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Abstract

A series of fluorophores based on a thiazole caxe lbeen synthesized and shown to be very sensitive
to both structural changes and the microenvironm8&ninple modifications of the substituents’
electronic nature, spatial effects and locatiorth@ molecule allow the tuning of the photophysical
properties of the investigated compounds and theiceptibility to the environment via the exhihitio
of long-wavelength emission, large Stokes shifi$ good quantum yields. Additionally, the thiazole-
2-acrylonitrile fluorophores demonstrate a multttional character with significant fluorescence
properties (i.e., quantum yields and a large Stadteff in both the liquid and solid states). The
influences of different factors, including the satv polarity, on the fluorescence properties of the
synthesized compounds are discussed in detail. tQuamechanical methods are employed to
understand the underlying transitions and explagnexperimental results. This work provides further
information for the design of new sensors that Haxge Stokes shifts.
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1. Introduction

Substituted 1,3-thiazoles, as heterocyclic conescammonly found in nature and are a preferable
structural fragments in various drugs [1]. Monoaydhiazole is an essential motif of fluorescent
molecules and can be used to construct multifunatimmaterials [2] and chemosensors [3]. Among the
fluorescent thiazoles, 4-hydroxy- and 4-alkoxy datives are considered to be outstanding
compounds. The structures of 4-hydroxy- and 4-alkaerivatives are very similar to that of luciferin
of fireflies, and they have been shown to exhilginarkable emission properties [4]. 2- or 5-
aminoderivatives are another large group of thiezahat have a large Stokes shift and long-
wavelength emission independent of their molecstiarcture [5]. Numerous investigations have been
devoted to the synthesis of fluorescent thiazaldsch have been demonstrated to have photophysical
properties that are strongly dependent on thereleict nature of the substituents at the 2-, 4- &nd



positions of the thiazole core and their combinai¢4,5]. Some relationships between the structure
and fluorescence were found for thiazoles contgi@dditional aryl- or heteroaryl rings with various
types of substituents. For example, Gorls and cd«@rs [4c,d] showed that the combination of an
electron-donor moiety (OH or OAIk) at the 5-positiand an electron-acceptor moiety at the 2-
position of the thiazole improved the charge-transharacter, which, therefore, increased the Stoke
shift and led to a redshift in the fluorescence ssmon. Yashita and co-workers [5b] supported the
conclusion that strong electron-accepting groupN@4CsH,, 4-CRCgH,) at the C2 thiazole atom can
cause large bathochromic shifts in the emissioneleangth. Takitoh and co-workers [5d] synthesised a
series of SN-arylaminothiazoles, investigated their fluoreseeand solvatochromic behaviour, and
confirmed that the combination of electron-donatiggoups at the C5 thiazole ringN-(
arylaminogroups) and an electron-accepting aronmatgeat theC2-atom of the heterocycle core was
optimal for shifting of the absorption and emissiands to longer wavelengths and that the 4-positio
had no essential influence on the photophysicakadteristics. You X.-Z. and co-workers [5c]
generated a family of linear symmetric and asymin&r-A and D«i-D thiazoles and drew the same
conclusions as mentioned above regarding the oektip of the structure-fluorescence
characteristics. However, Hanusek J. and co-aufdatobserved that changing the substituentsen th
aromatic ring in 5-arylthiazoles from an electramdr to an electron-acceptor group did not
substantially influence the fluorescence. In additiit was shown that the 2-position of the thiazol
ring was very sensitive to the microenvironment].[5&ll the presented results led to similar
conclusions, and this knowledge about the opticapgrties of thiazoles can be considered to provide
us with a good platform for the synthesis of flysmores with tunable emission. However,
Radhakrishman and Sreejalekshmi [5a] carried ouéexansive investigation on the photophysical
properties of a 30-member library of thiazole-tliepe cores with an aromatic ring at the C4 position
and a strong electron-accepting 5-nitrothiopheneetyoat the C5 thiazole. The fluorescence
characteristics of these library members were shtmwvhave a strong dependence on the electronic
nature of the C4 aromatic ring. They found thas tlyipe of electronic structure relied on a new
additional channel (G4C5) compared with the traditional channel {€62). The results obtained in
some cases were the opposite of the aforementmmezlusions: electron-accepting substituents at the
Cb-thiazole position were more important for coldunability; the presence of electron-donating
groups at C4 of thiazole induced a redshift, arel délectron-donating groups of diphenylamine and
dimethylaniline placed at C2 and C4 exhibited sgrstic effects on the absorption and emission
wavelengths, respectively [5a]. All these findingdicate the need to perform further investigatitms
examine the structure-photophysical propertiesh@zbles for the future design of new fluorophores
based on the thiazole core. In addition, the mainliphed results concerning thiazoles have included
high polar hydroxyl- or amino-groups or their datives with an extremely strong electron-donor



effect of the substituents and atoms, which cae pakt in strong intermolecular interactions asaisn
or acceptors of hydrogen bonds.

Another significant detail for the design of newdtophores with long-wavelength emission is the
molecular configuration, which may include variaypes of spacers (bonds, cyclic structures, and
atoms) that bind the separate fragments/substglrergs [6]. Varioust-n linkers have been used to
increase the conjugative system (double and tiyoled, heterocycles, azo- or azine group) at the
thiazole C5 atom [4c, 5g,i,k, 7Much less is known about the effect of linear oclicysystems on
extending the conjugation chain attached at thesttipn of thiazole [8].

Recently, we generated new thiazole derivativeand 3 (Scheme 1), with flexible conjugated
linear systems involving enaminBTZs 2) or aza-enamineATZs 3) side chains at the C2 ring atom
and determined that the type of spacer group thks the thiazole to the peripheral aromatic rigg i
very important. For example, the Stokes shift adzhles2 and3 varies depending on the combination
of the electronic and spatial effects of the stibstits on the aromatic cycle& @ndB) over a large
range (31-112 nm / 1900-5500 ¢)r{9].

The aim of this study was to investigate the flsoence of fluorophores based on thiazole
surrounded by two or three aromatic/heteroaromatgs, with one of them (at the C2 atom) separated
from the key heterocycle by an acrylonitrile fragmeThe electronic structures of these compounds
are tuned by the classical approach of couplingouarcombinations of the substituents (D(@4)-
A(C2), A(C4)«w-D(C2), A(C4)x-A(C2), D(C5H)-D(C4)r-A(C2) and D(C5)-A(C4r-A(C2)) as well
their spatial parameters and locations within tfeenatic ringsA, B (at C4 thiazole ring) an@ (at C5
atom thiazole). Several of the designed thiazoigsdt include the C5 aromatic ring in their stuuret

to define its significance on the photochemicalesedur of the investigated compounds.
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Scheme 1Design of new fluorophores based on thiazoles.

2. Experimental

2.1. Instruments and Materials

'"H NMR and®*C NMR, spectra were recorded with a Bruker Avaricgarlsruhe, Germany)
(400 MHz for*H, 100 MHz for™*C) spectrometer. Chemical shifts are reported itspaer million



(ppm) relative to TMS inH NMR, to the residual solvent signals #C as external reference.
Coupling constantsJ) values are given in Hertz (Hz). Signal splittipgtterns are described as a
singlet (s), doublet (d), triplet (t), quartet (ggxtet (sext), quintet (quin), multiplet (m), bdogor),
doublet of doublets (dd), doublet of triplets (dt)AA’XX' - spin system of para-substituted benzene
with two different substituents. THEC NMR signal patterns for several compounds weedyard by
APT (attached proton test). The major isomer sighlighlighted with an asterisk (*). Mass spectra
were recorded with a Shimadzu GCMS-QP 2010 “Ul{kyoto, Japan) mass spectrometer using the
electron impact (El) ionization technique (40-20D, 70 eV). The abbreviation [M]refers to the
molecular ion. Spectra of exact mass were acquira quadrupole orthogonal acceleration time-of-
flight mass spectrometer (Synapt G2 HDMS, Waten#fokdl, MA). Samples were infused at 3uL/min
and spectra were obtained in positive (or: neggatigaization mode with a resolution of 15000
(FWHM) using leucine enkephalin as lock mass. Toerfer-transform infrared (FT-IR) spectra were
obtained using a Bruker Alpha (NPVO, ZnSe) specatem(Ettlingen, Germany). Elemental analyses
were carried out using a CHNS/O analyzer Perkindli2400 Series Il instrument (Shelton, CT
USA). Melting points for compoundsa-q,u, 2a,b, 3a,b, 4d, 7ab, 8a, 9awere determined on a Stuart
SMP3 apparatus (Staffordshire, ST15 OSA, UK) fompoundslr,t,v,w were determined using
method of Differential scanning calorimetry (MettlEoledo DSC822e module).

X-ray crystallographic analysis was performed vatKcalibur diffractometer with CCD using a
standard procedure (MoK-irradiation, graphitescanning with step 1°). CCDC-1872988 (fa) is
given in the ESI and supplementary crystallograptaita for this paper. These data can be obtained
free of  charge from the Cambridge CrystallographicData  Centre via

www.ccdc.cam.ac.uk/data request/cif.

UV-Vis absorption spectra were recorded on a Pekmer Lambda 35 UV-Vis
spectrophotometer (Shelton, CT USA). Fluorescericthe sample solutions was measured using a
Hitachi F-7000 spectrophotometer (Tokyo, Japang dlsorption and emission spectra were recorded
in toluene, dioxane, Ci€l,, CHCk, THF, EtOH, EtOAc, acetone, MeCN, DMF, DMSO usit@00
mm quartz cells. The excitation wavelength washat absorption maxima. Atmospheric oxygen
contained in solutions was not removed. Concentnaif the compounds in the solution was 5.0 X 10
M and 5.0 x 18 M for absorption and fluorescence measurementpertively. The relative
fluorescence quantum yield®g) were determined using quinine sulfate in 0.1 M6, as a standard
(@ = 0.546). Absolute quantum vyield for solid stated &ime-resolution study were recorded on
Horiba FlouroMax 4 Spectrofluorometer (Kyoto, Japavith Quantag integrating sphere using
FluorEssence 3.5 Software.

The reactions were monitored by analytical thirelaghromatography (TLC) on aluminium-
backed silica-gel plates (Sorbfil UV-254). Visualibn of components was accomplished by short
wavelength UVlight (254 nm). Solvents were dried alistilled according to the common procedures.



All'solvents were of spectroscopic grade. Full expental details for the synthesis of compouféds
w, 2ab, 3ab, 4d, 7ab, 8a and9a as well as their NMR spectra, photophysical charaation, and
guantum mechanical calculation data are reportéderelectronic Supplementary information (ESI).

2-Cyanoethanethioamide, halocarbonyl compousalg and arylaldehyde§ab were obtained
from Acros Organics and used without further paafion.

Arylidenethioamidedla-i, arylhydrazonothioacetamid@a and arylaminothioacrylamidéa were
prepared according to procedures reported in tieeature and their spectral characteristics were
identical to the published data [9,10]. Thiazdlésvere prepared according to procedures reported in
the literature and their NMR, IR, and mass-specétoyndata were identical to the published data [11,
12].

2.2. General synthetic procedures for thiazoles 1a-w (Scheme 2).
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4 A= 4-MeOCgH, (a), 4-CICgH, (b), 4-CF3CgHy (€), 4-CNCgH,4 (d), 4-NO,CgH, (€), Pyridin-4-yl (),
2-CICgH, (@), 2,4-Cl,CgHs (h), 2,6-Cl,CgHs (i)

5 Hal = Br R®=H, R? = 4-MeO (a); 4-Cl (b); H (c); R®= Ph, R?> = H (d), 4-ClI (e); R® = 4-MeCgH4 R? = H ();
Hal = CI R® = MeOCgH4 R?= 4-MeOCgH, (g)
6 R'=4-CF3CqH, (a), Pyridin-4-yl (b)

7 R?=4-MeO (a), 4-Cl (b)

Scheme 2Synthesis 0ATAs la-w.

Method A Halocarbonyl compoun8 (1.0 mmol) was added to a solution of thioamdd@®.9 mmol)

in dimethylformamide (DMF; 1.0 mL) or ethanol (EtQHO mL) for compoundé&r,t,m. The mixture
was stirred at 60 °C for 0.5-24.0 h until the tlaiyer chromatography (TLC) analysis indicated total
consumption of the starting thioamidehe resulting mixture was diluted with EtOH (1.0 yrnd
cooled in an ice-salt bath for 1 h. The precipitates collected by filtration, washed with water-
ethanol solution (20 mL, 1 : 1), and dried.



Method B. Aldehyde6 (2.4 mmol) andN-methylmorpholine (0.01 mL, 0.1 mmol) were addedato
solution of thiazole7 (2.0 mmol) in DMF (2.0 mL). The mixture was stirratl 60 °C for 1.5-2.5 h
until the TLC analysis indicated total consumptaifrthe starting thiazole. The resulting mixture was
diluted with ethanol (2.0 mL) and cooled in an gzt bath for 1 h. The precipitate was collected by

filtration, washed with water-ethanol solution (@, 1 : 1), and dried.

Table 1. Time for the conversion of compoundis—i in reaction with halocarbonyl compouris—g

and aldehyde§a—b condensation with thiazol&@a—band yields oATAs la—w

. —
Entry | Compd A Strultq:'gure = Tl(r;)e’ Y'(ff/lg’ Route
1 la 4-MeOGH, 4-MeO H 5.0 86 I
2 1b 4-MeOGH, 4-Cl H 3.0 88 I
3 1c 4-CICH, 4-MeO H 3.0 80 I
4 1d 4-CICGH, H H 1.0 91 I
5 le 4-CRCgH,4 4-MeO H 6.0 62 Il
6 1f 4-CRCgH,4 4-Cl H 3.5 78 Il
7 1g 4-CNGsH,4 4-MeO H 3.5 80 I
8 1h 4-CNGH,4 H H 15 92 I
9 1i 4-CNGsH,4 4-Cl H 1.0 97 I
10 1 4-NO,CgH,4 4-MeO H 3.0 82 I

11 1k 4-NO,CgH,4 H H 2.0 85 I
12 1l Pyridin-4-yl 4-MeO H 15 56 Il

13 1m Pyridin-4-yl H H 2.0 63 |
14 1n Pyridin-4-yl 4-Cl H 2.5 80 Il
15 1o 2-CICGH, 4-MeO H 24.0 70 I
16 1p 2,4-ChCeH3 4-MeO H 2.0 65 I
17 19 2,6-ChCeH3 4-MeO H 4.0 80 I
18 1r 4-CICH, 4-MeO 4-MeOGH, 8.0 63 I
19 1s 4-CICGH, H Ph 5.0 79 I
20 1t 4-CNGH,4 4-MeO 4-MeOGH, 1.0 88 [
21 1lu 4-CNGsH,4 H Ph 7.0 52 I
22 1lv 4-CNGsH,4 4-Cl 4-MeGH,4 20.0 62 I
23 1w 4-CNGsH,4 4-Cl Ph 23.0 93 I

2 |solated yields after separation and purificatfbondensation thioamidéf with 2-bromo-1-phenylethan-1-
one5c under reflux in EtOH? Reaction conditions: reflux thioamidéb,d with 2-chloro-1,2-diphenylethan-1-
one5gin EtOH.

2.3. General synthetic procedure for ETZs 2 and ATZs 3 (Scheme 3).

Enaminethiazoleg and azaenaminethiazol@svere prepared according to procedures reported in
the literature [9]. Halocarbonyl compouBd1.0 mmol) was added to a solution of thioanBder 9a
(0.9 mmol) in DMF (1.0 mL). The mixture was stirratl80 °C for 4 h until the TLC analysis indicated
total consumption of the starting compound. Theiltesy mixture was diluted with ethanol (1.0 mL)
and cooled in an ice-salt bath for 1 h. The préaipiwas collected by filtration, washed with water

ethanol solution (20 mL, 1 : 1), and dried.
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8a, 9a 5a,c 2,3 R2
8a: X =CH 2a: X = CH, RZ= OMe yield 72%  3a: X = N, R? = OMe yield 81%
9a:X=N 2b: X = CH, R? = H yield 71% 3b: X =N, R? = H yield 76%

Scheme 3Synthesis oETZs 2ab andATZs 3ab.

2.4. General procedure for the synthesis of thiazoles 11 (Scheme 4).

Thiazoles 11ab were prepared according to procedures reportedthen literature [11, 12].
Halocarbonyl compoun® (1.0 mmol) was added to a solution of a pyridirgtdamide10a (0.9
mmol) in EtOH (1.0 mL) for compounds,t,m. The resulting mixture was cooled in an ice-salhidat 1
h. The precipitate was collected by filtration atbd.

S
EOH78C N4 \
11a,b

10a 11a: R2 = MeO
11b: R2=H

Scheme 4 Synthesis of thiazoleklab.

3. Result and discussion
2.1. Synthesis and characterization

To realize our desired goals, we attempted to eynplsimple synthetic method to introduce
various combinations of substituents into the thi@azcore. Syntheses of 3-aryl-2-(thiazol-2-
yhacrylonitriles ATAs) la—wwere carried out according to thentzsch thiazole synthesis, in which
thioacetamideda,b,d,eg,h,i were condensed with the opporturrbalocarbonilic compoundsa—gin
DMF, while the reactions of thioamiddb,d,f with 2-bromo-1-phenylethan-ortec or 2-chloro-1,2-
diphenylethan-1-on&g used ethanol (Table 1, entries 13, 18, 20) [9, TA¢ choice of solvent was
determined based on the solubility of substrdtesd5. The desired productsa—dg—k,m,0—w were
obtained after a single purification step with gooderall yields (63-97%). The results are
summarized in Table 1. However, in the reactiothadamidesdc,f with bromoacetophenonés,b,
the productslef,| andn were scarcely obtained; instead of route |, theyewsynthesized at good
yields by another route (II) based on the reaatibtne aldehyde6a,b with the thiazolegab [11].

The synthetic procedures used for the preparafidheodesigned molecules are simple, efficient,

and sustainable. The important advantage of thesicial Hantzsch synthesis is the probability of



obtaining a large and diverse library of desiratdenpounds from inexpensive and available starting
materials. Furthermore, two rings can be simultasboattached onto C4 and C5 atoms of thiazole by
using suitable 2-bromo(chloro)-1,2-diarylethan-®nAn alternative method, the palladium-catalysed
cross-coupling reaction, requires the additiona&pstof constructing the starting thiazole ring,
followed by this parent core being pre-functionatizvith a halogen or metal at the position wheee th
aryl groups should be attached [4d, 13]. Sometinme;functionalization by bromination or
chlorination leads to the formation of by-produttiat bear an additional halogen atom owing to the
presence of electron-donating substituents at tlge group favouring their formation. Thus, the
thiazoleslr andl1t could not be obtained by this cross-coupling pdoce.

The structures folATAs la—w were confirmed by Fourier-transform infrared spestopy
(FTIR), H nuclear magnetic resonance (NMR) spectroscop§, NMR spectroscopy, mass
spectrometry and elemental analysis data. The lsledhithe experimental procedures and data for
structural characterization are provided in thectebmic supplementary information (ESI). Notably,
the NMR spectra show that compouritls-w each exist as one steric isomer (Figs. S1-23,.ESI)
Additionally, the crystal structure dfc was determined by single-crystal X-ray diffractiGRD)
analysis. XRD quality crystals were grown from etblawith slow evaporation at room temperature.
The representative bond lengths and torsion arajlegresented in Fig. S33 (ESI), and the crystal

structure is shown in Fig. 1.
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Fig. 1. (a, b) Crystal structure of the compoufidand €, d) the crystal packing diagram.

The results indicate that the compound crystalinettie monoclinic system with the P2/1c space
group. The molecule is essentially planar and sxastarE geometric isomer with respect to the C1-
C2 double bond.



It'is known that molecular packing plays a sigraficrole in the photoluminescence efficiency [6,
14]. J- andX-stacking are preferable for increasing the emmssitensity [15]. As shown in Fig. 1, the
molecules ofATA 1c were packed into parallel two-dimensional shekig. (1b), in which all of the
neighbour molecules were located in a head-toatadngement. Adjacent sheets in the single-crystal
adopted a rotational angle of approximately 58§.(l). In the crystal, packing molecules were partly
linked through intermoleculatt-n interactions, which resulted in parallel stackimgd all of the
molecules were shifted with respect to each otlbe perpendicular distance between the closest
sheets was 3.380 A (Figb)l and only weak interactions between the dye kyere expected [16].
The dipoles of the two molecules of compourcdfacing each other head-on in the same sheet (Fig.
1c) opposed each other. Consequently, the preseneectéd state deactivation channels by internal
conversion and a subsequent radiation less deddwe telectronic ground state (GS) is unlikely. Thus
the crystal packing may be classified as beingectog-type, which explains the emission in the solid

state (vide infra).

2.2. Photophysical properties of ATAs

With the 23-member library of the synthesizédAs la—w in hand, we estimated their
photophysical properties to validate their potdrfba use as fluorophores. Fig. 2 shows photographs
of solutions ofla—w in acetonitrile (MeCN) under irradiation with UNght; the corresponding data

are listed in Table 2. Compountig, 1b and1d were non-fluorescent.

la 1b 1c 1d 1le 1f 1g1h; 1i 1j 1k (1l 1m 1n 1o1p 1q 1r 1s 1t 1lu 1v 1w

—— wlr 1 —
o LR B "N

Fig. 2.Photographs of solutions dé—win acetonitrile under irradiation with a hand-helg lamp at

an emission wavelength of 365 nm.

Synthesized thiazoles exhibited substantial simfttheir absorption wavelength in the range of
357-407 nm, with a large range of values for thinetion molar coefficientsefa = 7300-29200 M
cmY). The displacement of the electron-accepting-N$D CN-group at ring\ instead of the electron-
donating MeO-group in combination with the 4-Mestituent ring B or rings B and C
simultaneously led to bathochromic shifts in theglevavelength absorption bands (Table 2, Entries 1,
10 and 20). Despite consideration of the wholeo$etbsorption bands for the obtained compounds,

the influence of the electronic effects of the sibants is not obvious.



Table 2.Photophysical data &TAs 1a—win solution (MeCN)

oa
enry | Compe UV-Vis : Fluorescence Stokes shift | ()¢
s (M) | Ty | dem (M) | @eT(%) | (nmient) | (ns)
1 la 380 17800 - - - -
2 1b 373 23300 472 0.2 99/5620 -
3 1c 376 11900 543 4.8 167/8180 3.61
4 1d 364 29200 480 0.3 116/6640 -
5 le 380 10200 555 1.5 175/8300 -
6 1f 359 12000 490 5.7 131/7450| 1.20
7 19 389 7300 561 0.8 172/7880 1.43
8 1lh 370 16200 501 18.0 131/7070 3.40
9 Li 367 11200 501 18.0 134/7290 2.85
10 1j 399 11700 - - - -
11 1k 382 19100 552 5.1 170/8060 2.85
12 1l 382 9000 561 4.0 179/8350 1.92
13 im 361 7600 495 26.3 134/7300 4.85
14 1n 357 8900 495 16.8 138/7810 4.24
15 1o 372 9000 555 6.2 183/8860 3.98
16 1p 377 9600 557 3.1 180/8570 3.0b
17 1q 360 8600 550 3.8 190/9600 4.017
18 1r 394 16200 553 6.2 159/7300 3.63
19 1s 365 13600 501 0.4 136/7440 -
20 1t 407 14500 572 7.8 165/7090 2.9
21 1lu 379 16800 527 10.1 148/7410 3.20
22 1lv 383 12200 535 11.0 152/7420 3.02
23 1w 377 13100 522 11.4 145/7370 2.48

2 Absorption measured in solution with a sample cotregion of 5x10° M. ® Emission measured at a
sample concentration of 5xTOM. ¢ Longest absorption maxima are only reporteéluorescence
quantum vyields (QYs) are measured relative to qeinsulfate Xexc = 366 nm; @ = 0.53).°

Fluorescence lifetime.

Dilute solutions of compoundka—w showed emission bands centred with maxima ovargel
wavelength range from 472 to 572 nm; the data desmonstrated a strong dependence on the
substituent combination at rings B, andC and their locations. The increase in the elecorepting
properties of the ring\ substituents and decrease in the electron-acceptioperties of the rin@
substituents caused a bathochromic shift in theréscence maxima of up to 561 nm (89 nm) for
diaryl-substitutedATA 1g. Introduction of the additional aromatic ri@gto the C5 atoms of thiazoles
1r—w afforded an additional shift in the emission maxita the red region (10-26 nm), especially for
ATAs 1r and1t, which had electron-donating substituents on riBgandC; at the same time, this
increased their quantum yields (Table 2, entrieg,318, and 20). It should be mentioned that the
introduction of a second 4-methoxyphenyl moietyhat C5 position of the thiazole ring resulted in a
redshift of 18 nm and 11 nm in the absorption amésion bands, respectively (Table 2, entries 7 and
20).This behaviour may originate from the strengthemhthe electronic coupling between the donor
and acceptor terminals of the molecule throughthi@zole moiety and the acrylonitrike-spacer.

Appearance of a second shorter conjugation sysiemaccordance with that established by



Radhakrishman and Sreejalekshmi [5a], but withapyeosite direction (C5C4), may be the reason
for the larger long-wavelength shifts of 24 andn?1 observed for compoundsv andlv, respectively
(Table entries 9, 22 and 23). Thus, a combinatiosubstituents D(C5)-A(C4)-A(C2) supported the
possibility of a new intramolecular charge trangf@T) strengthening (C5C4) as well as (C4C5)
[5a], which can be used for the design of new éffedluorophores with a long-wavelength emission.

It should be noted that the emission charactesisteépend on the location of the substituent on the
aromatic ringA. For example, displacement of the Cl atom from4h& the 2-position on ring A led
to a small redshift of the long-wavelength maxirha gm). This change was opposite to the blue shift
of the absorption maxima (4 nm) (Table 2, entryn8 &5). However, the efficiency of fluorescence of
the 2-substituted compound®-q increased because of the reduction in the noratigdi emission
owing to the spatial hindrances caused by rotatimgA.

The steric bulkiness (ring) and increasing conjugation along C4 also hadceable effects on
the emission, as evident from a comparison of ffeetsa of the 4-aryl-substituted thiazolesd,g,h,i
and 4,5-diaryl-substituted thiazolés,w. Compoundsla-w had fluorescence quantum yields (QYS)
that increased from 0.2 to 26.3% in acetonitri@dtive to quinine sulphate).

Thus, modification of every thiazole substituen2(C4 and C5 atoms) was identified to be
crucial for ther-conjugation network and, consequently, for marapaf theATAs by a push-pull
effect.

We should emphasize that the main feature of thatopihysical properties of the thiazoles
obtained was their remarkable Stokes shifts, whéetthed up to 9600 ¢h(190 nm) in acetonitrile
(Table 2, entry 17). In addition, this is one oé tlargest values reported for Stokes shifts fohbot
thiazoles [4,5] and organic fluorophores in primeifl7]. Furthermore, despite the considerable &ok
shift, theATAs retained quite significant values for the QY comaglwith examples in the literature,
as an increase in the Stokes shift usually resalta sharp drop in the quantum yield [4,5]. For
example,ATAs la—w in acetonitrile had an increased Stokes shift fd#t to 190 nm, which was
accompanied by a 7-fold decrease in the QY (fronR 26 3.8%), while 5(5-nitrothiophene-2-
yhthiazoles [5a] showed an 84-fold drop in the (84 to 0.1%) with a similar change in the Stokes
shift (129-195 nm).

Fluorescence lifetime decay measurements of tlagdle solutions in acetonitrile were performed
(Table 2, Table S1, ESI). Fig. S35 (ESI) illustsatiee excited-state decay curves for the dyes dedor
in acetonitrile. The detailed data for the corregpog decay parameters are included in Table S1
(ESI). In acetonitrile, thiazole had fluoresceniéetimes in the range of 1.20-5.30 ns. Importarttig,
pyridyl-derivatives of 1Im and 1n possessed the longest average fluorescence K®tirwhich
indicated that they exhibited some of the bestréaoence properties, consistent with the absorption
and emission spectra. The values of the radiatiyeafd non-radiative decay constak,)(of the

thiazoles in acetonitrile were calculated [6]. Theger non-radiative decay constant value®\dAs



1g and1f demonstrated the dominant dissipation of excitagoergy through non-radiative channels
(Table S1, ESI).

2.3. Solvato (fluoro) chromism

Compoundslc,g,h,k—n,u were studied in different solvents (hexane, tolyetig,Cl,, EtOH, i-
PrOH acetone, DMF, acetonitrile, DMSO, 1,4-dioxane, CHG-BuOAc, EtOAc)in aerated solutions
at room temperature. The strong influences of teet®nic effect of the substituents in the molesul
and the polarity of the solvents on the photoplalsiproperties were demonstrated. The
solvatochromic and solvatofluoric properties of &BAs 1c,g,h,k—n andu are summarized in Fig. 3,
Fig. S37 and Table S2 (ESI).

The absorption spectra of the thiazolbsh,k—n,u showed little dependence on the solvent
polarity. By contrast, solvent-dependent bathochecoshifts of more than 60 nm (60-97 nm) were
observed in the fluorescence spectra. Normalizadseom spectra are shown in Fig. 3 and in Figs. S37
and S38 (ESI). As the solvent became polar, thesgan exhibited increasing redshifts, indicating an
ICT behaviour, which is better stabilized in potaivents. The observations outlined above suggest
emission from ICT, which seemed to have a greapaiel moment in the excited state than in the GS.
ATA 1k was more sensitive to the solvent polarity and alestrated the largest shift to longer
wavelengths (97 nm).

The QY oflcg,hk—n,u in various solvents revealed that the fluorescantensity was very
strongly dependent on the structure and solverd.uBee studied thiazole derivatives can be divided
into three groups. The first group includ®FAs 1k andll, which showed a more intense emission in
non-polar CHCI, or toluene. Their structures included strong etechccepting substituents at the
arylacrylonitrile fragment at the C2 atom and el@atdonor groups at the aryl cycle at the C4 atbm o
the thiazole ring. The second group involves compisd.c and 1h, which have better fluorescence
intensity in more polar solvents, such as acetori@MF. Finally, the third group includesTAs 1m,
1n, and1u, for which the largest QY values were observe@loohols (EtOH,-PrOH). The most
intense emissions were obtained for thiazbhe in EtOH (60%). The large values of the QY in
alcohols for thiazole&¢m, 1n, and1lu suggested their strong potential to form interroolar hydrogen
bonds, which decreased the molecular rotationsngugeometric relaxation and decreased the non-
radiative processes for energy loss. These findib8sregarding the formation of intramolecular ron
covalent bonding, owing to dipole-dipole interan8cor hydrogen bond formation, promote the use of
such compounds as chemo-sensors and bio-sensors.

Analysis of the Stokes shift values in differenlvents for the investigated molecules (Fig. 3 and
additional spectra in Fig. S37, ESI) showed larggké&s shift values for most of the compounds. The
large increase in the values of the Stokes shifovi@d the increase in the solvent polarity, as
demonstrated for the compountish,k—n,u in acetone, MeCN, DMF and DMSO, with values in the



range of 127-179 nm. The high Stokes shift is wesgful for small organic fluorophores [6, 17],
especially for their imaging applications [19].

More evidence that the strong ICT behaviour wasetated with the large difference in dipole
moments between the ground and excited states megronounced positive solvatochromism
exhibited by all of the molecules studied (Tablg.F2r example, in the case b, upon increasing
the solvent polarity frorm-hexane to DMSO, the emission band was redshifye83onm (468 nm in
n-hexane and 551 nm in DMSO, Table S2). Such a bkmhsitivity to the microenvironment is
comparable to the sensitivity of oxythiazoles amtiremthiazoles, which have heteroatoms that are

capable of forming intramolecular interactions §4g,j, 5a].
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Fig. 3. (a) Absorption and k) fluorescence spectra &TA 1h in different organic solvents. For
absorption measurementd) concentration: 5xI8 M, for fluorescence spectra, concentration: 5810
M, excitation wavelength: 377 nm. Photographs ddittmns of ATA 1h in acetonitrile under daylight
(¢) and under irradiationdf with a hand-held UV lamp at an emission wavelengt 380 nm.
Solvents: 1 — Hexane, 2 — Toluene, 3 — 1,4-Dioxdne,CHCE, 5 — CHCI,, 6 — THF, 7 H-PrOH, 8

— EtOH, 9 -n-BuOAc, 10 — EtOAc, 11 - Acetone, 12 - DMF, 13 —-@A¢, 14 — DMSO.

2.4. Fluorescence of ATAsin the solid state

The crystal compounds of the thiazolesw were yellow and bright-orange coloured. In additio
to the photophysical properties shown in Table é,faund thatATAs la—w exhibited solid-state
fluorescence (Table 3, Fig. S40, ESI). All the dgestted at 477-584 nm with quantum yields in the
range of 0.1-19.2%. The emission maxima of thedsséimples of all of the studie®TAs were
redshifted with respect to those of the correspagdblutions from 6 to 89 nm (Tables S3 and 4). The
value of the QY in the solid state largely dependedhe interactions between the molecules in the
crystal packing, which was predicted and discusdExye It should be noted that the efficiency of the

emission in the solid is very close to that of loyd+ and aminothiazoles [4a, 5b].



Table 3.Photophysical data of thiazoléa—win the solid state

a . Photograph of powders
Entry | Compd (?1?1) xe(ﬁnm;j | S(frl:ltali;rl];ﬁ s (%) I?g?; UV-irradiatiorf
1 la 380 526 146/7300 7.2 =
2 1b 373 501 128/6850 19.2 =
3 1c 376 522 146/7440 9.8 -~
4 1d 364 505 141/7670 11.3 "
5 le 380 537 157/7690 3.5 =
6 1f 359 477 118/6890 5.2 &
7 1g 389 528 139/6770 12.8
8 1h 370 503 133/71506 2.8 =
9 1i 367 521 154/8050 15.2
10 1j 399 572 173/7580 0.1 é
11 1k 382 545 163/7830 0.6 <
12 1l 382 530 148/7310 0.8 2
13 1m 361 584 223/10580 - £
14 1n 357 516 159/8630 3.2
15 1o 372 519 147/7610 9.3 &
16 1p 377 526 149/7510 13.6 =
17 1q 360 509 149/8130 1.3 8
18 1r 394 523 129/6260 7.7
19 1s 362 495 133/7420 3.0 x
20 1t 407 583 176/7420 2.6 &£
21 1lu 379 506 127/6620 1.6 -
22 1lv 383 549 166/7890 6.1 -
23 1w 377 523 146/7400 8.7 i

3 Excited atiecsoie.” Absolute fluorescence quantum yieldPhotographs showing the emission colours
of ATAs solids when excited with a UV lampef = 365 nm).

2.5. Quantum mechanical calculations

To gain a better understanding of the nature oktletronic transitions underlying the absorption
and fluorescence spectra, quantum mechanical methiece used. Th&TAs la—dg—p,s,u were first
optimized in their ground electronic stat)(and lowest lying excited singlet electronic stédg at
the (TD-)DFT level (the details of the quantum naaabal calculation are presented in the ESI).

The structures of th&TAs la-dg—p,su had several isomers/rotamers, which were at
equilibrium. To determine the lowest energy struesufor the investigated compounds, a
conformational study was performed, which accounted solvent (acetonitrile) effects.

However, the differences in energies for tAdAs la—-dg-psu between the different



conformers were small at room temperature, whiclamheéhat the observed properties and
characteristics were average (Table S3, ESI). Toexe in further computational
investigations, we had to account for several nstadle isomers/rotamershe bond lengths,
bond angles, and dihedral angles responsible &opltiotophysical parameters are listed in Tables S4—
S11 (ESI). The structure of t#elr'As in both the ground and excited states was fourtzetdistorted
from planarity (in acetonitrile). The dihedral aagh formed byring A and the linear spacer of the
dyes la—dg—p,s,u was a twisted angle, which showed values of u@3@° for the 4-substituted
derivativesla—dg—p,s,u and 57.5° for the 2-substitutdd’A 1p in the GS, which remarkably dropped
(1.3-9.7°), even for the 2-substitutip, in their excited state (Tables S5, S6, ESI). @lignment of
ring B deviated from planarity with the thiazolepé by up to 17.9° for the 4-arylthiazoles-dg—p
and 40.8° for the diarylthiazoleks and 1u in the GS. In the excited states, the torsion exdgl
decreased to 2.7-15.8° for the 4-arylthiazoles amyg changed to 3.9-7.3° for the 4,5-disubstituted
derivative 1p. Thus, the excited state geometries for KEAs la—dg—p became more planar
compared with their geometries in the GS, apanmnfrdompoundla, for which the structure was
twisted in the excited state owing to the increagmdion angle C1C2C3C5. The rotation of the
aromatic ring A can cause a significant energy ksd lack of fluorescence. The conjugated system
for mostATAs became stronger during excitation due to the shorgy of the single bond lengths in
S (Tables S4 and S6, (ESI)). These data explainnsignificant influence of solvents on tAd As
absorption and the strong increasing of the paldresit effect on their emission. However, the resul
of the geometry optimization showed some differengith the planarity observed in the single-crystal
structure, which may be explained by the strengttgeof the intermolecular interaction in the solid
state.

The vertical excitations, major transitions of tesorption maxima, orbital contributing to the
major transition for absorption, emission waveléngiaxima, and their respective Stokes shifts were
calculated using TD-DFT with the Polarizable Coatim Model (PCM in various solvents for the
stable isomers). There was a good correlation l@twiee experimental and calculated absorption and
emission data (Tables S12, S13, ESI).

For compoundda—df, excitation to the first singlet excited sta > S;) was preferablefd; =
0.3901 — 1.0853\max = 361-392 nm). Then, th&TAs underwent the reverse transitidg), > S,
which was accompanied by emissidi € 0.5113-1.2076\max = 470-561 nm) (Table S12, ESI).

The dipole moment of the dyds—b,g—p,s,u showed that the push-pull d{¢ had the largest dipole
moment in the GS, which increased during the etiaiig Tables S12, S13, ESI). The dipole moments
of most of the investigated compounds remarkabdyeased in theertical excited state, particularly
for the ATAs 1b,c,l,0,p,u. Moreover, for thelu A and Brotamers, the dipole moment increased from
the GS (10.7 D) to the Frank-Condon state by up to 16anhD after geometric relaxation became 17.8



D. Moreover, forATA 1u, the increase of the dipole moment was accompayed substantial
change in the angle of the dipole moment vectort¢uit4.8—165.1° i, (Table S12, ESI)).

The contour plots for the HOMO and LUMO levels bétdyes are presented in Fig. S44 (ESI).
The electron densities in the HUMO and LUMO wer@atalent on the substitution pattern and its
localization in the molecule. We classifies theshaviour into two types: in the first type, theatten
density was distributed almost evenly throughoetuinole molecule for thATAs la—Gs,u in the GS
and forli—k,m—p,s,u in the excited state. For the second type, thearpart of the electronic density
was localized on the ethylene link, thiazole rimgl @ycleB or the two cycles togethe8 @ndC). This
pattern was observed for the compouddh—p. In the LUMO, the electron density of all of the
molecules was completely localized on the aromagade A, thiazole ring, and linear double bond,
while aromatic ringB at the 4- or cycle® andC at the 4- and 5-carbon atoms of thiazole were
excluded from the common molecule conjugated sysiféhis result indicated that the electron cloud
was mainly concentrated on thiazole and cycland almost absent on the aromatic cfler B and
C simultaneously. Thus, we concluded that rearramgerof the charge within the molecule takes
place when the molecule absorbs a quantum of light.

The molecular electrostatic potential (MEP) prosideportant information about the molecular
polarity in GS and ES and the probability of theermolecular interactions, particularly dipole-digpo
and hydrogen bonding interactions and changeseofrtblecular polarity during the excitation. It is
understood from the MEP map that remarkable changee accomplished by the transitions of the
molecules of théATAs lab,j—p to the excited state. These changes are an aualigxplanation of

their high sensitivity to the microenvironment hretexcited state discussed above.

2.6. Influence of the acrylonitrile spacer on the photophysical properties of ATAs

To identify the role of the C2 acrylonitrile unindhe optical characteristics of tWel'As, we
replaced this link with another: for example, a tagbne or enamine unit (Scheme 3). Thus, the new
compounds?a,b and 3ab were synthesized using a previously published ggoe [9], and their
photophysical properties were measured and compétedhose of théTAs 1gandlh (Table 4).

It was obvious that changing the hydrazono- ananémalinkers inEATs 2 andAATs 3 to an
acrylonitrile fragment led to a sharp enhancemdnthe photophysical properties &TAs. We
observed substantial increases in QY, as well #sobhromic shifts of the absorption and emission

maxima and increased Stokes shifts.



Table 4. Absorption and emission properties of thiazde® and3a,b in different solvents

UV-Vis Fluorescence Stokes
Entr Compd Solvent|  Xaps Emax, Aerm shift,
’ i om | Miend) | om) | %0 | mieniy

1 Toluene 400 11000 519 24.8 119/5730

2 DCM 396 8600 554 6.5 158/7200

3 1g EtOH 395 5100 555 0.8 160/7300

4 DMF 395 11000 570 0.2 175/7770

5 MeCN 389 7300 561 0.8 172/7880

6 Toluene 380 17300 472 9.8 92/5130

7 CH.Cl, 375 15700 490 13.1 115/6260

8 1h EtOH 375 12900 500 18.0 125/6670

9 DMF 376 17600 507 27.2 131/6870

10 MeCN 370 16200 501 18.0 131/7070

11 Toluene 381 20500 441 0.3 60/3570

12 DCM 379 17300 447 0.1 68/4010Q

13 2a EtOH 378 9000 444 0.1 66/393(

14 DMF 380 31300 453 0.3 73/424(Q

15 MeCN 376 32300 451 0.1 75/442(

16 Toluene 377 29800 438 <0.1 61/3690

17 DCM 375 30200 437 <0.1 62/378(

18 2b EtOH 373 20700 434 <0.1 61/3770

19 DMF 376 29900 436 <0.1 60/366(

20 MeCN 372 34700 - - -

21 Toluene 405 24100 494 0.2 89/4450

22 DCM 404 18400 527 0.2 123/5780

23 3a EtOH 403 9400 508 0.2 120/5700D

24 DMF 481 27900 - - -

25 MeCN 401 30500 505 0.1 104/5100

26 Toluene 401 24700 49( <0.1 104/51Q00

27 DCM 399 21000 492 <0.1 93/4700

28 3b EtOH 398 23700 486 <0.1 88/4500

29 DMF 477 27400 - - -

30 MeCN 396 26900 - - -

2 Absorption measured in solution of concentratiorl®G® M. ° Emission measured at a sample

concentration of 5xI8 M. ¢ Longest absorption maxima are only reporfe@uantum vyields (QYs)

are measured relative to quinine sulfaig.(= 366 nm;® = 0.53).

To determine the importance of the acrylonitrilekér on the photoactive ability, additional
reference compounds were used, the thiazatkgb, which did not include this fragment but
contained pyridine rings connected with the C2 atbrmazole ring by as-bond. The data for the

absorption and emission characteristics of thes@poonds are absent in the literature; therefore, we

synthesized these compounds and measured themptiba@and emission spectra (Table 5).



Table 5. Absorption and emission properties of ATAgn and thiazoled1ab in different solvents

UV-Vis Fluorescence Stokes
Entry | Compd Solvent Aabs Emax, Aem Do (% shift,
(nm) M*tem?) (nm) F (%) (nm/cm?)

1 Toluene 392 9700 501 28.5 109/5550
2 CH.Cl, 389 7900 542 12.9 153/7260
3 | EtOH 392 8900 559 0.2 167/7620
4 1 DMF 388 10200 559 1.6 171/7880
5 MeCN 382 9000 561 4.0 179/8350
6 DMSO 390 8500 561 3.8 171/7820
7 Toluene 372 10200 463 34.6 91/5280
8 CH.CI, 418 10300 554 8.6 136/5870
9 EtOH 370 9200 501 60.0 131/7070
10 im DMF 368 8700 499 40.6 131/7130
11 MeCN 361 7600 495 26.3 134/7500
12 DMSO 371 7100 510 12.4 139/7350
13 Toluene 340 3900 415 3.7 75/5300
14 CHCl, 401 3100 548 8.9 147/670(
15 11a EtOH 340 5000 457 22.0 117/7500
16 DMF 340 4400 451 15.8 111/7200
17 MeCN 394 6300 560 0.2 166/7500
18 DMSO 341 5400 455 16.3 114/7300
19 CH.ClI, 376 5100 472 28.0 96/5400
20 EtOH 325 5900 407 4.8 82/620(
21 11b DMF 323 5200 402 4.1 79/6100
22 MeCN 370 9000 498 55.8 128/6900
23 DMSO 325 4500 - -

2 Absorption measured in solution of concentratierd@® M. ® Emission measured at a sample
concentration of 5xI8 M. © Longest absorption maxima are only reporté@Quantum vyields
(QYs) are measured relative to quinine sulfatg.€ 366 nm;@ = 0.53).
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Fig. 4.(a, e, 1, m, g, u) Absorption andlg, f, j, n, r, v) fluorescence spectra ATAs 11ab in different
organic solvents. For the absorption measuremkatsample concentration was 5X1®. For the



fluorescence spectra, the sample concentration5wa6° M with an excitation wavelength of 377
nm. Photographs of solutions ATAs 11ab under daylightd, j, k, 0, s, X) and under irradiatiord( h,

[, p, t, y) with a hand-held UV lamp at 365 nm. 1 — Hexane, oluene, 3 — 1,4-Dioxane, 4 — CH(CI
5 - CHCI,, 6 — THF, 7 —-PrOH, 8 — EtOH, 9 n-BuOAc, 10 — EtOAc, 11 — Acetone, 12 — DMF,
13 - MeCN, 14 — DMSO.

First, we should mention that compourddsib had lower solubility in organic solvents, as wedis
a smaller set of solvents for the investigatione Hpectral data from a dilute sample in different
solvents demonstrated large differences to therpbsn and emission maxima of the thiazolésn
andllab: (1) theATAs 1l and1m exhibited a more obvious bathochromic shift incapson (48-52
nm for 11a and 9-46 nm fod1b); (2) compounddl| and1m had larger Stokes shifts (91-829 and
1050-1848 cnit for 11a and 11b, respectively). Thus, thATAs 1 possesses the advantage of a
relatively wide and adjustable range of fluoreseeoaalours; (3) ThATAs maintained a remarkable
emission intensity despite exhibiting large Stogkeifts. (4) The diversity in the structures of théso
thiazole types resulted in the rather differenteh@durs observed in solvents. For example, theskirg
value of the QY for théATAs 11m was obtained in ethanol (60%), while thiazblb had the highest
QY (55.8%) in acetonitrile. Thus, we can concluldattthe most important factor for high-intensity
and long-wavelength emission is the combinationaof electron withdrawing substituent at the
periphery of the C2 structural fragment with thecélon donating substituent on the C4 aromatic
cycle. In contrast to the results reported by Rikdklaman and Sreejalekshmi [5a], the key influence
of the C5 electron-accepting group was demonstfatethe case of thATAs 1, for which good and
rich photophysical characteristics were found fompounds where the C5 substituent was absent or
had an electron-donating nature. It is obvious thatacrylonitrile spacer in th®TA structures plays

an important role in their solvato (fluoro) chrontiehaviour.

3. Conclusions

We described the synthesis, structures, and phypsogati properties of a series of arylidenethiazoles
ATAs la—w containing different types of substituents (electwithdrawing and electron-donating
groups) on each benzene ring for which the fluaese properties were previously unknown in the
literature. Despite the absence in their structupetar substituents such as OH- or amino groups
demonstrated high photophysical properties. Fumtbeg, ATAs showed multifunctional properties
and exhibited fluorescence both in dilute solutiohslifferent organic solvents and in the solidtesta
with good or high quantum vyields, large Stokestshi&nd relatively long lifetimes, which supports
their potential for use as good fluorophores.

The obtained compounds demonstrated a strong effabe electronic nature of the substituents

on their fluorescence properties, in accordancd wie previous literature data for the structure-



fluorescence relationship. In addition to theseadate showed the possibility of involving two ICT
channels in a molecule and the ability to handégr tstrength and direction.

One of the main conclusions that can be drawnasititluding an acrylonitrile spacer at t6@
thiazole position has a significant effect that @ms the optical properties; in particular, theginent
changed the solvato (fluoro) chromic behaviourhddzoles. In addition, our studies showed that this
group enhances the sensitivity of the thiazole md&eto the microenvironment at a large scale;,thus
they can be proposed for use as chemo- and biaser&midies on the further enhancement of the

optical properties of these thiazoles are currantjyrogress.
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Fluorescent thiazoles sensitive to microenvironment were designed and synthesized.
The compounds demonstrated the large Stokes shift and significant quantum yield.
Relationship between structure and fluorescent characteristics was established.
Insertion of acrylonitrile group enhances the fluorescence of the thiazoles.

The basis for the synthesis of new extra sensitive thiazoles was created.



