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Aggregation-induced emissive nanoarchitectures
for luminescent solar concentrators

*® and Gianmarco Griffini (2 *2

Elisavet Tatsi, (2 42 Andrea Nitti, &2 +° Dario Pasini
Aggregation-induced emission (AIE), the phenomenon by which selected luminophores undergo the
enhancement of emission intensity upon aggregation, has demonstrated potential in materials and bio-
materials science, and in particular in those branches for which spectral management in the solid state is
of fundamental importance. Its development in the area of luminescent spectral conversion devices like
luminescent solar concentrators (LSCs) is instead still in its infancy. This account aims at summarizing
relevant contributions made in this field so far, with a special emphasis on the design of molecular and
macromolecular architectures capable of extending their spectral breadth to the deep-red (DR) and the
near-infrared (NIR) wavelengths. Because of the many prospective advantages characterizing these spec-
tral regions in terms of photon flux density and human-eye perception, it is anticipated that further devel-
opment in the design, synthesis and engineering of advanced molecular and macromolecular DR/NIR-
active AIE luminophores will enable faster and easier integration of LSCs into the built environment as

highly transparent, active elements for unobtrusive light-to-electricity conversion.

1. Introduction

Luminescent solar concentrators (LSCs) are spectral conver-
sion devices in which the combination of luminophores and
lightguides enables the collection, re-emission and transport
of solar photons, ultimately directing them towards solar cells
for light-to-electricity conversion. LSC devices are able to
harvest both direct and diffuse light with little angle depen-
dence, and they are of particular interest in building integrated
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photovoltaic systems;"* however, in such applications visibly
transparent LSC devices are preferable for minimal light
distortion.

While various strategies have been developed to improve
the efficiency of LSCs, there remains significant room for
improvement in different areas, including the engineering of
low optical loss device architectures,’® the development of
high optical clarity multifunctional host matrices’'® and the
design of high photoluminescence quantum yield (PLQY)
emissive species.'’™* In the context of luminescent materials,
aggregation-induced emission luminogens (AIEgens) expand-
ing their spectral wavelengths into the deep red (DR) and near-
infrared (NIR) ranges represent a particularly interesting
approach. Indeed, while the use of luminophores with absorp-
tion and emission characteristics in the VIS range has been
the most widely employed strategy to improve the performance
of AlEgen-based LSCs, this has led to highly tinted devices
usually characterized by a typical yellow-to-orange or red
hue.®>®* ' In comparison, visibly transparent LSCs based on
AlEgens designed to convert DR/NIR photons may offer
notable advantages. These include the possibility to exploit the
large photon flux available for energy use in this spectral
region to boost their efficiency, while enabling seamless archi-
tectural integration with virtually no or minimal impact on the
building aesthetics. Furthermore, NIR-responsive surfaces can
contribute to passive cooling effects by enhancing heat dissi-
pation, thus reducing temperature (or heat) gains.'”"'® For opti-
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mized NIR absorption and emission, molecular engineering
needs to be addressed through the use of different lumino-
phores, incorporation of nanoparticles, and the design of suit-
able, advanced molecular or macromolecular architectures.
Conventional materials give bright luminescence in dilute
solutions, while the photoluminescence (PL) decreases in con-
centrated solutions or in the solid state due to an aggregation-
caused quenching (ACQ) effect, as documented by Forster in
1954.'° Although many strategies have been reported trying to
alleviate the ACQ effect, only limited achievements have been
obtained since aggregation is a spontaneous process and a
natural state. This phenomenon is particularly relevant for
LSCs, where aggregation of luminophores is commonly found
due to the high emitter concentration needed to obtain high-
optical-density/high-efficiency devices.'**° In contrast to ACQ,
aggregation-induced emission (AIE) was demonstrated in 2001
by Tang et al., in which the enhancement of emission intensity
upon aggregation of certain luminescent molecular species
was observed.”"** AlEgens generally consist of aromatic rotors
in a twisted propeller-shaped conformation that minimizes the
intermolecular m-m interactions in their aggregate state.”?
Initially, a series of propeller-shaped molecules were found to
possess AIE activity: hexaphenylsilole, hexaphenylbenzene,**
pentaphenylpyrrole,® tetraphenylthiophene,”® pentaphenyl-
phosphole oxide,”” and aryl substituted acrylates and
acrylonitriles.”®° The underlying mechanism of the AIE
phenomenon is attributed to the restriction of intramolecular
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Fig. 1 (A) Sketch of a transparent LSC, (B) working principle of LSCs.
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rotation (RIR) in the aggregated state.
state, non-radiative decay pathways such as intramolecular
rotations and vibrations are active, leading to low emission
intensity.

AIE research has flourished in the past two decades, with
an increasing number of reports in the literature, focusing on
application areas as wide as optics and photonics, electronics,
energy, bioimaging and therapeutics.**>%”

In particular, recent efforts in the bio-optical field have led
to the development of AIEgens with spectral response extend-
ing to the NIR-II region (1000-1700 nm) of the electromag-
netic spectrum,*®*™*° with great potential for further exploita-
tion in other scientific and technological areas. On the con-
trary, AIE research activity for LSCs has not been quite as
active, with efforts mainly concentrated on AIEgens operating
in the UV-visible range since their first use in lab-scale
devices. In this respect, an overview of potential strategies
to enable a step forward in the use of AlEgens in the field
of colorless, NIR-active spectral conversion systems is still
lacking.

Along these lines, this work aims to provide a detailed
account on the current strengths and limitations of AIE lumi-
nophores for prospective applications in LSC devices, ulti-
mately discussing potential pathways for their future
implementation as NIR active species in visibly-transparent
spectral conversion systems (Fig. 1). Specifically, this review
will first give an overview of the functional nanoarchitectures
based on molecular and polymeric AIE emitters currently
used in LSC devices. The discussion will then be focused on
the most relevant recent examples of AIEgens with absorption
and emission characteristics extending to the DR/NIR spec-
tral region, and with potential for future application in the
LSC field. Finally, issues and opportunities associated with
the utilization of molecular and polymeric AlEgens for DR/
NIR spectral conversion in LSCs will be highlighted, present-
ing our vision on the design and application of tailored
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AlEgen architectures for such spectral conversion devices, in
the hope to facilitate their development and future uptake in
this field.

2. Discussion

2.1. AIE systems in LSCs

The use of AlEgen luminophores in the LSC literature has
become increasingly popular in the past decade, and different
chemical architectures have been proposed to meet the optical
requirements of these devices (Fig. 2).

Interestingly, most of the initial research in the field of AIE-
based spectral conversion systems has centered around the
utilization of AIEgens derived from tetraphenylethene (TPE,
compound 1), whose AIE effect is the result of the RIR process
upon aggregation. In their 2014 seminal work, Ghiggino and
colleagues introduced for the first time AIEgen emitters in LSC
devices using compound 1 as the core luminophore.** Their
work resulted in the fabrication of a 10 mm X 10 mm x 1 mm
thin-film LSC of TPE in polymethyl methacrylate (PMMA) able
to achieve an external photon efficiency 7y of 13.2% under a
non-disclosed illumination source. However, it was also evi-
denced that the emission range of this system is not ideally
suited for LSCs intended for integration with silicon or GaAs
PV cells. Similarly, the absorption features poorly match the
solar spectrum emission. Consequently, alternative design
strategies for modifying TPE-based fluorophores have been
explored to optimize AIEgen absorption and emission pro-
perties while maintaining the AIE response, despite the chal-
lenges in ensuring sufficiently high PLQY. In a subsequent
study by the same research group, Banal et al. developed
AlEgen luminophores based on the use of pyrene derivatives,**
whose luminescence properties are highly dependent on their
regioisomeric structure: spectral shifts in their absorption and
emission spectra, both in solution and in rigid polymer hosts,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Left: Chemical structures for AIE luminophores used in LSCs; right: main photophysical parameters and performance for AlEgens used in
LSCs reported in literature. Efficiency values are reported as: 7ot = (no. of edge-emitted photons)/(no. of total absorbed photons); #ext = #eage = (NO.
of edge-emitted photons)/(no. of total incident photons); opt = Iscise)/(Iscipv) G), where Iscsc) is the short circuit current generated by a PV cell
edge-coupled to the top-illuminated LSC, Iscpy) is the short circuit current of the same PV cell under direct illumination from the same light source,

G = Atop/Aedge: With Aiop = LSC top surface area, and Acqge = LSC edge su

rface area; P, is the power generated by the PV cell edge-coupled to the

LSC (P sc) to the power produced by the PV cell (Ppy) under direct exposure (in both cases, illumination was by an AM1.5G solar simulator under one

Sun).

could be associated with the formation of weakly interacting
H-aggregates, which yielded excimer-like emission with inher-
ently large Stokes shifts (>1.0 eV, Fig. 3a).>* Through a tailored
synthetic pathway, they isolated geometrically pure regio-
isomers of crystalline gem-substituted pyrene ethenes (com-
pound 2). Such AlEgens, embedded in a PMMA host matrix,
were used in Si-PV-coupled thin-film LSCs yielding high PLQY
(52.0%) and device efficiency in line with inorganic phosphor-
based LSCs of similar spectral response (17gey = 0.44%, defined
as the ratio between the electrical power produced by edge-
coupled PV cells and the optical power hitting the LSC top
surface). The quest to expand the emission range of TPE-based
AlEgens to the red prompted Ma et al to investigate com-
pound 3, a D-D-n-A structure,”® which is composed of two
electron-donor groups [ethene-1,1,2-triyltribenzene (D1), furan
(D2)] and electron-acceptor groups [Rhodamine-CN] connected
via a n-bridge.** LSC devices incorporating 3 in PMMA exhibi-
ted absorption at 470 nm and a fluorescence peak at 570 nm,
achieving an optical efficiency (17,p) of 4.09% under simulated
sunlight illumination. In a parallel effort, De Nisi et al
explored a variation of the TPE moiety, compound 4, which is
based on the TPE stator and is decorated with dimethylamine
and malononitrile as the electron donor (D) and the electron
acceptor (A) moieties, respectively.”” The enhanced D-A inter-
action in this modified TPE-base AlEgen led to intense emis-
sion in the aggregate state, closely aligning with the DR

This journal is © The Royal Society of Chemistry 2024

portion of the solar spectrum, exhibiting VIS light absorption
in the 400-550 nm wavelength range, 45" = 600-620 nm, and
a maximum PLQY of ~50% when dispersed in PMMA. LSC
systems incorporating compound 4 in polycarbonate (PC)
achieved n,pc = 6.7% thanks to the better spectral matching
with sunlight emission. Nonetheless, chemical compatibility
issues with the PC host matrix yielded unwanted fluorescence
quenching, thereby limiting device performance at high
AlEgen loading. In a later study by the same research group, a
TPE derivative was synthesized and employed as the initiator
for preparing red-emitting compound 5 via atom transfer
radical polymerization (ATRP).*® This method was selected to
gain finer control over the positioning of the luminophore in
the macromolecular backbone, to avoid phase interferences/
segregation between the host matrix (PMMA) and the lumines-
cent species and thus maximize LSC performance. The PMMA/
5 films displayed emission characteristics dependent on the
fluorophore concentration, with emission peaking at 650 nm
and a significant Stokes shift of 170 nm. The PLQY peaked at
26.5% for compound 5 content of 0.98 wt%. In LSC appli-
cations, compound 5 showcased a maximum #opc Of 7.05%,
with a PMMA/5 film containing 1 wt% of compound 5. In a
later study the same group”” reported a new derivative (com-
pound 6) featuring dimethylamino push group and a
3-methyl-rhodanine pull moiety. The optical properties of com-
pound 6 were systematically determined in various solvents,

Nanoscale, 2024, 16, 15502-15514 | 15505
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Fig. 3 (a) UV-Vis (solid) and PL (dashed) spectra in PMMA matrix of
compound 2. (b) UV-Vis and PL spectra of compound 6 in PMMA matrix
at concentrations of 0.4% (black), 1.2% (blue) and 2% (red) respectively.
Partially reproduced from ref. 42 and 47. Copyright 2015 and 2022
Wiley.

revealing absorption peaks at 303-307 nm, 370-374 nm, and
489-504 nm.

Compound 6 exhibited an emission peak at 705 nm when
aggregated in THF/water mixtures, indicative of its AIE behav-
ior. Compound 6 also displayed crystallization-induced
enhanced emission (CIEE) in the solid-state, indicating
brighter fluorescence in the crystalline state compared to the
amorphous state. When integrated into PMMA and poly(cyclo-
hexyl methacrylate) (PCMA) films, compound 6 exhibited
absorption bands in the 300-500 nm range, with the fluo-
rescence band spanning the 500-800 nm range. Maximum
PLQY values around 14%-16% were observed, decreasing
below 10% for higher concentrations of 6 in PMMA films due
to scattering following aggregate formation (Fig. 3b).

Triphenylamine (TPA)-based AlEgens have also been
explored in various studies. In a recent work by Li et al, the
TPA motif was exploited in combination with the benzothia-
diazole moiety to obtain a near-unity-PLQY, large-Stokes shift
(0.59 eV, 130 nm) AlEgen (7), offering high optical perform-
ance in polydimethylsiloxane (PDMS) LSCs.'° Compound 7
displayed absorption in the region of 360-550 nm (peaking at
461 nm) and photoluminescence in the 500-750 nm range,
with a peak at 590 nm. The PDMS film exhibited high photo-
stability, with approximately 70% of the original PLQY
retained after an “accelerated aging” test equivalent to around
2.2 years of outdoor use. LSC devices were fabricated in
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different sizes and shapes, with #;,, found to decrease slightly
upon upscaling (68.5% for 3 x 3 ¢cm?, 63.5% for 8 x 8 cm” -
planar LSC devices). Templated surface patterning was also
employed to fabricate superhydrophobic LSCs, whose perform-
ance (both 7y, and 75.,) was however shown to be lower than
for smooth devices, due to increased surface scattering. A
different approach to obtain D-A AIEgen luminophores based
on TPA was proposed by Geervliet et al., where the elementary
electron-donating units of TPA, with one of the phenyl rings
replaced by TPE, were combined with an electron-accepting
fumaronitrile (FN) group (8).*®*° This D-A AlEgen was
embedded in bio-based polyester matrices to obtain thin films
(25 pm) exhibiting broad absorption (400-650 nm), fluo-
rescence emission peaking at 600-630 nm, and a consistently
high PLQY of 61% up to a 8 loading of 1.4 wt%. Thin-film LSC
devices were obtained by embedding optimal concentrations
of 8 in a random polyester copolymer of O-methylene galacta-
rate, 1,3-propanediol and dimethyl terephthalate, yielding #op¢
as high as 7.1% when edge-coupled with Si-based PV cells.
More recently, authors from the same group reported the syn-
thesis of orange/red organic emitters featuring a benzo[1,2-
b:4,5-p"|dithiophene 1,1,5,5-tetraoxide central core as A unit
connected to different D moieties by means of Pd-catalysed
direct arylation reactions, yielding AIEgen molecules with either
symmetric (D-A-D) or non-symmetric (D-A-A’) structures (9-10).
The authors found that symmetric structures showed better
photophysical properties for application in LSCs than their non-
symmetric counterparts. In particular, 9/PMMA and 10/PMMA
LSC devices exhibited 7 close to 8.4% and ey = 0.94%.>°

A recently explored strategy to enhance the efficiency of
LSCs centers around the combined use of D-A pairs to enable
the fluorescence resonance energy transfer (FRET) process, as
will be discussed in the next section. Some of these
approaches integrate AIE luminophores as either D or A
species, while others resort to AIEgens for both D and A.

The first study on the FRET process in LSC applications was
reported in 2004 by Banal et al., who employed the AIE donor
compound 11 in conjunction with a high PLQY acceptor dye.>*
AIE compound 11 is characterized by a D-n-A architecture and
combines a propeller-like triphenylacrylonitrile (TPAN) group
with a diarylamine, yielding high PLQY in the solid state
(100% compared to 0.8% in solution of THF) and an emission
centered at 550 nm. Blending 11 with the chosen acceptor (A4)
in various ratios within PMMA for LSC devices yielded efficient
energy transfer properties (86%). This approach kept the con-
tribution of the acceptor absorption relatively low, minimizing
reabsorption losses while maximizing light harvesting by the
donor. Furthermore, 11 exhibited resistance to fluorescence
quenching at high concentrations (>50 wt%), thus enabling
efficient energy transfer in PMMA films. In a later study from
the same group, a different FRET D-A pair (11/12) was intro-
duced, with 12 as candidate A to replace the acceptor dye (A4)
from their previous study.>® The acceptor 12 is based on TPE
and phenanthro[9,10-d]Jimidazole with benzo-2,1,3-thiadiazole
in its molecular backbone. While 12 exhibited AIE properties,
it was susceptible to concentration quenching in a PMMA

This journal is © The Royal Society of Chemistry 2024
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matrix, resulting in decreased PLQY from 93% at 9 mM to
45% at 225 mM. In contrast, 11 maintained a high PLQY of
~98% even at a high concentration of 250 mM in PMMA.

In another approach by Mateen et al., a pair of AIE-active
dyes, 13 and 14, was employed to enhance LSC efficiency
under both outdoor and indoor lighting conditions, by exploit-
ing the FRET process.”® The AIEgens systems were based on a
tetraphenylethene-modified TPA derivative as the AIE donor
(13), and a diketopyrrolopyrrole-TPA derivative as the AIE
acceptor (14). The D compound 13 displayed high absorbance
in the UV/blue range (320-420 nm) and emission from
400-600 nm, while 14 showed broad absorbance across the VIS
spectrum and emission in the red/DR region (550-750 nm).
The excellent spectral overlap between 14 absorbance and 13
emission enabled an efficient FRET process. For LSC device
fabrication, a PMMA matrix was employed, with 13 consist-
ently doped at 2 wt% and 14 varying from 0.25 wt% to 1.5 wt%.
As a result, energy transfer efficiencies #ngr varied between
58.5% and 97%. The resulting LSCs equipped with side reflec-
tors and a back diffuser and incorporating the 13/14 AlEgen
FRET pair yielded 7, between 18% and 27.2% under AM 1.5G
solar spectrum and white LED illumination, respectively.

In another study by Lyu et al, a conjugated polymer with
AIE characteristics (polymer 15) was designed as the D moiety
for FRET-based LSC devices, while perylene carboxydiimide-
bridged triethoxysilane served as the A moiety, embedded in a
ureasil waveguide. Polymer 15 displayed a high PLQY between
52-73% and a significant Stokes shift of approximately
150 nm in the solid state.”® When induced to aggregate, 15
exhibited a dramatic increase in emission intensity of up to
530%, validating its AIE response. The PLQY of 15 increased
significantly, from 2% in a good solvent (THF) to 44% at
0.001 wt% in a ureasil matrix, reaching around 60% at
0.05 wt%. However, concentrations exceeding 5 x 10> wt% led
to scattering losses due to enhanced aggregation, affecting the
optical response of the LSC, with 5 x 10> wt% being optimal.
LSCs incorporating both 15 and perylene-based acceptor (A;)
in the diureasil waveguide demonstrated enhanced perform-
ance, with the highest internal photon efficiency (7in:) of
20.0% and external photon efficiency (1ex) of 5.5%, outper-
forming LSCs with 15 and A, alone.

More recent investigations have introduced innovative
chemical strategies to enhance the performance of LSCs
through the utilization of AIEgen molecules with spectral
breadth spanning from the VIS to the DR region. To this end,
the introduction of fluorine atoms into a conjugated tetrafluor-
obenzene backbone structure led to the development of
AlEgen 16, featuring a tetrafluorobenzene central core end-
capped with naphthothiophenes.®® This luminophore was
obtained through an eco-friendly synthetic process (low
E-factor of 99) and demonstrated promising optoelectronic
properties due to its large Stokes shift (%4632 cm™') and a
two-fold increase in PLQY in the solid state compared to that
in solution In pure THF, 16 displayed an absorption spectrum
characterized by three peaks at 298 nm, 362 nm, and 385 nm,
indicative of the n—n* transitions of the n-electron system.
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With increasing water content in THF-H,O mixtures,
absorption at 298 nm and 362 nm was shown to decrease,
while a new peak emerged at ~423 nm, indicating aggregate
formation. A weak blue emission was found in THF and in
low-water-fraction THF/water mixtures (Fig. 4), while a pro-
gressively stronger green emission at Amax = 509 nm appeared
for water fractions higher than 35%. In thin-film, 16 exhibited
UV-Vis absorption and emission properties akin to high-water-
fraction solutions, but with a doubled PLQY compared to the
solution. LSC devices were obtained by incorporating 16 into a
PMMA matrix at varying concentrations (ranging from
0.5-17.5 wt%). The optimal AIEgen concentration was deter-
mined to be 12.5 wt%, delivering the highest 7. = 3.5% and
maintaining a stable 5, = ~18%. Concentrations exceeding
12.5 wt% yielded reduced emission intensity and decline in
ext; Decause of reabsorption, self-absorption phenomena, and
limited luminophore solubility. Large-scale LSCs (10.0 x 10.0 x
0.6 cm® and 15.0 x 15.0 x 0.6 cm®) were also successfully fabri-
cated using the optimized 16 concentration, highlighting the
scalability potential of this approach.
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Fig. 4 (a) UV-vis spectra of dilute solutions of 16 in THF—H,O mixtures
with different volume fractions of water (f,,). (b) PL spectra of 16 in
THF-H,O mixtures at different fw values. The inset shows the normal-
ized PL intensity at as fw changes. Partially reproduced with permission
from ref. 55. Copyright 2021 Wiley.
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Another strategy proposed by Meti et al. focused on D-A
type AlEgens exhibiting efficient intramolecular charge trans-
fer (ICT) behaviour, ultimately leading to a large Stokes shift
(>106 nm).>® In this work, a tetraphenylpyrazine-based AlEgen
(17) was developed, which was symmetrically functionalized
with dimethylamine (D) and cyano (A) groups. In the aggregate
state, 17 presented restricted rotation of the phenyl rings,
emitting light peaked at approximately 500 nm in DMSO,
which red-shifted to 600 nm and intensified upon aggregation.
For LSC device fabrication, 17 was dissolved in PMMA at
varying concentrations, leading to maximum values of i, =
23.7% and 7exe = 2.33% at 0.01 wt% and 0.02 wt% AlEgen
loading, respectively.

2.2. Design concepts towards DR/NIR AIEgens

As discussed in a recent review on AIEgens operating in the
UV-vis spectral range'! and as previously detailed in this work,
AIE-based luminophores are ideally suited for LSC applications
as they enable high PLQY at high luminophore loadings,
thereby maximizing the light harvesting and emission pro-
cesses for optimized device performance. To further elaborate
on this topic, in this section the discussion will be focused on
the most recent attempts to extend the absorption and the
emission of AIEgens to the DR/NIR spectral region, with the
ultimate goal of extracting guidelines for expanding these con-
cepts to the LSC field. To that end, the potential advantages of
the AIE approach in LSCs using DR/NIR luminophores can be
briefly summarized based on two key assets: on the one hand,
luminophores converting NIR photons may take advantage of
a larger photon flux vs. the UV-vis range, which can then be
exploited for increased device efficiency; on the other hand,
boosting non-radiative recombination through RIR mecha-
nisms, as in the AIE paradigm, enables to tackle the unavoid-
ably low PLQY of conventional NIR luminophores. Prototypical
examples of UV-vis AlEgens already proposed in the LSC litera-
ture (blue background) and chemical platforms that could
potentially be employed for DR/NIR-responsive LSCs (red back-
ground) are illustrated in Fig. 5, to demonstrate the tunability
of the spectral response of AlEgens via tailored modification of
their molecular structure, as discussed in further detail in the
following.

The energy separation between HOMO and LUMO levels
(Eg) is the decisive factor to obtain a conventional VIS, DR
or NIR organic emitter. This is generally achieved through
molecular engineering (conjugation length, bond length
alternation and push-pull architecture) and through the
control of supramolecular interactions (molecular n-n stack-
ing, hydrogen bonding and intermolecular charge transfer
processes).°

According to the energy gap law, non-radiative decay
rates (k,;) (associated to allowed molecular rotational and
vibrational modes) from excited state (S; or T,) to the ground
state (So) exponentially increase with the decrease of E,.
Conventional DR/NIR emitters therefore suffer of larger ky,
compared to radiative decay rates (k;) as an intrinsic property
linked with the HOMO-LUMO energy difference, thus yield-
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Fig. 5 Examples of chemical structures of AlEgens with emissive pro-
perties in different spectral regions (TPA = triphenylamine). Blue back-
ground: UV-vis responsive AlEgens proposed in the LSC literature (ref.
41, 43 and 45 from left to right); red background: chemical platforms to
be potentially employed for DR/NIR-responsive LSCs (ref. 57-59 from
left to right).

ing limited PLQY. However, increasing k, and reducing k,, is
crucial for obtaining high-efficiency spectral conversion
devices making use of DR/NIR-emitters.

The AIE concept provides a powerful strategy to address the
development of DR/NIR emitters with enhanced performance
in the condensed/aggregated state. The AIE molecular design
can overcome the problems associated with the energy gap
law by reducing the contribution of the electron-vibration
coupling component in the k, equation thanks to RIR
mechanisms,®*™®” allowing the realization of AlE-active DR/
NIR emitters for several applications. As an example, the
design and application of AlE-active NIR emitters was recently
proposed for sensing selected ions and molecules.®®*”° In
another example, Yang and coworkers developed novel cyanine
NIR-AlEgens incorporating naphthothiazolium propylsulfo-
nate as acceptor unit and TPA as donor unit in a D-A “push-
pull” molecular structure, exhibiting crystal-induced emission
enhancement (CIEE) and morphology-dependent NIR emissive
behavior.”* The brightly emissive crystalline powder with emis-
sion centered at 687 nm (ON state) is transformed into non-
emissive amorphous state (OFF state) when grinding. The
reversible inter-conversion between NIR emitted and non-fluo-
rescent state was successfully applied in a physical pressure
and temperature sensor.

Areas of intense development of NIR AIEgens are those of
bioimaging and photodynamic therapy, as a result of the
intrinsic deep tissue penetration ability of NIR light and
thanks to its limited phototoxicity.”>”’* Optical imaging in
the VIS or even in the first NIR (NIR-I) region is restricted to
superficial areas, since excitation and emission photons from
these regions are partially attenuated by tissue scattering and
adsorption.”>””” Very recently a second generation of AIE NIR-
emitters based on the second NIR (NIR-II) emission region

This journal is © The Royal Society of Chemistry 2024
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were explored. NIR-II in the range of 1000-1700 nm signifi-
cantly reduces photon scattering, absorption, and self-fluo-
rescence, allowing more effective biological tissue penetration
and more precise visualization of the tissue of interest. The
Tang group reported the first ATEgens for NIR-II imaging in
2020.”® They synthesized D-A “push-pull” AlEgens with
twisted intramolecular charge transfer (TICT) properties
using benzobisthiadiazole (BBTD) as strong electron-with-
drawing unit and TPA units working as both donors and
molecular rotors. In between the BBTD and TPA units, alkyl
thiophene units were introduced to ensure a large distortion
of the conjugated backbone. Notably, these emitters showed
maximum emission at ~1000 nm with a tail extended to
1600 nm and displayed a moderate PLQY of ~9% as aggre-
gates. The same group demonstrated for the first time the
use of zwitterion-type NIR AlEgens as multifunctional thera-
nostic agents.””® The molecular design in this case adopted
2,3,3-trimethylindolenine (ITB) as the electron-withdrawing-
group (EWG) acceptor moiety, functionalized with 1,3-
propane sultone, and TPA electron-donating-group (EDG)
units as donor moieties. These NIR-II emitters showed extra-
ordinary photothermal conversion efficiency for cancer treat-
ment. For bioimaging applications, AlEgens are often made
into nanoparticles (NPs) via the “nanoprecipitation method”,
carried out by quick injection of the AIEgen solutions into
aqueous media, and encapsulated with biocompatible surfac-
tant agents to improve their biocompatibility and colloidal
stability. The rapid precipitation process arranges lumino-
phores into disordered or amorphous NPs in a loose-packing
way, although crystallization is a more effective approach to
maximize the packing of molecules and minimize intra-
molecular motions.®!

Most of NIR AlEgens possess larger k,, than £, in the aggre-
gate state, and thus low or moderate PLQYs. The AIE concept
alone is thus not sufficient to develop efficient solid-state NIR
luminophores, as practically evidenced by the lack of high-per-
formance NIR-organic light emitting diodes (OLEDs),*>** NIR-
organic photovoltaics (OPVs),** and NIR-LSCs.

Besides the suppression of electron-vibration coupling,
the reduction of electronic nonadiabatic coupling is another
approach to reduce k, and overcome the energy gap
law.®*#38¢ Such nonadiabatic coupling elements are qualitat-
ively proportional to the electronic transition density.
Decreasing the overlap of electrons and holes in the excited
states can reduce the non-radiative decay processes.
Interestingly, such theoretical targets can be experimentally hit
by resorting to photophysical processes entailing thermally
activated delayed fluorescence (TADF), hybridized local and
charge-transfer (HLCT) excited states, excited state intra-
molecular proton transfer (ESIPT) and FRET, as schematically
represented in Fig. 6.

One interesting example of the use of such approaches is
represented by the concept of aggregation-induced delayed
fluorescence (AIDF), which combines the AIE strategy to the
TADF process,” initially observed in eosin, fullerene and por-
phyrin derivatives,®*°° and popularized by Adachi’s and
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Fig. 6 Schematic representation of the TADF, HLCT, ESIPT and FRET
photophysical processes.

Zysman-Colman’s groups, who used TADF molecules in OLED
devices.” "> TADF can harvest both singlet and triplet excitons
simultaneously through efficient reverse intersystem crossing
(RISC) using thermal energy. According to Boltzmann stat-
istics, the RISC process can occur efficiently at a given temp-
erature if the singlet-triplet energy gap (AEgy) is small
enough.’>®” Achieving small AEgy is possible realizing a suit-
able separation of the HOMO and LUMO via molecular engin-
eering. This approach, combined with the incorporation of AIE
characteristics to the target luminophore, can represent a feas-
ible methodology to develop DR/NIR emitters in the aggregate
state.

The structure and metrics (emission wavelength A.,, and
PLQY) for recent high performance AIDF DR/NIR emitters,
both in solution and in neat films, are reported in Fig. 7 with
the corresponding chemical structures.

Bronstein and coworkers reported a NIR-AIEgen 21 based
on dicyanopyrazine that is fused to the acenaphthene (AP)
as the acceptor unit.’® Compared to previous AP-based
materials 18-20,°%°>'% compound 21 has a TPE-based tri-
phenylamine moiety as donor rotor unit, which confers AIE
behavior and a red shift of wavelength to 961 nm in neat
film. When diluted in a benzimidazole-based host matrix,
luminophores 18-21 exhibit an enhancement of emission
efficiency (PLQY of 63%, 98%, 9%, and 11% respectively)
compared to solutions.

Tang and coworkers reported DR AIDF emitters 22-24
incorporating a pyrazino[2,3-f][1,10]phenanthroline-2,3-dicar-
bonitrile (DCPP) acceptor and using three different triaryla-
mines as rotors,'** with red emission peaked at 598-620 nm
in solution, and NIR emission peaked at 692-710 nm with
PLQYs of 7-13% in neat films. Zhang and coworkers
reported a modification in donor rotors introducing bulky
spiro-fluorene moieties.'®> DR emitter 25 did not show emis-
sion in dilute solution but strong emission in a host matrix
with emission peaked at 648 nm and PLQY of 99%. The
AIDF characteristics were confirmed by nanoaggregate for-
mation by adding water to a solution of 25 in toluene. Ge
et al. demonstrated that AIDF emitters with J-aggregate
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Fig. 7 Left: chemical structures for AIDF, HLCT, ESIPT and FRET based AIE luminophores proposed in the literature; right: corresponding main

photophysical parameters and performance.

packing mode in the solid state can drastically enhance the
luminescence efficiencies.'® The authors synthesized two
NIR-AIDF luminophores consisting of 6-(4-(tert-butyl)
phenyl)-6H-indolo[2,3-b]quinoxaline-2,3-dicarbonitrile (IQD)
as planar acceptor unit and two triarylamines as donor
units (compounds 26 and 27). In THF/water mixtures, PL
intensities of 26 and 27 showed a swift increase when the
water fraction increased to 60%. Crystal analysis revealed a
face-to-face packing motif driven by C-H-r and CN-H-C
interactions (J-type aggregates). A novel class of AIDF was
also recently reported by the Tang group using cyano-substi-
tuted dithiafulvalene-fused benzothiadiazole (BSMCN) as the
strong acceptor unit.'®*

AlEgens based on the HLCT excited state process provide a
balance of locally excited (LE) and intramolecular charge
transfer (CT) excited states, both essential to achieve NIR
emission with high PLQY via efficient RISC at high-lying
triplet and singlet excited states (hRISC), such as T, to
S1.'%°7'%7 LE state with a large transition moment and orbital
overlap contributes to the enhancement of the PLQY, and the
relatively weak CT state is beneficial for the NIR emission. By
regulating the dihedral angles of the D-A segment, the char-
acter of the excited states can be modulated to form HLCT
states and thus promote the hRISC process and efficient
radiative decay. Recently, the Tang group reported the syn-
thesis of three AIEgens with DR/NIR emissions implemented
in OLED devices showing HLCT behaviour through a fine
regulation of the excited states. The D-A architecture of such
emitters (32, 33 and 34) make use of a triphenylamine-modi-
fied naphthothiadiazole derivative (TNZ) as the acceptor unit,
flanked by donor rotors having different levels of steric hin-
drance.”” According to theoretical calculations, all emitters
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benefit of large energy gaps between T, and T,, which
decrease the energy dissipation by internal conversion. In
addition, they exhibit a small energy difference between T,
and S;, which makes the hRISC process efficient. Compound
33 was found to possess the highest PLQY in the series in
neat film form (56%), as opposed to 42% and 18% for 32 and
34, respectively.

The excited-state intramolecular proton transfer (ESIPT)
process consists in a four-level photochemical process, as
described in Fig. 6. ESIPT luminophores are typically found
in an enol (E) form that, upon photoexcitation, promotes a
reorganization of covalent bonds with consequent charge
redistribution.’®® This yields higher acidity of the hydrogen
bond in the donor group and higher basicity of the hydrogen
bond in the acceptor group, ultimately leading to fast enol
(E*) to keto (K*) phototautomerization events (with kgspr >
10"? s7'). The K* state has a short life and decays radiatively
back to its electronic ground state (the original E form) with a
reverse proton transfer (RPT) process.'® The change of
excited state from E* to K* implies a redistribution of charge,
so that ESIPT emitters have an unusually large Stokes
shift when compared to traditional fluorophores, avoiding
unwanted self-reabsorption and inner-filter effects that are
problematic in LSC applications.

Wang and co-workers synthesized compounds 35-37 based
on 2"-hydroxychalcones exhibiting ESIPT behaviour.® Under
excitation, the intramolecular hydrogen bonding induces the
proton transfer from the hydroxyl group to the carbonyl group.
Single crystals of compounds 35-37 exhibit NIR emission
centred at 710, 680 and 716 nm, respectively, with large Stokes
shifts and high PLQY (25-32%) while no emission could be
recorded in diluted solutions.

This journal is © The Royal Society of Chemistry 2024
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ESIPT AlEgen 38 developed by the Jiang group, was found
to exhibit a 20 nm red shifted A, with respect to the homol-
ogue compound 36 in its crystal form.''® A propeller-like tri-
phenylamine donor rotor introduced into 2’-hydroxychalcone
was synthesized by Fu et al. (compound 39) and was character-
ized by ESIPT AIE behaviour.'™ Doped films of 39 exhibited
emission at 596 nm with a PLQY of 10%. In contrast, the
single crystal showed a strong NIR emission at 756 nm and a
PLQY of 15%. Liao et al. synthesized compound 40,"** contain-
ing two adjacent intramolecular hydrogen bonds. The stepwise
proton transfer process represents a true ESIPT process, with a
first ultrafast proton transfer of <430 fs and the subsequent
irreversible second proton transfer of ca. 1.6 ps. AIEgen 40 was
used for the first realization of NIR organic single-crystal laser
with emission beyond 850 nm at room temperature. Pandey
et al reported quinazoline derivatives 41-42 as ESIPT
AlEgens'"® with DR/NIR emission (635 and 701 nm respect-
ively) and PLQY of 13% and 12% in the aggregate state,
respectively.

Intermolecular charge transfer interactions can give rise to
FRET mechanisms in the aggregate state. FRET is a photo-
physical process in which the excess energy of an excited
species, the donor D, is transferred through space to an
emitter (E) species, mediated by long-range dipole-dipole
coupling (typically 1-10 nm). Using selected emitters, it is
possible to push the emission into the DR/NIR region.

The FRET efficiency can be optimized by tuning the D/E
spectral overlap integral, their intermolecular distance and
their PLQYs."* A sufficient spectral overlap integral requires
strong overlap of the absorption spectrum of E with the emis-
sion spectrum of D. The FRET efficiency is inversely pro-
portional to the distance between D and E, so that shortening
intermolecular distance or increasing the luminophore con-
centration typically helps to increase the efficiency of FRET
systems. Furthermore, FRET efficiency is also directly pro-
portional to the PLQY of D and E.

The use of the FRET approach in combination with ATEgens
has been reported by the Yang group, using a porphyrin
emitter linked to two UV-vis AlEgens donors."**'"® Porphyrins
possess excellent NIR emission in solution but strong ACQ
effect in the aggregate state. Both FRET system 43-44 showed
high NIR emission in both solution and solid state, with PLQY
in aggregates as high as 14%. The Stokes shift of systems
43-44 was as large as 410 nm, displaying excellent fluo-
rescence bio-imaging behavior for living cells.

3. Conclusions and outlook

In this account, we have presented an overview of the most
recent research trends in the field of AIE luminophores extend-
ing their response in the DR/NIR spectral regions, with poten-
tial for application in transparent LSCs. This is a rapidly evol-
ving multidisciplinary area that can profit of an additional
development boost from the opportunities given by the build-
ing-integrated photovoltaic paradigm, where the interplay
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between visible transparency, aesthetics and device efficiency
represents a key asset for successful exploitation.

The AIE concept requires supramolecular aggregation of a
high number of molecules to reveal itself. As a result of such
aggregation, new supramolecular entities are formed, which
naturally belong to the nanoscale domain. To that end, a
detailed understanding of the changes in the chemical-physi-
cal and photophysical properties of such aggregated, nano-
structured architectures is of fundamental importance when
moving from the molecular to the nanoscale level, so as to
ensure their effective use in light-management devices.

In this respect, there is certainly large room for improve-
ment, both in the engineering of innovative device architec-
tures, and in the chemistry, photophysics and nanoscale
organization of the emissive molecules. In particular, relevant
guidelines for designing effective molecular and macromolecu-
lar NIR-responsive AlEgens for spectral conversion systems are
becoming progressively more evident. Here, we briefly sum-
marize our vision and outlook for future development in this
field:

+ Molecular design strategies for NIR-compatible AIEgens:
targeting a suitable energy gap represents a necessary but not
a sufficient condition, since non-radiative decay rates (k)
tend to exponentially increase with decreasing energy gap. As a
result, this approach needs to be accompanied by a fine tuning
of the RIR mechanisms responsible for AIE behavior, through
molecular engineering, intermolecular interactions and nano-
scale organization, ultimately facilitating efficient light emis-
sion in the NIR region.

« Incorporation of AIEgens into polymer matrices: conven-
tional methods of integrating luminophores into polymer
matrices involve embedding them within the material in a
host-guest fashion. However, direct linkage of AlEgens within
the polymer matrix presents a compelling alternative. This
approach allows for precise control over the spatial arrange-
ment of AlEgens, optimizing light-harvesting -efficiency.
Leveraging the inherent property of AlEgens to exhibit
enhanced emission intensity upon aggregation, direct incor-
poration into the polymer matrix may mitigate solubility
issues associated with high concentrations, ultimately redu-
cing scattering losses and enhancing device efficiency.
Strategies such as block polymerization offer avenues for
synthesizing tailored systems, enabling precise control over
AlEgen dispersion and aggregation within the polymer
matrix.

« Device engineering: current approaches for light-to-elec-
tricity conversion in LSC systems typically entail the use of
edge-coupled photovoltaic devices (very often Si-based), whose
spectral response is in most cases not well-matched with the
emission spectrum of the luminophore. Extending the lumino-
phore spectral breadth to the DR/NIR region requires the
incorporation of lower band-gap photovoltaic systems capable
of exploiting efficiently longer-wavelength photons waveguided
through the LSC device. To that end, low-band-gap single junc-
tion and tandem perovskite photovoltaics and OPVs, alongside
chalcogenide-based architectures, are expected to play an
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increasingly important role in this field as more effective and
easily-tunable alternatives to Si-based devices.'*®™'®

As emerging photovoltaic technologies are steadily progres-
sing towards commercialization, we believe the design, devel-
opment, characterization and application of DR/NIR active
AIE-based luminophores in the broad area of spectral conver-
sion devices will flourish in the next few years, with a sus-
tained degree of innovation coming from interdisciplinary
research efforts at a global scale.
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