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Highlights

e Nine novel thiazolo[5,4-d]thiazole fluorophores with peripheral pyridines is presented.

e The compounds possess either a linear, two- or four-armed molecular structure.

e All the compounds display good near-UV to bluish-green fluorescence.

e Linear derivatives show better photoluminescence quantum yields compared to non-
linear counterparts up to 0.42.

e The nature of the short-lived excited state is confidentially described as m-m*.



Abstract
A novel family of thiazolo[5,4-d]thiazole (TzTz) fluorophores having a general formula (py)a-

n-TzTz-n-(py)n (n =1 or 2, py = pyridine) is herein reported. The investigated compounds are
decorated with alkoxy-substituted pyridine scaffolds bearing chains with different lengths (a =
methoxy, b = 2-ethylhexan-1-oxy, ¢ = 2-decyltetradecan-1-oxy) that are connected at either the
para- or meta- position(s) of the phenyl bridging ring. The compounds feature either a linear
(n = 1, para-substituted, series 8), two-armed (n = 1, meta-substituted series 9) or four-armed
(n = 2, meta-substituted series 10) molecular architecture. Steady-state and time-resolved
photophysical investigation is employed to characterize the optical properties of the compounds
in both diluted CH>Cl, and CH>Cla:trifluoroacetic acid (TFA) 95:5 solutions, as well as in thin-
film in poly(methyl methacrylate) (PMMA) matrix at 20 wt.% doping. All compounds display
electronic transitions with mainly m-n* nature at both solution and solid state. However, while
both peripheral pyridyl-phenyl moieties and the n-TzTz-n core participate in the absorption
transitions, the emission involves mostly the n-TzTz-n core. A clear effect of the positional
isomerism on the photophysical properties is observed, with the protonation of the peripheral
pyridines offering a further modulation. Thus, these results provide some useful hints on the

molecular design of TzTz-based compounds as promising photoactive materials.



Graphical abstract
thiazolo[5,4-d1thiazole emitters
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A novel family of near-UV to bluish-green emitting thiazolo[5,4-d]thiazole chromophores is

presented and their optical properties investigated by jointly photophysical and computational

techniques.
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Introduction

Small-molecule organic dyes have attracted enormous interest in both materials and biological
sciences driven by their potential and real-market application in several fields. In particular,
they found widespread use as emitting, lasing and semiconducting materials in optoelectronic
devices,!'3! such as organic light emitting diodes (OLEDs) and light-emitting field-effect
transistors (OLEFET), as well as light-harvesting devices!*l. Heterocyclic compounds that
contain one or more endocyclic nitrogen atoms are amongst the most investigated classes of
small-molecule emitters, including (substituted) carbazoles, (benzo)diazoles, (benzo)triazoles,
and triazines.!’) Sulfur-containing (fused) heterocycles, typically incorporating (benzo)thiazole
and (benzo)thiophene scaffolds, have been largely investigated as well, mainly for their
excellent charge transport and light-absorption properties that render these chromophores
appealing molecular materials for organic electronics,!®”! organic photovoltaics,!® and non-

linear optics.!

Small-molecule containing mixed heterocyclic scaffolds represent another family of
compounds with very appealing optical properties.!!”) The thiazolo[5,4-d]thiazole (TzTz)
scaffold is a bicyclic heteroaromatic system formally obtained by the fusion of two thiazole
rings. TzTz and its derivatives feature an electron-deficient aromatic moiety that favours rather
coplanar conformations in polycyclic systems due to the absence of interactions between ortho
H atoms, thus enabling intermolecular interactions. Owing to the ease of their synthesis, which
typically is carried out via a double condensation reaction between dithiooxamide and an

11,12]

aromatic aldehyde under oxidative conditions,! and their appealing electronic

11,13,14

properties,| 1 TZTz-based molecular materials with either symmetric or asymmetric

architectures have recently started to gain attention in the field of small molecule materials for
22-23]

organic electronics,!>2% as well as bioimaging?!! and chemo-sensing probes!??-23l, In

particular, neutral 2,5-bis(hetero)aryl functionalized TzTz derivatives possess short-lived (a



few ns) and PLQY in the range of ca. 0.2.1*4 Interestingly, protonation or alkylation of the
peripheral N-containing heteroaromatic rings (generally pyridine, py), may enhance the
emission efficiency of the TzTz-based emitters, which in some cases approaches unity.?]
These cationic derivatives have shown to possess an interesting combination of outstanding

26271 and demonstrated to be suitable candidates as NIR dyes,®!

redox and optical properties,!
and highly fluorescent electrofluorochromic materials!?®!. Surprisingly, limited attention has
been paid to the effect of structural variation and isomerism in this class of excellent
fluorophores, being 2,5-bis(pyridyl)-TzTz and their N-alkylated derivatives the most
investigated ones to date. It is indeed worth to notice that organic semiconducting molecules

with peripheral pyridines are known to possess enhanced charge transport properties.[?°-3! T

n
view of their excellent optical and electronic features as well as straightforward synthetic
accessibility, we aim at investigating the effect of the number of pyridyl moieties and the
corresponding positional isomerism onto their photophysical properties. Herein, the synthesis,
steady-state and time-resolved photophysical investigation of a novel set of free-base and
protonated peripheral pyridine-decorated TzTz fluorophores is described. Optical properties
were further elucidated by means of a computational study at (time-dependent) density
functional theory, namely (TD-)DFT, level. In particular, we report on deep blue to bluish-
green emitting TzTz chromophores with general formula (py)a-n-TzTz-m-(py)s (n = 1 or 2)

with either a linear (series 8), two-armed (series 9) or four-armed (series 10) molecular

architecture before and after protonation.

Results and Discussion
Synthesis
In Scheme 1 are displayed the final steps for achieving the novel fluorophores (8-10) featuring

the thiazolo[5,4-d]thiazole core, with the full synthetic details being described in the Supporting



Information. All the intermediates and final compounds were characterized by 'H, 1*C NMR as
well as mass-spectrometry analysis (see Figure S1-S26 of the Supporting Information), except
for derivative 8a that displayed limited solubility in many different organic solvents, thus
hampering its complete characterization.

While pyridine derivative 1a is commercially available, 1b and 1¢ were prepared in
good to excellent yields upon alkylation of 2-bromo-5-hydroxypyridine by using either 2-
ethylhexyl bromide or 2-decyltetradecyl tosylate, respectively, in hot DMF and K>COs as the
base. On the other hand, the brominated TzTz derivatives (2—4, see Supporting Information for
chemical structures) were synthetized straightforwardly by condensation reaction between the
dithiooxamide and the corresponding bromobenzaldehyde following the procedure reported

previously for related TzTz derivatives.[!!:12]
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Scheme 1. Schematic pathway for the synthesis of luminophores 8-10.




Subsequently, cross-coupling reaction between aryl-bromine 24 and
bis(pinacolato)diboron under palladium-catalyzed Miyaura borylation conditions afforded
either bis- (5-6) and fetra- (7) pinacoleboronate derivatives with excellent yields. Finally,
Suzuki-Miyaura cross-coupling between the boronate 5—7 and 2-bromo-5-alkoxypyridine (1a—
¢) enables the introduction of peripheral pyridine rings, thus providing the target novel TzTz
compounds of general formula (py).-n-TzTz-m-(py).. Overall, the compounds display
molecular structures with either a linear (n = 1, para-substituted, series 8), two-armed (n = 1,
meta-substituted series 9) or four-armed (n = 2, meta-substituted series 10) architecture (see

Scheme 1).

Optical properties

Firstly, the photophysical properties of derivatives 8—10 were investigated by means of steady-
state and time-resolved photophysical techniques in air-equilibrated solution CH2Cl» at room-
temperature The electronic UV-Vis absorption and photoluminescence spectra in solution are
displayed in Figure 1, respectively, for compound 8b—10b. The absorption and emission spectra
of all the compounds can be found in Figure S27-S28 (see Supporting Information),
respectively, for comparison and the corresponding photophysical data and fluorescence
kinetics parameters are summarized in Table 1.

Among the compounds under investigation, methylated derivatives (series a) display
lower solubility. In particular, it was not possible to carry out proper photophysical
characterization of compound 8a. Therefore, longer alkyl chains (series b and c¢) were
introduced to improve the solubility, thus ruling out possible ground state intermolecular
interactions in solution through m-stacking, which would be favored by the extended m-
conjugated nature of the chromophores. As shown in Figure S27 of the Supporting Information,

the photophysical properties appear to be rather independent of the length of the peripheral



alkyl chain for a given series of compounds. This is attributed to the rather similar electronic
properties exerted by the different alkyl substituents onto the heteroaromatic rings between
series a, b and c. Hence, only the optical properties of series b will be detailed hereafter, with
similar conclusions drawn for the other two series. In dilute CH>Cl,, samples of compound 8b-
10b display two main intense absorption bands in the region at about 360 and 270 nm. As far
as the linear compound 8b is concerned, the absorption band present at longer wavelength is
much more intense and bathochromically shifted compared to those recorded for the meta-
substituted derivatives, being Aapsmax = 392 (€ = 6.7x10* M! cm™), 364 (¢ ~ 4.2x10* M! cm™)
and 367 nm (¢ = 4.7x10* M! cm™), for 8b, 9b and 10b, respectively.

At higher energy in the spectral region above Aaps = 320 nm, the trend appears to be the
opposite with the absorption band of compound 8b being the least intense among the series (¢
~ 2.1x10* M! ecm™! at 267 nm); whereas ¢ ~ 2.9-3.6x10* M"! cm™! and 6.0-6.2x10* M! ¢cm™!
for compounds 9b and 10b, respectively. On the basis of these spectral findings, one can ascribe
both bands, namely the higher and lower energy spectral profiles, with confidence to the
convolutions of electronic transitions involving the n-TzTz-n moiety mainly with sizeable
singlet-manifold ligand-centered 'LC m-n* with partial admixed intraligand charge-transfer
(ICT) character (mropyTT2T2 —> T*phenyl). The fact that the intensity of the high energy band
doubles on going from compounds 9b to 10b, while the lower-energy side appears to be
affected to a much lower extent by the number of pyridine substituents, further corroborate
these attributions, which are also in agreement with previously reported data for related
chromophores,>*2°] as well as with the computation investigation described below. Moreover,
the absorption maximum wavelengths are affected to only a little extent by the number of
pyridine substituents, with bathochromic shift as small as ca. 300 cm™ between series 9 and 10.
In sharp contrast, absorption spectra of compounds of the series 8 appear to be bathochromically

shifted by about 2000 cm™'. These findings point toward a reduced n-conjugation and limited



electronic communication between the meta-oriented N-heterocyclic rings and the TzTz core

in compound 9b—10b with respect to para-oriented scaffolds (i.e. compound 8b).
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Figure 1. Electronic absorption (dashed traces) and normalized emission (solid traces) spectra
of compound 8b (orange), 9b (blue), and 10b (green) in air-equilibrated CH>Cl> at a
concentration of 5x10° M at room temperature. Emission spectra were recorded upon

excitation at Aexc = 350 nm.

Upon photoexcitation at Aexe = 300—370 nm, solution samples of all the derivatives in
CH:Cl; at concentration as low as 5x10® M display intense blue luminescence with emission
onsets falling in the near-UV region, as shown in Figure 1. As expected, while emission maxima
appear to be independent of the nature of the alkyl chain, they are much more influenced by the
positional isomerism of the pyridine peripheral substituents. Compound 9b displays a
photoluminescence profile with emission maxima at 399, 419 and 442 nm. Meta- disubstituted
derivative 10b shows a rather similar, yet bathochromically shifted, spectrum by about 5 nm
(ca. 330 cm™). On the other hand, para-substituted compound 8b possess an emission profile
peaking at Aem = 436, 462, 492 nm, corresponding to a bathochromic shift of about 2100-2200

cm’! when compared to 9b.

10



Nevertheless, for all the derivatives, the emission profile is relatively narrow and
structured with a clear vibronic progression featuring a main vibrational mode in the order of
1250-1450 cm™ mainly attributable to the C=C and C=N intramolecular vibrations. This is in
nice agreement with the computational investigation as described in more detail below.
Photoluminescence quantum yield (PLQY) values were in the order of 0.23-0.42 with the
highest values recorded for compound 8b. It is worth to notice that these values are much higher
than those reported for parental, structurally related neutral 2,5-bis(4-pyridyl)-thiazolo[5,4-
d]thiazole and 2,5-diphenyl-thiazolo[5,4-d]thiazole reported elsewhere,>*?%) in spite of the
presence of the flexible (long) alkyl chains.

Time-resolved emission decay helped to shed a better light onto the kinetics and the
nature of the emitting excited states. For all the compounds, the decay traces could be nicely
fitted with a mono-exponential kinetic model that provides an emitting excited-state lifetime as
short as 620, 432 and 496 ps for derivative 8b, 9b and 10b, respectively. Hence, radiative (k:)
and non-radiative (knr) rate constants characterizing the emissive excited state could be
estimated from lifetime and PLQY values by using the following equations (eqns. 1-2):

k=PLQY /1 (eqn. 1)

kor=(1 —PLQY) /71 (eqn. 2)
providing for all the derivatives similar & values in the order of 5.1-6.9 x108 s”!, characteristic
of a strongly allowed radiative process. Similarly, & values are similar between the three series,
being the values in the order of 0.9-1.7x10° s”!, yet the lowest range values are observed for
derivatives of series 8, thus yielding the higher PLQY values within the different series. Overall,
these data strongly support the rather similar nature of the excited state along the different
compounds, with large !'n-n* character mainly involving the common n-TzTz-n core, whereas
the peripheral pyridines seem to be involved to a much lower extent for 9a and 10b. Instead,

slightly larger involvement is expected for linear derivative 8b, due to the longer n-conjugation

11



that also cover the peripheral pyridine moieties. This overall photophysical picture is also
further corroborated by the little influence of the solvent polarity and the length of the alkyl
chain on the efficiency of the radiationless deactivation channels (see Table 1 for compound 9b
as an example).

Going from fluid solution to thin-film in PMMA matrix at 20wt.% concentration of 8b—
10b, emission profiles become slightly broader and bathochromically shifted by about 20-25
nm. Concomitantly, PLQY decreases to 0.08, 0.12 and 0.10 for samples of compound 8b, 9b
and 10b, respectively. On the other hand, lifetime remains comparable and in the range of ca.
450 ps for meta-substituted derivatives 9b—10b, but it becomes prolonged and characterized by
a bi-exponential kinetics for derivative 8b. The corresponding emission spectra and
photophysical parameters can be found in Figure 2 and Table 2, respectively. These findings
are indicative of the establishment of intermolecular m-m interactions between adjacent
molecules in the solid state, a behavior that is much more pronounced for the linear 8b

compared to the two- and four-armed counterparts 9b—10b.
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Figure 2. Normalized emission spectra of compound 8b (orange), 9b (blue), and 10b (green)
in PMMA thin film matrix at doping concentration of 20 wt.%. Emission spectra were recorded

upon excitation at Aexe = 360 nm for sample 8b and 10b; Aexc = 320 nm for sample 9b.
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Previous investigations have shown that protonation of 2,5-diphenyl-TzTz in aqueous
HCI quenches the emission of the TzTz core, resulting in a decrease of the PLQY from ca. 0.2
in organic solvents to a value below 0.05 in acidic conditions.!**! On the other hand, either
protonation or alkylation of the pyridyl moieties of the 2,5-bis(pyridyl)-TzTz emitters gives rise
to a dramatic enhancement of the PLQY reaching values up to 0.96.1251 Therefore, we wondered
about the effect of protonation of the here investigated (py)s.-n-TzTz-n-(py)n systems, by
investigating their optical properties in a solvent mixture composed of CH:Cl> and
trifluoroacetic acid (TFA) at 5% V/v. The corresponding spectra are shown in Figure 3 and the
photophysical data are summarized in Table 3. In acidic media by TFA, electronic absorption
spectra appear to be less intense, structureless and broader when compared to pure CH2Cl»
solvent. Surprisingly, a clear bathochromic shift of the absorbance was not observed upon
protonation, with spectral onset and maxima being very similar in both conditions. In sharp
contrast, all the three investigated compounds display a neat bathochromic shift in their
emission spectrum that moves to 513 nm (3440 cm™!), 458 nm (3239 cm!) and 434 nm (-
1710 cm™), for derivative 8b, 9b and 10b in their protonated form, respectively. This shift is
accompanied by broadening and loss of the vibronic progression in the spectral profile,
indicative of an increased ICT nature of the emitting excited state for the protonated forms
compared to the neutral parental forms. Interestingly, while protonated 9b—10b display a
decrease of the PLQY down to 0.12 and 0.17 — values that are about half of those in pure CH>Cl>
—, protonation of 8b give rises to an enhancement of PLQY that reaches a value as high as 0.52.
For all the compounds, excitation spectra recorded at different emission wavelengths appear to
be very similar and trace out the corresponding absorption spectrum. On the other hand, excited
state emission decays become biexponential in nature. These findings point towards a possible

dual-emission at the origin of the two distinct lifetimes, most likely due to an excited-state

13



tautomerism process (e.g. excited-state intramolecular proton transfer),!!”! rather than two

different ground state (protonated) forms.
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Figure 3. Electronic absorption (left box) and normalized emission (right box) spectra of
compound 8b (orange), 9b (blue), and 10b (green) in CH>Cl; (solid traces) and in CH>Cl:TFA
5% (solid traces + empty squares) at a concentration of 5x10°° M at room temperature. Emission

spectra were recorded upon excitation at Aexe = 340-360 nm.
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Table 1. Photophysical data of compound 8-10 in dilute (concentration 5x10-¢ M) air-equilibrated CH>Cl> solution at room temperature.

cmpd medium Amax.abs [NM] Aem lifetime | PLQY“ kr kor Eop Stokes shift
(e [10* M cm'']) [nm] [ps] [108s1] | [107s] [eV] [cm]¢
8b CHxCL, 392 ((62%2))’ 267 13962” 4263%’ 620 0.42 6.84 0.93 2.92 2570
8c CHxCL, 393 ((62%25))’ 265 13972” 426332’ 610 0.39 6.46 0.99 2.92 2560
9a CHxCL, (56127)(,3236?’(22%2;) 393’44;19’ 443 0.23 5.07 1.75 3.20 2500
9b CHxCL, (5694(‘))(5‘217?’&%%) 39%’44;19’ 432 0.28 6.48 1.67 3.20 2410
9b CH;CN (369%)(,02251),(127911) 391’;;15’ 440 0.35 7.85 1.49 3.25 2590
9b DMF 364 (éh?)’ 300 391’;;15’ 454 0.29 6.28 1.57 3.18 2280
9¢ CHxCL, (;?%36)(,32219)3(5 3%) 393’44;1 % 443 0.28 6.34 1.62 3.20 2490
10a CHxCL, (2662; )(,327616)3(2%17) 401’54(‘)25’ 499 0.27 5.53 1.49 3.15 2420
10b CHxCL, (26175)(5‘266%)’(2%27) 401’5125’ 496 0.34 6.76 1.34 3.15 2500
10c CHxCL, 36(75 .(?16:)19,792))?63902 401’5125’ 511 0.33 6.37 1.32 3.15 2500

@ Estimated by using quinine sulfate solution in aqueous H>SO4 0.5 M (PLQY reference value = 0.55); ? Eoy is an estimated optical bandgap
determined as the crossing point between the absorption and emission spectra; ¢ Stokes’ shift has been estimated as the difference between the

maximum of the lowest-energy absorption band and the highest-energy emission peak.
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Table 2. Photophysical data of compound 8b, 9b and 10b in PMMA thin film at doping concentration of 20 wt.%.

cmpd Aem lifetime PLQY kr kor
[nm] [ps] [108s'] | [10°s7!]
461, 487, 1052 (46%)
8b 518 278 (54%) | 008 - -
9b 422,443 445 0.12 2.70 1.98
10b 424,445 454 0.10 2.20 1.98

Table 3. Photophysical data of compound 8b, 9b and 10b in dilute (concentration = 5x10°® M) air-equilibrated CH2Cl:TFA (5%) at room

temperature.
cmpd Amax.abs [NM] Aem lifetime PLQY
(e [10* M cm']) [nm] [ps]

393 (1.09), 269 602 (71%)
8b (0.72) >13 196 (29%) | 02

222 (59%)
9b 337 (((;112))’ 272 458 722 (32%) 0.12

) 283 (9%)

368 (0.82), 321 482 (30%)
10b (1.26), 272 (2.33) 434 1540 (70%) 0.17

16



Computational investigation

To support the interpretation of the photophysical data, the electronic structures of species 8, 9
and 10 and their absorption and emission spectra were computed employing density functional
and time-dependent density functional theory. Molecular orbital plots and energies, tables of
calculated electronic transition properties and electron density-difference maps are displayed
in Figure 4-7 and Table 4. For sake of computational time, alkyl chains were truncated at the
methyl level, which correspond to computed species 8a, 9a and 10a. Similar results are
expected to be found for derivatives containing longer alkyl chains, such as 8b—10b and 8c—
10c. Taking into account the rotation around bonds connecting the constituting rings and also
the conformation assumed by the methoxy substituents, it is possible to foresee the existence
of many different isomers for molecules 8a—10a. However, only results obtained for the more
stable conformer of each species are discussed in the following.

The 2,5-diphenylthiazolothiazole core of all the optimized species is invariably found
to be almost exactly planar, in agreement with the geometry experimentally observed in the
crystal structure of the corresponding unsubstituted molecule.*?l On the contrary, steric
interactions involving the ortho-hydrogen atoms prevent the pyridyl substituents from lying in
the same plane of the PhTzTzPh moiety. The dihedral angle between the planes defined by the
pyridyl and the phenyl rings is quite similar in the three species (16.9, 17.2 and 15.8—-17.9° for
8a, 9a and 10a, respectively).

According to the calculations, the frontier molecular orbitals of 8a—10a are mainly located on
the diphenylthiazolothiazole core and can be related to the aromatic (HOMO) and the quinoid
(LUMO) structure for this moiety (see Figure 4). In 9a, the introduction of a 2-pyridyl
substituent in meta on the phenyl rings allows to delocalize the FMOs only to a limited extent
(14 and 2% for HOMO and LUMO, respectively). Adding a second substituent in meta, as in
10a, does not significantly improve the delocalization over the pyridyl groups (15 and 5% for

HOMO and LUMO, respectively). On the contrary, in 8a the presence of a 2-pyridyl substituent

17



in para leads to a more substantial delocalization of the FMOs (28 and 13% for HOMO and
LUMO, respectively). As a consequence, the destabilization of HOMO, the stabilization of
LUMO and the corresponding reduction of the HOMO-LUMO energy gap with respect to the
parent unsubstituted molecule is limited (and quite similar) for the two meta-substituted species

9a and 10a and is more pronounced for the para-substituted species 8a (see Table 4).
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Figure 4. Isodensity surface plots for the HOMO (lower row) and LUMO (upper row) of 8a,

9a and 10a.

Table 4. Computed HOMO and LUMO energy and energy gap for the unsubstituted PhTzTzPh

and for 8a, 9a and 10a.

Enomo [eV]  Erumo [eV] E; [eV]

PhTzTzPh —6.042 —2.027 4.015
8a —-5.720 —2.204 3.515
9a —5.964 —2.035 3.930
10a —-5.942 —2.047 3.895

The absorption spectrum of these species is dominated by a broad So—S1 HOMO-LUMO

excitation at low energy, computed at 425, 373 and 378 nm for 8a, 9a and 10a, respectively.

18



Figure 5 contains the corresponding electron density-difference maps for the three species,
showing how the transition is essentially confined to the PhTzTzPh moiety for 9a and 10a while
it encompasses also the pyridyl substituents for 8a, albeit to a limited extent. As previously
reported for similar species,[!!?* the presence of many different rotamers can explain the
broadening observed for the absorption peak. Indeed, preliminary computations on the species
10a allowed to identify at least ten stable conformers within 4 kJ from the global minimum, all
significantly populated at room temperature, showing slight variations in the So—S; transition
energy.

For the para-substituted species 8a, similarly to the unsubstituted compound PhTzTzPh,
the oscillator strength computed for the HOMO-LUMO excitation is much larger than those of
any other below 250 nm. On the contrary, for the meta-substituted species 9a and 10a, other
transitions at higher energy, not mainly centred on the TzTz core, contribute to the absorption
spectra. In particular, for 9a the So—S7 excitation at 273 nm corresponds to a net charge transfer
from the methoxopyridyl substituents to the phenyl rings. A similar transition (So—So),
involving all the four methoxopyridyl substituents, can be found at 284 nm for 10a, together
with a transition (So—Si13) at 272 nm, corresponding to a net charge transfer from the
methoxopyridyl substituents and the thiazolothiazole core to the phenyl rings. All these

transitions are depicted by their corresponding electron density-difference maps in Figure 6.
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Figure 5. Electronic density-difference maps for the So—S1 HOMO-LUMO excitation of 8a,

9a and 10a. Cyan and violet indicates a decrease and increase in electron density, respectively.
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Figure 6. Electronic density-difference maps for some of the more intense electronic transitions
computed for 9a and 10a. Cyan and violet indicates a decrease and increase in electron density,

respectively.

The optimized geometry of the lowest-lying singlet excited state for the three species
shows the typical altered alternation of short and long bond lengths within the molecule, in
agreement with the enhanced quinoid character of the excited state. The same conclusion can
be formulated by looking at the electron density-difference maps for the emission S;—So,
whose features are almost superimposable to those describing the absorption. Both vertical and
adiabatic energies have been computed for the S;—So transition. As expected, due to the
substantial difference between the lowest-lying singlet excited state and the ground-state
geometry, vertical and adiabatic values are quite different (ca. 0.26 eV). Although these
computed values reproduce the observed trend, they underestimate the experimental values,
especially in the case of the para-substituted species 8a (see Figure 7). The vibrationally
resolved emission spectra computed within the framework of the Franck-Condon principle
reproduces reasonably well the observed additional maxima (464 and 491 nm vs 462 and 492
nm for 8a, 423 and 449 nm vs 419 and 442 nm for 9a, 428 and 456 nm vs 425 and 451 nm for

10a). As expected for a thiazolothiazole-centered transition, the normal mode primarily
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contributing to the vibronic structure of the band is the stretching of the central C—C bond of

the condensed heterocycle (vi22 at 1483 cm™!, vi24 at 1487 and vigo at 1487 for 8a, 9a and 10a,

respectively).
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Figure 7. Electronic density-difference maps computed (at the optimized S; geometry) for the
vertical transition S1—S of 8a, 9a and 10a. Energy computed for the corresponding adiabatic
transition is also reported (in italics). Cyan and violet colour indicates a decrease and increase

in electron density, respectively.

Conclusion

In conclusion, the synthesis of a novel family of thiazolo[5,4-d]thiazole fluorophores with
general formula (py)s-n-TzTz-n-(py)n (n = 1 or 2) is presented. The compounds bear peripheral
alkoxy-pyridine moieties linked onto the central -n-TzTz-n- core at either the para- or meta-
positions giving rise to either linear (compounds 8), two- (compounds 9) or four-armed
(compounds 10) molecular architectures. In CH2Cl, solution, while the former display bluish-
green emission with higher PLQY, the two latter possess near-UV to blue emission with
somehow lower efficiency. In-depth steady-state and time-resolved photophysical
investigation, along with TD-DFT computations, helped to assign the emission as n-n* in
nature and involving the central -n-TzTz-n- for derivatives 9-10, although it partially extends
over the peripheral pyridine moieties for linear compounds 8. Upon addition of an excess of

TFA, emission spectra bathochromically shift as a consequence of the protonation of the
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molecular emitters. Remarkably, different effects in the variation of PLQY were observed, with
an enhancement of its value for series 8, reaching a value as high as 0.52. The presented results
widen the palette of a highly interesting, yet largely overlooked, class of small molecule
emitters based on the TzTz scaffold and disclose the different effect exerted by the isomerism
linkage of peripheral pyridines onto the emission properties in both non-protonated and
protonated forms. Overall, these data will help to design more efficient molecular emitter based
on the TzTz core in view of their potential applications as bio- and chemo-sensors as well as

active materials in organic electronics.

Experimental Section

General considerations. All reagents were used as received without further purification unless
differently stated. Silica gel for column chromatography was purchased from Sigma-Aldrich.
'H and *C NMR spectra were recorded at 298 K on either Bruker AV300, Bruker AV400 or
Bruker AV500 spectrometers in deuterated solvents and the residual solvent peak was used as
the internal reference. 'H and *C {!H} NMR spectra were calibrated to residual solvent signals.
All the chemical shifts (8) are reported in ppm. High-resolution electrospray mass spectrometry
(HR-ESI-MS) was performed by the Service Spectrométrie de Masse of the Fédération de
Chimie “Le Bel” FR2010 of the University of Strasbourg. Experimental details on synthesis

are available in the Supporting Information.

Photophysical characterization

Instrument details. Absorption spectra were measured on a Varian Cary 100 double-beam UV—
VIS spectrophotometer and baseline corrected. Steady-state emission spectra were recorded on
a Horiba Jobin—Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc

lamp, double-grating excitation, and emission monochromators (2.1 nm mm™! of dispersion;
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1200 grooves mm ') and a Hamamatsu R13456 red sensitive Peltier-cooled PMT detector.
Emission and excitation spectra were corrected for source intensity (lamp and grating) and
emission spectral response (detector and grating) by standard correction curves. Time-resolved
measurements were performed using either the time-correlated single-photon counting
(TCSPC) or the Multi-Channel Scaling (MCS) electronics option of the TimeHarp 260 board
installed on a PicoQuant FluoTime 300 fluorimeter (PicoQuant GmbH, Germany), equipped
with a PDL 820 laser pulse driver. A pulsed laser diode LDH-P-C-375 (A = 375 nm, pulse full
width at half maximum FWHM <50 ps, repetition rate 200 kHz—40 MHz) was used to excite
the sample and mounted directly on the sample chamber at 90°. The photons were collected by
a PMA Hybrid-07 single photon counting detector. The data were acquired by using the
commercially available software EasyTau II (PicoQuant GmbH, Germany), while data analysis
was performed using the built-in software FluoFit (PicoQuant GmbH, Germany). All the
solvents were spectrophotometric grade.

Methods. For time resolved measurements, data fitting was performed by employing the
maximum likelihood estimation (MLE) method. The quality of the fit was assessed by
inspection of the reduced y? function and of the weighted residuals. For multi-exponential
decays, the intensity, namely /(t), has been assumed to decay as the sum of individual single

exponential decays (Eqn. 3):

n

I(t) = Z a;exp (— Ti) Eqn.3

i=1
where 1 are the decay times and o are the amplitude of the component at # = 0. In the tables,
the percentages to the pre-exponential factors, i, are listed upon normalization.

Luminescence quantum yields were measured in optically dilute solutions (optical density <0.1
at the excitation wavelength) and compared to reference emitter by following the method of

Demas and Crosby.?3#! Quinine sulphate in 0.5 M H>SO4 (PLQY = 0.55)13] was used as
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reference fluorescence standard for samples. For thin-film and solution samples in CH>Cl2:TFA
95:5, the absolute PLQY were measured on a Hamamatsu Quantaurus-QY C11347-11
integrating sphere in air-equilibrated condition using an empty quartz tube as the reference upon
excitation at Aexe = 300-350 nm.

Computational details. Ground state and lowest-lying singlet excited state geometries were
optimized by means of density functional and time-dependent density functional calculations.
The parameter-free hybrid functional PBEO 3% was employed along with the standard valence
double-{ polarized basis set 6-31G(d,p) for C, H, N, O and S. All the calculations were done in
the presence of solvent (dichloromethane, used in the photophysical characterizations)
described by a polarizable continuum model (PCM).”] The nature of all the stationary points
was checked by computing vibrational frequencies and all the geometries were found to be true
minima. A preliminary conformational analysis was performed, taking into account the rotation
around all the bonds linking the rings and the rotation of the methoxo substituents on the 2-
pyridyl groups. For all the three species the global minimum possesses an exact C; point
symmetry. In order to simulate the absorption electronic spectrum down to about 250 nm the
lowest 15 (or 25) singlet excitation energies were computed for 9a and 10a (or 8a) by means
of time-dependent density functional calculations. The vibrationally-resolved emission spectra
were simulated in the framework of the Franck-Condon principle P8, shifting the 0-0 energy

to its observed value. All the calculations were done with Gaussian 16.3°]
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