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Sehr Nassem-Kahn, Andrea Echeverri, Julia Contreras-Garcia, Clémence Allain,

Gilles Lemercier, Eleonora Luppi, and Candice Botuha*

1. Introduction

This report presents the design, synthesis, and photophysical study of two

new series of promising fluorescent trisubstituted triazoles,

3-hydroxypyridinyl substituted-1,2,4-triazoles (PyOHTr) and 2-pyridonyl
substituted-1,2,4-triazoles (PyCOTt). An excited state intramolecular proton
transfer (ESIPT) fluorescence mechanism is evidenced for PyOHTr molecules
by ab initio theoretical calculations. These fluorescent dyes possess unique

optical properties such as large Stokes shifts, dual emission,

solvatochromism, solid-state emission and, for one of them, a white light
emission, rendering them particularly attractive for future applications in both

medicinal chemistry and materials science.
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Fluorophores exhibiting phototautomeriza-
tion via an excited state intramolecular pro-
ton transfer (ESIPT) are highly required
in order to develop optoelectronic devices,
such as organic light-emitting diode mate-
rials, fluorescent sensors for the detection
of small molecules, proteins, cations, and
UV stabilizers in polymers or sun cream.!]
ESIPT emission arises from a proton-
transfer species generated by the photoex-
citation of an intramolecular hydrogen-
bonded molecule bearing a proton donor
group, mostly a hydroxyl or a phenol group
and a neighboring basic proton acceptor,
usually a heterocyclic nitrogen atom or a carbonyl oxygen atom.
Due to the intramolecular hydrogen bonding site, ESIPT fluo-
rophores are sensitive to the environment (i.e., pH, polarity of the
solvent, presence of ions ...), which often lead to a dual emission:
anormal fluorescence from enol tautomer E* and an ESIPT fluo-
rescence from keto tautomer K* atlonger wavelength with a large
Stokes shift preventing the self-quenching fluorescence. In apo-
lar solvents more particularly, or with metal complexation condi-
tions reinforcing the formation of strong intramolecular hydro-
gen bond, ESIPT fluorophores may exhibit a panchromatic spec-
trum with several emitting species covering visible light range
from blue to red with high quantum yields and bright lumines-
cence even in solid state.?2] It may lead to a white light emis-
sion and promising candidates as single component white light
generators.[?!

In most cases, upon excitation, ESIPT fluorophores undergo
keto-enol type tautomerization. To date only few types of ES-
IPT dyes of different structure have been reported due to the
requirement of particular structural arrangements, planar sys-
tem and hydrogen bonding ability. Among them one can men-
tion 2-hydroxyphenyl benzothiazole (HBT), 2-(2’-hydroxyphenyl)
benzoxazole (HBO) and flavones with a phenolic OH donating
group acting as a proton donor which have been attracting great
interest in several areas.[*) However ESIPT systems possessing
other types of phenol OH donating groups are less studied, albeit
very promising for the development of a new class of ESIPT flu-
orophores. Consequently, due to their unique optical properties,
engineering of new class ESIPT fluorophores with large Stokes

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. Molecular structures of fluorescent triazoles studied in this work. a) PyOHTr-1 from Series 1 with an intramolecular H bonding. b) PyOMeTr-7
with no H bonding and PyCOTr-8 and 9 from Series 2. ) z-extended 3Py-PyOHTr-10 and d) nonfluorescent Deferasirox (DFX).1

shift, high photostability and dual fluorescence continue to be an
active and competitive area of research for both fundamental and
application point of view.

We previously reported a rapid synthesis of hydroxypyridyl-
1,2,4-oxadiazoles, -1,3,5-triazines and -1,2,4-triazoles,® and later
synthetized two specimens of z-conjugated 2-hydroxypyridy-
1,2,4-triazoles with promising fluorescent properties.[®/ An un-
expected extremely large Stokes shift over 10000 cm™! was ob-
served in organic solvents which was suggested to be originated
from an ESIPT between the hydroxyl group of the pyridol ring
and the triazole moiety. These structures can be considered as
luminescent pyridyl analogs of well-known 1,2,4-triazoles!”) such
as Deferasirox (DFX), an iron chelator used in medicine, which
possesses two phenolic units attached to a 1,2,4-triazoles core and
which is not luminescent in both aqueous and organic solvents.®!

Interestingly, some z-conjugated 1,3,5-trisubstituted-1,2,4-
triazoles have already shown photoluminescence properties and
have been used as selective sensors for metal cations.*!%l In
addition, tridentate complexes of DFX with platinum(II) bear-
ing a bis-aryloxide 1,2,4-triazole ligand'!! or 1,2,4-triazoles with
benzothiazole fragment!'?l have shown promising photolumi-
nescence properties to be further exploited in devices for opto-
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electronic applications. A double ESIPT emission of 3,5-bis(2-
hydroxyphenyl)-1H-1,2,4-triazoles has also been reported.™
More recently, DFX derivatives bearing a phenyl and a benzoth-
iazole moiety instead of the 4-benzoic acid fragment in the tria-
zole core have shown interesting fluorescence properties in aque-
ous media arising from a combined ESIPT-aggregation induced
emission affording a potential novel diagnostic platform for bac-
teria biofilm studies.*! However, little is known about pyridyl
substituted 1,2,4-triazoles!!*! and nothing about hydroxypyridyl-
triazoles.

In the present work and motivated by our previous studies on
triazoles, we designed and synthesized two series of molecules
which we report in Figure 1. Series 1 is composed by seven trisub-
stituted 3-hydroxypyridinyl-substituted-1,2,4-triazoles PyOHTt-1
to PyOHTr-6 and 3Py-PyOHTr-10, all possessing an intramolecu-
lar hydrogen bond while Series 2 is composed by two 2-pyridonyl-
substituted-1,2,4-triazoles PyCOTt-8 and PyCOTr-9 isomers of
Series 1 and the stand-alone full O-protected triazole PyOMeTr-7.

In order to confirm and explore the specific ESIPT phenom-
ena for all the triazoles, we have thoroughly examined the effect
on the fluorescence properties of the N atom position on the pyri-
dol ring of Series 1 and 2 molecules. To modulate the electronic

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Ground-state HOMO (left) and LUMO (right) molecular orbitals for PyYOHT-2 in the enol open form.

nature of the system, we also extended the z-conjugation on the
pyridol ring by adding an external 3-pyridinyl-alcynyl group in
3Py-PyOHTr-10. Moreover, the molecules of Series 2 and the
PyOMeTr-7 have been designed with no intramolecular hydrogen
bonding, which is supposed to inhibit the ESIPT process. Finally,
ab initio theoretical calculations have been carried out for study-
ing ground- and excited state properties in order to rationalize
the experimental results.

2. Results and Discussion

The electronic properties and the molecular design of the tria-
zoles of Figure 1 have been investigated with density functional
theory (DFT) and time-dependent density functional theory (TD-
DFT). The ground state geometry optimization of the molecular
structures was performed with DFT using the B3LYP functional
and the 6-31+G* basis set. Instead, the calculation of the absorp-
tion S-S, and the corresponding emission was performed using
TD-DFT with the CAM-B3LYP functional and still using the 6-
31+G* basis set. Moreover, all the calculations were performed
with the polarized continuum model (PCM) in order to simulate
the acetonitrile polar solvent.

Concerning Series 1, we report the theoretical calculations of
PyOHTt-2 where the 3-hydroxy-1-pyridinyl-1,2,4-triazole is sub-
stituted by a 4-methoxyphenyl group at the C3 position and a 4-
benzoic acid group at the N1 position of the triazole ring. We have
chosen PyOHTr-2 because it is representative of the behavior of
the PyOHTt-1 and PyOHTr-3-6 triazoles of Series 1.

In Figure 2, the optimized structure of PyOHTr-2 together with
HOMO and LUMO molecular orbitals is shown. We observed
that in the ground-state the PyOHT-2 has an intermolecular
hydrogen-bond, i.e., enol open form (Egggpen))- Moreover, study-
ing and analyzing the S-S, transition (ground singlet state S to
first excited state S,) we found that it is essentially due to a single
excitation from the highest occupied molecular orbitals (HOMO)
mainly localized on the phenyl ring to the lowest unoccupied
molecular orbitals (LUMO), mainly involving the carboxylic acid
function; they are spatially well separated on the molecule (Fig-
ure 2), which gives to this transition a charge-transfer charac-
ter. This allowed us to design the substituents to decrease the
HOMO-LUMO gap (see triazoles of Figure 1) and thus improv-
ing the absorption properties by shifting the absorption band
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to higher wavelengths (red shift). In fact, whereas the HOMO
is mainly located on the 4-methoxy phenyl substituent at the
C3-position of the triazole ring, i.e., donor part (D), the LUMO
is mainly located on the 4-benzoic acid substituent at the N1-
position of the triazole ring, i.e., the acceptor part (A). This result
suggests an intramolecular charge-transfer (ICT) process from
the donor to the acceptor in the first excited state. Consequently,
the C3-position of the triazole of PYOHTr series would be the op-
timal site for a substitution with an electron-rich arene (D) and
the N1 position with an electron-withdrawing arene (A) in order
to improve an ICT process (Scheme 1).

To complete the theoretical analysis of molecules of Series 1
we also calculated the photophysical properties of 3Py-PyOHTt-
10 (Figures S36-S43, Supporting Information). Indeed, as this
molecule has an extended z-conjugation with the pyridol ring, its
optical behavior cannot be represented by PyOHTt-2. In the case
of Series 2, for which no intramolecular H bonding was expected,
we showed on the basis of theoretical calculations, that PyOHTr-8
can be taken as a representative molecular structure (see Figures
S44-S46, Supporting Information).

Synthesis of functionalized 3-hydroxypyridinyl substituted-
1,2,4-triazoles PyOHTr and 2-pyridonyl substituted-1,2,4 tri-
azoles PyCOTr was achieved from the corresponding 4H-
pyrido[4,3-¢][1,3]oxazin-4-one PyOxa via an addition, ring open-
ing, and ring closure (ANRORC) rearrangement (Figure 1).1*
The reaction was performed on pyridoxazinones PyOxa-1 to
PyOxa-5 (Series 1) and PyOxa-6 (Series 2) using 4-hydrazino ben-
zoic acid, phenyl- and 2-pyridyl hydrazine (R* = 4-CO,H-Ph, Ph,
2-pyr) as nucleophiles in ethanol (EtOH) at 110 °C for 30 min.
Surprisingly, the conversion of PyOxa-6 into triazole was ineffec-
tive in ethanol under standard heating conditions. Addition of
40% of acetic acid (AcOH) and heating in EtOH at 110 °C for
40 min helped the dehydration step to proceed and to get ring
closure (Scheme 1, Series 2). Starting from 4-substituted phenyl
rings (R! and R?) with electron donating or -withdrawing groups,
the corresponding 1,2,4-triazoles were obtained in good yield.
The full O-protected triazole PyOMeTr-7, which may induce ES-
IPT process inhibition was synthesized from the corresponding
pyridol PyOHT-2 by addition of two equivalents of sodium hy-
dride (NaH) and methyliodide (Mel) (Scheme 1).

Single crystals of two representative tautomers of hydroxyl
pyridyl triazoles (PyOHTr-5 and PyCOTr-9) suitable for X-ray

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Scheme 1. Synthesis of PyOHTr and PyCOTr triazoles (Series 1and 2).

analysis were obtained by slow evaporation of a concentrated
solution in dichloromethane. The crystal structure of PyOHTt-
5 shows a very strong intramolecular hydrogen bond between
the hydroxyl group and a nitrogen N4 of the triazole ring. This
is evidenced by the O1.-N4 distance (2.585(2) A) and the di-
hedral angle (1.04(22)°) between the pyridol ring and the tria-
zole core, which maintain the triazole-pyridol system in a pla-
nar conformation (Figure 3, view B). Molecules are arranged
in stacks with weak 7z—z interactions (shortest distances 3.5-
3.7 A) (Figure 3, view C). On the other hand, PyCOT-9 shows
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PyCOTr-9 (R® = 2-Pyr), 77%

no intramolecular interaction, as expected for 2-pyridone struc-
tures which are predominant in the crystalline state.[') Instead,
a dimer is formed via two intermolecular weaker hydrogen bonds
(01--N1 2.750(2) A) in between two pyridines (see Figure S1,
Supporting Information).['’]

Conformational studies of both series of triazoles in solution
have been investigated. Previously, it is noteworthy to mention
that due to their high lipophilicity (Log P = 6.3 at pH 7.4 for
DFX),'8l and their ability to be involved in pi-stacking, all the
triazoles described in this article including DFX are insoluble in
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Figure 3. X-ray diffraction structure of PyOHTr-5. A) Front view, B) side view, and C) interactions and distances between stacks. Hydrogens omitted for

clarity in (C) and thermal ellipsoids at 30% probability.

most of the solvents except in dimethylsulfoxide (DMSO). Con-
sequently, the photophysical analyses have been performed by
presolubilizing the compounds in DMSO at 10~ m and used it
as mother solution to prepare 10~ m diluted solutions in vari-
ous solvents. In the 'H NMR spectra in DMSO-d,, the aromatic
protons of PyOHTt-1 to PyOHTr-3 were observed between 7.0—
8.3 ppm whereas the labile protons of pyridol group (C3-OH)
and of carboxylic group (C4’-CO,H) were detected as broad sin-
glets at 10.5 and 13.2 ppm, respectively (Figure S2, Supporting
Information). Generally, DMSO-d, reduces proton exchange rate
and thus OH signal line widths due to its solvation ability.['] In
the case of PYOHTr compounds, the observed broad resonances
were compatible with an intermolecular hydrogen bonding with
residual H,O or DMSO-d,. In addition, the chemical shift of OH
in the pyridol was not deshielded as it has been observed for
strong intramolecular H-bonded OH in phenol such DFX. The
mentioned spectra features are in accordance with an open enol
form hydrogen-bonded to the polar solvent at the ground state.
As for PyCOTr-8 from Series 2, the 'H-NMR spectroscopy stud-
ies in polar solvents like DMSO-d, show the presence of typical
chemical shifts of 2-pyridone structure : N1-H at 12.0 ppm and
C5-H shielded at 6.4 ppm.[?°! These observations confirm that 2-
pyridone structure is the predominant tautomer of PyCOTr-8 in
solution and thus evidences the absence of any intramolecular
H-bond in DMSO-d, (Figure S2, Supporting Information).

We have next studied the photophysical properties of all
the triazoles dyes in different solvents and in solid state and
reported the results in Table 1 (the spectra are available in the
Supporting Information). Figure 4 displays the normalized
absorption spectra of PyOHTt-2 in various solvents. Importantly,
the absorption behavior of PyOHTr-2 is representative of the
absorption behavior of other molecules belonging to Series 1,
except 3Py-PyOHTr-10.

The maximum absorption of PyOHTt-2 assigned to a z—z*
transition, 2!l appears around 265 nm in all solvents with a high
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molar absorption coefficient (38900 M~'cm™' in CH;CN). This
band shows a weak dependency to the polarity of the solvent sug-
gesting the presence of the same conformer of PyYOHTt-2 in the
ground state, i.e., the open enol form Egg ., hydrogen-bonded
to the solvent (see Figure 7).121 A less-intense long-wavelength
band around 310 nm is also observed mainly in CH;CN and
CH,Cl,. Interestingly, this less intense long-wavelength band
slowly vanishes in a protic solvent (EtOH) and another long wave-
length band at 350 nm appeared in H,O.

As a general trend, similar absorption spectra were observed
for all PyOHTr triazoles from Series 1 whatever the electronic
substitution on the phenyl ring (Table 1 and spectra in the ESI).
Absorption maxima were observed from 252 to 281 nm (e =
19600 to 37700 Mm~lcm™! in CH;CN) with a weaker band at
around 310-320 nm (e = 5500 to 6300 m~'cm™" in CH;CN) in
nonaqueous solvents. An additional band at 293 nm was ob-
served for PyOHTt-5 possessing a 2,4-OMe-phenyl group Fig-
ure S15 (Supporting Information). Profile of absorption spectra
recorded in all solvents for PyCOTr-8 from Series 2 were slightly
different from those obtained for PyOHTt-2 showing vibrational
bands in 260-340 nm area albeit with a similar maximum absorp-
tion around 260 nm (¢ =23 100 m~*cm™!) in CH;CN (Figure S24,
Supporting Information).

The emission spectra of triazoles were recorded in polar
(CH;CN, EtOH, and H, 0), less polar (CH, Cl,) solvents, and also
in solid state (Table 1). In contrast with absorption spectra, fluo-
rescence spectra were solvent and substitution dependent on tri-
azole’s series. As reported by Sessler et al.l'3] we also confirmed
the nonluminescent character of DFX.

First, solvent effect on fluorescence spectra was investigated.
Emission spectra of the representative PyOHTr-2 from Series 1
were recorded as shown in Figure 5. Upon excitation at 270 nm
in polar solvent CH;CN, a broad spectrum with emission max-
imum at 419 nm and a shoulder band at around 480 nm were
observed. In addition, a large Stokes shift of 14200 cm™! for the
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Table 1. UV—Vis absorption and fluorescence emission properties of Compounds 1 to 10 in various solvents: dichloromethane (CH,Cl,), acetonitrile
(CH;CN), ethanol (EtOH) and water (H20).

UV-Visb) Fluorescence®
Compounds Solvent?) Aabs [nm] (€) 2E* [nm] [ Stokes? shifts [cm™] 4B [nm] / Stokes? shifts [cm™"] Dppo
PyOHTH-1 CH,CN 252 (20.8), 310 (6.4) 372/12800 486/19100 0.03
CH,Cl, 252,320 371/12700 525/20600
EtOH 282 393/10000 486/14900
H,0 252, 350 434/16 600 - <0.01
PyOHTr-2 CH,CN 263 (37.7), 311 (10.3) 419/14200 483/17300 0.02
CH,Cl, 263, 324 405/13300 514/18600
EtOH 261 417/14300 -
H,0 263, 340 - _
PyOHTr-3 CH,CN 255 (22.2), 316 (6.3) 379/12800 506/19500 0.02
CH,Cl, 255,324 379/12800 516/19800
EtOH 273,290 386/10700 -
H,0 255, 348 428/15900 - <0.01
PyOHTr-4 CH,CN 277,318 375/9400 - 0.01
CH,Cl, 279,316 372/9000 521/16600
EtOH 281 376/9000 427/12200
H,0 271, 348 432/13800 - <0.01
Solid - 501/9000°
PyOHTH-5 CH,CN 257 (19.6), 296 (12.0), 321 (7.0) 416/14900 494/18700 0.02
CH,Cl, 257, 293, 321 - 49718800
EtOH 257,290, 329 407/14300 488/18400
H,0 255, 296, 333 - -
Solid - 471/7800)
PyOHTH-6 CH,CN 265 (29.1), 324 (5.5) 415/13600 470/16500 0.10
CH,Cl, 266, 324 408/13100 518/18300
EtOH 266 427/14200 446/15200
H,0 263, 350 - -
Solid - 491/8200 ©
PyOMe-Tr-7 CH,4CN 260 (26.1) 423/14800 - 0.14
CH,Cl, 263 410/13600 -
EtOH 259 426/15100 -
H,0 259, 352 - -
PyCOTr-8 CH,CN 261 (23.1), 283 (18.5), 302 (17.8), 409/13900 - 0.10
CH,Cl, 333 (8.0) 406/13400 -
EtOH 263, 287, 303, 338 406/13400 -
H,0 263, 284,302 331 - -
264,274,323
PyCOTr-9 CH,CN 261 (22.3), 282 (20.3), 301 (14.4), 406/13700 - 0.34
CH,Cl, 333 (9.8) 406/13700 -
EtOH 261, 284, 301, 331 406/13700 -
H,0 261, 282, 300, 329 - -
258,331
3Py-PyOHTr-10 CH;CN 266 (32.5), 329 (10.2) - 507/17900 0.20
CH,Cl, 269, 326 413/13000 520/17900
EtOH 266, 338 430/14300 507/17900
H,0 261, 343 - -
(Continued)
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UV-Visb) Fluorescence®
Compounds Solvent?) Aabs [nM] (€) AE [nm] J Stokes? shifts [cm™] E* [nm] / Stokes? shifts [cm™] Drpggy®
DFX CH,CN 308 (10.8) -
CH,Cl, 301 -
EtOH 294, 425 -
H,0 284" -

Al compounds were presolubilized in DMSO at 1073 m and used it as mother solution to prepare 10> m diluted solutions in solvents; b)Absorp'fion maxima measured
in solution (107> m) at room temperature in nm; extinction coefficient at absorption maxima in 103> m~' cm™'; 9 Fluorescence wavelengths at room temperature at a
concentration of 107> wm; 9 Stokes shift in cm~! defined as the wavelength difference between the absorption and emission peak maxima; ) Fluorescence quantum yields
measured using a 0.1 M H,SO, solution of quinine sulfate (¢ = 0.55) as a reference. [22]; ) Excitation at 345 nm; @ Excitation at 350 nm; " Literature: DFX : UV max DFX

(H,O/DMSO, pH <2) : 284 nm (15 x 10*> M~ " cm™).
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Figure 4. UV-Vis absorption spectra in various solvents for PyOHT-2.
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Figure 5. Normalized emission spectra of PyOHTr-2 (10 x 107 m)
recorded in different solvents. A, =270 nm.

first emission and a low quantum yield (g = 0.02) were also ob-
served (Figure 5 and Table 1). This low emission quantum yield
was attributed to a nonradiative loss of energy, which is common
for deactivation pathway during charge transfer. A similar max-
imum emission at 417 nm was obtained in EtOH, whereas in
H,O0, the fluorescence was totally quenched.

Adv. Optical Mater. 2023, 2300336 2300336 (7 of 12)

The time-resolved fluorescence decays were also recorded at
different emission wavelengths in acetonitrile (400, 435, and
500 nm, see Figure S8, Supporting Information). Decays were
fitted using four-time constants (see Table S1, Supporting Infor-
mation) using a global analysis. These complex decays in solu-
tion attest for the existence of several emissive states, which is
fully compatible with the dual emission from enol E* (419 nm)
and keto K* (483 nm) conformers.

Excitation spectra recorded at the two different emission wave-
lengths (421 and 482 nm) are identical (see spectra in Figure S6,
Supporting Information). This is in agreement with the presence
of only one conformer at the ground state which we believe to be
the most stable open enol form Egggpen)-

Interestingly, in less polar solvent CH,Cl,, the irradiation of
PyOHTt-2 solution produced weak dual emission with a low in-
tensity band at 405 nm and a higher intensity band which pre-
dominate at 513 nm compatible with an ESIPT emission (Keto
emission K*).

Dual emission coming from ESIPT process is generally fa-
vored in a less polar solvent such as CH,Cl, privileging in-
tramolecular hydrogen bonding and the enhancement of K*
emission.'") In CH,Cl,, the excitation spectra recorded for
PyOHTt-2 at the shorter (405 nm) and the longer emission wave-
length (513 nm) are not identical (see Figure S7, Supporting
Information). This suggests the presence of different conform-
ers in equilibrium besides the presence of the open-enol form
Egs(open). One conformer has a closed-enol form possessing an
intramolecular H-bond. In CH,Cl,, this closed form is more fa-
vored due to the lack of intermolecular H-bond and can explain
the presence of higher concentrations of the corresponding enol-
closed form in the excited state. The presence of the keto form
is still evident around 330 nm in the excitation spectrum (emis-
sion around 513 nm, see Figure S7, Supporting Information).
The time-resolved emission decays recorded in CH,Cl, at 400
and 535 nm emission (see Figures S9 and Table S2, Supporting
Information) can be respectively fitted with four and three decay
times, including one decay time of 0.32 ns that is also observed in
acetonitrile and thus could be tentatively attributed to enol emis-
sion, less sensitive to solvent polarity. Altogether these data sug-
gest that the open-enol form is the ground state precursor for
the high energy emission (405 nm) and the closed-enol form, the
one for low energy emission (513 nm) resulting from the ESIPT
process.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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In order to provide evidences of the presence of ESIPT in
PyOHTt-2, emission spectra were recorded for PyOMeTt-7, ana-
logue of PyOHTt-2 in which ESIPT is excluded due to methyl
ether group. A unique emission band located at 410-420 nm
was observed in CH;CN, DCM, and EtOH as solvents (Figure
S22, Supporting Information). Emission wavelengths and Stokes
shift of PyOMeTr-7 were almost identical to that of PyOHTr-2
for the enol band, which indicates a similar geometry (open enol
form) for these two compounds in the excited state. In addition,
fluorescence quantum yield of PyOMeTr-7 increases to 0.14 in
CH;CN; this is in accordance with a loss of nonradiative deactiva-
tion process with the absence of any proton transfer at the excited
state.

We have next investigated fluorescence properties of triazoles
PyCOTr-8 form Series 2 for which no ESIPT should occur due to
the absence of an intramolecular hydrogen bonding. Emission
spectra of PyCOTr-8 exhibited only one emission peak around
406 nm in various solvent upon excitation at 263 nm, very close
to the high-energy emission of PyOHTr-2. Absence of any solva-
tochromism confirms the absence of ESIPT for PyCOTt-8. (Fig-
ure S25, Supporting Information). Quantum yield of PyCOTr-8 is
higher than PyOHTz-2 in acetonitrile (¢ = 0.10 versus 0.02 for
2) demonstrating that without ESIPT nonradiative deactivation
process arising from conformational change is limited. PyCOTt-
8 exhibits an average fluorescence lifetime at 405 nm similar to
that of PyOHTt-2 for the normal emission (1.06 ns) (Figure S27
and Table S3, Supporting Information).

Next, the fluorescence-structure relationship was analyzed by
comparing the emission spectra of the triazoles from Series 1 and
PyOMeTr-7 (Table 1), which possess different aryl substituent at
the C3- position of the triazole (R') where the HOMO electron
density is mainly located. The results show that electronic vari-
ation at the 4-position of the phenyl ring has a significant im-
pact on the emission maxima of E* in CH;CN. As for PyOHTz-
2, 5-6 and PyOMeTr-7, the presence of electron donating groups
(4-MeO-Ph) attached to electron deficient triazole leads to a red-
shifted emission of E* revealing a donor-acceptor type system
with improved ICT character.

Interestingly, in a less polar solvent (CH,ClL), triazole
PyOHTr-5 (2,4-OMe-Ph) exhibits ESIPT fluorescence as unique
emission at 497 nm with very large stokes shift (18800 cm™).
The increasing basicity of the triazole nitrogen involved in the H-
bonded with the pyridol favors the intramolecular proton trans-
fer and fast ESIPT process at the excited state. In addition, a lit-
tle blue shift is observed for ESIPT emission when increasing
electron density at the C3 position from 521 nm (PyOHTr-4) to
497 nm (PyOHTr-5) in CH, Cl,.

Modification of the electron density at the N1 for PyOHTr-2
(LUMO) by replacing the 4-CO,H-Ph group by 3-pyridyl group
(PyOHTt-6) has no significant impact on the normal E* and ES-
IPT emission K* however an increase of the quantum yield to 0.1
is observed.

As for non-ESIPT PyCOTr-8 and PyCOTr-9 from Series 2,
emission wavelengths were perfectly identical in all solvents
(406 nm). Quantum yield fluorescence of PyCOTt-9 raised dra-
matically to 0.34 in CH;CN which is in good agreement with the
absence of any proton transfer.

Importantly, triazoles PyOHTr-1 (Ph), PyOHTr-3 (4-F-Ph),
and PyOHTr-4 (4-CN-Ph) containing substituent with electro-
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withdrawing properties are emissive in aqueous media (430 nm)
albeit with low quantum yield (<0.01) (Table 1, Figure 6 and Fig-
ures S4 and S11, Supporting Information).

Under irradiation at 365 nm, the crystalline powders of
PyOHTt-4 and PyOHTr-6 were found to be strongly emissive by
naked-eye with a light green color with a wavelength maximum at
501 and 491 nm, respectively. These two fluorescence maxima are
near the ESIPT luminescence in apolar CH, Cl, with an apparent
increase of intensity indicating that the emission of PyOHTr-4
and PyOHTr-6 in crystals might come from ESIPT species K* as
it has been observed for PyOHTt-2 (Figure 6).

In order to corroborate the experimental results, we first cal-
culated theoretical absorption, emission, and ESIPT of PyOHTt-
2. The same theoretical studies have been performed for 3Py-
PyOHTr-10 and PyOHTr-8 shown in Figures S46 and S53
(Supporting Information). We performed DFT calculations of
ground state structures of possible conformers and tautomers
of PyOHTr-2 in polar aprotic solvent such as acetonitrile. We
estimated the relative stability between the different conform-
ers and we found a PyOHTr-2 structure with an intramolecular
hydrogen-bond, i.e., enol-closed form, which is in average less
stable of 12.4 kcal mol™" with Egypeq (PYOHT-2 with an inter-
molecular hydrogen bond). The potential keto form, resulting
from the hydrogen transfer from pyridol to triazole nitrogen, was
also investigated. In this case, less stable structures than Egggpen
of about 16.8 kcal mol~! were found (Figure 7).

The most stable solvated (CH;CN) open-enol form Egg g for
PyOHTr-2 is reported in the diagram of Figure 7, together with
the vertical excitations toward the corresponding Franck—Condon
excited state E¥pq ). From this transition, one can obtain the
theoretical absorption (S,-S;). We found a good agreement of the
main absorption peak 275 nm (4.51 eV) with the experimental
data 311 nm (3.99 eV).

Upon excitation, we studied the relaxation in the excited state
of E¥pc(open). TWO relevant structures were found in different
minima in the excited state surface: E* and K*. The E* has
still an enol form but closed, while K* has a keto form. The
calculated emission from E* is 387 nm (3.21 eV) which sug-
gests that the shorter-wavelength recorded at 419 nm (2.96 eV)
in CH;CN is the normal-ICT emission: Eggpen) is excited to
E*LCopen) Which relax to E* which then emits. Instead, the calcu-
lated emission from K* is 462 nm (2.68 eV) which confirms that
the longest emission wavelength identified as a shoulder band
around 483 nm (2.57 eV) is the ESIPT fluorescence: Ecggpen 1S
excited t0 E¥gcgpen) Which undergoes an intramolecular proton
transfer, therefore relaxing to K* which then emits.

The calculations of absorption and emission for PyCOTr-8 are
also in good agreement with experiments. In this case we do not
expect ESIPT. We found that the calculated excitation from the
ground state keto form K to the Franck-Condon K* ¢, is 295 nm
(4.20 eV) compared well to the experiment 261 nm (4.75 eV).
Then, also for this molecule we relaxed K* ¢, in the excited state
and we found the keto form K* which emits at 410 nm (3.02 eV).
The emission from experiment has been measured at 409 nm
(3.03 eV) (Figure S46, Supporting Information).

In summary, in-depth analysis of photophysical properties of
two representative molecules, with and without potential ESIPT,
has been carried out. Theoretical calculations and time-resolved
fluorescence studies enabled us to clearly explain the ESIPT
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Figure 6. a) Emission spectra of PyOHTr-4 (Ag, = 270 nm). b) Photographs of PyOHTr-4 under UV illumination at 365 nm in solid-state. c) PyOHTr-6
(Agxc = 300 nm). The 2" harmonic of the excitation wavelength has been removed for clarity. d) Photographs of PyOHTr-6 under UV illumination at

365 nm in solid state.

mechanism and give some insight of the structure-fluorescence
relationship of these compounds.

At this stage, in order to modulate the electronic nature of the
system, we have extended the z-conjugation on the pyridol ring
by adding an external 3-pyridinyl-alcynyl group in 3Py-PyOHTz-
10. We next studied the influence of z-expansion and conforma-
tional restriction of the PyOHTr core on the optical properties
and measured emission characteristics. We hypothesized that
expanded z-system will modify the energy levels and ICT char-
acteristics of the newly obtained ESIPT compound and furnish
bathochromic shifts in emission.!?3]

Absorption wavelength maxima of the 3-pyridyl ethynyl sub-
stituted triazole, 3Py-PyOHTr-100°) were observed in all solvent
at 265 nm with a shoulder band around 320 nm, which is al-
most similar to the one obtained for its analogue PyOHTt-5. The
presence of the z-extended conjugation on 3Py-PyOHTtr-10 sig-
nificantly affects fluorescence efficiency and emission character-
istics. In aqueous media, 3Py-PyOHTt-10 is nonemissive while
emissive in all tested organic solvents. Emission spectra exhibit
large and intense green emission around 507-520 nm with a
large Stokes shift up to 17900 cm™! in CH,Cl, likely the keto

Adv. Optical Mater. 2023, 2300336 2300336 (9 of 12)

emission K* associated to a weak shorter emission of the enol
emission at 413 nm (Figure 8 and Figure S34, Supporting Infor-
mation, for the International Commission of [llumination (CIE)
coordinate. Interestingly, a significant higher quantum yield (¢;
= 0.20) is obtained in acetonitrile. Time-resolved fluorescence de-
cays recorded at several wavelengths interestingly show that in
the blue region of the spectrum (450 nm, see Figure S33 and
Table S4, Supporting Information) the decay can be fitted with
two decay time (0.70 and 3.58 ns) while at higher emission wave-
lengths (490, 530, and 570 nm) a third decay time around 1.2—
1.3 ns appears and the short time constant around 0.6 ns be-
comes a rise time (negative pre-exponential coefficient see Table
S4, Supporting Information). This is typical of a slow conforma-
tional change in the excited state from the emissive E* closed-
enol to the keto K* geometry.

The theory confirmed a twisted conformation in the enol form
at the ground state for 3Py-PyOHTt-10, due to the steric restric-
tion imposed by the ethynyl 3-pyridyl substituent. Upon exci-
tation, the molecule relaxes following a planarization path and
reaching the enol closed form, before proton transfer to a keto
form. The theoretical emission from K* is 462 nm (2.68 eV) and
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Figure 8. Emission spectra of 3Py-PyOHTr-10 in various solvents after ex-
citation at 260 nm.

compared well to experiment 507 nm (2.45 eV) (Figure 8). The
schematic representation of absorption of 3Py-PyOHTt-10 is in
Figure S53 (Supporting Information).

We thus conclude that this spectral change arises from a co-
operative ESIPT-ICT process in the 3-pyridyl ethynyl substituted
triazole. As expected, the presence of expanded z-system mod-
ifies not only the electronic distribution but also the acidity of

Adv. Optical Mater. 2023, 2300336 2300336 (10 of 12)

the O-H donor group and thus proton transfer rate.[?* The rela-
tive population of enol/keto forms is modified at the excited state
leading to the presence of a strong keto emission red-shifted in
all solvents.

Finally, we have demonstrated that 3Py-PyOHTr-10 exhibits
green ESIPT fluorescence (525 nm in CH,Cl,), large Stokes shift,
dual emission and bright luminescence. Altogether, these ap-
pealing properties suggest the high potential of this structure to
generate white light. In this area, metal complexes represent a
promising category of ESIPT chromophores with enhanced opti-
cal properties, tunable emitting colors due to the structural mod-
ification of the system upon coordination.[?’!

Complexation of 3Py-PyOHTr-10 with zinc salts was thus con-
sidered to explore metal coordination effect on ESIPT process
and optical properties.

Notably, the presence of Zn** change notably the absorption
spectrum of 3Py-PyOHTr-10 in acetonitrile. Addition to 3Py-
PyOHTt-10 of increasing amount of a 0.2 M solution of Zn(NO;),
in CH;CN leads to the formation of a new absorption bands max-
imizing at 292 nm and one smaller around 374 nm (Figure S35,
Supporting Information).

The emission spectra are also affected by the presence of Zn**
(Figure 9). Upon excitation at 270 nm, the shortest emission fluo-
rescence emission at 450 nm (Ee*) of 3Py-PyOHTr-10 in CH;CN
increases significantly as the concentration of Zn?* increases
while the keto emission (Ke*) is quite constant until it disap-
pears when adding a large excess of Zn?*. Interestingly, at the
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Figure 9. a) Emission spectra of 3Py-PyOHTr-10 (exc 270 nm) with increasing amount of Zn(NOs), in DMSO/CH;CN (1.6 x 107> m) and Zn(NOs),
alone to see of diffusion. b) Photographs of 3Py-PyOHTr-10 + 812 equiv. of Zn(NO;), under UV illumination at 365 nm in DMSO/DCM. c) CIE chro-
maticity diagram of 3Py-PyOHTr-10 + 812 equiv. of Zn(NO3), in DMSO/DCM (1/99).

ratio of 812:1 in equivalent (Zn/10) in CH,Cl, solution, the pu-
tative complex Zn-10 exhibits a whitish bright luminescence to
the naked eye under irradiation at 365 nm with CIE coordinates
(x,y.2) = (0.27,0.37, 0.36) (Figure 9). This effect is certainly a con-
sequence of the combination of ESIPT and normal enol emission
of the complex. Rationalization of the optical behavior of Zn-10
by complexation studies is under investigation. These studies will
provide a valuable insight into ESIPT mechanism of these fluo-
rophore and the origin of the white light luminescence.

3. Conclusion

In this study, we showed that pyridine substituted 1,2,4-triazole,
PyOHTr are solvatochromic emitters with large Stokes shift and,
for some of them in less polar solvents present a dual emission.
We also demonstrated that PyOHTr’s ESIPT fluorescence can be
fine-tuned in both solution and solid state, by varying the elec-
tronic properties of the structure. Our theoretical investigation
of the ground and excited states of a representative PyOHTr, in
several solvents, using TD-DFT supported our observations.

Though most of the PyOHTr systems showed weak fluores-
cence in solution, some of them displayed an enhanced fluores-
cence in solid state or a panchromatic behavior upon coordina-
tion with Zn?* cation leading to white light emission.

Therefore, PyOHTr derivatives can be considered as promis-
ing fluorescent molecules with unique optical properties for the
development of a new class of efficient ESIPT fluorophores with
high potential of applications in both medicinal chemistry and
materials science.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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