cl, r.t. 40
5¢ K-EL 2 wt% aq. Pd(dtbpf)Cl,  r.t. 40
6 TPGS-750M 2 wt% aq. Pd(dtbpf)cl2 r.t. 35
7 TL82 2 wt% agq. Pd(dtbpf)Cl, r.t. 5
8 K-EL 2 wt% aq. Pd(dtbpf)Cl, 70 54
9 H,0 Pd(dtbpf)Cl, 70 50
10 K-EL 2 wt%/toluene 9:1 Pd(dtbpf)Cl, 70 63

¢ pPerformed under air.

K-EL gave the additional advantage of enabling the reactions to
be carried out under air (Table 1, entry 5).** Raising the
temperature to 70 °C improved the yield in K-EL to 54%
(Table 1, entry 8). Interestingly, plain water (Table 1, entry 9)
also gave a remarkable 50% yield. This result is in line with the
slight solubility of the reagents in water. In the case of trouble-
some reactions, the literature suggests the introduction of a
small amount of an organic cosolvent.* Indeed, the use of a
2 wt% solution of K-EL in water in the presence of a 10 vol% of
toluene gave by far the best results (entry 10). The use of
toluene is a bit of a setback in terms of sustainability, but the
amount employed is smaller than that of the combined
reagents. The protocol is general and, working under
similar conditions, we isolated the triarylmethane precursors
PyPBTM-H, PyNBTM-H and PyPhBTM-H in 63, 50 and 35%
yields, respectively.

Conversion to the corresponding luminescent radicals can
be performed analogously to the literature protocol for the
preparation of PyBTM: deprotonation with ‘BuOK in THF,
followed by oxidation of the thus-formed carbanion with excess
iodine. Filtration using a plug of silica affords PyPBTM,
PyNBTM and PyPhBTM in 89, 85 and 80% yield, respectively
(Scheme 2). The formation of the radical species is confirmed
by the corresponding EPR spectra, as reported in the ESI.{ The
behaviour of the three new derivatives is consistent and analo-
gous to that previously reported for the parent PyBTM
molecule.*?

Spectroscopic and computational investigation

Fig. 3a shows the absorption (continuous line) and normalized
emission (dashed line, excitation wavelength 400 nm) spectra
of all new compounds in chloroform. The ESI{ section reports
similar spectra in cyclohexane (Fig. S1). The main spectral
features are in line with those previously observed for the
PyBTM parent compound and are not significantly solvent-
dependent. The absorption spectra show two bands: one rela-
tively intense and localized in the UV-Vis region, and the other
that is weaker and broader and extends over most of the visible
spectrum. In all the cases, absorption and emission spectra
overlap only marginally due to the relatively low extinction

Mater. Adv,, 2021, 2, 7369-7378 | 7371
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Scheme 2 Synthesis of the luminescent radicals PyPBTM, PyNBTM, and
PyPhBTM. “Reaction was performed at 80 °C.

PyPhBTM-H (35%)2

coefficient of the low-energy transition. The extent of the
reabsorption losses due to spectral overlap can be quantita-
tively described according to two different metrics. The radia-
tive overlap (RO) is defined as the fraction of the emitted light
that can be reabsorbed by the dye itself. The RO should be as
small as possible to ensure minimum reabsorption.”® The
weighted quality factor ((Q)) is given by the ratio between the
absorption coefficient at the wavelength of maximum absor-
bance and the value of the absorption coefficient averaged
across the emission region. (Q) should be as large as possible
to ensure minimum reabsorption.”’ Both metrics are analyti-
cally defined in the ESIf section. Table 2 shows the comparison
between the RO and (Q) values for PyPBTM and two reference

30000

View Article Online
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Table 2 Radiative overlap (RO) and weighted quality factor ((Q)) for

PyPBTM and the commercially available rylene dyes Lumogen F Violet
570 and Lumogen F Red 305

Luminophore RO (%) (Q)
Lumogen F Violet 570 9.5 20
Lumogen F Red 305 8.1 6
PyPBTM 0.8 92

dyes, Lumogen F Violet 570 and Lumogen F Red 305, which are
widely used in full-spectrum and UV-absorbing LSCs, respec-
tively (the chemical structures and the corresponding absorp-
tion and emission spectra of the perylene dyes are reported in
Fig. S6 of the ESIY).

The PyBTM luminophore shows remarkably better perfor-
mance (lower spectral overlap) according to both figures of
merit. In particular, the RO value of PyBTM is more than
10 times lower than those of the commercial dyes. Also, the
extremely high (Q) value of the PyBTM luminophore demon-
strates that PyBTM is a nearly perfect emitter with negligible
contribution of reabsorption losses. Reabsorption phenomena
will be discussed further in the section dedicated to testing of
the LCS devices.

To gain insight into the origin of the spectral features of the
new radicals, we carried out a computational analysis using
(time-dependent) density functional theory simulations at the
B3LYP level of theory, achieving a good agreement between the
experimental and simulated spectra. We included the parent
PyBTM species for comparison. The frontier molecular orbitals
of all the new derivatives (see Table S1, ESIT) have a similar
origin. Fig. 4 shows the details for PyPhBTM as a representative
compound. Unlike the case of PyBTM where the pyridine ring
contributes to the population of the HOMO, PyPhBTM features
a closed-shell-like HOMO (with practically identical and almost
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(a) UV-vis absorption (solid lines) and normalized emission (dashed lines) spectra of luminescent radicals PyBTM, PyPBTM, PyNBTM and

PyPhBTM in chloroform. PL spectra were recorded by exciting 0.1 M solutions of PyBTM, PyPBTM, PyNBTM and PyPhBTM at 370 nm, 370 nm, 445 nm,
and 500 nm, respectively. Pictures of a PMMA film containing PyPBTM in a Petri dish under (b) white and (c) UV (1 = 365 nm) light.
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Fig. 4 TDDFT absorption (a) and normalized emission (b) spectra of PyNBTM (green), PyPhBTM (red) and PyPBTM (blue). (c) Normalized TDDFT vibronic
absorption and emission spectra of PyPhBTM; a solvatochromic shift has been applied, as discussed in the text. (d) Unrestricted Kohn—Sham molecular
orbitals calculated in the case of PyBTM (left) and PyPhBTM (right). The two main transitions in the visible and near-UV regions of the PyPhBTM spectrum
(A and B, respectively) have been highlighted in panel (c) and their main contributions in terms of single-particle excitation have been indicated in panel (d).

degenerate o- and B-HOMOs) localized on the two phenan-
threne substituents. The unpaired electron is accommodated in
a singly occupied molecular orbital (¢-SOMO) within the
HOMO-LUMO gap, mainly localized on the radical C atom,
and accompanied by a similar, unoccupied B-SUMO. A closed-
shell-like LUMO is mainly localized on the electron-accepting
pyridine moiety.

The extension of the conjugation raises in energy the posi-
tion of the a- and f-HOMOs compared to PyBTM, but barely
affects the position of the other frontier orbitals. Such results
are confirmed by the cyclic voltammetry plots reported in the
ESIT section. All the new radicals show electrochemical features
like those of the parent PyBIM: reversible one-electron oxida-
tion and reduction to the corresponding carbocation and
carbanion forms, respectively. The onset of the oxidation wave
is shifted towards a less positive potential, in agreement with
the donating character of the p-substituents along the series

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

PyNBTM > PyPBTM > PyPhBTM. The reduction waves at
negative potentials were essentially identical for the three
compounds. Such electronic features are responsible for the
optical properties of the molecules. The low energy, weak
absorption band (A in Fig. 4c and d) is almost completely
(generally around 90%, see Table S1 for details, ESIt) ascribed
to the f-HOMO — B-SUMO transition involving displacement
of the orbital density from the phenylene substituents to the
radical. Precisely because of that, the optical gap narrows at an
increased effective conjugation length according to the series
PyNBTM < PyPhBTM < PyPBTM, as shown in Fig. 4a.

In agreement with the measurements, the TDDFT absorp-
tion spectra indicate an increase of the relative intensity of such
a transition as the optical gap narrows. This is due to the
stronger electron-donor capability of the aryl substituent along
the series PYNBTM > PyPhBTM > PyPBTM, yielding excited
states with more pronounced charge-separation character.

Mater. Adv., 2021, 2, 7369-7378 | 7373
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On the other hand, the high-energy, strong UV-centred band
(B in Fig. 4c and d) is a convolution of different electronic
excitations showing an overall prevalent contribution from the
a-SOMO — o-LUMO and o-SOMO — o-LUMO+1 transitions
(generally around 40-50%, see Table S1 for details, ESIT). The
latter transition is less affected by the introduction of stronger
electron-donating groups in the place of chlorine.

As a result, all the transitions in this region are characterized
by a moderate red shift with respect to PyBTM, whose strong
excitation is in the near-UV peaks at 370 nm (TDDFT excitation
calculated at 376 nm). Although they are slightly blue-shifted by
around 1200 cm ™', probably because the calculations do not
reproduce solvatochromic effects, relative emission spectra
shown in Fig. 4b agree nicely with the measurements.

Indeed, as shown in Fig. 4c, if we take into account the
vibronic contributions to the electronic transitions and
the solvatochromic shift, we obtain a better match between
the calculations and measurements. Further details on the
optical properties of all the investigated molecules are included
in Table S1 (ESIY).

All the new radicals are luminescent at room temperature.
The emission quantum yields in chloroform for PyPBTM (8.6%,
7¢ = 12.04 ns) and PyNBTM (6.4%, t¢ = 3.86 ns) outperform that
of the parent PyBTM (2.8%). PyPhBTM (0.9%, 7y = 0.82 ns) is
less efficient. The emission peaks are progressively red-shifted
according to the same trend observed for the absorption
spectra.

PyBTM possesses a remarkable temperature-dependence in
the emission efficiency; as such we studied the temperature-
dependence of the emission spectra of all the new radicals using
EPA as the solvent (see Fig. S2 of the ESIf). In all cases, we
observed a sizeable improvement in the luminescence intensity
associated with a non-monotonous variation of the emission
maximum. We consistently observed an emission red shift on
lowering the temperature from 298 to 140 K, followed by a blue
shift when further lowering the temperature down to 77 K. Such
a blue shift was also associated with a more pronounced
vibronic structure, which is probably due to vitrification of the
solvent. The structural relaxation of the radicals in the photo-
excited state becomes more restricted, decreasing the reorgani-
zation energy, thus resulting in the blue shift of the emission.
The 77 K emission quantum yield was in all cases sizeably
improved, although not as much as previously observed for
PyBTM. In particular, PyPBTM was the most efficient in the
series (@ = 22%, ¢ = 21.5 ns in EPA), followed by PyNBTM
(®¢=16%, 1¢= 7.8 ns in EPA) and PyPhBTM (¢ = 7%, ¢ = 5.6 ns
in EPA). The temperature dependence of the luminescence
quantum yield has already been discussed and stems from the
rotovibrational thermalization pathways becoming progres-
sively more relevant as the temperature is increased.*

At 77 K, when the solvent is vitrified, the molecules are
surrounded by a very rigid environment. The very same effect is
also responsible for the relatively high luminescence quantum
yield of PyBTM in a PMMA solid matrix (26%).

PMMA is the matrix of choice for the fabrication of lumi-
nescent solar concentrators;> we thus prepared a solid sample

7374 | Mater. Adv,, 2021, 2, 7369-7378
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Table 3 Main spectral characteristics of the luminescent radicals PyBTM,
PyPBTM, PyNBTM and PyPhBTM in chloroform and EPA. All the spectra
are recorded in 0.1 M solutions. Excitation wavelengths were 370 nm,
445 nm, and 500 nm for PyPBTM, PyNBTM and PyPhBTM, respectively.
Measurements on PyBTM and PMMA from ref. 27. Full spectra in EPA and
PL decays for lifetime determination are shown in the ESI

ﬂAbs /«LEm

max max

Compound (medium) T (K) (nm) (nm) D¢ (%) 7¢ (ns)
PyBTM“ (CHCl,) 298 541 585 2.8 6.4
PyBTM“ (EPA) 77 — 570 81 —
PyBTM‘ (PMMA) 298 — — 26 —
PyPBTM (CHCl;) 298 567 650 8.6 12.0
PyPBTM (EPA) 77 — 644 22 21.5
PyPBTM (PMMA) 298 — 645 12 15.5
PyNBTM (CHCl;) 298 618 735 6.4 3.9
PyNBTM (EPA) 77 — 714 16 7.8
PyPhBTM (CHCl;) 298 585 729 0.9 0.8
PyPhBTM (EPA) 77 — 688 7 5.6

% From ref. 33.

of PyPBIM - the compound offering the highest room-temperature
luminescence and the largest spectral separation of the series — in
PMMA (Fig. 3b). As is shown in Fig. 3c, we obtained red emission
with a room-temperature quantum yield of 12%, and a lifetime of
15.5 ns. Such values are still significantly smaller than those that
characterise the state-of-the-art compounds and work needs to be
done to further improve them. The literature suggests that the
introduction of stronger electron donors on the aryl substituents
could improve the luminescence.’® Table 3 summarizes all the
relevant spectral features of the luminescent radicals.

Aside from a large spectral separation, minimal distortion of
the transmitted light and high emission efficiency, lumino-
phores for applications in LSC technology must be thermally
and photochemically stable.>® This is considered a major short-
coming for radicals; that is, the chemical species are consid-
ered rather more as reaction intermediates than final
compounds. PyBTM, having a half-life of 4.1 min under con-
tinuous irradiation at 370 nm in air, represented a break-
through with respect to previous examples of persistent
radicals, although it remains critically short with respect to
the expectations of the field that is used to the extreme
ruggedness of perylene dyes.**

As is shown in Fig. 5, all the new conjugation-extended deriva-
tives feature dramatically improved photostability, probably because
of the more pronounced delocalization of the radicals over the aryl
substituents. The comparative enhancement in the half-life values
of the new derivatives measured under comparable conditions were
77 for PyPBTM (half-life 313 min), 93 for PyNBIM (half-life 381 min)
and 1052 for PyPhBTM (4313 min, 72 h), see the ESIt section for full
details. Such numbers may still be considered unsuitable for LSC
applications, but it should be stressed that PMMA itself is strongly
absorbing at 370 nm, thus providing efficient photoprotection.”* As
we will discuss in the following section, further encapsulation is
possible and beneficial.

Transparent colourless LSCs

Based on the obtained results, we prepared lab-scale thin-film
LSC demonstrators using PMMA as the host matrix and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparative stability of luminescent radicals in CH,Cl, solution
under irradiation at 370 nm.

PyPBTM of varying concentrations as the luminophore. For
increased absorbance levels, the intensity of the corresponding
emission spectra recorded in the front-face configuration grew
steadily up to a maximum that was found at a 3 wt% loading,
after which the luminescence decreased (see Fig. S8 of the
ESIt). These trends suggest the presence of dissipative pheno-
mena in strongly doped LSCs (>3 wt%, absorbance >1 in the
350-500 nm wavelength range) causing a portion of the
absorbed photons to be lost via non-radiative pathways. Such
losses are connected with two phenomena: the formation of
poorly emissive molecular aggregates within the matrix, or
reabsorption events caused by the small but not completely
negligible overlap between the absorption and emission
spectra.’® It is widely accepted that the self-absorption dissipa-
tive processes are the key loss mechanisms for the LSCs.>® To
gain further insight into this aspect, we calculated the self-
absorption efficiency #gr values from the obtained edge-
emission spectra at various luminophore concentrations. In
the absence of the self-absorption phenomena, #¢¢ will tend to
unity. As shown in Fig. 6, s decreased with the increase in
maximum absorbance (4,,.x) following an exponential decay
that could be fitted by #seir = 0.55 + 0.33exp(—0.5044y)-
Accordingly, a maximum #,.¢ = 0.88 can be predicted for a
very low absorbance (Apm.x — 0), where self-absorption is
expected to be negligible. On the other hand, in highly con-
centrated LSCs (high A, self-absorption effects result in a
minimum #ge¢ = 0.55 (i.e., 45% of the emitted photons will be
lost due to self-absorption). Even the value obtained at high
Amax 18 remarkably better than the best ones (15 = 0.2-0.4)
characterizing the established luminophores used in full-
spectrum devices like the perylene derivative Lumogen F Red
305.°”°% This behaviour indicate the potential of these novel
luminescent persistent radicals as a new class of luminophores

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Self-absorption efficiency of the thin-film PyPBTM/PMMA LSCs as
a function of maximum absorbance (viz. luminophore concentration). The

dashed lines correspond to the exponential fit to the experimental data
with the function nser = 0.55 + 0.33exp(—0.50Amax)-
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2.5

for large-area devices, where reabsorption events can consider-
ably impact the output performance. We assessed the optical
response of PyPBTM/PMMA LSC devices as light-harvesting and
-conversion photonic systems using two key figures of merit:
the external photon efficiency 7.y, defined as the ratio of the
total output photon flux measured at the four edges of the LSC
with respect to the incident photon flux, and the internal
photon efficiency #in, given by the total output photon flux
measured at the four edges of the LSC relative to the absorbed
photon flux (definitions and calculations are reported in the
ESI¥).>°

As shown in Fig. 7, ey increased with the PyPBTM concen-
tration, reaching a maximum 7y & 0.50% at 3 wt%. At higher
loadings, 7.x: decreased slightly, in line with the optical loss
pathways occurring at high doping levels, as described above.
On the other hand, a maximum #;,; = 5.14% was observed for
highly diluted systems (PyPBTM = 0.1 wt%), followed by a
slight decrease to values in the range of 3.3-3.6% for lumino-
phore concentrations of 1-3 wt%. For higher loadings, a
progressive decrease in 7, was detected, which is probably
attributable to increasingly relevant quenching losses (non-
radiative relaxation pathways) occurring within the system
under these conditions.

The limited but non-negligible overlap between the absorp-
tion and emission spectra of PyPBTM in the 600-650 nm
wavelength range suggests that reabsorption processes may
play a role in decreasing the optical performance of the LSCs.
In addition, scattering losses within the host matrix during
photon transport and light guiding can also affect the
overall device performance.®®®" To investigate this phenom-
enon more in detail, we evaluated the light-transport efficiency

Mater. Adv., 2021, 2, 7369-7378 | 7375
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in PyPBTM/PMMA LSCs at the optimal luminophore concen-
tration (3 wt%, Fig. 7) by recording their single-edge optical
output power upon illumination at increasingly larger dis-
tances from the collecting edge (details in the ESI{). As shown
in Fig. 8, a ~10% loss of performance was experimentally
recorded at optical distances of up to 20 cm from the illumina-
tion spot, clearly suggesting the negligible contribution of
luminophore reabsorption losses and scattering on the output
performance. To further extend the analysis, we also conducted

100 |

4444
80 }

40t

201
A Experimental values
— Simulation

Normalized integrated single-edge OP

0 10 20 80 90
Optical distance (cm)

100

Fig. 8 Normalized intensity decay of the integrated optical power output
as a function of optical distance from the illumination spot under 1 Sun top
irradiation: experimental values (triangles) and simulated values (solid line).
Monte Carlo ray-tracing simulation has been carried out on an ideal LSC
that is free from scattering and reabsorption losses.
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Monte Carlo ray-tracing simulations on the same LSCs of up to
1 m lateral size. In addition to the excellent match with the
experimental results for small (<20 cm) devices, the simulation
showed that a constant output performance could be achieved,
even on the up-scaled systems. This confirms the potential
of this new class of luminophores for large-area reabsorption-
free LSC devices, notwithstanding the relatively limited
PyPBTM/PMMA LSC-PV assembly device efficiency under 1
Sun full illumination, mainly associated with the spectral
response of the luminescent radical species (see ESIT).

Finally, in view of their prospective outdoor use, we also
undertook a preliminary assessment of the long-term photo-
stability of PyPBTM/PMMA-based LSCs by monitoring the
optical performance of the devices over time under UV-A light
illumination (see ESIt for details).

Despite the highly aggressive weathering conditions (high-
energy photons, and exposure in a non-inert atmosphere),
encouraging trends were observed for such systems, especially
in the presence of designer host matrices previously shown to
hamper photoinduced degradation and prevent luminophore
emission quenching.®*%

Combining recent findings in high-durability host-matrix
materials®®®* and advanced encapsulation approaches for
PVs®> ™ is expected to further boost the outdoor photostability
of these organic luminescent radical systems, ultimately prov-
ing their application potential in the LSC field.

Conclusions

We have developed three new conjugation-enhanced lumines-
cent radicals, structurally derived from the parent PyBTM, a
persistent radical already widely employed as both a single
molecule and building block in a variety of advanced applica-
tions. We designed the new radicals to profit from the two most
favourable features of PyBTM - its efficient luminescence and
the high spectral separation between its absorption and emis-
sion spectra — while further boosting their light harvesting in
the visible region and their photostability. The overall features
of the newly synthesized materials are particularly suitable for
applications in transparent LSCs for integration into buildings.

From the standpoint of synthesis, our approach is both
efficient, since we employed a divergent scheme using PyBTM
as the common precursor for the new materials, and sustain-
able, as we fully exploited the advantages of micellar catalysis in
reducing the amount of organic solvents required.

In terms of properties, we succeeded in sizeably extending
the visible-light absorption of the derivatives, while at the same
time increasing by orders of magnitude their stability to con-
tinuous UV light exposure. While embedded in thin film LSCs,
PyPBTM - the most efficient derivative of the series - demon-
strated a particularly good performance in terms of reduction
of reabsorption losses. In fact, while the lateral dimensions of
the best-performing LSCs based on standard perylene dyes
are limited to 10-20 cm due to strong reabsorption, the
PyPBTM-based devices show only a minor size-dependent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance (~10% loss) with near constant output response,
even on up-scaled (up to 20 cm) systems. This evidence clearly
suggests the negligible contribution of luminophore reabsorp-
tion losses and scattering on the output performance. To
further highlight the applicability of such a technology to
building integrated photovoltaics, the colour coordinates of
the PyPBTM devices are close to the white point so as to ensure
negligible colour distortion of the transmitted light.
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