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Abstract

We report on the synthesis of new push-pull imidexb@nzothiazole and thiazole-benzothiazole
fluorophores obtained in good yields by using dirée-H arylation synthetic strategies.
Spectroscopic investigations in CHGblution evidenced that the 1,4-phenylene-spatédihzole-
benzothiazole bearing an electron-donating dimathyto group achieved a trade-off between
fluorescence maximum (516 nm), Stokes shift (169 amd a quantum yield higher than 0.4.
Dispersions of the selected fluorophore in polyfmkemethacrylate) (PMMA) thin films mostly
maintained the optical features in solution withndicant light transmittance in the visible region
(90 % at 440 nm), and a brilliant green emissiob&t nm. Photocurrent experiments performed on
PMMA thin films coated over high purity transparegtasses promoted their use in the

development of colourless luminescent solar comatars with optical efficiencies close to 6%.

Keywords

push-pull azole-based fluorophores, near-UV abgmpt poly(methyl methacrylate), dye
dispersion, luminescent solar concentrators



1. Introduction

Sunlight concentration is a promising path to affctive photovoltaic (PV) technologies. Solar
concentration is achieved by collecting the sumatazh incident on a large surface and redirecting
it on a smaller area, thus allowing to reduce thmwunt of photoactive materials, which has the
largest impact on the final costs.[1-3] There asenhy two kinds of solar concentrators, one type is
based on geometrical optics[4] and another categesides on luminescent components.[3, 5]
Compared to standard concentrators based on gecahetptics, luminescent solar concentrators
(LSCs) show several advantages: low weight, higlortktical concentration factors, ability to work
well with diffuse light and no needs of sun tragkior cooling apparatuses. LSCs demonstrate an
entirely new standard for very large area and Kiglaloptable solar windows that can translate into
improved building efficiency, enhanced UV-barriayérs, and lower cost solar harvesting systems.
LSCs consist in a slab of transparent material dopgh a fluorophore able to absorb the solar
spectrum.[6] The higher refractive index of the thm@mpared to the environment allows to trap a
fraction of the emitted photons by means of tatéérinal reflection. Photons are then collected at
the edges of the device to produce electric powemeans of PV cells. Moreover, the use of
commodity plastics such as poly(methyl methacryl@&MA) and polycarbonate (PC) and well
consolidated and economic industrial processestierpreparation of LSCs offer encouraging
means to include solar energy to the built envirenm

However, conventional LSCs are often plagued by utitmde of unfavourable processes that
hinder their ability to deliver light to PV cellsn particular fluorescence quenching due to
aggregation phenomena between luminescent spéciés.Jhese issues triggered a great flurry of
research in the field, leading to a large numbesadalfitions that took into account fluorophore
features, polymer hosts and their effective contimna.[6] In the recent years, the research on PV
devices based on LSC technology has been focusmgahieving high power conversion
efficiencies.[8-18] A simple approach for highemcentrations is to enhance the spectral window

of absorption of the LSC, therefore increasing thember of available photons. To this end,
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multiple dye systems have long been proposed te émpthe narrow absorption characteristic of
organic dyes as well as new design solutions.[242Q] Sloff et al.[18] described a stacked device
with a power conversion efficiency of 7.1%, which mt best of our knowledge, the highest
efficiency ever reported for LSC-PV systems. Cosebr, a dye mixture in a single slab offers the
possibility of cascading of emission via non-rag&iprocesses such as the fluorescence resonance
energy transfer (FRET).[19, 21] Nevertheless, tteximum efficiencies for LSCs were recorded
for PMMAs device embedding perylene-based fluoropbi@, 10, 22]. Lumogen F Red 305 is a
red-emitting perylene fluorophore, which is consaie the state-of-the-art in dyes for LSC
applications[6] since it shows a quantum yield (@Y)about 1 even at high concentration (>300
ppm) in polymers [23] and a good photostability][24

However, the strong absorption in the visible spewtof perylene-based fluorophores leads to a
large degree of colored tinting. In order to oveneothis issue, visible-transparent LSCs based on
NIR-emissive cyanine salts have been recently megas innovative devices with transparency of
near 90% in the visible spectrum.[12] This techgglds considered very promising and it has
received much attention in the scientific communitye to LSCs potential application as
architectural windows.[12, 25, 26]

In connection with these findings, we exploited guentiality offered by the new 1,4-phenylene-
spaced azoles as near-UV absorbing fluorophoresactesized by large Stokes shifts (SS) and
green emission to be used in colorless LSC witlcapefficiencies close to 6. Mixed imidazole-
benzimidazole analogues were already proposed lag disiorophores with SS near 100 nm, very
high @, and with a bright blue-green emission well re¢diim the solid state. Notwithstanding their
excellent emission features, their fluorescencekgubatA < 430 nm did not match the working
window of a Si-based PV celA& 500 nm),[27] thus impeding their application in @S
technology.[28] Therefore, new push-pull imidazbknzothiazole and thiazole-benzothiazole
fluorophores,la-f and2a-c (Scheme 1), were efficiently synthesized aimecdetining the features

of imidazole-benzimidazole analogu&a{c), while shifting their emission to longer waveléms

4



Notably, high® is still required to maximize the LSC efficiendndeed, increasing SS of the
fluorophore reduces reabsorption but radiationiessrnal conversion processes become more
probable when the electronic excitation energy elses, relative to the energy of molecular

vibrations.[29] Therefore, an effective trade-oétlween SS an® should be achieved30, 31]
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Scheme 1Chemical structure of compountia-f, 2a-¢, and3a-c

Thin-film LSC devices were then prepared by disipgrduorophores in poly(methyl methacrylate)
(PMMA) films coated over high optical quality glaskb.1d and1f 1,4-phenylene-spaced azoles
were selected being their emission higher than B0 The LSCs optical efficiencies were
discussed and compared to that measured for LS@s ttve same geometry and containing

Lumogen F Red 305.



2. Experimental part

2.1 Materials

Unless otherwise stated, all reactions were peddromder argon by standard syringe, cannula and
septa techniques. 2-(4-(5-(4-Methoxyphenyl)-1-mkefity-imidazol-2-yl)phenyl)-1-methyl-Hi-
benzo[d]imidazole  3a), 1-methyl-2-(4-(1-methyl-5gttolyl)-1H-imidazol-2-yl)phenyl)-H-
benzo[d]imidazole 3b), 4-(1-methyl-2-(4-(1-methylH-benzo[d]imidazol-2-yl)phenyl)-H-
imidazol-5-yl)benzonitrile c), and 2-(4-bromophenyl)-1-methyHibenzofllimidazole @) were
prepared as previously described by us.[28] All tteer commercially available reagents and
solvents were used as received. Poly(methyl megtaae) (PMMA, Aldrich,Mw = 350,000 g/mol,
acid number <1 mg KOH/qg).

2.2 General procedures for the Palladium-catalysiect 5-arylation of 1-methyl-1H-imidazole
(8) and thiazole 9) with aryl bromideslOa-c.[28, 32]

Pd(OAc) (11.2 mg, 0.05 mmol), BWMOAc (0.60 g, 2.0 mmol), and aryl bromid6 (1.5 mmol), if

a solid, were placed in a flame-dried reaction &ksBhe reaction vessel was fitted with a silicon
septum, evacuated, and back-filled with argon. Beiguence was repeated twice more. DMA (5
mL), aryl bromidel0 (1.5 mmol), if a liquid, and the appropriate az8ler 9 (1.0 mmol) were then
added successively under a stream of argon bygeyah room temperature. The resulting mixture
was stirred under argon for 24h at 70 °C when theaf9) was employed, or at 110 °C when 1-
methyl-1H-imidazole B8) was the coupling partner. After cooling to rocemperature, the reaction
mixture was diluted with AcOEt, filtered througlphug of Celite and eluted with additional AcOEt
and CHCI,. The filtrate was concentrated under reduced presand the residue purified by flash
chromatography on silica gel. This procedure waslus prepare compounda-candb5a-c

2.2.1 5-(4-Methoxyphenyl)-1-methyl-1H-imidazala) (

The crude reaction product, which was obtained dyg#&talysed reaction of 1-methyHilimidazole

(8) with 4-bromoanisolel(0a), was purified by flash chromatography on silieh\gith a mixture of

CH.CI, and MeOH (96:4) as eluent to gi¥a (0.15 g, 82 %) as a light-yellow solid, m.p. 106810
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°C.*H NMR (200 MHz, CDCJ): § 7.48 (s, 1H), 7.30 (m, 2H), 7.02 (s, 1H), 6.96 £H), 3.83 (s,
3H), 3.61 (s, 3H) ppm:3C NMR (50.3 MHz, CDGJ): & 159.1, 138.3, 132.3, 129.6 (2C), 127.1,
121.8, 113.9 (2C), 55.1, 32.1 ppm. MS (El): m/z €489 (12), 188 (100), 174 (10), 173 (82), 145
(17). The spectral properties of this compoundrasgreement with those previously reported.[33]
2.2.2 1-Methyl-5-(p-tolyl)-1H-imidazol&lf)

The crude reaction product, which was obtained drg&talysed reaction of 1-methyHiimidazole

(8) with 4-bromotoluenel10b), was purified by flash chromatography on silied gith a mixture

of CH,Cl, and MeOH (96:4) as eluent to givé (0.14 g, 81 %) as a yellow oitH NMR (200
MHz, CDChL): § 7.49 (s, 1H), 7.26 (m, 2H), 7.25 (m, 2H), 7.071(s), 3.63 (s, 3H), 2.39 (s, 3H)
ppm. 3C NMR (50.3 MHz, CDGJ): 5 138.7, 137.6, 133.3, 129.3 (2C), 128.3 (2C), 12135.7,
32.4, 21.2 ppm. MS (EI): m/z (%) = 173 (13), 172Q), 171 (17), 144 (14), 130 (16). The spectral
properties of this compound are in agreement \kidisé¢ previously reported.[34]

2.2.3 4-(1-Methyl-1H-imidazol-5-yl)benzonitriléc]

The crude reaction product, which was obtained drg&talysed reaction of 1-methyHiimidazole

(8) with 4-bromobenzonitrile 109, was purified by flash chromatography on silical with a
mixture of CHCIl, and MeOH (96:4) as eluent to give (0.13 g, 69 %) as a light-yellow solid,
m.p. 148-151 °C*H NMR (200 MHz, CDCI3)3 7.73 (m, 2H), 7.59 (s, 1H), 7.53 (m, 2H), 7.22 (s,
1H), 3.75 (s, 3H) ppm=C NMR (50.3 MHz, CDCI3)% 140.5, 134.3, 132.5 (2C), 131.6, 129.8,
128.3 (2C), 118.5, 111.2, 33.0 ppm. MS (EI): m/2 @459 (12), 158 (100), 130 (16), 116 (13),
103 (13), 89 (12). The spectral properties of dampound are in agreement with those previously
reported.[32]

2.2.4 5-(4-Methoxyphenyl)thiazolksa)

The crude reaction product, which was obtained thc&alysed reaction of thiazol8) (with 4-
bromoanisole X0a), was purified by flash chromatography on silied gith a mixture of toluene
and AcOEt (92:8) as eluent to giBa (0.13 g, 67 %) as a bright-yellow solid, m.p. 89°@2 'H

NMR (200 MHz, CDCY): & 8.68 (s, 1H), 7.97 (s, 1H), 7.48 (m, 2H), 6.92 @Hl), 3.82 (s, 3H)

7



ppm. ¥C NMR (50.3 MHz, CDGJ): § 159.8, 151.2, 139.2, 138.0, 128.2 (2C), 123.6,4.{2C),
55.4 ppm. MS (EIl): m/z (%) = 191 (100), 176 (58491(20), 148 (27), 121 (20). The spectral
properties of this compound are in agreement \kidisé¢ previously reported.[35]

2.2.5 5-(p-Tolyl)thiazole5p)

The crude reaction product, which was obtained &dkgsed reaction of thiazol®)(with 4-
bromotoluene X0b), was purified by flash chromatography on silie gith a mixture of toluene
and AcOEt (90:10 + 0.1 % M) as eluent to givéb (0.11 g, 65 %) as a pale-yellow solid, m.p.
82-84 °C.'H NMR (200 MHz, CDCY): & 8.69 (s, 1H), 8.02 (s, 1H), 7.44 (m, 2H), 7.18 @hl),
2.35 (s, 3H) ppm*3C NMR (50.3 MHz, CDGJ): & 151.4, 139.3, 138.4, 138.3, 129.6 (2C), 128.1,
126.7 (2C), 21.2 ppm. MS (El): m/z (%) = 176 (12]5 (100), 148 (32), 147 (43), 115 (17). The
spectral properties of this compound are in agre¢mih those previously reported.[36]

2.2.6 4-(Thiazol-5-yl)benzonitrilgc)

The crude reaction product, which was obtained thc&alysed reaction of thiazol8) (with 4-
bromobenzonitrile 0¢), was purified by flash chromatography on silica with a mixture of
toluene and AcOEt (90:10) as eluent to gheg0.11 g, 61 %) as a yellow solid, m.p. 101-102 °C.
'H NMR (200 MHz, CDCY): § 8.86 (s, 1H), 8.19 (s, 1H), 7.70 (m, 4H) ppiC NMR (50.3 MHz,
CDCL): 5 153.7, 140.5, 137.2, 132.7, 135.3, 127.1, 118.2,6.ppm. MS (EI): m/z (%) = 187 (%),
186 (100), 160 (10), 115 (10), 114 (12). The spgroperties of this compound are in agreement
with those previously reported.[37]

2.3 N,N-Dimethyl-4-(1-methyl-1H-imidazol-5-yl)ani @d)

Pd(OAc) (11.2 mg, 0.05 mmol), P(2-furgl23.2 mg, 0.1 mmol), ¥CO; (0.28 g, 2.0 mmol), and
4-bromoN.N-dimethylanyline1l0d (0.30 g, 1.5 mmol) were placed in a flame-driecttiea vessel.
The reaction vessel was fitted with a silicon saptevacuated and back-filled with argon. This
sequence was repeated twice more. DMA (5 mL) antethyl-1H-imidazole 8) (80 uL, 82.1 mg,
1.0 mmol) were then added successively under amstid argon by syringe at room temperature.

The resulting mixture was stirred at 110 °C undgoa for 48h. After cooling to room temperature,
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the reaction mixture was diluted with EtOAc, fikerthrough a plug of Celite, and eluted with
additional EtOAc and CCl,. The filtrate was concentrated under reduced pressnd the crude
product was purified by flash chromatography oicaigel with a mixture of CyCl, and MeOH
(95:5) as eluent to givad (0.15 g, 76 %) as a brown crystalline solid, m33-137 °C.*H NMR
(400 MHz, CDCH): & 7.49 (s, 1H), 7.28 (m, 2H), 7.02 (s, 1H), 6.79 @H), 3.65 (s, 3H), 3.02 (s,
6H) ppm.**C NMR (50.3 MHz, CDGJ): & 150.1, 137.6, 134.0, 129.5 (2C), 124.9, 116.3,1112
(2C), 40.3 (2C), 32.6 ppm. MS (El): m/z (%) = 202, 201 (100), 200 (42), 186 (13), 185 (17).
Elemental analysis calcd (%) for4E;5N3: C 71.61, H 7.51; found: C 71.68, H 7.49.

2.4 2-(4-Bromophenyl)benzo[d]thiazdléa)[38, 39]

A three-necked 500 mL flask equipped with air corss® and magnetic stirrer was charged with 2-
aminothiophenol (0.67 mL, 0.78 g, 6.25 mmol), 4rbabenzaldehyde (0.93 g, 5 mmol) and
DMSO (150 mL). The mixture was stirred under airl@0 °C. The progress of the reaction was
monitored by GLC and after 2 h the conversion wamél complete. The reaction mixture was
poured into water and the resulting white-greemisgtipitate was recovered by filtration, purified
by crystallization in ethanol givinga as a white solid (1.34 g, 92 %), m.p. 51-53 %€ NMR (200
MHz, CDCk): & 8.09-8.05 (m, 1H), 8.00-7.89 (m, 3H), 7.66-7.6Q @H), 7.51 (dt)' = 8 Hz,J* =

1.4 Hz, 1H), 7.40 (dtJ* = 8 Hz,J? = 1.4 Hz, 1H) ppm. MS (El): m/z (%) = 291 (100),02&0),
289 (99), 210 (30), 108 (19). The spectral propsrtf this compound are in agreement with those
previously reported.[39]

2.5 2-(4-Bromophenyl)-6-methylbenzo[d]thiazalb)[40, 41]

According to a reported procedure,[40] in a threeked 500 mL flask equipped with mechanic
stirrer and dropping funnel were added 125 mL aftgll acetic acid that were cooled at 5 °C. A
mixture of KSCN (5.83 g, 60 mmol) ametoluidine (6.43 g, 60 mmol) was added to the pobed
acetic acid giving a brownish solution. Then, anbiree solution (60 mmol of Brin 60 mL glacial
acetic acid) was added very slowly with constaintisy so that temperature did not rise above 5

°C. The reaction mixture was still stirred for adzhal 3 h. The hydrobromide salt obtained was
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filtered, the solid was dissolved in 150 mL of hadter and filtered once more. The solution was
neutralized with ammonia and white crystals forne#d6-methylbenza]jthiazol-2-amine were
collected. Afterwards, the intermediate obtained wedluxed with an aqueous solution of NaOH (5
times by weight of benzothiazole) until its own qaete depletion. The solution was filtered and
neutralized with glacial acetic acid. The separateltbwish semisolid formed was extracted with
diethyl ether and dried over p&0,. The evaporation of the solvent and crystallizatioom
MeOH/H,O afforded 2,2’-disulfanediyilbis(4-methylanilings yellowish needle-shaped crystals
(3.92 g, 47 %), m.p. 84-85 °H NMR (400, CDCJ): § 6.98-6.95 (m, 4H), 6.64 (d, 2H= 8 Hz),
4.18 (bs, 4H, Nb), 2.13 (s, 6H, Ck) ppm.**C NMR (100 MHz):$ 146.3, 137.14, 132.4, 127.6,
119.0, 115.4, 20.1 ppm. MS (El): m/z (%) = 277 )6 (48), 139 (24), 138 (100), 94 (24), 77 (8).
2,2’-Disulfanediyilbis(4-methylaniline)(3.59 g, 13 mmol), bromobenzaldehyde (4.88 g, 26.4
mmol) and sodium metabisulfite (2.52 g, 13.26 mnvadre dissolved in DMSO (100 mL). The
resulting orange reaction mixture was stirred @ 12 and the formation of the desired product
monitored by TLC and GC analyses. After 4 h, thactien mixture was cooled at room
temperature, water was added (200 mL) and the tregybrecipitate was collected by vacuum
filtration. Afterwards, the solid was well washedttwexcess water (150 mL) in order to remove
residual DMSO, re-dissolved in GEI, and finally washed with brine. The organic layexrswdried
over NaSQ, and the solvent removed vacuogiving compound/b as a yellow solid (5.14 g, 64
%), m.p. 175-178 °CH NMR (400, CDC}): § 7.95-7.93 (m, 3H), 7.69 (s, 1H), 7.62 (d, 2H; 8
Hz), 7.31 (dd, 1HJ' = 8 Hz,J* = 2 Hz),2.50 (s, 3H) ppm**C NMR (100 MHz, CDGJ) 165.6,
152.2, 135.6, 135.2, 132.7, 132.2, 129.1, 128.8,112123.3, 121.4, 21.6 ppm. MS (El): m/z (%) =
306 (17), 305 (100), 304 (36), 303 (95), 302 (dhe spectral properties of this compound are in
agreement with those previously reported.[41]

2.6 2-(4-Bromophenyl)benzo[d]thiazole-6-carbalded{ict)

A two-necked 1 L flask equipped with condenser wdmrged with 2-(4-bromophenyl)-6-

methylbenzafljthiazole {7b) (5 g, 16.4 mmol)N-bromosuccinimide (6.12 g, 34.4 mmol) and AIBN

10



(0.43 g, 2.6 mmol). The reaction vessel was fitigith a silicon septum, then evacuated and back-
filled with argon for three times. After that, degad benzene (320 mL) was added and the reaction
mixture was left to reflux 6 h. The reaction wdtefied and the solvent was removed/acuo The
solid obtained was dissolved in gE,, washed with water (3 times) and brine, thus doedr
NaSQO,. The crude product was a mixture of monobrominated dibrominated compound (30:70,
respectively) as shown byd NMR. The mixture of brominated products obtaif@®b2 g) was
added without further purification to a two-necke@0 mL flask equipped with a condenser and
magnetic stirrer. The reaction vessel was evacuatel back-filled with argon for three times.
AgNO; (6.27 g, 36.9 mmol) and 200 mL anhydrous 1,2-dmeyethane were then added and the
reaction mixture was allowed to reflux until thengadete disappearance of the precursor.
Anhydrous triethylamine (23 mL, 164 mmol) was figahdded and the reaction was refluxed 2 h
more. Afterwards, CECl, was poured to the reaction mixture that was élteon a layer of Celite.
The solvent was removed and the crude product vgaslded again in C4Cl,, washed with water

(3 times) and brine and dried overJS8&y. The solid obtained after evaporation of the suiweas
recrystallized from ChkLCl,/hexane giving productc as an off-white solid (3.28 g, 63 %), m.p. 305-
309 °C.*H NMR (400, CDCJ): § 10.12 (s, 1H, CHO), 8.45 (d, 18,= 2 Hz), 8.17 (d, 1H) = 8
Hz), 8.03 (dd, 1HJ! = 8 Hz,J? = 2 MHz), 7.99 (m, 2H), 7.67 (m, 2H) ppC NMR (100 MHz,
CDCl): 6 191.1, 171.3, 158.1, 135.8, 133.6, 132.6 (2C),1,3229.3 (2C), 127.6, 126.6, 124.5,
123.9 ppm. MS (EIl): m/z (%) = 319 (100), 318 (79),7 (94), 316 (64), 209 (32). Elemental
analysis calcd (%) for GHgBrNOS: C 52.85, H 2.53; found: C 52.89, H 2.52.

2.7 General procedures for the Pd-catalysed C-2atign of 5-aryl-imidazoles4@-d) and 5-aryl-
thiazoles %a-c) with bromides7a and7c

Method Af42-44]

A two-necked flask equipped with a magnetic stiard a reflux condenser was charged with the
appropriate 5-aryl-1-methylH-imidazole4a-c (1 mmol) or 5-aryl-thiazoleSa-c (1 mmol), 2-(4-

bromophenyl)benzd]thiazole {a) (1.1 mmol), Pd(OA¢)(11.2 mg, 0.05 mmol) and Cul (381 mg,
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2 mmol). The apparatus was fitted with a silicoptem, evacuated and back-filled with argon three
times. Anhydrous DMA (5 mL) was added by syringaiagt a positive pressure of argon. The
reaction mixture was stirred at 160 °C. The reactwolution was followed by GLC and GLC-MS
analyses. After cooling at room temperature, tteetien mixture was diluted with GBI, (200
mL) and poured into a saturated aqueous®lHolution to which 5 mL of concentrated aqueous
ammonia had been added. The resulting mixture tirmsdsin the open air for 30 minutes and then
extracted with CHCI,. The organic extracts were washed with saturateat bdried, concentrated
under reduced pressure, and the resulting crudioegproduct was purified as described below.
This procedure was used to prepare compoliadb, 1c, 2a, 2b, and2c.

Method Bf32]

A two-necked flask equipped with a magnetic stiard a reflux condenser was charged with the
5-aryl-1-methyl-H-imidazole4a, or 4d (1 mmol), 2-(4-bromophenyl)benaijfhiazole {a) or 2-
(4-bromophenyl)benzd]thiazole-6-carbaldehyde7¢) (1.1 mmol), Pd(OAg¢) (11.2 mg, 0.05
mmol), BuNOAc (0.60 g, 2 mmol) and Cul (380.9 mg, 2 mmolheTapparatus was fitted with a
silicon septum, evacuated and back-filled with argloree times. Anhydrous DMA (5 mL) was
added by syringe against a positive pressure afnarghe reaction mixture was stirred at 110 °C
for 24 h. The reaction evolution was followed by hnalysis. After cooling at room temperature,
the reaction mixture was diluted with @El, (100 mL) and poured into a saturated aqueougd\H
solution to which 5 mL of concentrated aqueous amebad been added. The resulting mixture
was stirred in the open air for 30 minutes anddiganic layer was extracted. The solvent was
removed and the solid crude product was well wastiddwater in order to remove the excess of
Bu;NOAc, filtered, re-dissolved in GiEl,, washed with saturated brine, dried and concentrated
under reduced pressure. The resulting crude reaptioduct was purified by crystallization. This
procedure was used to prepare compoluadendle

2.7.1 2-(4-(5-(4-Methoxyphenyl)-1-methyl-1H-imida2¢yl)phenyl)benzo[d]thiazol€elf).

The crude reaction product obtained by Pd- and €diated reaction ofa and 7a according to
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Method Awas purified by treatment with a hot mixture oiutne and AcOEt (70:30), followed by
filtration. The solid recovered (0.099g) resultedow purela, while the filtrate was further purified
by flash chromatography on silica gel using a mixtof toluene and AcOEt (70:30) as eluent. The
chromatographic fractions containing the producteweollected, concentrated and added to the
solid previously recovered by filtration. In thiswpurela was obtaineds a yellow solid (0,14 g,
66 %), m.p. 244-248 °GH NMR (200 MHz, CDCY): & 8.21 (m, 2H), 8.10 (d] = 8.0 Hz, 1H),
7.93 (d,J = 8.0 Hz, 1H), 7.86 (m, 2H), 7.55-7.37 (m, 4H),07 (8, 1H), 7.01 (m, 2H), 3.87 (s, 3H),
3.71 (s, 3H) ppmtC NMR (50.3 MHz, CDGJ): 5 167.2, 159.5, 154.1, 147.9, 135.9, 135.1, 133.4,
133.3, 130.2, 129.0, 127.7, 127.5, 126.4, 125.3,3,2122.3, 121.7, 114.3, 55.4, 34.0 ppm. MS
(EN): m/z (%) = 398 (30), 397 (100), 396 (27), 383), 198 (13). Elemental analysis calcd (%) for
Ca4H19N30S: C 72.52, H 4.82; found: C 72.49, H 4.80.

2.7.2 2-(4-(1-Methyl-5-(p-tolyl)-1H-imidazol-2-yhpnyl)benzo[d]thiazolelp)

The crude reaction product obtained by Pd- and @diated reaction odb and 7a according to
Method Awas purified by flash chromatography on silicagéh a mixture of toluene and AcOEt
(60:40) as eluent to giveb as an iridescent yellow-greenish solid (0.12 mg%®6 m.p. 204-206
°C.'™H NMR (200 MHz, CDCJ): 5 8.21 (m, 2H), 8.10 (ddl* = 8.0 Hz,J? = 0.6 Hz, 1H), 7.93 (m,
1H), 7.86 (m, 2H), 7.56-7.23 (m, 8H), 3.74 (s, 3A}42 (s, 3H) ppm*C NMR (50.3 MHz,
CDCl): 6 167.2, 154.1, 148.1, 138.0, 136.2, 135.1, 13338,2, 129.5, 129.0, 128.8, 128.6, 127.7,
127.0, 126.4, 125.3. 123.3, 121.6, 34.0, 21.3 pgBi(El): m/z (%) = 383 (9), 382 (30), 381 (100),
380 (49), 190 (14). Elemental analysis calcd (9%)3aH19N3S: C 75.56, H 5.02; found: C 75.59,
H 5.03.

2.7.3 4-(2-(4-(Benzold]thiazol-2-yl)phenyl)-1-mdthyd-imidazol-5- yl)benzonitrilel)

The crude reaction product obtained by Pd- and @drated reaction odc and 7a according to
Method Awas purified by flash chromatography on silicagéh a mixture of toluene and AcOEt
(40:60) as eluent to givkc as a yellow solid (0.15 g, 83 %), m.p. 217-220 ¥CNMR (200 MHz,

CDCly): § 8.24 (m, 2H), 8.11 (d] = 7.4 Hz, 1H), 7.94 (d] = 8.4 Hz, 1H), 7.86 (m, 2H), 7.77 (m,
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2H), 7.60 (m, 2H), 7.53-7.37 (m, 3H), 3.78 (s, 3. °*C NMR (50.3 Hz, CDG): 5 166.9,
154.1, 150.0, 135.1, 134.4, 134.3, 134.0, 132.2,413129.7, 129.3, 128.5, 127.8, 126.5, 125.5,
123.4, 121.7, 118.5, 111.4, 34.4 ppm. MS (El): (&) = 394 (9), 393 (27), 392 (100), 391 (66),
196 (10). Elemental analysis calcd (%) fourkieN4S: C 73.45, H 4.11; found: C 73.50, H 4.09.
2.7.4 4-(2-(4-(Benzold]thiazole-2-yl)phenyl)-1-mdtthH-imidazol-5-yl)-N,N-dimethylanilinel )

The crude reaction product obtained by Pd- and €diated reaction odd and 7a according to
Method Bwas purified by crystallization from toluene to/gild as a yellow solid (0.19 g, 46 %),
m.p. 220-225 °C*H NMR (400 MHz, CDCJ): & 8.19 (m, 2H), 8.09 (d] = 8 Hz, 1H), 7.92 (dJ =

8 Hz, 1H), 7.86 (m, 2H), 7.51 @,= 8 Hz, 1H), 7.40 (t) = 8 Hz, 1H), 7.33 (m, 2H), 7.16 (s, 1H),
6.80 (m, 2H), 3.71 (s, 3H), 3.01 (s, 6H) ppiiC NMR (50.3 MHz, CDGJ): § 167.5, 154.3, 150.3,
147.7, 137.0, 135.2, 133.7, 133.3, 129.9, 129.0,82127.1, 126.5, 125.4, 123.4, 122.4, 121.8,
117.6, 112.4, 40.5, 34.0 ppm. HRMS (ESI) m/z foult-H]" 411.1645; GH,.N4S requires
[M+H]* 411.1638.

2.7.5 2-(4-(5-(4-Methoxyphenyl)-1-methyl-1H-imida2€yl)phenyl)benzo[d]thiazole-6-
carbaldehydeXe)

The crude reaction product obtained by Pd- and €dimted reaction oda and 7c according to
Method Bwas purified by crystallization from AcOEt to gide as a yellow solid (0.44 g, 68 %),
m.p. 254-257 °C*H NMR (400 MHz, CDCJ): & 10.13 (s, 1H), 8.48 (d] = 2 Hz, 1H), 8.25 (m,
2H), 8.20 (dJ = 8 Hz, 1H), 8.03 (ddJ* = 8 Hz,J* = 2 Hz, 1H), 7.90 (m, 2H), 7.40 (m, 2H), 7.20 (s,
1H), 7.01 (m, 2H), 3.88 (s, 3H), 3.73 (s, 3H) ppi. NMR (100 MHz, CDGJ): 191.2, 171.9,
159.8, 158.2, 147.8, 136.3, 135.8, 134.3, 133.2,943130.3, 129.2, 128.1, 127.8, 127.6, 124.6,
123.9, 114.5, 55.5, 34.1 ppm. HRMS (ESI) m/z fo(ia-H] " 426.1276; GsH19N20»S requires
[M+H] * 426.1271.

2.7.6 2-(4-(5-(4-Methoxyphenylthiazol-2-yl)phebghzo[d]thiazole Za)

The crude reaction product obtained by Pd- and €diated reaction oba and 7a according to

Method Awas treated with hot AcOEt and filtered. The sokdovered by filtration was further
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treated with hot CECI,, filtered and concentrated. In this way a firsgabt of 2a was recovered
(26 mg). The solution obtained from the first filion was purified by flash chromatography on
silica gel with a mixture of CKCl, and AcOEt (96:4) as eluent. The chromatographictifsas
containing the product were collected, concentratadi added to the first aliquot 24, to give the
required product as an iridescent yellow solid 40172 %), m.p. 196-199 °éH NMR (200 MHz,
CDCL): & 8.20-8.05 (m, 5H), 7.97-7.91 (m, 2H), 7.58-7.37, ¢Hl), 6.96 (m, 2H), 3.86 (s, 3H)
ppm.*C NMR (100 MHz, acquired at 40 °C, CREI5 167.2, 165.1, 160.2, 154.5, 140.3, 138.9,
136.1, 135.4, 134.8, 128.3, 126.9, 126.6, 125.6,112123.6, 121.8, 114.8, 55.6 ppm. MS (El): m/z
(%) = 400 (100), 281 (22), 207 (38), 149 (32), 24)( Elemental analysis calcd (%) for
Ca3H16N20S: C 68.97, H 4.03; found: C 68.89 and H 4.02.

2.7.7 2-(4-(5-(p-Tolyhthiazol-2-yl)phenyl)benzolfkipzole 2b)

The crude reaction product obtained by Pd- and €diated reaction déb and 7a according to
Method Awas purified adding a mixture of toluene and Acdg5:5), filtrating an insoluble
residual and performing a flash chromatographyilicasgel of the filtrate to giv&b as a yellow
solid (47 mg, 25 %), m.p. 207-210 °& NMR (200 MHz, CDCJ): 5 8.21-8.16 (m, 2H), 8.12-8.06
(m, 3H), 8.03 (s, 1H), 7.93 (d,= 8.0 Hz, 1H), 7.56-7.40 (m, 4H), 7.24 (m, 2H),®(&, 3H) ppm.
¥C NMR (100 MHz, CDGJ): 6 167.2, 165.5, 154.4, 140.5, 139.3, 138.8, 13635.3, 134.8,
130.0, 128.5, 128.3, 126.9, 126.8, 126.7, 125.8,52121.8, 21.4 ppm. MS (El): m/z (%) = 385
(26), 384 (100), 192 (12), 148 (26), 147 (31). EHeamal analysis calcd (%) for,@H16N.S,: C
71.84, H 4.19; found: C 71.78, H 4.20.

2.7.8 4-(2-(4-(Benzold]thiazol-2-yl)phenyl)thiaZalyl)benzonitrile 2c)

The crude reaction product obtained by Pd- and @diated reaction dbc and 7a according to
Method Awas treated with boiling Ci&l, for 2h, filtered and concentrated, to gReas a yellow
solid (96 mg, 53 %), m.p. 233- 235 & NMR (200 MHz, acquired at 40 °C, CD{I5 8.23-8.08
(m, 6H), 7.93 (dJ = 7.6 Hz, 1H), 7.71 (s, 4H), 7.56-7.38 (m, 2H) ppiC NMR (100 MHz,

acquired at 40 °C, CDg)t 6 168.0, 166.9, 154.4, 141.5, 138.0, 135.9, 1353%,4], 133.13, 128.4,
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127.3, 127.2, 126.7, 125.8, 123.7, 121.9, 118.3,1ppm. MS (EI): m/z (%) = 397 (12), 396 (29),
395 (100), 197 (8), 159 (52). Elemental analyslscté&o) for GsH13N3S,: C 69.85, H 3.31; found:

C 69.79, H 3.29.

2.8 Ethyl 2-cyano-3-(2-(4-(5-(4-methoxyphenyl)-lthpkelH-imidazol)phenyl)benzo[d]thyazol-6-
yhacrylate (f)

According to a reported procedure,[45] a two-neck@dnL flask equipped with a condenser was
charged with compounie (64 mg, 0.15 mmol) and imidazole (2 mg, 0.03 mm®Hhe reaction
vessel was fitted with a silicon septum, then ewssdl and back-filled with argon for three times.
Then, dichloromethane (1 mL) and ethyl 2-cyanodeefd6ulL, 0.15 mmol) were added and the
reaction mixture was heated to reflux overnighte Tyellow crude product was worked-up by
diluting with CHCl, and washing with water three times. The organjeravas dried over N&QO,

the solvent was evaporated and the crude produstpwafied by washing with 5 mL of diethyl
ether, giving compoungf as a yellow-orange solid (70 mg, 90%), m.p. 23%-23.*H-NMR (200
MHz, CDCh): 8.67 (d,J = 2 Hz, 1H), 8.36 (s, 1H), 8.24 (m, 2H), 8.16 {& 8 Hz, 1H), 8.09 (dd,
J' = 8 Hz,J? = 2 Hz, 1H), 7.89 (m, 2H), 7.40 (m, 2H), 7.204kl), 7.02 (m, 2H), 4.42 (), = 8 Hz,
2H), 3.87 (s, 3H), 3.73 (s, 3H), 1.42 Jt= 8 Hz, 3H) ppm*C-NMR (100 MHz, CDCJ): 171.8,
162.7, 159.9, 157.3, 154.3, 147.8, 136.4, 136.3,413132.9, 130.4, 129.8, 129.3, 128.6, 128.2,
127.8, 124.9, 124.0, 122.4, 115.9, 114.5, 102.0,65.5, 34.1, 14.3 ppm. HRMS (ESI) m/z found

[M+H]" 521.1646; GoH,4N403S requires [M+H] 521.1642.

2.9 Preparation of polymer films for optical stuslie

Different fluorophore/PMMA thin films were preparday drop casting, i.e. pouring 0.8 mL
chloroform solution containing 30.5 mg of the pobmand the proper amount of fluorophore to
obtain concentrations in the range 0.1-2.0 wt.9%3%xb0 mm area over a glass surface. The glass
slides were cleaned with chloroform and immerge® i HCI for at least 12 h, then they were

rinsed with water, acetone and isopropanol andddioe 8 h at 120 °C. Solvent evaporation was
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performed on a warm hot plate (about 30 °C) and @hosed environment. The film thickness was
measured by a Starrett micrometer to be 2pb The PMMA films were easily removed with a
spatula after immersion in water so that they canstored for successive measurements and
comparison by attaching them on 50x50x3 mm op#igalire glass substrate (Edmund Optics Ltd
BOROFLOAT window 50x50 TS) with a high-purity siine oil with a refractive index
comparable to PMMA and glass (i.e., poly(methylphesiloxane), 710 fluid, Aldrich, refractive
index n = 1.5365). Absorption and emission propsrtof such devices showed negligible
differences with the freshly prepared ones.

2.10 Apparatus and Methods

Melting points were recorded on a hot-stage mi@psc(Reichert Thermovar). Fluka precoated
silica gel PET foils were used for TLC analyses G&nalyses were performed on a Dani GC 1000
instrument equipped with a PTV injector using twpds of capillary columns: an Alltech AT-35
bonded FSOT column (30 m x 0.25 mm i.d.) and atedfi AT-1 bonded FSOT column (30 m x
0.25mm i.d.). Purifications by flash chromatographgre performed using silica gel Merck 60
(particle size 0.040-0.063 mm). EI-MS spectra weenrded at 70 eV by GLC-MS, performed on
an Agilent 6890N gas-chromatograph interfaced wWighlent 5973N mass detector. NMR spectra
were recorded at room temperature at 400 MH} &nd 100 MHz éC), or 200 MHz tH) and 50.3
MHz (**C) and were referred to TMS or to the residualqmstof deuterated solvents.

ESI-Q/ToF flow injection analyses (FIA) were cadieut using a 1200 Infinity HPLC (Agilent
Technologies, USA), coupled to a Jet Stream E®Ifiate (Agilent) with a Quadrupole-Time of
Flight tandem mass spectrometer 6530 Infinity Q-T@gilent Technologies). Two sets of eluents
were used: 100% MeOH or 85%® and 15% acetonitrile, both added with 1% formaclaThe
flow rate was 0.2 mL/min. Injection volume: 3 mLhd ESI operating conditions were: drying gas
(N2, purity >98%): 350° C and 10 L/min; capillary vaxdfe 4.5 KV; nebuliser gas 35 psig; sheath

gas (N, purity >98%): 375° C and 11 L/min.
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Absorption spectra were recorded at room temperatim a Perkin-Elmer Lambda 650
spectrometer. Fluorescence spectra were measumedrattemperature on a Horiba Jobin-Yvon
Fluorolod®-3 spectrofluorometer and equipped with a 450 Worearc lamp, double-grating
excitation and single-grating emission monochromsatdhe fluorescence of fluorophore/PMMA
films were recorded by using the Solid-Sample Holte collecting the front-face emission at 30°.
The fluorescence quantum yield in CHCk was determined at room temperature relative to

quinine sulphated = 0.54 in 0.1 M HSQy) using the following relation:[46]

Grad e
D X — (I)ST ] x TX
Gradg; )\ ngr

Where the subscripts ST and X are standard andedpectively, Grad the gradient from the plot of

integrated fluorescence intensity vs absorbancdiffarent solutions of standard and dyes. In order
to minimise re-absorption effects, absorbances mexeeed 0.1 at and above the excitation
wavelengthn is the refractive index of the solvent, i.e. 1f{d6CHCL and 1.333 for water.[47] The
emission quantum yields of the solid films wereaniéd by means of a 152 mm diameter "Quanta-
phi" integrating sphere coated with Spectralon® andunted in the optical path of the
spectrofluorimeter, using as an excitation sourcg5@ W Xenon lamp coupled with a double-
grating monochromator for selecting wavelengths.

2.10 Photocurrent measurements

A proper apparatus was build and composed by aqagwvooden box 15x15x30 cm with walls
1.5 cm thick. A removable cover hosting a housimgaf solar lamp is present at the top. During the
measurement a solar lamp TRUE-LIGHT® ESI E27 20W waed (Figure S1). Two 50x3 mm
slits were carved out at 5 cm from the bottom efllox to exactly fit the LSC systems (dimensions
50x50x3 mm) so that the minimum amount of light Wogome out during the measurement
conditions. On the outer side of the slit, a sethofée 1x1 cm photodiodes (THORLABS FDS1010
Si photodiode, with an active area of 9.7 x 9.7 mma high responsivity (A/W) in the spectral

range of 400-1100 nm, Figure S2) connected in learishion was placed and coupled to a

18



multimeter (KEITHLEY Mod. 2700) for photocurrent amuring. In order to collect a more intense
and stable output signal, both the photodiodesthadnultimeter are connected to an amplifier,
realized in laboratory, following the specificatoorgiven by THORLABS. The measurement
procedure comprehends a 20 minutes warm-up folathg, in order to reach its maximum power
output. After this time, the current intensity cke measured every minute, for a total of five

minutes.

2.11 Efficiency measurement using a PV-cell

A different set of LSC samples was prepared to oreathe concentration efficiency attaching a Si-
PV cell (IXYS SLMD121HO08L mono solar cell 86x14 mmith a solar cell efficiency of 22% and

a fill factor > 70%, Figure S3) to one edge of faenple. This set of samples was made covering
the full 50x50 area of the previously introducedticglly pure glass slabs with a 25#%%m
fluorophore/PMMA thick film. One edge of the LSC sveonnected to a Si—-based PV cell masked
to cover just the LSC edge (50x3 mm) using silicgnease while the remaining edges were
covered with an aluminum tape. These devices wkieea placed over a white poly(ethylene
terephthalate) scattering sheet (Microcellular® NETPreflective sheet, ERGA TAPES Srl) and
placed about 20 cm under a solar lamp (TRUELIGHT&LEE27 20W, with a correlated colour
temperature of 5500 K, Figure S1). The efficiersyeaported agqp, Which is the ratio between the
short circuit current of the PV cell attached th®d_edges under illumination of a light source

(ILsc) and the short circuit current of the bare cetl perpendicular to the light sourced)

2. Results and discussion

3.1 Synthesis of mixed azole-benzazole-based dyes

Imidazole-benzothiazole dydsand thiazole-benzothiazole analog@esere prepared according to
the retrosynthetic pathway reported in Scheme & @pproach resembles that adopted by us for

the synthesis of the already reported imidazolezimeidazole dye8.[28]
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Scheme 2Retrosynthetic pathway for compourig®, and3
This two-step sequence involves at first a regexsele direct C5 arylation of 1-methyH1
imidazole B) or thiazole @) with aryl bromideslOa-d This coupling, catalysed by Pd(OA@&nd
promoted by BkNOAC or K,CO;,[43-45] allowed the preparation of the requiredrglazolesta-d
andb5a-cin 61-92% isolated yield (Scheme 2). Azoflesc and5a-c were then reacted with 2-(4-
bromophenyl)-benzothiazol&d) according to our protocol for the base-free agdridless direct
C2 arylation of azoles,[42-44] mediated by Pd ang @ DMA at 160 °C for 72h (Method A,
Scheme 2). In this way, the required fluorophdras and2a-cwere isolated in 25-83% yield.
However, the base-free protocol proved to be uabldgtfor the synthesis of compouridsandle,
due to the high reaction temperature. With ourgieli these two derivatives were successfully
prepared using BMOAc as an additive, which allowed us to carry th& coupling at 110 °C
instead of 160 °C, in DMA for 24h.[32] According tiois procedureld andlewere obtained in 46
and 68% isolated yield, respectively, by Pd/Cu-raesl direct C2 arylation of 5-arylimidazoléd
and4a with bromobenzothiazolega and7b (Scheme 3). All the intermediates and productswer

characterized by NMR spectroscopy and mass speetrgmvith satisfactory results.
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N Br D H
JI X\>_H . @ PA(OAC), (5 mol%) | x>_
H

Ligand (10 mol%)

R . .
8: X =NMe 10a: R = OMe Additive (2.0 equiv) R .
9:X=8 DMA, 110 °C, 24h 4: X =NMe
10b: R =Me .
5:X=8
10c: R=CN
10d : R = NMe,
Product
azole 10 Ligand Additive 4or5 R Yield (%)
8 a - Bu,NOAc 4a OMe 82
8 b - Bu,NOAc 4b Me 81
8 c - Bu,NOAc 4c CN 69
8 d (2-furyl) K,COg 4d NMe, 76
9 a - Bu,NOAc 5a OMe 67
9 b - Bu,NOAc 5b Me 65
9 c - BusNOAc 5¢ CN 61

Pd(OAc), (5 mol%), Cul (2.0 equiv), DMA
4a-d or 5a-c
Method A: 72h, 160 °C

. Method B : Bu,NOACc (2.0 equiv), 110 °C, 24h
a:

7b: R’ -CHO

| N\ /N :©\ 1or2 X R R!  Method VYield (%)
>_< >_< A 66
X v Rt 1a NMe OMe H

b NMe Me H A 66
ic NMe CN H A 83
R 1a-e or 2a-c 1d  NMe NMe, H B 46
1e NMe OMe CHO B 68
2a S OMe H A 72
2b S  Me H A 25
2c S CN H A 53

Scheme 3Synthesis of compounds-d, 5a-¢ 2a-eand3a-c
Finally, compound.f was obtained in 90% isolated yield by Knoevenageldensation afewith

ethyl cyanoacetate in GBI, (Scheme 4).[45]

N N
~O~10,
N S CHO + NC__ COOEt

1e
MeO Imidazole (20 mol%)
CH2C|2‘ reﬂUX, 18h
(90%)

N N
O~
N S > COOEt
Me 1f
0

Scheme 4 Synthesis of compourid
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3.2 Optical properties in CHgIsolutions
All the optical features of compounda-f and2a-care summarized in Table 1 and compared to
that of imidazole-benzimidazole analoguga-) recently published by our group.[28]

Table 1 Spectroscopic properties of fluoropholesf, 2a-cand3a-cdissolved in CHGI

Ao [NM] | €[M*em?] | Aew[nm] | SS[nm] | o
la 345 32,000 457 112 0.90
1b 342 32,000 442 100 0.81
1c 343 42,000 426 83 0.80
1d 351 32,700 518 165 0.42
le 363 19,000 506 143 0.50
1f 385 38,000 532 147 0.11
2a 372 38,800 460 88 0.61
2b 367 43,000 443 76 0.59
2c 372 47,500 436 64 0.55
3a 320 36,000 427 107 0.90
3b 316 31,000 416 100 0.88
3c 328 39,000 415 87 0.83
®Fluorescence quantum yieldYwas determined relative to quinine sulphate in OHI80, (¢ =
0.54).

The absorption features of the imidazole-benzotiea#uorophoresla and1b were basically the
same, with absorption bands peaked around 342-84%ompound.c absorbed in the same range
too, but showed higher extinction coefficient aalagously reported for imidazole-benzoimidazole
fluorophores3a-c[28] This characteristic was also reflected inofescence since the spectrum
becomes progressively red-shifted in the oderlb, 1a, and the Stokes shift (SS) thus increased
in the same direction (Figure 1). The fluoresceqaantum yields ®) of the three fluorophores
were also determined to have a quantitative pigflable 1). All molecules resulted strong emitters
with quantum yields comprised between 0.8 and Dh@. lowest® corresponds tdc that showed

the lowest SS (83 nm) due to the highest overlappetween absorbance and emission (Figure 1a).
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Figure 1. Normalized absorption and emission spectra 8fMICCHCI; solutions ofLa-c((a),
Aexc= 330 nm),2a-c ((b), Aexc= 355 nm) and.d-f ((C), Aexc= 363 nm)
The same trend was also observed for 1,4-phengpaeed thiazole-benzothiazole fluorophores,

that were prepared with the primary aim of incregghe emission wavelength while maintaining
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the SS. Notably, the introduction of the thiazoleiety contributed to red-shift the absorption
maxima of more than 25 nm for &h-¢ but a lower shift resulted in emission (Figurg. Ithis
behaviour caused the decreasing of SS to less8tham and the significant reduction dfbelow
0.6. Moreover, the emission interval between 436460 nm shown by fluorophores did not match
the range of maximum efficiency of a photovoltaétl cthus excluding these fluorophores for final
application in LSCs.[27, 48]

In connection with these findings, 1,4-phenylenaegu imidazole-benzothiazolgéd-f were
designed with the aim to red-shift their fluoresmeeemission above 500 nm. Notakly and 1f
were functionalized at the benzothiazole unit wdldehyde anda-cyano ester electron-
withdrawing groups, respectively, wheredsl was decorated with the electron-donating
dimethylamino group. It is worth noting that theéraduction of the electron-withdrawing groups
red-shifted the emission maximum of SE(and 80 nm Xf), respectively, while maintaining the
absorption maxima below 390 nm (Figure 1c). Thier@menon contributed to the enhancement in
SS to values higher than 140 nm, but adverselyi@fi®, whose values were calculated to be 0.50
and 0.11 forle and1f, respectively. This is not surprising since deHation by internal conversion

is more efficient when the energy difference betwdee ground and excited states is small.[29]
Indeed, red-emitting organic fluorophores stronglyenched their own fluorescence both in
solution and in condensed phases.[49]

Compoundld was then utilized to achieve a trade-off betwesrgér emission wavelengths aid
higher than 0.3-0.4, in order to comply with theueements of fluorophores in LSCs.[6] The
introduction of the dimethylamino group in the pHenylene-spaced imidazole-benzothiazole
conjugated structure provided an absorption baratkgme at 351 nm, a fluorescence maximum at
516 nm (SS = 165 nm) andahigher than 0.4. Moreover, the extinction coeéfitiwas calculated
to be similar to the highest reported in Table dtd¥ly, the combination of optical properties, i.e.

no significant absorption for wavelengths > 400 temgest SS, emissiagn500 nm andb of 0.42,
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allowed 1d to be investigated in PMMA films for applicatioas colourless LSC. Compourd,
characterised by emission > 500 nm was also arcfgge&eomparison purposes.

Optical characterization of thed/PMMA films

Owing to the aforementioned opto-electronic prapsriid was also investigated when dispersed in
the transparent and totally amorphous polymer matfiPMMA. PMMA is 100% amorphous,
transparent, cheap and commercially available, adtaristics that make this polymer a perfect
candidate for large-scale LSC applications.[50]

The optical characteristics of 0.5 wt.% bl in PMMA films were reported in figure 2 with

maximum absorption and emission bands found atn®®@nd 500 nm, respectively, with a SS of

141 nm.
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Figure 2. Absorption (solid line) and emission spectra (@dtine Acxc= 360 nm) of a 0.5 wt.%
1d/PMMA film with a thickness of 25+pm.

1d showed absorptions in the near-UV region with gligéble contribution in the visible range of
the light spectrum (at 440 nm, about 90% of tratteahilight, Figure 3a)) also in the solid state
when dispersed in the polymer matrix. SS.diin PMMA was smaller than that recorded in CEICI
solution, possibly due to the blue-shifted emisstansed by the different dielectric constant (for

PMMA = 2.6-2.8; for CHGJ = 4.81). Nevertheless, a SS larger than 135 diydngited any
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adverse auto-absorption phenomena amthdgluorophores and contributed to a brilliant green

emission from the PMMA film (Figure 3b).
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Figure 3. (a) UV-Vis transmittance spectrum in the 400-5@0negion of a 1.6 wt.%4d/PMMA
film with a thickness of 25+5im coated over an optically pure 50x50x3 mm glassmacture of
the same film under (inset) visible light and (Bpag-range UV lamp at 366 nm
The absolute fluorescent quantum yield (QY)1dfin PMMA reached an average value of 28 %,
which slightly decreased at the highest concewimatinvestigated (i.e. 22 % for 1.8 wt.%
1d/PMMA film). This value is lower than that of CH{C$olution (42 %) due to the self-quenching
that usually accompanies fluorophores in the setate,[49] but it results still interesting and

promising for optical applications in polymers.

26



The performances dfd PMMA films as LSC were determined on optically @ s0x50x3 mm
glass. Photocurrent measurements were accompligileca home-built apparatus[48] by using a
set of three 1x1 cm photodiodes assembled in pafabhion. Photodiodes are ideal for measuring
light sources in LSC emission range by converting optical power to an electrical current,
allowing for a fast, precise and reproducible resgoeven with different sets of samples. This
approach was used to study the best working camditior differentld/PMMA films since the
response curves of the photodiodes and the PV modal not differ significantly. The data
acquired were compared to that collected fttfPMMA systems, in order to relate the molecular
structures to the device performancHswas selected as reference since it displayed h®)(187
nm) but lowerd (0.11 vs 0.50) in solution, and their optical teat resulted mostly maintained in

the PMMA matrix.
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Figure 4. Photocurrent ofd/PMMA and 1f/PMMA films of a thickness of 25+am with
increasing dye concentration (wt.%). Photocurrergse fitted with eq. 1 (grey curve) with
parameters listed in Table 2 (see below)
The data followed a peculiar trends. photocurrent increasing withd content and levelling off at
the highest concentration investigated (>1.6 wt.Fb)detail, photocurrent was found to increase

steadily with1ld concentration up to 1.4 wt.% of fluorophore, irading a negligible effect of self-

guenching on fluorescence efficiency. Converselgenvthe concentration was further increased
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adverse dissipative phenomena prevailed. The sameé was also found fdf/PMMA films, even
if much reduced photocurrents were observed fothallrange of concentration investigated. This
result was ascribed to the low@rof 1f, which did not compensate the lost in excitatioargy due
to the large SS, and introduced substantial logso$sion trapping efficiency.
Notably, the photocurrent behaviour fits quite weith eq. 1:
Nopt = € - e Hort’® + D (eq.1)
wherenop is the optical efficiency a term proportional ke tcurrent generated by photodiodess

the concentration of the dye in wt.%, andndg are two empirical constants defined as:

g oxh- e (eq. 2)

Hope & 1" (QY,p) - 1 (eq. 3)
whereh is the thickness of the thin filmhjs the mean path length of the radiation in thécap
system ang.” is a term depending on both QY and the probabdftfluorescence re-absorption
(p), being greater at high and low QY. D is an empirical constant added siegen an empty
system of transparent material (c = 0) is capablegapping some light by means of surface and
bulk defects due to scattering phenomena.
Eg. 1 was recently determined inspired by the wafrkKGoezberger[7] who proposed in 1977 an
effective method to evaluate LSC efficiency. Bethand popr must be considered as completely
empirical since even the most accurate estimatieqgire strong approximations. Nevertheless, the
determination of how they affect the finghy is straightforward for determining the LSC
performances. Notably, is a coefficient related to the absorption prapsrof the dye/polymer
system, whereagq,: combines all the fluorescence quenching mechanibmesto the dye. An
optimal dye/polymer system should therefore preseritighe’ and a smallyo: S0 that the
maximum efficiency is shifted to higher concentta and the curve steadily rises under the
influence of the linear part (eq. 1). A completel axhaustive determination of eq. 1 was recently

reported in literature by our group.[48]
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The fitting parameters, reported in Table 1, wesmpgared to those recently gathered for PMMA
films with the same thickness of 254fn but containing Lumogen Red F305 (LR),[48, 51]
selected as reference as it is considered theddtdltbe-art for LSC applications.[6]

Table 2 Fitting parameters of the photocurrent data nreastor1d/PMMA, 1f/PMMA and
LR/PMMA[48] films. For both systems, the film thickss was 25+fm

Entry € Ropt D
1d/PMMA 67 049 | 35
1f/PMMA 66 0.80 25
LR/PMMA 140 0.45 20

The fitting parameters dfd/PMMA films were found to be different from thoseldR/PMMA only

for &’. The smalleg’ is a result of the lesser absorption windowldfcompared to that of LR in
PMMA, beinge’ related to the light absorption properties of slgstem. This data is not surprising
sinceld was actually designed to have limited absorptiothe visible region of light spectrum. It
is worth noting that the fluorophores showed ideai{iop: values, notwithstanding the lower QY of
1d compared to that of LR (28% against about 1, reispey).[48] This phenomenon was ascribed
to the limited fluorescence quenching mechanisnperenced byld at high concentration, which
conferred PMMA films good emission efficienciestf/PMMA and 1d/PMMA films showed
identicale’ due to the similar extinction coefficients, i.&,300 M*cm™ for 1f and 32,700 NMcm*

for 1d. Conversely o values appeared quite different fobfPMMA films, due to the much—
reduced emission efficiency caused by the very@¥ This result confirms that to maximize the
emission trapping in a LSC, it is more effective geepare fluorophores having the highest
achievable QY, rather than very large SS.

Notably, D values resulted to be quite similar &irthe dye/PMMA systems, thus suggesting that
the contribution of non—fluorescent trapping is eor less the same for samples with the same
thickness.

The 1d/PMMA films with the highest photocurrent, i.e. tthese containing the 1.4 and 1.8 wt.% of

1d, were analysed by using a Si-based PV cell atthdbeone edge of the concentrator, as
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described in the experimental section. The optéatiencyno, (Table 3) was evaluated from the
concentration factor C, which is the ratio betwé®s short circuit current measured in the case of
the cell over the LSC edgea t) and short circuit current of the bare cell whenpgndicular to the

light source (¢¢) (eq. 4):

I
Nopt=1.. (€9 4)

I
where G is the geometrical factor (in our case, G&3=3), which is the ratio between the area

exposed to the light source and the collecting.area

Table 3. Optical efficiencies 1{op) calculated forld/PMMA LSC and compared to those of
LR/PMMA LSC with similar geometrical factor[11, 48]

Entry wt.% Nopt (%0)
14 5.2
1d/PMMA 1.6 5.3
1.8 5.9
LR/PMMA 1.5-1.8 (8.0

The calculated)oy: for the 1d/PMMA system with the highest photocurrents was swprisingly
found lower than that gathered from LSC based on ibRthe same range of fluorophore
concentration and geometrical factor. The diffeeent about 2% between optical efficiencies is a
result of the poor visible light absorption by fluorophores compared to the state-of-the-art LR.
Nevertheless, it is worth mentioning th@p:reached/alues as high as 6%, possibly thanks to the
effective combination of large SS (i.e., 137 nmX¥dfPMMA and 23 nm for LR/PMMA[51]) and
sufficient QY (about 0.3) that strongly contributed fluorescence trapping, thus fostering its

concentration efficiency.
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Conclusions

We have shown that the dispersion of a near-UV rdlosg imidazole-benzothiazole fluorophore
with brilliant green emission in PMMA allowed theeparation of thin film LSCs with a faint
colored tinting and optical efficiencies close to 6

Different fluorophores characterized by imidazo@bothiazole and thiazole-benzothiazole
backbones were synthesized aimed at obtainingdsedombination of optical properties in terms
of near-UV absorption, Stokes shift larger than ©e® and a fluorescence quantum yield higher
than 0.4. Among them, the 1,4-phenylene-spacedairoié-benzothiazole bearing an electron-
donating dimethylamino group was found the bestickate and was selected as fluorescent dopant
in PMMA thin films together with an analogue azbigsed fluorophore with emission higher than
500 nm. Photocurrent experiments of the derived t&S@aled optical efficiencies not surprisingly
lower than those evaluated by the state-of-thesgstems due to the limited absorption in the
visible region. Moreover, the trapping efficiencyasvmaximized for fluorophores having the
highest achievable QY, rather than very large SS.

Neverthelessyopivalues as high as 6 flanked by significant lightsmittance in the visible region

consistently support the use of the prepared desamlourless LSC.
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Highlights

New near-UV absorbing fluorophores with bis-azoles backbones were synthesized
Dimethylamino imidazol e-benzothiazole showed SS > 150 nm and ®; > 0.4 in CHCl3
PMMA thin films displayed brilliant green emission and SS > 130 nm

The high VIS transmittance and 1o Near 6 support the realization of colourless LSC



