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Scalable AIE emitters for luminescent solar
concentrators: the role of fluorination
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We report on a series of novel p-conjugated organic emitters based

on cores possessing different degrees of fluorination flanked by two

naphthothiophene units, obtained through a chemically sustainable

synthetic approach. The luminophores exhibit aggregation-induced

emission (AIE) behavior, good compatibility, homogeneous distri-

bution, and excellent photostability in thin-film LSCs based on a

PMMA matrix. It was found that by increasing the degree of

fluorination in the core the overall efficiency is preserved, while

the photostability, which is extremely important in the context of

application in energy efficient buildings, is substantially enhanced.

Luminescent solar concentrators (LSCs) are spectral conversion
devices of increasing importance in the field of photovoltaics.
They are based on the combination of luminescent materials
embedded into a photochemically inert polymeric slab (or
coating), in which the emission of the absorbed incident solar
photons is directed in waveguide-mode towards edge-mounted
solar cells.1 Several luminophores have been used with success,
including organic dyes,2,3 nanostructured semiconductors and
carbon dots,4,5 or rare-earth complexes.6

A noteworthy development in this field is the use of aggregation-
induced emission luminophores (AIEgens).7 Unlike traditional
luminophores that diminish in brightness when they cluster
together, AIE luminophores increase in luminosity upon aggrega-
tion, effectively overcoming aggregation-caused quenching (ACQ)
typically occurring in solid-state devices.8 The AIE phenomenon is
primarily attributed to the restriction of intramolecular rotations
(RIR) in the aggregated state, which suppresses non-radiative decay

pathways and boosts fluorescence efficiency.9 The vast majority of
AIE molecules contain molecular rotors, such as rotatable aromatic
rings, in a sterically crowded molecular environment, so that the
RIR mechanism upon aggregation is facile. Tetraphenylethene
(TPE) is the archetypal example of an AIE emitter through the
RIR mechanism (Fig. 1).

Compounds containing thiophene and phenyl fragments
joined by an aryl–aryl bond (Fig. 1, top; thiophene-aryl frag-
ment) have been extensively reported in the context of organic
electronics10–13 but the molecular design of AIE luminophores
through RIR using these synthons is intuitively difficult and
synthetically challenging (and, to our knowledge, not reported),
since a sterically crowded molecular environment is lacking.

In recent years, in projects focused on the development of
scalable p-extended organic materials for applications in the
field of organic electronics, our group has reported a new class
of compounds comprising naphthothiophene (NT) units (Fig. 1,
bottom, compound 1).14–16 Such p-extended compounds are

Fig. 1 The structure of TPE (top right), and the synthetic pathway to
naphthothiophene (NT)-containing AIEgens 1–3.
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obtained through the one-pot combination of Direct HeteroAryla-
tion reaction (DHA), Cross-Aldol condensation and alkylation. The
thiophene part of NT can undergo further DHA functionalization
in the a-position of the thiophene ring. Since DHA does not
require preactivation of the thiophene rings via organometallic
routes, its use dramatically lowers synthetic green metrics, such as
the E-factor, making the synthetic processes more sustainable and
scalable with respect to alternative (Stille or Suzuki reactions, for
example) aryl–aryl couplings. We serendipitously discovered that
compound 1, belonging to this class, built around a NT unit linked
to a fluorinated phenyl core, demonstrates AIE properties. Its
application in LSC devices has been successfully demonstrated.17

Here, we report the synthesis and characterization of two
newly synthesized derivatives, NT-Ar-NT compounds 2 and 3,
possessing a partial and a nonfluorinated p-core, to elucidate
the role of fluorination in the photophysical properties and
their potential application in LSC devices.

The synthesis of compounds 1–3 is sketched in Fig. 1 and
thoroughly described in the SI Section.‡ As previously observed
for the synthesis of 1, also for the synthesis of 2 and 3, DHA
synthetic protocols turned out to be substantially higher yield-
ing when compared to Stille protocols (Table S1). The calculated
E-factors were also comparable (118 for 2 and 120 for 3, see the
SI) with the reported value for compound 1 (E-factor = 99).17

Such values are more in line with commodity chemicals than
with specialized high-performance dyes, the latter typically
being at least one order of magnitude higher. This characteristic
highlights the appeal and potential scalability of the class of
compounds described here.18

NMR characterization of the series of three compounds (Fig. S2)
revealed subtle but significant differences in the chemical shifts of
the central NT protons (Hd in Fig. 1, orange marker), confirming
different levels of crosstalk between the NT and the differentially
fluorinated aryl units. In contrast, the protons on the thiophene
moieties remained essentially unchanged, indicating little variabil-
ity in the coplanarity of the system (Hb in Fig. 1, black marker, see
also computational part below).

In very close agreement with compound 1,17 compounds 2
and 3 in organic solvents exhibit nearly identical fine-structure
for the p–p* transition in the absorption spectra in terms of
shape, molar absorptivity and lmax (Fig. 2 and Table S2), indicat-
ing that the different degrees of fluorination play only a minor
role in determining the HOMO–LUMO differences within this
series of compounds. Compounds 2–3 show a similar bluish
emission under 365 nm UV illumination when dissolved in THF
(Fig. 2). In both cases, upon recording the spectra in THF/water
mixtures with increasing water content, a method commonly
used to promote aggregation in AIEgens, the initial emission at
around 445 nm gradually shifted to green with lmax centred at
around 520 nm, and its intensity increased sharply with water
fractions beyond fw = 45–50% (Fig. 2 and Fig. S3–S6).

The large red shift of the emission from deep blue in
solution to green in the aggregate phase, common to all
compounds 1–3, is accompanied by a sensitive increase of the
emission lifetime, from 0.5–0.7 ns in solution to 2.7–3.4 ns for
the powders (Table S2 and Fig. S4–S15).

Time dependent density functional theory, in agreement
with measured optical properties, demonstrated that the fluor-
ination of the benzene central core has practically no effect on
HOMO–LUMO gaps and absorption spectra (see Table S3 and
Fig. S17b). The restriction of intramolecular rotation (RIR) is
strongly favoured in compounds 1–3 by the marked quinoidal
structure of their S1 excited state.19,20 Specifically, the strong
excitation in the visible region is followed by a significant
structural relaxation driven by the internal displacement of
charge density upon excitation, which is shown in the differ-
ence density map in Fig. 3 in the case of 3 (1 and 2 are shown in
SI, Fig. S17c). In this map, charge density is displaced from blue
to red regions when the molecule undergoes a S0 - S1
excitation. The two red arrows in the figure indicate charge
accumulation on the two C–C bonds linking thiophene to
benzene. Such displacement induces, in turn, the planarization
of the molecule, which can be partially hindered by the

Fig. 2 (a) and (c), UV-Vis spectra of compounds 2 and 3, respectively, in
CHCl3 solution (10�5 M). (b) and (d), PL spectra of compounds 2 and 3,
upon excitation in THF-H2O with different water fractions (fw).

Fig. 3 Density-difference map between the S0 ground state and the first
S1 excited state of compound 3. Charge density is displaced from blue
regions to red regions upon S0 - S1 excitation. The red arrows indicate
the accumulation of charge on C–C bonds connecting thiophene and
benzene units, suggesting the quinolization of the excited state.
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presence of fluorine on the benzene ring in compounds 1 and 2, a
significant shortening of the involved C–C bonds and a corres-
ponding enhancement of their Mayer bond order (Table S3). The
strong rearrangement of the S1 state in a quinoidal structure
provides stabilization of its total energy (0.5 eV with respect to the
structure vertically excited from the ground state) and it is also
responsible for the appreciable Stokes shifts measured for com-
pounds 1–3. The role of the bulky-COOR groups in the AIE
behaviour of these molecules is computationally revealed by the
structural and optoelectronic analysis of molecular dimers, which
are found consistent with the measured red shift of the emission
in THF/water mixtures (Fig. S17b). The preferred cofacial inter-
action between these molecules is modulated by the presence of
their bulky tails, which force the molecules to offset their aromatic
groups and prevents easy quenching of excited states, while
keeping the molecules close enough to one another to hinder
rotation, thus contributing to the restriction of intramolecular
rotations fostering AIE (Fig. S18).

The high emission intensity of compounds 2 and 3 com-
bined with the large Stokes shifts (470 nm, see Fig. S19) make
them ideal candidates for the preparation of luminescent thin-
film with reduced self-absorption; compounds 2 and 3 were
thus evaluated as luminophores for LSC devices in a thin-film
configuration. A critical aspect of their application in LSC
devices is the stability of the luminophores against photo-
bleaching. Both compounds were tested in THF-H2O mixtures
with a selected water fraction (fw) of 75% for accelerated aging
tests, monitored by UV-Vis and fluorescence spectroscopy. The
solutions were placed in a quartz cuvette and continuously
exposed under UV-A light irradiation in air at 50 1C (see SI).

The UV-Vis and emission spectra were recorded at 30-
minute intervals, as reported in Fig. 4. Compound 2 displays
a more pronounced decrease in its absorption peak compared to
compound 3, suggesting that it is more susceptible to

photodegradation under UV-A exposure. The relatively consistent
shape of the absorption spectra for both compounds, despite the
decrease in intensity, indicates that the primary fluorophore
structures are largely intact but their ability to absorb light
diminishes progressively. Regarding fluorescence emission, both
compounds show a gradual reduction in intensity over time with-
out significant shifts in the peak wavelengths, suggesting that the
emission properties are somewhat robust against structural
changes due to photodegradation. Compound 2 exhibits a more
rapid decline in absorption profiles and fluorescence intensity
compared to compound 3, underscoring a greater sensitivity of the
former to the photobleaching process. The constant emission peak
positions for both compounds indicate that, while the concen-
tration of effective fluorophores decreases, the nature of the
emissive mechanism remains unchanged.

Building on our previous findings, where we determined that
a luminophore concentration of 12.5 wt% in PMMA provided
optimal results for 1-based LSC devices, we opted to maintain
this concentration for our new studies involving the two new
molecules. Consequently, we analysed the absorption and
photoluminescence spectra of both luminophores embedded
in a PMMA host matrix at this specific concentration.

The absorption spectra of compounds 2 and 3 embedded in
a PMMA matrix (Fig. S20) show three distinctive peaks within the
range of 330–450 nm, mirroring the behavior observed in the
aggregated state at high water fractions, suggesting that the
environmental constraints within the PMMA matrix mimic those
induced by high water content in solution. In terms of photo-
luminescence, compound 3 exhibits a single emission band
centered at approximately 500 nm, while compound 2 shows a
slightly shifted emission peak, centered at 510 nm. The emission
spectra for both compounds follow a similar pattern to their
respective aggregated states, indicating that the solid matrix of
PMMA preserves the photophysical behavior observed in solution.

To validate the potential of 2/PMMA and 3/PMMA systems
for LSCs in thin-film configuration, both the external photon
efficiency (Zext) and the internal photon efficiency (Zint) were
assessed under standard illumination conditions (AM 1.5G). These
efficiency parameters were derived from the experimental data
according to the equations reported in the SI. The obtained single-
edge optical power spectra and the value of total Zext and Zint for 2–
3/PMMA-based LSC systems at fixed concentration of 12.5 wt% are
reported in Table 1, in comparison with the performance
previously17 recorded on 1/PMMA-based LSCs. The color of the
devices evaluated using the Commission Internationale de l’Eclai-
rage (CIE) L*a*b* color space is illustrated in Fig. S21.

The degree of fluorination does not dramatically influence
the overall efficiency of the devices, which remain some of the
best recorded in the field of AIE LSC devices.

In the evaluation of LSCs for building-integrated photovoltaics
(BIPV), the long-term stability of the luminescent materials under
operational conditions is paramount. Compounds 2 and 3 within
PMMA-based LSCs were subjected to continuous white-light
illumination over a five-hour period to simulate operational
conditions, with their optical performance monitored rigorously.
During light exposure, 2 exhibited significantly enhanced stability,

Fig. 4 Evolution of the absorbance (a) and PL spectra (c) for compound 2
in THF-H2O mixture with fw = 75% (10�5 M) upon irradiation to UV-A light
source; and evolution of the absorbance (b) and PL spectra (d) for
compound 3 at the same conditions.
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showing a 26% decrease in performance, as opposed to a more
pronounced 45% decrease for compound 3 (Fig. S22). The notable
difference in photostability can be attributed to the presence of
fluorine atoms in compound 2, as confirmed also by comparison
with compound 1.17 Their presence enhances the molecular stabi-
lity by stabilizing the excited states and thereby minimizing non-
radiative decay processes, such as internal conversion or intersys-
tem crossing, that typically lead to rapid degradation of lumines-
cent materials under light exposure.21–24 This mechanism ensures
a more robust performance of compound 2 under operational
conditions, consistent with the observed lower degradation rates.

In summary, we have extended our class of scalable AIE
luminophores by investigating the role of fluorination in the
central aryl ring. Partially or nonfluorinated compounds were
obtained with a chemically sustainable (low E-factor) synthetic
approach. Such compounds, along with the previously reported
fully fluorinated one, are characterized by large Stokes shifts and
similar emissive properties in the aggregate and solid state. In
PMMA, the LSC systems were found to exhibit similar perfor-
mances in terms of overall efficiency, yet the fluorine substitution
patterns have a decisive role in improving photostability, which is
of great importance in the context of energy-efficient buildings.
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