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Chemically Sustainable Large Stokes Shift
Derivatives for High-Performance Large-Area
Transparent Luminescent Solar Concentrators
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Efficient and aesthetically pleasing solar technologies, such as LSC photovoltaic
windows, are becoming essential for the widespread of zero-energy buildings. The
more the LSC technology gains appeal, the higher the need becomes for efficient
and sustainable materials and production routes. Through a new
mechanochemical route, we produce efficient, reabsorption-free LSC emitters
with a massively increased sustainability factor. The integration of such derivatives
into industrial-grade LSCs leads to an optical efficiency of 3% for large-area
devices.
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SUMMARY

Luminescent solar concentrators (LSCs) have recently emerged as
valuable candidates for the realization of aesthetically pleasing so-
lar windows for near-zero-energy consumption buildings. The
growing demand by the building-integrated photovoltaic sector is
urging the development of sustainable production methods that
minimize the use of polluting organic solvents and hazardous mate-
rials, while still enabling industrial-grade LSCs. Here, we introduce a
new class of benzothieno-benzothiophene (BTBT) derivatives as
highly efficient reabsorption-free emitters for transparent LSCs
featuring high stability and a solvent-free chemical access with
sustainability factor as low as 21, 10 to 50 times lower than conven-
tional LSC emitters. By embedding our BTBT emitters in optical-
grade polymeric waveguides, we produced large-area (40 cm X
40 cm) LSCs with optical power efficiency as high as 3% (correspond-
ing to an optical quantum efficiency of 54%). These results represent
an important advancement toward sustainable solar glazing sys-
tems for green architecture.

INTRODUCTION

In the last few years, luminescent solar concentrators (LSCs)'* received rapidly
growing attention, owing to important breakthroughs in the design of luminescent
materials with suppressed reabsorption losses (typically quantified in terms of a
wide Stokes shift), which have enabled the fabrication of efficient large-area de-
vices.””” These advancements have paved the way to the realization of new device
concepts for architectural integration of solar technologies, such as LSC-based elec-
trodeless photovoltaic windows that are particularly promising for future near-zero-
energy buildings, especially in densely populated areas where the implementation
of conventional solar modules is hampered by the high “cost of land.” An LSC typi-
cally consists of a high optical quality plastic or glass waveguide doped or coated by
luminescent materials that absorb sunlight and emit at a longer wavelength (Fig-
ure 1A). Since the refractive index, n, of the waveguide is higher than that of the
air (typically n~1.5), most of the luminescence (up to ~75% of the total) is guided
by total internal reflection to the LSC edges, where it is converted into electricity
by efficient solar cells installed along the perimeter.”® This all-optical functioning
scheme, together with the unique look of LSCs, makes it ideal for building-inte-
grated photovoltaics.”? In particular, specifically designed transparent or neutral-
colored LSCs can be hardly distinguished from standard windows, thus ensuring
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Context & Scale

The growing demand for building-
integrated photovoltaic
technologies for near-zero-energy
buildings is motivating the
scientific community to develop
devices that meet the functional,
energetic, and aesthetic needs for
sustainable architecture.
Luminescent solar concentrators
(LSCs) are emerging as valuable
solutions to realize aesthetically
pleasing semitransparent
photovoltaic windows capable of
converting urban buildings into
energy generators. In this work,
we report on efficient, transparent
LSCs based on a novel class of
reabsorption-free derivatives
synthesized through a solvent-
free route that massively improves
the sustainability factor with
respect to the state of the art.
Optical-grade polymeric LSCs are
produced via industrial methods
with an optical power efficiency as
high as 3% despite their
transparency in the visible region.
These results represent an
important step forward for
sustainable solar glazing systems
for environmentally friendly
architecture.
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Figure 1. Concept of Highly Sustainable Transparent LSC Window and Reaction Schemes

(A) Schematic depiction of a solar window embedding a transparent luminescent solar
concentrator. Solar light penetrates the waveguide and is absorbed by the emitters (blue dots). The
photoluminescence (blue arrows) is guided toward the LSC edges, where it is converted into
electricity by photovoltaic cells.

(B) Mechanochemical synthesis of BTBT-Ox, BTBT-Ox,, and Cg-BTBT-Ox,-Cg derivatives.

seamless integration in the building envelope without imposing the aesthetic and
fruition constraints of thin-film or laminated photovoltaic (PV) glasses. High-perfor-
mance LSCs are typically realized using polymethyl methacrylate (PMMA) that fea-
tures the highest transparency in the visible spectral region among available struc-
tural polymers, a particularly stringent requisite for avoiding reabsorption of the
propagating luminescence in large-area devices. In terms of the luminescent chro-
mophores, literature reports a wide variety of possible solutions for building-inte-
grated PV (BIPV)-grade LSCs, pertaining to two distinct groups: full-spectrum and
transparent. Full-spectrum chromophores are designed to absorb the largest
portion of the solar spectrum so as to achieve the highest possible energy output,
and typically yield brown- to gray-looking LSCs with sizable absorption (>50% across
the UV-vis spectral range).” " These devices are currently mostly based on colloidal
semiconductor nanocrystals®’-'*"' that enable continuous absorption across the
visible and near-infrared solar spectrum and efficient Stokes-shifted luminescence
that matches the peak response of silicon solar cells. To date, such an approach
has enabled a global record optical power conversion efficiency of 6.8% for large-
area (40 cm X 40 cm) LSCs.” Schemes based on energy transfer between emitting
species have also been proposed.'®?? Transparent LSCs are not competitive with
full-spectrum devices in terms of absolute power conversion efficiency, but they
offer the unique benefit of not absorbing visible sunlight, which can become the
determining factor for BIPV applications when particularly severe aesthetic or
fruition constraints are in place. Transparent LSCs can be realized by employing
emitters with selective absorption in the UV, NIR, or both spectral regions. Repre-
sentative examples®” are UV-absorbing lanthanide chelates,”**° wide-band-gap
quantum dots'*?” and cycloparaphenyles (nCPPs),”® the latter being the largest
Stokes-shift UV-absorbing organic materials so far employed in LSCs. To date,
Yang et al. reported the highest internal power conversion efficiency (IPCE =
1.2%) with a transparent, 5 cm x 5 cm, LSC,?” whereas reabsorption-free LSCs of
larger size (20 cm x 25 cm) with optical power conversion efficiency <0.5% was real-
ized with doped perovskite nanocrystals,”’” thus leaving substantial room for further
improvements.

The more the LSC technology progresses and gains appeal for the BIPV market, the
higher the need becomes for efficient and sustainable materials and production
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routes. Along with a high chemical yield, sustainable processes should avoid hazard-
ous chemicals and should feature the lowest possible value of the E-factor, a popular
sustainability index consisting of the weight ratio between the total organic waste
and the purified product. Concerning the waveguide material, state-of-the-art de-
vices are currently being fabricated via in-situ cell casting polymerization of methyl
methacrylate monomer, which produces nearly no side products. Nevertheless,

d®*%3" and so

more sustainable polymers than PMMA are being actively investigate
is the use of recycled PMMA. On the other hand, very little efforts have been dedi-
cated so far to the development of sustainable emitters for LSCs. Restricting to the
class of the organic derivatives, the case of Lumogen R305, the archetypal LSC mo-
lecular dye,*” is particularly instructive. Lumogen R305 is typically prepared in 3
steps starting from perylene-3,4,9,10-tetracarboxylic dianhydride.* The overall syn-
thesis yield is ~60%, yet, perylene derivatives are poorly soluble and the second and
third synthesis steps require chromatographic purification. Both such features result
in the ample use of organic (in this case chlorinated) solvents. Since sustainability as-
pects have only recently been considered by the scientific literature concerning
organic dyes,** it is difficult to directly evaluate the E-factor for literature reactions,
as the amounts of solvents employed in the purification protocols are generally not
reported. For this reason, we prepared a sample of Lumogen R305 following the
literature procedure®® and estimated an E-Factor > 1,000 (see Supplemental Infor-
mation). Of course, the value corresponding to the industrial synthesis of the dye
would be significantly smaller. We decided to carry out the protocol on a lab scale
in order to have a fair comparison with the synthesis of BTBT-Ox, derivatives per-
formed on the same scale. Scaling up generally improves sustainability by reducing
the volumes of the employed solvents. As such, reduction would also apply
for BTBT-Ox; scaled up syntheses, the advantages of the latter with respect to
Lumogen R305 would still be evident. The accepted standard for sustainable pro-
cesses in the pharmaceutical industry, a sector featuring comparably articulated
multistep synthetic processes, is E-factor < 100.%°

Sustainability can be achieved by improving the synthetic protocols, as testified by
the impressive results obtained by applying the concepts of micellar catalysis to the
synthesis of organic semiconductors.??”-?®* A more drastic approach involves the de
novo design of fluorophores specifically devised to be both efficient and sustain-
able. Specifically, an ideal candidate should simultaneously possess: (1) accessibility
from abundant raw materials through efficient and sustainable synthetic processes;
(2) low oxygen sensitivity (i.e., to be electron-poor); (3) thermal- and photo-chemical
stability; (3) highly efficient fluorescence; (4) a wide Stokes shift, so as to minimize re-
absorption losses; and finally, (5) perfect compatibility with industrially processed
polymeric matrices. Efficient fluorophores are typically characterized by an
extended conjugation. Among the various available conjugated bridges, polya-
cenes and their heteroaromatic analogs offer a low energy gap and high stability.
[1]benzothieno[3,2-b][1]benzothiophene (BTBT) represents a particularly popular
structural motif due to its simple synthetic access (E-factor around 10, see Supple-
mental Information), availability of efficient routes for late-stage functionalization
and high thermal, chemical, and photochemical stability, as endorsed by a domi-
nating position in the literature dedicated to organic thin-film transistors. On the
other hand, BTBT is essentially non-fluorescent, electron-rich, and thus, potentially
oxygen sensitive and very poorly soluble.

Here, we overcome such limitations by demonstrating a mechanochemical synthesis

route for a class of BTBT derivatives simultaneously featuring a very low E-factor,
high thermal- and photo-chemical stability, near unity luminescence efficiency,
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and minimal reabsorption losses, owing to a large Stokes shift. Crucially, such moi-
eties are also perfectly dispersible into PMMA produced via state-of-the-art indus-
trial routes, which enabled us to fabricate LSCs with an optical power efficiency
(OPE) as high as 3.0% (corresponding to an optical quantum efficiency [OQE] of
54%), which is the highest efficiency reported to date for large-area (~ 40 cm x
40 cm) transparent LSC devices.

RESULTS AND DISCUSSION

Design and Mechanochemical Synthesis

The literature on BTBT functionalized derivatives is now vast, including both sym-
metric and nonsymmetric derivatives, mostly designed in order to tune solubility
and/or packing in the solid state.®” The introduction of reactive side chain moieties
that can be further exploited for grafting on a surface or polymerization is also docu-
mented.*>*" Functionalization with either electron-donating or electron-with-
drawing groups enabling the tuning of the optoelectronic properties is more seldom
reported. Moreover, the literature does not report BTBT derivatives with high lumi-
nescence. Aiming at sizably lowering both HOMO and LUMO energies, in order to
improve stability toward oxidation and to increase the luminescence efficiency by
reducing the tendency to m-stack, we took inspiration from a strategy proposed
for oligothiophene molecular semiconductors: the oxidation of the sulfur atoms to
sulfone. A series of now classical papers from Barbarella et al. demonstrated that
the oxidation of one or more of the sulfur atoms of oligothiophene derivatives is a
resourceful strategy to turn a native p-type semiconductor into an n-type one.***?
Moreover, the oxidation results in a remarkable increase in the luminescence effi-
ciency, both in solution and in the solid state.”? Recent computational results sug-
gested a similar behavior also for BTBT derivatives.** The common method to
perform such oxidation requires the use of m-chloroperbenzoic acid (m-CPBA) as
the oxidizer in a chlorinated solvent solution. In the case of BTBT, the reaction is
moderately efficient, leading to the formation of the target BTBT-Ox, compound
in 72 h at room temperature, in a yield of 54%. Unfortunately, due to the very low
solubility of BTBT in organic solvents, the reaction requires unusually large amounts
of toxic chlorinated solvents. Conversely, purification is straightforward as a single
crystallization from dimethyl sulfoxide affords analytical samples. The E-factor for
this transformation alone is 211 (see Supplemental Information for details), a rather
large value for such a simple derivative (Figure 1B). The solvent is by far the heaviest
item in the organic waste list for this reaction. The only other BTBT-Ox; synthesis
described in the literature involves a potentially hazardous exothermic in-situ gener-
ation of a warm peracetic acid/diacetyl peroxide and is therefore not advanta-
geous.”® We thus performed a solvent-less oxidation using Oxone® (potassium per-
oxymonosulfate) as the oxidizer under mechanochemical conditions in a ball miller.
Mechanochemical reactions are gaining increasing interest as intrinsically sustain-
able and industrially scalable procedures’® Remarkably, the reaction became
more efficient, and in contrast to what we observed for the m-CPBA-mediated oxida-
tion, it could be selectively oriented toward the formation of the S,S-dioxide (BTBT-
Ox) versus the target S,S,5’,S'-tetraoxide (BTBT-Oxy) simply by changing the amount
of Oxone® employed (Figure 1C). The isolation of the product simply requires sus-
pension in water of the crude milling residue until the complete dissolution of all
salts. The derivative BTBT-Ox requires further crystallization from toluene, while
the analytically pure BTBT-Ox; is recovered simply by filtration and vacuum drying.
The reaction produces no organic waste, yet, in this case, the excess of Oxone® has
to be taken into account in the estimate of the still remarkably small E-factor of 21.
BTBT-Ox; solubility in organic solvents is very poor; as such, we also prepared
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Figure 2. Theoretical Modeling and Electro-Optical Characterization

(A and B) (A) Optimized geometries and frontier orbitals of C8-BTBT-C8 and of its C8-BTBT-Ox-C8
and C8-BTBT-Ox,-C8 derivatives, (B) respective TDDFT (B3LYP) absorption spectra. The inset
contains the vibrational structure of the lowest-energy singlet absorption (full curve) and
fluorescence (dashed curve) transitions of C8-BTBT-Ox,-C8, calculated by using the IMDHO
method as detailed in the experimental part.

(C) Cyclovoltammograms of BTBT-Ox (red curve) and BTBT-Ox; (blue curve). The solutions are 5 x
1073 M in 0.1 M (BusN)CIO4/CH,Cls, the working electrode selected is gassy carbon pin and the
scanning speed is 50 mVs .

(D) Optical absorption (dashed line) and photoluminescence (solid line) of a 0.9 x 107® M solution
of Cg-BTBT-Ox,-Cg in CH,Cl,. Inset: photoluminescence kinetics the same solution upon excitation
with a 405 nm pulsed laser at room temperature.

the solubilized analogous Cg-BTBT-Ox,-Cg. In this case, we used a mixed mechano-
chemical/m-CPBA procedure as the Cg-BTBT-Cg precursor is not fully stable to very
large Oxone excesses. The overall yield and E-factor are 70% and 138, to be
compared with the 50% yield and E-factor of 1,650, obtained with a purely organic
solvent-based method, respectively (see Figures S1-510).

Modeling of the Electronic Properties

The structural, electronic, and optical properties of BTBT, BTBT-Ox, and BTBT-Ox;
derivatives and the alkylated counterparts were first investigated by using ab-initio
simulations based on the density functional theory (DFT). All systems feature a rigid
and planar structure with high delocalization of the molecular orbitals (Figure 2A).
The introduction of two versus four oxygens on the sulfur atoms relates to a major
redistribution of the electron density from the conjugated backbone to the sulfur
atoms. The UV-vis absorption spectra for the three derivatives calculated by
applying a 3,000 cm ™' Gaussian broadening to the calculated transition frequencies
and oscillator strengths are shown in Figure 2B. The progressive oxidation of sulfur
atoms lowers the energy gap, as testified by the calculated energies of the HOMO
and LUMO levels for all derivatives reported in Table 1. Notably, the oxidation
downshifts both frontier levels to the point that, for C8-BTBT-Ox,-C8, the LUMO
level is essentially aligned to that of PC¢1BM, the prototypical n-type semiconductor
employed in solution-processed solar cells. For the derivative C8-BTBT-Ox,-C8 that
features the smallest energy gap in the series, while remaining essentially UV
absorbing, DFT calculations also predict a particularly large Stokes shift between
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Table 1. The Structural, Electronic, and Optical Properties of BTBT Derivatives
C8-BTBT-C8 C8-BTBT-Ox-C8 C8-BTBT-Ox,-C8 PC¢1BM

HOMO
TPSSh —5.36 —5.79 —6.16 —5.71
B3LYP —5.50 —6.02 —6.49 -5.89
CAM-B3LYP —6.86 —7.43 —7.94 —6.98
LUMO
TPSSh —1.66 —2.46 -3.28 —3.60
B3LYP -1.29 —2.07 —2.89 —3.36
CAM-B3LYP -0.21 —0.98 —1.80 —2.61

HOMO-LUMO gap

TPSSh 3.70 3.33 2.88 2.11
B3LYP 4.21 3.95 3.60 2.53
CAM-B3LYP 6.65 6.45 6.14 4.37
S0—S1 (nm) 315 345 387 N/A
Stokes Shift (cm~") N/A N/A 4,182 N/A
BTBT BTBT-Ox BTBT-Ox,
M/M+ (CH4Cl,, V) —5.54 —5.99 —6.36 N/A
M/M- (CH,Cl,, V) —-1.99 -2.82 -3.85 N/A

Values are given in eV, unless otherwise stated. The electronic properties of PC4BM have been also
added to the table for comparison.

the absorption and the photoluminescence (PL) spectra, as shown in the inset of
Figure 2B.

Electrochemical Characterization

We carried out the electrochemical characterization of both BTBT-Ox and BTBT-Ox»
to confirm their electron-deficient character, as assessed by the computational
investigation. In Figure 2C, the cyclovoltammogram of BTBT-Ox is reported,
showing a non-reversible reduction peak at —1.95 V (versus Fc/Fc*). Conversely,
the fully oxidized BTBT-Ox, shows a quasi-reversible reduction peak at less negative
potentials (—1.38 V) attributed to an n-type process, along with two oxidation peaks
at —0.9 and 0.32 V. From the onset of the reduction peak, an absolute electrochem-
ical LUMO potential of —3.9 V was determined. This result is in excellent agreement
with the DFT calculations predicting oxidation and reduction potentials of —6.36 and
—3.85V, respectively, thus confirming the efficacy of such an oxidation strategy. The
cyclovoltammogram of the alkylated derivatives is shown in Figure S11.

Optical Properties

Having assessed the n-type nature of BTBT-Ox, derivatives, we turned to photo-
physical studies. This study was carried out on the solubilized Cg-BTBT-Ox,-Cg de-
rivative for consistency with all the LSCs data. The presence of the two alkyl chains
exerts only a marginal effect on the optical and electrochemical properties of the
molecules, as we have fully verified by performing a complete computational and
electrochemical study on the alkylated derivatives (included in the Supplemental In-
formation section). Cg-BTBT-Ox,-Cg is soluble enough in MMA to enable the prep-
aration of PMMA slabs by the cell casting method. The derivative features a strong
luminescence, a distinctive characteristic generally not observed in other BTBT de-
rivatives, including the parent compound. Figure 2D shows the absorption and PL
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spectra of the CH,Cl,-solution of the compound. The first absorption band peaks at
400 nm and is separated from the PL band by an 85 nm Stokes shift, in agreement
with the DFT calculations. The fluorescence quantum yield (QY) is remarkably
high, ®p >95%. The PL kinetics of Cg-BTBT-Ox,-Cs is perfectly single exponential
with lifetime = 10 ns at room temperature (Figure 2D, inset). Such performance pla-
ces Cg-BTBT-Ox,-Cg among the most efficient organic emitters operating within the
same optical window. It should be noted that, despite the rigidity of the molecular
structure, the typical vibronic replicas are not distinguishable because of the spectral
broadening typical of donor-acceptor molecules.

Highly Efficient Transparent LSCs

In order to experimentally validate the potential of our sustainable BTBT derivatives
for LSCs, we employed the cell casting method?*’+*® to fabricate industrial-grade
large-area (40 cm x 40 cm) devices based on Cg-BTBT-Ox,-Cg doped into PMMA.
Figure 3A shows two photographs of the prototype semitransparent LSC high-
lighting the transparency in the visible spectral region and showing sizable PL
emitted from the device edges already under ambient illumination. A relatively
low emission is observed from the top and bottom surfaces, indicating that optical
losses by light scattering are minimal, consistent with the high solubility of the com-
pound into PMMA. The transmitted light presents a color-rendering index CRI =
94.4, correlated color temperature CCT =5,777.2 K, and Commission Internationale
de I'Eclairage (CIE) color coordinates of x = 0.326 and y = 0.357. To quantitatively
assess the absence of scattering losses, we performed PL measurements in an inte-
grating sphere on the same nanocomposite, with either clear or blocked edges so as
to discriminate between the light emitted from the LSC faces and the guided PL
emitted from the slab edges. The PL data reported in Figure 3B show that the emis-
sion intensity of the LSC with blocked edges corresponds to 29% of the total emis-
sion intensity measured for the bare LSC. This indicates that the luminescence
guided to the device edges is 71% of the total light generated inside the waveguide,
which within the experimental error, matches well the maximum theoretical value of
light-trapping efficiency defined by Snell’s law, 0y, = 0.741 (considering the refrac-
tive index of the PMMA matrix, n = 1.49).? These results further indicate that optical
losses due to reabsorption are very limited, as isotropic reemission events typically
lower ny, by randomizing the propagation path of the guided PL.

A further relevant aspect of LSC waveguides produced by the cell-casting polymer-
ization using radical initiators is the preservation of the native optical properties of
the chromophore. The absorption and emission profiles of the slab are shown in Fig-
ure 3C in direct comparison with a CH,Cl; solution, highlighting the perfect preser-
vation of the spectral properties and of the large Stokes shift. The respective PL
decay traces are reported in Figure 3D, showing perfect single-exponential kinetics
also upon incorporation into PMMA. The emission lifetime undergoes a minor accel-
eration in the slab (from 10 to 9 ns) in perfect agreement with the expected acceler-
ation of the radiative decay rate in PMMA with respect to dichloromethane due to
the slightly higher refractive index (1.49 versus 1.42). This confirms that the chemical
integrity of Cg-BTBT-Ox,-Cg is unaffected by the radical polymerization, as
confirmed by quantitative measurements on the PMMA composite in an integrating
sphere, yielding ®p >95%.

In order to assess the stability of Cg-BTBT-Ox,-Cg embedded into the PMMA matrix
in light of potential application in building-integrated photovoltaic devices, such as
PV windows, we monitored the PL intensity of our LSC over time as a function of tem-
perature from 30°C to 80°C, which is the typical temperature range experienced by
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Figure 3. BTBT-PMMA Optical Waveguides

(A) Photographs of a PMMA-based LSC (dimensions of 40 cm X 40 cm X 0.7 cm) under ambient
illumination.

(B) PL spectra of a portion of the same LSC as in (A) (dimensions of 3.5 cm x 3.5 cm X 0.7 cm) with
the edges clear (light blue line) and blocked by black paint (dark blue line). The gray curve is the
difference between the light and dark blue spectra and represents the PL emitted from the device
edges.

(C and D) (C) Optical absorption and PL spectra and (D) PL decay curves collected at 500 nm of the
LSC compared with the spectra of Cg-BTBT-Ox,-Cg in CH,Cl, solution. The red lines are the fits to a
single-exponential function.

(E) Normalized PL intensity over time, measured during heating ramps from room temperature (first
minute) to the indicated temperature (30°C-80°C, highlighted by the gray shading) and back (last
4 min). The data for the various ramps have been stacked for clarity.

insulated glass units in operative conditions. The data for different ramps is reported
in Figure 3E, all starting and finishing at room temperature. Upon raising the temper-
ature, a systematically larger reversible drop of the PL intensity is observed, as ex-
pected from increased nonradiative thermal quenching on the ®p_ of Cg-BTBT-
Oxz-Cg. Most importantly, for any temperature tested, the initial PL intensity is
perfectly restored after the heating stage, indicating no permanent damage either
to the emitter or to the PMMA matrix. We further evaluated the optical stability of
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Figure 4. Highly Efficient Transparent LSCs

(A) PLspectra as a function of the distance, d, between the excitation spot and the device edge for a
Cg-BTBT-Ox,-Cg containing PMMA LSC. The normalized spectra are shown in the inset to highlight
the minimal losses to reabsorption, free from geometrical effects.

(B) The full width at half-maximum (FWHM) and integrated PL intensity versus d (empty and full
circles for raw and normalized PL spectra, respectively).

(C) Relative optical output power measured from one LSC edge as a function of the illuminated
device area. The trend obtained through Monte Carlo simulation of an ideal LSC with no scattering/
reabsorption losses and embedding emitters with the same PL quantum efficiency as Cg-BTBT-Ox»-
Cg (Pp. = 95%) is reported as a black curve.

Cg-BTBT-Ox,-Cg, both in CH,Cl, solution and embedded in the LSC under contin-
uous illumination for 4 h at 400 nm, with fluence equivalent of one sun illumination.
The results are displayed in Figure S12 and show that the molecule in solution is very
stable and suffers no measurable degradation for the whole duration of the mea-
surement. In turn, the luminescence efficiency of the LSC decreases by ~15%, which
is ascribed to the fact that the LSC waveguide was fabricated without stabilizing ad-
ditives that are commonly used to suppress unreacted radical initiator molecules in
the PMMA composite that can be photoactivated by the UV illumination, thus
causing photobleaching of embedded chromophores.

One key aspect of our BTBT derivatives is that they combine a sustainable chemical
access to stability, high PL efficiency, and a large Stokes shift that suppresses optical
losses by reabsorption. To experimentally evaluate the reabsorption losses in our
LSC, we collected the PL spectrum at an increasing distance, d, between the excita-
tion spot and the slab edge, from where the PL is collected. The PL spectra are re-
ported in Figure 4A. As expected, given the almost complete absence of overlap be-
tween the Cg-BTBT-Ox,-Cg absorption and PL spectra, the PL spectra at an
increasing d are very similar, with the spectrum for d = 40 cm showing only the ex-
pected intensity drop based on geometrical effects. The minor role of reabsorption
is confirmed by the evolution of the normalized PL spectra reported in the inset of
Figure 4A, showing a very small decrease only of the high-energy portion of the
spectrum. Such a minimal effect of reabsorption is further quantified by the small
variation of the spectral linewidth reported in Figure 4B, together with the inte-
grated emission intensity extracted from the spectra in Figure 4A, showing that re-
absorption affects the propagating PL only for the first 3 cm (as highlighted by the
vertical dashed line), whereas for longer optical distances the luminescence propa-
gates freely. This is particularly impressive compared with the characteristic
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response of high-quality LSCs containing Lumogen Red, whose larger spectral over-
lap between the absorption and emission profiles leads to optical losses for signifi-
cantly longer optical distances.”” As a result of the successful suppression of PL re-
absorption by Cg-BTBT-Ox,-Cg, together with the high optical quality of the
waveguides resulting in nearly negligible scattering losses and the high PL efficiency
of the emitter, our LSC shows remarkably high performance despite its high trans-
parency in the visible spectra range.

To quantify the efficiency parameters of our LSC, namely, the optical efficiency (OE,
evaluated as the number of edge-emitted photons divided by the number of solar
photons impinging on the device surface), the OPE (defined as the ratio between
the optical power emitted by the LSC and the incident solar power) and the OQE
(defined as the ratio between the number of photons emitted from the waveguide
edges and the number of absorbed solar photons), we index matched the perimeter
edges (Aegge =160 cm x 0.7 cm = 112 cm?) of the LSC shown in Figure 3A to cali-
brated c-Si solar cells (Voc = 0.7 V, FF = 0.6). We exposed the LSC to outdoors illu-
mination perpendicular to its top surface (A sc = 40 cm x 40 cm = 1,600 cm?) and
used a calibrated photodiode to instantaneously monitor the solar irradiance
impinging onto the LSC top surface. No reflector or back diffuser was placed at
the bottom of the waveguide. Based on these measurements, we obtained an
OPE =3.0 £ 0.2%, OE = 2.68%, and a high OQE = 54.3%. Compared with recently
reported record LSCs (OPE = 6.8%) of similar large size based on colloidal quantum
dots absorbing across the whole visible spectrum,’ the obtained performance is
particularly remarkable, given the higher transparency of the current LSC in the
visible spectral region (~10% of the solar power between 380 and 830 nm). The cor-
responding electrical power conversion efficiency is ~0.7%, which is not far from the
highest efficiency for transparent LSCs reported to date (IPCE = 1.2 %) that was ob-
tained for much smaller devices (5 cm x 5 cm) coupled to GaAs PV cells with Voc =
0.99 V and FF = 0.8. To provide an approximate, yet instructive, estimate of the
impact that our transparent LSCs could have on the sustainability of real buildings,
we calculated that by implementing them in the windows of the One World Trade
Centre in New York City (vertical glass surface = 92,903 m?), one would generate
~0.55 GWh/year, which would be sufficient to power over 180 four-people apart-
ments. It is further important to consider that our transparent LSCs operate with
luminescence wavelength in the visible spectral region, which opens the possibility
of employing emerging PV technologies, such as perovskite solar cells with Voc~1.5
V spectrally tuned to match the guided luminescence.® This combination could sub-
stantially boost the single-module efficiency of transparent LSCs to over 3%,
increasing the yearly energy production to over 1.65 GWh/year (covering the
need of over 500 apartments). Furthermore, also in line with the state-of-the-art
LSCs, the effective suppression of reabsorption and scattering losses results in the
nearly ideal behavior of the LSC. This is highlighted in Figure 4C, where we show
the light output emitted from one of the device edges (40 cm X 0.7 cm) measured
using the same setup adopted for the OE measurements (with only one slab edge
coupled to the photodiodes and no back reflector) but progressively exposing
increasingly larger portions of the LSC area to sunlight. The same figure also shows
the trend calculated using Monte Carlo ray-tracing simulation for an ideal LSC free
from scattering and reabsorption losses of identical dimensions embedded with
emitters of the same quantum efficiency as Cg-BTBT-Ox2-Cg (®p. = 90%), in which
the power output is determined solely by the numeric aperture of the illuminated de-
vice area. The experimental and theoretical data are in very good agreement with
each other, indicating that our LSC is very close to an ideal device. We notice that
the light output due to the first section of the device area (corresponding to one-
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quarter of the total surface) is larger than the theoretical prediction, consistent with
the small drop of the PL intensity and spectral linewidth (~8%) due to small residual
reabsorption shown in Figure 4A.

In summary, we have demonstrated a mechanochemical route to produce a class of
BTBT derivatives simultaneously exhibiting high chemical and optical stability, near
unity luminescence QY, and a large Stokes shift ensuring reabsorption-free waveguiding
in large-area transparent LSCs. Crucially, the synthesis of our derivatives features a
remarkably low E-factor averaging between 20 and 200 depending on the substitution
pattern, which is unprecedented for any LSC emitters known to date. We finally fabri-
cated state-of-the-art, large-area (40 cm % 40 cm) LSCs using industrial-grade cell-cast-
ing methods for high optical quality PMMA waveguides with OPE as high as 3% (corre-
sponding to an OQE of 54%). These results represent an important advancement
toward sustainable solar glazing systems for green architecture.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the Lead Contact, Luca Beverina (luca.beverina@unimib.it)

Materials Availability
All chemicals, unless otherwise specified, were purchased from commercial re-
sources and used as received.

Data and Code Availability
This study did not generate any unique datasets or code.

Materials

All chemicals were purchased from TCl-Europe and used without purification. Mill-
ing was performed using a SPEX 8000M Mixer/Mill with a 2.5 x 2.7 in (6.35 cm X
6.83 cm) zirconia vial set (SPEX 8005) using four 0.5 in (12.7 mm) zirconia grinding
balls. NMR spectra were recorded on a Bruker Avance wide bore instrument working
at 500 MHz for 1H.

Synthesis of S,S-Dioxide Derivatives

[1]Benzothieno[3,2-b]Benzothiophene S,S-Dioxide (BTBT-Ox)

BTBT (4.026 g, 16.75 mmol) and Oxone® (11.35 g, 18.44 mmol) were placed into the
milling vial (ZrO5, V = 45 ml) equipped with four ZrO, spheres (d = 15 mm). The jar
was sealed with a PTFE gasket and a ZrO; lid. After 24 h of milling, the jar was
opened, the balls were removed, and water (40 mL) was added. The suspended yel-
low solid was filtered and dried at 60 °C under reduced pressure. Crystallization from
toluene gave the product as a faint yellow powder. (2.080 g, 46%) "H NMR (500 MHz,
CDCl3) 3 8.06 (d, J =8.45 Hz, 1H), 7.89 (d, J = 8.45Hz, 1H), 7.79 (d, J = 6.65Hz, 1H),
7.61(dd, J = 8.00,7.5 Hz, 1H), 7.56-7.51 (m, 3H), 7.47 (dd, J = 7.25,7.55 Hz, 1H); '3C
NMR (125.70 MHz, CDCls) 8 144.5, 143.7, 143.4, 134.6, 134.5, 131.2, 131.2, 129.3,
127.7,127.4, 124.7, 123.3, 123.1, 122.9. Anal calcd for: C14HgO,S,: C, 61.74; H,
2.96. Found: C, 61.71; H, 2.99.

[1]Benzothieno[3,2-b]Benzothiophene S,S,S',S'-Tetraoxide (BTBT-Oxy)

Method (1). BTBT (1.000 g, 4.161 mmol) and oxone (25.46 g, 41.36 mmol) were
placed in a ZrO; milling jar (V = 45 ml) equipped with four ZrO, spheres (d =
15 mm). The jar was sealed with a PTFE gasket and a ZrO, lid and mounted on a
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planetary ball mill. After 40 h of milling, the jar was opened, the balls were removed,
and water (40 mL) was added. The mixture was filtered, washed with hot water, and
dried at 60°C under reduced pressure to afford the pure product (1.180 g, 93%) as a
bright yellow powder. "H NMR (500 MHz, DMSO—d,, T = 343K) 5 7.93-7.84 (m, 6H),
8.22(d, J = 6.76Hz, 2H); "*C NMR (125.70 MHz, DMSO—d, T =343 K) 5 141.9, 141.0,
136.8, 134.5, 125.3, 125.2, 123.0. Anal calcd for: C14HgO4S,: C, 55.25; H, 2.65.
Found: C, 55.18; H, 2.61. E-Factor: 21.

Method (2). BTBT (0.241 g, 0.100 mmol) was dissolved in 20 ml of CH,Cl, and then
m-chloroperbenzoic acid (m-CPBA, 77%, 2.260 g, 10.08 mmol) was slowly added.
The solution was stirred for 12 h at room temperature. A yellow solid precipitated,
which was collected by filtration, washed directly on the filter with a saturated solu-
tion of NaHCO3 (50 ml) and water (25 ml), and finally dried in an oven overnight
(0.200 g, 66%). E-factor 211.

2,7-Dioctyl-[1]Benzothieno[3,2-b]Benzothiophene S,S,5',5'- Tetraoxide (Cg-BTBT-
Ox5-Cg)

Method (1). BTBT (0.401 g, 0.863 mmol) and Oxone (1.599 g, 2.598 mmol) were
placed in a ZrO; milling jar (V = 45 ml) equipped with four ZrO, spheres (d =
15 mm). The jar was sealed with a PTFE gasket and a ZrO, lid and mounted on a plan-
etary ball mill. After 4.5 h of milling, the jar was opened, the balls were removed, and
10% aqueous NaHSOj3 (40 mL) was added. The mixture was filtered and the solid
(427 mg) dried at 60 °C under reduced pressure. 212 mg of the crude mixture was
submitted to purification by column chromatography (SiO,, eluent DCM/heptane
1:1 to DCM) to afford an analytical sample of 2,7-dioctyl-[1]benzothieno[3,2-b]ben-
zothiophene S,S-dioxide. "H NMR (400 MHz, CDCl3) 8 7.92 (dd, 1 H, J = 8.3, 0.6 Hz),
7.66 (m, 1H), 7.59 (m, 1H), 7.37 (m, 2H), 7.34 (dd, 1H, J = 8.30, 1.5 Hz), 4.67-4.76 (m,
4H), 1.66 (m, 4H), 1.27-1.32 (m, 20H), 0.86-0.90 (m, 6H) ); ">°C NMR (100 MHz,
CDCl3) & 146.1, 143.0, 142.8, 142.6, 141.8, 133.4, 133.1, 128.3, 127.8, 126.1,
122.9, 121.83, 121.79, 121.76, 36.1, 35.9, 31.84, 31.82, 31.5, 31.0, 29.4, 29.3,
29.21, 29.17, 22.6, 14.1. The remaining 215 mg of the crude reaction mixture was
dissolved in 10 mL of DCM, and m-chloroperbenzoic acid (m-CPBA, 748 mg,
3.34 mmol) was added stepwise at room temperature. The solution was stirred for
24 h. The white precipitate was removed by filtration and the organic solution was
subsequently washed with a 10% aqueous NaHSOs3. The solvent was evaporated
at reduced pressure and the crude was purified by crystallization (solvent: ethanol)
to afford the product as a bright yellow powder (160 mg, 70% overall for the two
steps) "H NMR (500 MHz, CDCls) & 7.63 (s, 2H), 7.59 (d, J = 7.9 Hz, 2H), 7.48 (d,
J =7.9 Hz, 2H), 2.74 (t, J = 7.8 Hz, 4H), 2.79-2.67 (m, 4H), 1.70-1.61 (m, 4H),
1.20-1.40 (m, 20H), 0.89 (t, J = 6.9 Hz, 6H); 'C NMR (125.70 MHz, CDCls)
d 149.19, 142.25, 140.38, 134.96, 124.28, 123.90, 121.41, 37.01, 32.69, 31.87,
30.20, 30.03, 30.00, 23.51, 14.97. Anal calcd for: C30H4004S;: C, 68.15; H, 7.63.
Found: C, 67.95; H, 7.69. E-Factor: 136.

Method (2) To a solution of 2,7-dioctyl-[1]benzothieno[3,2-b][1]benzothiophene,
(0.400 g, 0.860 mmol) in 20 mL of DCM, m-chloroperbenzoic acid (m-CPBA, 1.512
g, 6.75 mmol) was added stepwise at room temperature. The solution was stirred
for 5 days. The white precipitate was removed by filtration and the organic solution
was subsequently washed with a 10% aqueous NaHSOj3, a saturated solution of
NaHCOj3, and brine. The dichloromethane was removed under reduced pressure.
The crude product was purified by chromatography on silica gel (eluent: DCM/hep-
tane 1:1). Crystallization from ethanol afforded the pure product as a bright yellow
solid (0.230 g, 50%). E-factor = 1,650.
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Computational Methods

The calculations have been performed using the ORCA suite of programs in a
localized-basis-set framework. Kohn-Sham orbitals have been expanded on a
ZORA-re-contracted def2-QZVPP Gaussian type basis set. Fully decontracted
def2-QZVPP/J has also been used as an auxiliary basis set for Coulomb fitting in a
resolution-of-identity/chain-of-spheres (RIJCOSX) framework. Molecular geome-
tries have been fully optimized at the B3LYP and TPSSh level of theory, including
dispersion forces calculated by using the DFT-D3 approach. TDDFT calculations
have been performed by using the B3LYP functional and the same basis sets dis-
cussed above. A large basis of 300 vectors connecting occupied and unoccupied
Kohn-Sham orbitals has been used for the calculations of the first 30 electronic tran-
sitions. The absorption and fluorescence vibrational structure has been calculated by
using the independent mode displaced harmonic oscillator (IMDHO) model. The
reduction potentials of the molecules have been calculated as discussed elsewhere.
The molecules and their positive and negative ions have been embedded in an im-
plicit CH,Cl; solvent using the continuum-solvation model (COSMO) and fully opti-
mized by using the TPSSh functional. The corresponding redox potentials have been
calculated as AG values between neutral and charged species.

Cyclic Voltammetry

Cyclovoltammograms of BTBT-Ox; and BTBT-Ox CH,Cl; solutions were acquired at
50 mV/ s in a scan range 0.8/—1.6 V and 0.9/-2.3 V, respectively, starting from the
open-circuit voltage values (—0.28 Vand 0.34 V, respectively) and applying oxidative
potential. No oxidation waves were detected in the first cycles. HOMO and LUMO
values were calculated from the onset of oxidative and reductive CV waves, respec-
tively. The potential values of —4.67 V for NHE versus vacuum and of 0.63 V for Fc/
Fc* versus NHE were used.

Optical Measurements

The sample optical absorption spectrum was recorded by a Varian Cary 50 spec-
trometer at normal incidence in dual beam mode, with a spectral resolution of
1 nm, using a quartz Suprasil cuvette with an optical path of 0.1 cm. The PL and exci-
tation PL (PLE) spectra were recorded in continuous wave mode by a Varian Eclipse
fluorimeter, with a spectral resolution of 2.5 nm. The PL has been monitored exciting
the sample at 350 nm. The Cg-BTBTOx,-Cg PL QY has been measured by relative
methods using a 107> M solution of 9,10-diphenylanthracene (DPA) in THF (QY =
95%). Time-resolved PL data have been acquired using a pulsed laser at 355 nm
as an excitation source. Thermal stability measurements were carried out in air using
a 405 nm cw laser (incident power 20 mW) and collecting the emitted light with a TM-
C10083CA Hamamatsu Mini-Spectrometer. The temperature was controlled using a
GM200-71-14-16 Adaptive Power Management Peltier cell and monitored in real
time with a K-type thermocouple.

Fabrication of the PMMA LSC

The PMMA waveguide was fabricated by bulk polymerization using the industrial
cell-casting process. The process was characterized by two steps. First, the so-called
"syrup” was prepared: the monomer, purified through a basic aluminum oxide col-
umn, was heated in a beaker to 80°C. When the MMA temperature stabilized, AIBN
(100 ppm w/w with respect to MMA) was added. At that point, the prepolymerization
(an exothermic process) took place and the monomer temperature increased up to
the MMA boiling temperature (95°C); when the monomer achieved the stage of
vigorous boiling, the syrup was quenched. In the second step, the prepolymer
was degassed by four freeze-pump-thaw cycles in order to remove oxygen and
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introduce argon atmosphere and then mixed with Cg-BTBTOx,-Cg in MMA contain-
ing lauryl peroxide (400 ppm w/w with respect to MMA) described above (10% w/w
with respect to the syrup). Finally, the viscous liquid was introduced into the casting
mold under argon flow where the polymerization reaction proceeded. Casting mold
was made by two glass plates sealed with a polyvinyl chloride (PVC) gasket (in order
to preserve the inert atmosphere) and clamped together. The clamps contained
springs in order to accommodate the shrinkage of the polymer plate during the poly-
merization process. Casting mold was placed in a water bath at 55°C for 48 h. Finally,
the slab was post-cured in the oven at 115°C overnight. The final waveguide was
later cut to size and the edge was polished and optically coupled with ¢c-Si PV cells.
The optical output was measured in ambient illumination using a calibrated solar cell
as a reference. The measurements were conducted on a dedicated test site. The de-
vice was mounted on a frame at ca. 1.5 m from the ground, and the ground surface
was entirely coated with a black plastic mantle so as to minimize contributions by re-
flected/scattered transmitted or ambient light.

Monte Carlo Simulations

The simulations of the LSC were performed via a Monte Carlo ray-tracing method, in
which the photon propagation follows the geometrical optics laws. Because the LSC
thickness (0.7 cm) was much larger than the light coherence length, interference has
been neglected. The stochastic nature of the simulations was reflected in the fact
that the ray is transmitted or reflected with the probabilities proportional to respec-
tive energy fluxes given by Fresnel Laws. The dependence of these probabilities on
the state of polarization of the incident ray (e.g., s- or p-polarized) was also consid-
ered. A specific event (i.e., transmission or reflection) was chosen according to a
random Monte Carlo drawing. Monte Carlo ray-tracing simulations of the LSC
were performed using the experimental absorption spectra of Cg-BTBT-Ox,-Cg in
solution and its relative PL spectra. AM 1.5G solar spectrum was employed as the
LSC excitation source. Once a photon was absorbed by a Cg-BTBT-Ox,-Cg molecule,
the subsequent fate of the excitation (i.e., reemission or nonradiative relaxation) was
again determined by the Monte Carlo sampling according to the emission QY set to
®p_ = 95%). The direction of reemission was distributed uniformly, and the reemis-
sion wavelength was determined using the rejection sampling applied to the accu-
rate PL spectra obtained from the experiment. The ultimate fate of each photon is
either loss due to nonradiative recombination or escape from the LSC via one of
the interfaces. A single-ray Monte Carlo simulation is typically repeated 10°~10”
times to have a proper statistical averaging. A stochastic nature of simulations allows
one to easily evaluate LSCs performance, such as the OQE (edge-emitted photons
per absorbed solar photons) and the OE (edge-emitted photons per impinging solar
photons).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
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