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Herein, we report the synthesis and characterization of fluorophores containing a

2,1,3-benzoxadiazole unit associated with a π-conjugated system (D-π-A-π-D). These

new fluorophores in solution exhibited an absorption maximum at around ∼419 nm

(visible region), as expected for electronic transitions of the π-π∗ type (ε ∼2.7 × 107 L

mol−1 cm−1), and strong solvent-dependent fluorescence emission (ΦFL ∼0.5) located

in the bluish-green region. The Stokes’ shift of these compounds is ca. 3,779 cm−1,

which was attributed to an intramolecular charge transfer (ICT) state. In CHCl3 solution,

the compounds exhibited longer and shorter lifetimes, which was attributed to the

emission of monomeric and aggregated molecules, respectively. Density functional

theory was used to model the electronic structure of the compounds 9a–d in their

excited and ground electronic states. The simulated emission spectra are consistent

with the experimental results, with different solvents leading to a shift in the emission

peak and the attribution of a π-π∗ state with the characteristics of a charge transfer

excitation. The thermal properties were analyzed by thermogravimetric analysis, and a

high maximum degradation rate occurred at around 300◦C. Electrochemical studies

were also performed in order to determine the band gaps of the molecules. The

electrochemical band gaps (2.48–2.70 eV) showed strong correlations with the optical

band gaps (2.64–2.67 eV).

Keywords: 2,1,3-benzoxadiazole, heterocycles, luminescence, fluorophore, tetrazole

INTRODUCTION

Conjugated organic compounds, such as benzochalcogenodiazoles, have attracted attention
because of their versatility and advantages, including low cost, improved electronic device
performance, flexibility, and tuning through structural design (Liu et al., 2015). This class
of compounds has been applied in field-effect transistors, sensors, memory devices, and

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00360
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00360&domain=pdf&date_stamp=2020-05-12
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tiago.frizon@ufsc.br
mailto:vieira.andre@ufba.br
mailto:sumbal6s@gmail.com
mailto:sumbal.saba@ufabc.edu.br
mailto:jamal.chm@gmail.com
mailto:jamal.rafique@ufms.br
https://doi.org/10.3389/fchem.2020.00360
https://www.frontiersin.org/articles/10.3389/fchem.2020.00360/full
http://loop.frontiersin.org/people/931537/overview
http://loop.frontiersin.org/people/943293/overview
http://loop.frontiersin.org/people/946317/overview
http://loop.frontiersin.org/people/921885/overview
http://loop.frontiersin.org/people/678474/overview


Frizon et al. Synthesis of New Fluorophores 2,1,3-Benzoxadiazole Derivatives

solar cells (Regis et al., 2018). In general, the incorporation of
heterocyclic units with electron-donating groups (donors) and
electron-accepting groups (acceptors) in the molecular structure
increases the conjugation and alters the performance of organic
electronic devices (Niu et al., 2007; Fu et al., 2009; Liu et al., 2015).

The derivatives of the 2,1,3-benzothiadiazole (BTD)
heterocycle have been extensively investigated due to
their recognized photophysical properties, such as intense
fluorescence, large Stokes shift, and high extinction coefficient
(Gallardo et al., 2012; Wang et al., 2014; Fang et al., 2017; Aguiar
et al., 2018). However, there is very limited literature available
on the behavior of molecular materials obtained from the 2,1,3-
benzoxadiazole (BOX) heterocycle (Pati, 2016). Interestingly, the
7-nitro-1,2,3-benzoxadiazole is generally used as a fluorophore
in the design of many analyte-responsive fluorescent probes
(Pati, 2016; Wu et al., 2017).

The BOX heterocycle, also known as benzofuran, has a flat
molecular and bicyclic conjugated structure, and its derivative
compounds with extended conjugates are extremely fluorescent.
Because of the presence of an oxygen atom in the heterocycle,
BOX is more electronegative when compared to BTD (Bouffard
and Swager, 2008; Lin et al., 2011; Zeng et al., 2012; Göker et al.,
2014; Regis et al., 2018), and due to this electronegativity, BOX
forms coplanar and quinoid structures, giving better stability to
the devices manufactured (Liu et al., 2015).

The main applications of BOX are to obtain fluorescent
derivatization reagents and use in the detection of heavy metals
(Toyo’oka, 2004; Song et al., 2011; Sumiya et al., 2011), in solar
cells, and in liquid crystals (Liu et al., 2015; Regis et al., 2018).

As part of our continued involvement in the chemistry of N-
heterocycles (Saba et al., 2015, 2016, 2017, 2018, 2020; Rafique
et al., 2016, 2018a,b; Silva et al., 2017; Bettanin et al., 2018;
Peterle et al., 2018; Rodigues et al., 2018; Tornquist et al.,
2018; Meirinho et al., 2019; Neto et al., 2020; Scheide et al.,
2020) and material sciences (Frizon et al., 2014, 2015, 2016,
2018; Bo et al., 2016, 2018; Westrup et al., 2016; Matzkeit
et al., 2018; Regis et al., 2018), herein, we report the synthesis
and characterization of BOX derivatives containing electron-
donor groups (alkylated tetrazole rings) connected to the 2,1,3-
BOX group as an electron-acceptor unit. In addition, thermal,
electrochemical, and theoretical predictions were made and
photophysical analysis was performed to study the stability, likely
geometry, and luminescence properties of these compounds in
their ground and excited electronic states.

MATERIALS AND METHODS

Materials and Methods
All reagents were used without further purification and were
obtained from commercial sources. The solvents acquired were of
commercial grade, with the exception of tetrahydrofuran (HPLC
grade), and were purified by methods based on the literature
(Armarego and Chai, 2003). The compounds were purified by
column chromatography (silica gel) and crystallization from
analytical-grade solvents. The reactions were monitored by TLC
using Silica Gel 60 (Merck Kieselgel 60F254).

Infrared analysis was performed on an Agilent Cary 600
Series Fourier-transform infrared (FTIR) spectrometer in KBr
discs or films. The 1H and 13C NMR spectra were recorded
in chloroform-d at 400 and 100 MHz, respectively. The
chemical shifts are reported in ppm relative to TMS (0.00
ppm), and the coupling constants are reported in Hz. The
chromatograms and mass spectra were acquired on a Shimadzu
GCMS-QP5050A spectrometer with a DB5-MS [(5%-phenyl)-
dimethylpolysiloxane] capillary column (25m × 250µm ×

0.25µm) using an electron ionization voltage of 70 eV. The
oven parameters used in the method were 80◦C for 6min,
increasing at 15◦C min−1 to 280◦C and remaining at this
temperature for 4min, giving a run time of 23.33min with
an initial delay of 4min. The gas flow was He at 0.6mL
min−1, with pressure S3 of 2.3301 psi. A Varian Cary 50 UV-
Vis spectrophotometer was employed to record the absorption
spectra. Fluorescence emission and excitation spectra were
acquired on a Shimadzu RF5301pc spectrofluorophotometer.
The quantum yield (fluorescent fragment length—FFL) was
acquired using the dilute optical method. A solution of H2SO4

(0.5mol L−1) and quinine sulfate (QS) (ΦFL = 0.55) was
used as the ΦFL standard (Crosby and Demas, 1971). The
uncertainties related to the quantum yield of fluorescence
(1ΦFL) measurements using QS are of the order of 6%
(Würth et al., 2011, 2013).

A DropSens BiPotentiostat/Galvanostat (model Stat 400)
was used for all electrochemical measurements. The cyclic
voltammetry measurements of 9a–d were obtained in a
standard electrochemical cell containing a system of three
electrodes: a glassy carbon working electrode, a Pt wire counter
electrode, and an Ag/Ag+ (AgNO3 0.01mol L−1 in acetonitrile)
reference electrode. All measurements were performed in
an electrolyte solution [0.1mol L−1 tetra-n-butyl ammonium
hexafluorophosphate (TBAPF6) in CH2Cl2] purged with purified
nitrogen gas. The ferrocene/ferricenium redox pair (Fc/Fc+) was
used as an internal reference. The spectra for 9a–d used to
estimate the optical band gaps were obtained on a Shimadzu
UV-1800 spectrofluorophotometer. Thermogravimetric analysis
(TGA) was carried out using a Shimadzu analyzer with the TGA-
50 module. A PerkinElmer 2400 Series II Elemental Analyzer
System was used to carry out the elemental analysis of the
final compounds. The fluorescence decay was obtained through
the time-correlated single-photon counting technique, using a
@FluoTime200 (PicoQuant) spectrometer. The excitation was
performed by a 401-nm pulsed diode laser, applying a repetition
rate of 20 MHz. Fluorescence was collected perpendicular to
excitation and passed through a polarizer set at the magic
angle. The detection system consisted of a monochromator and
a microchannel plate photomultiplier (Hamamatsu R3809U-
50). Lifetimes were obtained by fitting the fluorescence decays
to a convolution of the instrument response function and
the sum of exponentials using FluoFit R©software. The plots of
weighted residuals and reduced chi-squared (χ2) were used to
accurately determine the quality of the fittings during the analysis
procedure. The geometry optimization of 9 was carried out
in vacuo, using the Orca 4.1 (Neese, 2012) software package
and density functional theory (DFT) with the PBE0 functional
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(Perdew et al., 1996, 1997) and the DEF2-TZVP(-F) basis set
for all atoms (Schäfer et al., 1992, 1994; Weigend and Ahlrichs,
2005). Grimme D3 correction was used to include dispersion
effects with Becke-Johnson (BJ) damping (Becke and Johnson,
2005; Johnson and Becke, 2005, 2006; Grimme et al., 2010,
2011). In order to accelerate the evaluation of the functionals,
the RIJCOSX algorithm was employed, using the resolution
of identity approximation for the Coulomb part (RIJ) and
the chain of spheres approach for the Fock exchange (COSX)
(Izsák and Neese, 2011; Izsák et al., 2013). The vibrational
frequencies computed on the optimized geometry of 9 included
no imaginary frequencies. In order to simulate the absorption
spectra, time-dependent density functional theory (TD-DFT)
with the Tamn-Dancoff approximation (TDA) (Petrenko et al.,
2011) was employed to obtain the first 10 singlet excited states,
using the same protocol. To simulate the emission spectra,
the path integral approach implemented by our group in the
ORCA_ESD module (Souza et al., 2018, 2019) was employed,
using PBE0 to obtain the geometries and Hessians for both the
ground and excited states. The line width was set to 450 or
500 cm−1, and the default Lorentzian line shape was used to
obtain a better fit to the experimental data. The frequencies
below 300 cm−1 were removed. For the other parameters, the
default options were used. Solvent effects were included in the
excited-state energies by using the linear response conductor-
like polarizable continuum model (LR-CPCM), while the regular
CPCM was employed for the ground state (Marenich et al.,
2009). Images of the complex geometries were obtained using the
Chemcraft program (Chemcraft, 2019).

Synthesis
2,1,3-Benzoxadiazole-1-oxide (6)
A 500-mL flask was used to obtain a mixture of 2-nitroaniline
(9.0 g, 6.5 mmol), tetrabutylammonium bromide (0.3 g, 1.1
mmol), diethyl ether (60mL), and KOH solution (7mL, 50%
wt). To this mixture, a sodium hypochlorite solution (130mL,
activated chlorine > 10%) was added dropwise. After stirring
at room temperature for 7 h, the organic layer was separated,
the aqueous layer was extracted with CH2Cl2 (3 × 1,000mL),
and the combined organic layers were evaporated under
reduced pressure. The yellow solid was obtained without further
purification. Yield: 89%. m.p. 68◦C. IR (KBr) vmax/cm

−1: 3,472,
3,100, 3,080, 2,962, 2,935, 2,875, 1,649, 1,614, 1,584, 1,536, 1,484,
1,440, 1,421, 1,382, 1,351, 1,282, 1,200, 1,145, 1,124, 1,012, 963,
928, 890, 833, 743, 734, 671, 633.

2,1,3-Benzoxadiazole (7)
Compound 6 (1.7 g, 13 mmol), triphenylphosphine (4.0 g, 15
mmol), and toluene (150mL) were placed in a 250mL flask. The
mix was refluxed for 3 h then cooled and filtered. The solvents
were evaporated to afford the crude product. The material was
chromatographed on silica gel with CH2Cl2 to afford the 2,1,3-
benzoxadiazole 7 as a yellow solid. Yield: 80%. m.p. 69◦C. IR
(KBr) vmax/cm

−1: 3,100, 3,080, 3,010, 2,955, 2,924, 2,853, 2,360,
2,332, 1,969, 1,920, 1,721, 1,650, 1,614, 1,583, 1,535, 1,483, 1,440,
1,422, 1,351, 1,282, 1,263, 1,200, 1,146, 1,125, 1,046, 1,012, 973,
961, 891, 834, 742, 732, 671, 633, 617. 1H NMR (400 MHz,

CDCl3) δ ppm: 7.85 (dd, 2H, J = 6.0, 4.0Hz), 7.41 (dd, 2H, J =
6.0, 4.0Hz). Anal. Calcd. For C6H4N2O [M]+ 120.0 found 120.0.

4,7-Dibromo-2,1,3-benzoxadiazole (8)
Compound 7 (1.23 g, 10 mmol) and Fe powder (0.12 g, 2.0
mmol) were placed in a round-bottom flask and heated to 100◦C.
Br2 (1.5mL, 30 mmol) was added dropwise over 2 h, and then
the reaction was refluxed for 3 h. After cooling, the resulting
solution was dissolved in CH2Cl2 (40mL) and washed with brine
(40mL). The organic fraction was washed with saturated sodium
bicarbonate solution (4 × 30mL), brine (4 × 30mL), and water
(4× 30mL). The organic layer was dried and concentrated under
vacuum. The brown crude product was chromatographed on
silica gel (hexane/ethyl acetate 98:2) to produce 8 as a cream
powder. Yield: 40%. m.p. 98–100◦C. IR (KBr) vmax/cm

−1: 2,923,
2,852, 2,360, 2,342, 1,873, 1,717, 1,695, 1,606, 1,517, 1,493, 1,465,
1,426, 1,378, 1,377, 1,322, 1,300, 1,292, 1,261, 1,204, 1,150, 1,113,
1,085, 107, 1,028, 958, 907, 878, 867, 845, 745, 728, 638, 607.
1H NMR (400 MHz, CDCl3) δ ppm: 7.51 (s, 2H). GC-MS: RT:
13.92min.; Calcd. For C6H2Br2N2O [M]+ 277.8 found 277.9.

5-(4-Bromophenyl)-2H-tetrazole (2)
First, 4-Bromobenzonitrile (1.0 g, 5.5 mmol), 20mL of DMF,
ammonium chloride (1.8 g, 33.9 mmol) and NaN3 (2.3 g, 35
mmol) were placed in a 100mL round-bottom flask. The mixture
was refluxed for 24 h. At room temperature, the mixture was
poured onto ice-water to obtain a precipitate. Then, the mixture
was acidified with HCl solution to pH 1. The yellow precipitate
was filtered and recrystallized in water/ethanol (1:1). Yield:
90%. IR (KBr) vmax/cm

−1: 3,448, 3,090, 3,058, 3,000, 1,905,
1,608. ESI: Anal. Calcd. for C7H5BrN4: m/z 226.9; found m/z
246.9 [M+Na]+.

General Procedure for the Synthesis of
Compounds 3a–d
Tetrazole (2) (2 mmol), acetone (60mL), K2CO3 (2.2 mmol), and
2.2 mmol of the respective alkyl bromide (2-ethylhexyl bromide,
octyl bromide, or decyl bromide) were placed in a 250mL two-
neck round-bottom flask. After 45 h of refluxing, the mixture
was filtered and concentrated under reduced pressure. The white
solid was obtained by recrystallization from ethanol.

5-(4-Bromophenyl)-2-(2-ethylhexyl)-2H-tetrazole (3a)
Yield: 72%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04 (d, 2H, J =
8.8Hz), 7.63 (d, 2H, J = 8.8Hz), 4.57 (d, 2H, J = 6.5Hz), 2.10
(m, 2H), 1.33 (m, 9H), 0.95 (t, 3H, J = 7.04Hz), 0.89 (t, 3H, J =
7.04Hz). 13CNMR (100MHz, CDCl3) δ ppm: 164.1, 132.1, 128.3,
126.6, 124.5, 56.3, 39.8, 30.4, 28.4, 23.8, 22.8, 14.0, 10.5.

5-(4-Bromophenyl)-2-octyl-2H-tetrazole (3b)
Yield: 76%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04 (d, 2H, J =
8.31Hz), 7.64 (t, 2H, J = 8.31Hz), 4.64 (t, 2H, J = 7.34Hz), 2.06
(m, 2H), 1.37-1.26 (m, 12H), 0.88 (t, 3H, J = 7.34Hz). 13C NMR
(100 MHz, CDCl3) δ ppm: 164.2, 132.1, 128.3, 126.5, 124.6, 53.3,
31.7, 29.4, 28.9, 28.8, 26.4, 22.6, 14.1.
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5-(4-Bromophenyl)-2-decyl-2H-tetrazole (3c)
Yield: 88%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.03 (d, 2H, J =
8.80Hz), 7.63 (d, 2H, J = 8.80Hz), 4.64 (t, 2H, J = 7.34Hz), 1.26
(m, 16H), 0.87 (t, 3H, J = 6.85Hz). 13C NMR (100 MHz, CDCl3)
δ ppm: 156.9, 124.8, 121.0, 119.2, 117.2, 46.0, 24.6, 22.3, 22.0, 21.6,
19.0, 15.4, 6.8.

5-(4-Bromophenyl)-2-dodecyl-2H-tetrazole (3d)
Yield: 79%. IR (KBr) vmax/cm

−1: 2,956, 2,920, 2,849, 1,610. 1H
NMR (400 MHz, CDCl3) δ ppm: 8.03 (d, 2H, J = 8.80Hz), 7.63
(d, 2H, J = 8.31Hz), 4.64 (t, 2H, J = 6.85Hz), 2.06 (m, 2H), 1.37
(m, 2H), 1.26 (m, 16H), 0.89 (t, 3H, J = 6.85Hz). 13C NMR (100
MHz, CDCl3) δ ppm: 156.8, 124.8, 121.0, 119.2, 117.2, 46.0, 24.6,
22.3, 22.0, 21.6, 19.0, 15.4, 6.8.

General Procedure for the Synthesis of
Compounds 4a–d
4-(4-(2-(2-ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-

methylbut-3-yn-2-ol (4a)
In a 125-mL two-neck round-bottom flask containing a
desiccant tube of CaCl2, a solution was prepared of tetrazole
(3a) (2.000 g, 5.95 mmol), 60mL of dry Et3N/THF (1:1),
bis(triphenylphosphine)palladium dichloride (0.183 g, 0.26
mmol), and triphenylphosphine (0.069 g, 0.26 mmol). After
48 h of reflux, the mixture was vacuum filtered and a white
product was obtained by recrystallization from ethanol. Under
argon, the mixture was heated to 55◦C; then, copper iodide
(0.025 g; 0.13 mmol) and 2-methyl-3-butyn-2-ol (0.851 g, 10.11
mmol) in 10mL Et3N/THF (1:1) were added dropwise over
40min. After 6 h under reflux, the mixture was filtered at room
temperature through Celite R© and concentrated under reduced
pressure. The resulting product was chromatographed on silica
gel. For the preparation of compounds 4b, 4c, and 4d, the
same methodology was followed, using 5-(4-bromophenyl)-
2-octanotetrazole, 5-(4-bromophenyl)−2-decanotetrazol, and
5-(4-bromophenyl)-2-dodecanotetrazol, respectively.

4-(4-(2-(2-Ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-

methylbut-3-yn-2-ol (4a)
Yield: 71%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.1 (d, 2H, J =
8.31Hz), 7.52 (t, 2H, J = 8.31Hz), 4.64 (t, 2H, J = 6.85Hz), 2.51
(s, 1H), 2.11 (m, 1H), 1.65 (s, 6H), 1.33 (m, 8H), 0.95 (t, 3H, J =
7.34Hz), 0.90 (t, 3H, J = 6.85Hz). 13CNMR (100MHz, CDCl3) δ
ppm: 164.2, 132.1, 128.3, 126.5, 124.6, 53.3, 31.7, 29.4, 28.9, 28.8,
26.4, 22.6, 14.1.

2-Methyl-4-(4-(2-octyl-2H-tetrazol-5-yl)phenyl)but-3-

yn-2-ol (4b)
Yield: 77%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.1 (d, 2H, J =
8.80Hz), 7.52 (t, 2H, J = 8.31Hz), 4.64 (t, 2H, J = 7.34Hz), 2.47
(s, 1H), 2.05 (m, 2H), 1.64 (s, 6H), 1.27 (m, 10H), 0.87 (t, 3H, J
= 6.85Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.4, 132.1,
127.2, 126.6, 124.7, 95.6, 81.7, 65.6, 53.3, 31.7, 31.5, 29.0, 28.8,
26.4, 22.6, 15.1.

4-(4-(2-Decyl-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-

yn-2-ol (4c)
Yield: 88%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.10 (d, 2H, J
= 8.80Hz), 7.53 (d, 2H, J = 8.80Hz), 4.65 (t, 2H, J = 7.34Hz),
2.28 (s, 1H), 2.03 (m, 2H), 1.64 (s, 6H), 1.25 (m, 16H), 0.89 (t, 3H,
J = 6.36Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.5, 132.2,
127.2, 126.6, 124.7, 95.5, 81.7, 65.6, 53.3, 31.4, 31.5, 29.4, 28.9,
26.4, 22.7, 14.1.

4-(4-(2-Dodecyl-2H-tetrazol-5-yl)phenyl)-2-

methylbut-3-yn-2-ol (4d)
Yield: 96%. m.p.: 65◦C. FTIR (KBr) vmax/cm

−1: 3,315, 3,051,
2,956, 2,918, 2,848. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04
(d, 2H, J = 8.80Hz), 7.64 (d, 2H, J = 8.31Hz), 4.64 (t, 2H, J =
6.85 and 7.34Hz), 2.06 (m, 2H), 1.26 (m, 16H), 0.89 (t, 3H, J =
6.85Hz). 13CNMR (100MHz, CDCl3) δ ppm: 164.2, 132.1, 130.2,
127.2, 126.5, 124.6, 53.3, 29.6, 29.4, 26.4, 22.7, 14.1.

General Procedure for the Synthesis of
Compounds 5a–d
Compound (4a) (1.61 g, 4.73 mmol), 50mL of toluene, and
NaOH (0.246 g, 6.15 mmol) were combined in a 100mL round-
bottom flask. The solution was distilled while slowly heating, and
amixture of 8mL toluene/acetone was also distilled. The reaction
was monitored by TLC using hexane/ethyl ether (6:4) as eluent.
At room temperature, the solution was filtered through Celite R©

and vacuum-concentrated. The crude solid was purified by
column chromatography elution with a solution of hexane/ethyl
acetate (95:5), resulting in the desired product at a yield of
90% [40].

2-(2-Ethylhexyl)-5-(4-ethynylphenyl)-2H-tetrazole (5a)
Yield: 90%. m.p. 67◦C. IR (KBr) vmax/cm

−1: 3,291, 2,958, 2,920,
2,842. 1H NMR (CDCl3, 400 MHz) δ ppm: 8.10 (d, 2H, J =

8.31Hz), 7.52 (d, 2H, J = 8.31Hz), 4.57 (d, 2H, J = 6.85Hz), 2.10
(m, 1H), 1.39–1.26 (m, 8H), 0.94 (t, 3H, J= 7.34Hz), 0.89 (t, 3H,
J = 6.85Hz). 13C NMR (CDCl3, 100 MHz) δ ppm: 164.3, 132.1,
127.1, 126.6, 124.6, 95.6, 81.7, 56.2, 39.8, 31.4, 30.3, 28.4, 23.8,
22.8, 13.9, 10.4.

5-(4-Ethynylphenyl)-2-octyl-2H-tetrazole (5b)
Yield: 88%. m.p. 65◦C. IR (KBr) vmax/cm

−1: 3286, 2954, 2916,
2846. 1H NMR (CDCl3, 400MHz) δ ppm: 8.02 (d, 2H, J = 8Hz),
7.62 (d, 2H, J = 8Hz), 4.64 (t, 2H, J = 8Hz), 2.05 (q, 2H, J =
6.8Hz), 1.41-1.32 (m, 2H), 1.32-1.17 (m, 8H), 0.86 (t, 3H, J =
6.46Hz). 13CNMR (CDCl3, 100MHz) δ ppm:164.0, 131.9, 128.1,
126.4, 124.4, 53.2, 31.5, 29.2, 28.7, 26.2, 22.5, 13.9.

2-Decyl-5-(4-ethynylphenyl)-2H-tetrazole (5c)
Yield: 87%. m.p. 60◦C. IR (KBr) vmax/cm

−1: 3,286, 2,954, 2,916,
2,846. 1HNMR (CDCl3, 400MHz) δ ppm: 8.02 (d, 2H, J = 8Hz),
7.62 (d, 2H, J = 8Hz), 4.63 (t, 2H, J = 6Hz), 2.05 (q, 2H, J =
8Hz), 1.4-1.32 (m, 2H), 1.40-1.32 (m, 12H), 0.87 (t, 3H, J= 6Hz).
13C NMR (CDCl3, 100 MHz) δ ppm: 164.1, 132.0, 128.2, 125.4,
124.5, 53.2, 31.8, 29.4, 29.2, 28.8, 26.3, 22.6, 14.0. Anal. Calcd.
for C, 73,51%; H, 8.44%; N, 18.05% found C, 72.8%; H, 8.56%;
N, 18.27%.
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2-Dodecyl-5-(4-ethynylphenyl)-2H-tetrazole (5d)
Yield: 88%. m.p. 56◦C. IR (KBr) vmax/cm

−1: 3,290, 2,950, 2,920,
2,844. 1H NMR (400 MHz, CDCl3) δ ppm: 8.10 (d, 2H, J =

8.22Hz), 7.53 (d, 2H, J = 8.22Hz), 4.64 (t, 2H, J = 7.04Hz), 2.52
(s, 1H), 2.04 (m, 2H), 1.65 (s, 6H), 1.26 (m, 16H), 0.88 (t, 3H, J
= 6.46Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.4, 132.1,
126.6, 124.7, 95.6, 81.7, 65.6, 53.3, 31.9, 31.5, 29.6, 29.3, 29.5, 28.9,
26.3, 22.7, 14.1.

General Procedure for the Synthesis of
Compounds 9a–d
In a 100mL three-neck round-bottom flask, were mixed
compound 8 (0.190 g, 0.68 mmol), 45mL of dry Et3N,
bis(triphenylphosphine)palladium (II) dichloride (0.022 g, 0.03
mmol), and triphenylphosphine (0.080 g, 0.30 mmol). After
heating to 55◦C, copper iodide (0.030 g, 16 mmol) was added.
A 15-ml solution of respective aryl acetylene 5a (0.50 g, 1.47
mmol) in dry Et3Nwas then slowly added dropwise. The reaction
remained under reflux for 2 h, being monitored by TLC using a
mixture of hexane/ethyl ether (8:2) as the eluent. The mixture
was filtered, and the retained solid was dissolved in chloroform
and filtered. After concentrating the solvent, a yellow solid was
obtained at 71% yield.

4,7-Bis((4-(2-(2-ethylhexyl)-2H-tetrazol-5-

yl)phenyl)ethynyl)benzo[c][1,2,5]

oxadiazole (9a)
Yield: 71 %. m.p. 175◦C. IR (KBr) vmax/cm

−1: 2,970, 2,951, 2,810,
2,211. 1HNMR (400 MHz, CDCl3) δ ppm: 8.20 (dd, 4H, J =

6.8Hz, 2.0Hz), 7.77 (dd, 4H, J = 6.8Hz, 1.6Hz), 7.61 (s, 2H),
4.66 (t, 4H, J = 7.2Hz), 2.07 (q, 4H, J = 7.2Hz), 1.42-1.23 (m,
20H), 0.88 (t, 6H, J = 6.8Hz). 13C NMR (100 MHz, CDCl3) δ

ppm: 164.3, 149.4, 134.4, 132.6, 128.4, 126.9, 123.7, 112.6, 98.8,
85.3, 53.4, 31.7, 29.4, 29.0, 28.9, 26.4, 22.6, 14.1. ESI HRMS: calcd
for [C40H44N10O+H]+ 681.3772, found 681.3768.

4,7-Bis((4-(2-octyl-2H-tetrazol-5-

yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9b)
Yield: 77 %. m.p. 206◦C. IR (KBr) vmax/cm

−1: 2955, 2914, 2842,
2207. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (dd, 4H, J = 6.8,
1.6Hz), 7.77 (dd, 4H, J = 6.8Hz, 1.6Hz), 7.64 (s, 2H), 4.67 (t,
4H, J = 7.2Hz), 2.07 (q, 4H, J = 7.2Hz), 1.40-1.19 (m, 28H),
0.88 (t, 6H, J = 6.8Hz) ppm. 13C NMR (100 MHz, CDCl3) δ

ppm: 164.3, 149.4, 134.4, 132.5, 128.4, 126.8, 123.7, 112.6, 98.7,
85.3, 53.4, 31.9, 29.44, 29.38, 29.34, 29.2, 28.9, 26.4, 22.7, 14.1. ESI
HRMS: calcd for [C44H52N10O+H]+ 737.4398, found 737.4400.

4,7-Bis((4-(2-decyl-2H-tetrazol-5-

yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9c)
Yield: 82 %. m.p. 202◦C. IR (KBr) vmax/cm

−1: 3,035, 2,968, 2,922,
2,850, 2,202. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (d, 4H, J
= 8.4Hz), 7.78 (d, 4H, J = 8.4Hz), 7.28 (s, 2H), 4.67 (t, 4H,
J = 7.2Hz), 2.08 (q, 4H, J = 7.2Hz), 1.41-1.17 (m, 36H), 0.88
(t, 6H, J = 7.2Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.3,
149.4, 134.4, 132.6, 128.4, 126.8, 123.7, 112.6, 98.7, 85.3, 53.4,
31.9, 29.6, 29.5, 29.4, 29.3, 28.9, 26.4, 22.7, 14.1. ESI HRMS: calcd
for [C48H60N10O+H]+ 793.5024, found 793.5027.

4,7-Bis((4-(2-dodecyl-2H-tetrazol-5-

yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9d)
Yield: 79 %. m.p. 199◦C. IR (KBr) vmax/cm

−1: 3,031, 2,950, 2,918,
2,850, 2,209. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (d, 4H, J
= 8.4Hz), 7.78 (d, 4H, J = 8.4Hz), 7.64 (s, 2H), 4.59 (d, 4H, J
= 6.8Hz), 2.13 (q, 2H, J = 6.4Hz), 1.40-1.27 (m, 16H), 0.97 (t,
6H, J = 7.2Hz), 0.90 (t, 6H, J = 6.8Hz). 13C NMR (100 MHz,
CDCl3) δ ppm: 164.3, 149.4, 134.4, 132.5, 128.4, 126.8, 123.7,
112.6, 98.7, 85.3, 53.4, 31.9, 29.44, 29.38, 29.34, 29.2, 28.9, 26.4,
22.7, 14.1. ESI HRMS: calcd for [C40H44N10O+H]+ 681.3772,
found 681.3777.

RESULTS AND DISCUSSION

Synthesis and Spectroscopic
Characterization
The synthetic route for the preparation of the final desired
compounds, based on 1,2,5-benzoxadiazole 9a–d, is shown in
Scheme 1. The synthesis procedure adopted has been described
in a previous publication (Frizon et al., 2018). The synthesis
starts from the cyclization of 2-nitroaniline with sodium
hypochlorite with the catalyst TBAB (tetrabutylammonium
bromide) in a basic medium to obtain the N-oxide 6. In
sequence, the reduction of the N-oxide group using PPh3 in
xylene gives the heterocycle 2,1,3-benzoxadiazole 7 at 75%
yield. In the next stage, the selective bromination reaction of
2,1,3-benzoxadiazole 7 at positions 4 and 7 was performed
to obtain the 4,7-dibromo-2,1,3-benzoxadiazole (8). The
Sonogashira coupling reaction between the aryl dibromide 8 and
two equivalents of terminal aryl acetylenes 5a–d, synthesized
previously, allowed the desired compounds 9a–d to be obtained.
After purification in a chromatographic column, the final desired
compounds were obtained at good yields (71–82%). All of
the final compounds 9a–d synthesized were characterized
by proton and carbon-13 NMR, IR spectroscopy, and
mass spectrometry.

Photophysical Characterization
UV-Vis and Fluorescence
The photophysical properties of compounds 9a–d were
determined in chloroform solution at room temperature and are
presented in Table 1.

The absorption and emission spectra obtained for 9a–d in
chloroform solution are shown in Figure 1. All compounds
displayed similar absorption spectra with maxima at 419 nm,
which are attributed to a π-π∗ transition and showed high
molar absorption coefficients (∼3.4 × 10−4 L mol−1 cm−1),
which is characteristic of the benzoxadiazole heterocycle. Also,
after excitation at the lower energy band, all compounds
showed a strong bluish-green fluorescence emission in solution
(λFL = 450–650 nm), with emission maxima ranging from 494
to 498 nm. The values for the Stokes shifts for compounds
9a–d are in the range of 3,738–3,786 cm−1, indicating a
possible intramolecular charge transfer (ICT) in the excited state
(Neto et al., 2007). The fluorescence quantum yields (ΦFL) of
9a–d were determined in chloroform using quinine sulfate as
the standard (Φr = 0.55 in 0.5mol L−1 H2SO4). The ΦFL
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SCHEME 1 | Synthetic route to afford compounds 9a–d, where (i) NaN3, NH4Cl, DMF; (ii) butanone, K2CO3, RBr (R = CnH2n); (iii) Et3N, CuI, PPh3,

2-methyl-3-butyne-2-ol, PdCl2(PPh3)2; (iv) KOH, K3PO4, toluene; (v) TBAB, NaOH, NaClO, diethyl ether; (vi) PPh3, toluene; (vii) Br2/HBr; (viii) PdCl2(PPh3 )2, CuI,

triphenylphosphine (C6H5)3P, Et3N/THF.

values could be calculated using the equation (Fery-Forgues and
Lavabre, 1999): ΦFL = Φr (Fs/Fr)(Ar/As)(ηs/ηr), where s and r
denote the sample and reference, respectively, η is the solvent
refractive index, F is the integrated fluorescence intensity, and
A is the value of absorbance at the excitation wavelength used
to record the fluorescence spectrum. The values obtained are
summarized in Table 1, where it can be noted that all compounds
presented quantum yields (ΦFL) of 0.51 to 0.54. The values

obtained for compounds 9a–d are considerably higher than those

reported in our previous articles for compounds containing the

heterocycles 2,1,3-benzoselenadiazole (Regis et al., 2018) and

2,1,3-benzotiadiazole (Frizon et al., 2016).
The singlet excited-state lifetimes of compounds 9a–d in

CHCl3 solvent were investigated by time-resolved fluorescence
spectroscopy, using a wavelength of 401 nm for the excitation.
Compounds 9a–dwere evaluated in chloroform solution because
of the higher affinity of this solvent (due to the alkyl chains)
with the aromatic center. The singlet excited-state average
lifetimes for compounds 9a–d are shown in Table 1, and
their values are similar. All fluorescence decays at emission
maxima of compounds 9a–d (see Figure S1) were best fitted
by a bi-exponential function. The excited-state lifetimes and

TABLE 1 | Photophysical properties of 9a–d in CHCl3 solution.

Compound λmax
Abs /nm

a

(ε/104 mol

L−1 cm−1)b

λmax
FL /nma,c Stokes

Shift/cm-1a

Φ
d
FL τ

e
f /ns

9a 417 (3.0) 494 3,738 0.54 2.73

9b 419 (2.7) 498 3,786 0.52 2.68

9c 417 (3.6) 495 3,779 0.52 2.68

9d 419 (4.2) 498 3,786 0.51 2.68

aL mol-1 cm-1. b In chloroform solution (1.0 × 10-5 mol L-1 ). cExcited at absorption

maxima. dQuantum yields were determined with the quinine sulfate solution as reference

(ΦF = 0.55 in 0.5mol L−1 H2SO4 ).
eAverage lifetimes were calculated using τf =

Στ
2
i Ai/ΣτiAi due to multi-exponential profile. Fluorescence decays were measured at

maxima of the emission intensities of the compounds after excitation at 401 nm.

their relative amplitudes for 9a–d in chloroform solution are
shown in Table S1 (see ESI). The longer lifetimes (τ1) were
attributed here to the emission of monomeric 9a–d, while
the shorter lifetimes (τ2) were attributed to the emission of
9a–d aggregated in chloroform solution, even at 10−5 mol
L−1, since the molecular aggregation could reduce the excited-
state lifetimes due to the enhanced radiationless path of the
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FIGURE 1 | Absorbance (left) and emission (right) spectra for compounds 9a–d in CHCl3 solution (10−5 mol L−1).

FIGURE 2 | Absorbance (left) and emission (right) spectra for 9a in different solvents.

excited-state deactivation. With the exception of 9a, the relative
amplitudes of aggregate emissions (A2) were higher than 70%
in dilute chloroform solution (see Figure S1). The relative
amplitude A2 of 9a was close to 50%, showing the possible
influence of the branched chain in forming fewer aggregates
than the linear chain. A hypothesis of the aggregation of 9a–
d in chloroform solution is proposed based on the fluorescence
excitation measurements. The fluorescence excitation spectra
for 9a–d in chloroform solution are shown in Figure S2 and
compared with the absorption spectra. The excitation spectra for
the compounds show a different vibrational progression and are
red-shifted when compared to the absorption spectra, suggesting
aggregation, since the excitation spectrum should be identical
in shape to the absorption spectrum, provided that there is a
single species in the ground state. In contrast, the excitation and
absorption spectra are no longer superimposable when species
exist in different forms, such as aggregates, in the ground state
(Valeur, 2012). When compared with similar benzothiadiazole
derivatives previously reported by our group (Westrup et al.,
2016), the benzoxadiazole-based compounds 9a–d showed a

greater tendency toward aggregate formation. This could be
associated with the benzoxadiazole moiety and the higher dipole
moment of this heterocycle (Tobiason et al., 1973).

It was observed that the size of the alkyl chain did not
significantly influence the deactivation of the excited states,
suggesting that only the conjugated aromatic part contributes to
the frontier orbitals (HOMO and LUMO), which are responsible
for the radiative processes.

Solvatochromism
A solvatochromic study of compounds 9a–d was performed
to ascertain the role of solvent polarity in the absorption and
fluorescence emission. The UV-vis absorption and fluorescence
properties were measured in heptane (Hep), toluene (Tol),
chloroform (CHCl3), tetrahydrofuran (THF), acetone (Acet),
N, N-dimethylformamide (DMF), and acetonitrile (CH3CN)
solutions. The UV-Vis absorption and emission spectra for 9a in
various solvents are shown in Figure 2, and the specifics of the
absorption and fluorescence emission of these compounds are
listed in Table 2.
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With increasing solvent polarity, the absorption bands of
compound 9a showed a slight red-shift, indicating a small
solvatochromic effect on the ground state. The fluorescence
spectra showed a notable hypsochromic shift of the maximum
emission in heptane, toluene, and THF (less polar solvents)
and higher vibrational resolution when compared to CHCl3.
The largest hypsochromic shifts were observed for THF and
toluene (15 and 22 nm, respectively). This type of optical
behavior in apolar organic solvents is similar to that exhibited
by benzothiadiazole (Westrup et al., 2016). With the use of a
more polar solvent like N,N-dimethylformamide or acetonitrile,
a small hypsochromic shift in the emission maxima compared
to CHCl3 was also registered. This solvatochromism behavior
is observed in molecules exhibiting larger dipole moments and
charge transfer characteristics in the excited state, that is, an ICT
state (Liang et al., 2015).

The excited-state lifetimes and relative amplitudes of 9a

at 10−5 mol L−1 in heptane, toluene, tetrahydrofuran, and
acetone are shown in Table S2. In all solvents, 9a exhibited two
excited-state lifetimes. Except in heptane, the longer excited-state
lifetimes (τ1) were over 3 ns and the shorter lifetimes (τ2) ranged
from 2.2 to 1.8 ns. In addition, the shortest lifetime dominates
the fluorescence (A2) of compound 9a. The longer excited-
state lifetimes (τ1) were attributed here to monomeric emission
of 9a, while the shorter excited-state lifetimes (τ2) could be
associated with the emission provided by aggregates of molecules
9a in toluene, tetrahydrofuran (THF), and acetone solutions. In
heptane solution, the longest lifetime (τ1) of molecule 9a was
found to be 2.1 ns and the shortest lifetime (τ2) around 1.4 ns,
which could be related to the poor stabilization of the excited
state by the non-polar solvent. In addition, the contributions
of the longest lifetime (A1) and the shortest lifetime (A2) to
the emission of 9a in heptane were similar, suggesting that the
emission of 9a in heptane solution is provided equally by the
monomer and the aggregate of 9a.

The quantum yields of 9a in different solvents are shown in
Table S2. The quantum yields increase with increasing affinity
of the solvent for compound 9a. The quantum yields for 9a

were 0.27 in heptane solution and 0.71 in acetone solution. In
toluene, THF, and acetone solutions, the emission lifetime results
suggest that the aggregate dominates the emission of compound

TABLE 2 | The absorption and emission wavelengths, molar absorption

coefficient, and Stokes shifts of compound 9a in various solvents.

Compound Absorptionb

λmax(nm) (ε)a
Emissionc

λmax (nm)

Stokes shift

(cm−1)

9a (Hept) 416 (2.7 × 107) 487 3,505

9a (Tol) 420 (2.8 × 107) 477 2,845

9a (CHCl3) 420 (2.8 × 107) 499 3,769

9a (THF) 416 (2.7 × 107) 484 3,377

9a (Acet) 413 (2.7 × 107) 491 3,846

9a (DMF) 417 (2.8 × 107) 499 3,941

9a (CH3CN) 413 (2.7 × 107) 499 4,173

aL mol-1 cm-1. b [c] = 1.5 × 10-5 mol L-1. cExcited at absorption maxima.

9a; however, monomeric emission of 9a also contributes to the
fluorescence, mainly in acetone solution. As the ICT state is
known to be able to non-radiatively deactivate excited species,
the quantum yield results are in agreement with the proposed
molecular aggregation, which suppresses the ICT in the excited
state of the monomer and increases the quantum yield in polar
solvents (Liang et al., 2015).

Theoretical Modeling of the Electronic Structure and

Fluorescence
To gain a better understanding of the absorption and
luminescence properties of 9a–d, we carried out calculations
using DFT for a representative molecule without the aliphatic
carbon chains (9). The calculated frontier orbitals are shown
in Figure 3. It can be observed that the HOMO has major
contributions from the benzene ring of the benzoxadiazole
moiety and from the triple bonds, whereas the LUMO is mostly a
π∗ orbital delocalized over the benzoxadiazole. The HOMO (−2)
and HOMO (−1) are more evenly spread through the molecule,
while the LUMO (+1) is more centered in the benzoxadiazole
ring and LUMO (+2) in the benzene rings close to the tetrazole.

TD-DFT calculations were performed to acquire information
related to the excited states. The absorption spectra were
calculated and convoluted with Gaussians, reproducing the
experimental spectra, as shown for each molecule in Figure 4.
Table 3 shows some of the first two calculated transitions, which
were observed in the experimental spectra. To simulate the
solvent dependence, the linear response CPCM was used to
account for the effect of the solvent on the energy. The two
transitions predicted for 9 correspond to those observed in
the measured spectra, and, in all solvents, the lowest energy
transition originates from a HOMO → LUMO (95) excitation.
The calculated spectra showed the same solvent-dependence
observed in the UV-Vis spectra. With increasing solvent polarity,
the first excited state is predicted to be stabilized and the
transition matrix element of the dipole moment operator
decreases. These results, together with an analysis of the
molecular orbitals involved in the first electronic transition, lead
to the assignment of a π-π∗ transition with the characteristics of
a charge transfer excitation, thus explaining the large transition
dipole moment and Stokes shift observed.

The fluorescence spectra were also calculated for 9

using the path integral approach developed by our group
(Souza et al., 2018, 2019). The PBE0 functional was chosen
to obtain the adiabatic electronic energy differences. The
emission spectra, shown in Figure 5, are also consistent with
the experimental results. The emission peak was shifted for
the different solvents; for example, hexane and toluene showed
emission at higher energy compared with the other solvents.
The main vibrational progression observed in the experimental
spectra of non-polar solvents is due to the C=C and C=N
stretching modes, with the energy separation of these peaks
beginning at around 0.15 eV (1,200 cm−1).

Thermal Properties
The thermal properties of compounds 9a–d were obtained
by thermogravimetric analysis (TGA) (Figure 6). The DTG
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FIGURE 3 | Frontier molecular orbitals of 9 calculated using PBE0/def2-TZVP(-f).

FIGURE 4 | Theoretical absorption spectra calculated in different solvents using PBE0/def2-TZVP(-f) and convoluted with Gaussians of 0.25 eV width.

curves for the final compounds were processed from the TGA
curves. The complete degradation process indicates a mass
loss of around 100%. Three thermal events were observed
for these compounds, corresponding to a mass loss of almost
55% at an initial decomposition temperature of 220◦C, with
a maximum degradation rate observed at around 300◦C. The
second thermal event was detected at approximately 305◦C,
and this event is related to a loss of 51%. A small thermal

event was detected at ∼650◦C, and this event is related
to a loss of 4%.

Electrochemical Characterization
Compounds 9a–d show very distinct reduction processes in the
negative scan (Figure 7). The first may be associated with a
quasi-reversible reduction of the benzoxadiazole, indicating that
the benzochalcogen ring is reduced in preference to the triple
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bond. Benzochalcogen is a well-known heteroatomic compound
with a high electron-accepting part, because it has two electron-
withdrawing imine groups (C=N) (Omer et al., 2009).

TABLE 3 | Data for the TD-DFT excitations using PBE0/def2-TZVP(-f).

Energy

State eV Solvent shift f |<I|µ|F>|2 Attributiona

Hexane

S1 2.45 0.14 1.7804 29.67 H → L (95)

S2 3.04 0.19 0.0002 0.004 H-1 → L (88)

Toluene

S1 2.42 0.18 1.7323 29.25 H → L (95)

S2 3.00 0.23 0.0003 0.004 H-1 → L (88)

CHCl3

S1 2.40 0.18 1.6547 28.19 H → L (95)

S2 2.98 0.23 0.0003 0.004 H-1 → L (88)

THF

S1 2.40 0.17 1.6347 27.83 H → L (95)

S2 2.99 0.22 0.0003 0.004 H-1 → L (88)

Acetone

S1 2.40 0.16 1.6038 27.29 H → L (95)

S2 2.99 0.21 0.0003 0.004 H-1 → L (89)

DMF

S1 2.38 0.18 1.5804 27.15 H → L (95)

S2 2.95 0.90 0.0037 0.0521 H-3 → L (94)

Acetonitrile

S1 2.40 0.16 1.5962 27.16 H → L (95)

S2 3.00 0.21 0.0003 0.004 H-1 → L (89)

aTransitions with high percentage contributions are shown in parentheses.

Thus, in the case of 9a–d, this peak can be attributed to the
benzoxadiazole group and the reduction peak can probably be
assigned to the anion radical species. The second process that
occurs at much more cathodic values may be associated with an
irreversible electrochemical process with triple bond reduction
(Neto et al., 2005, 2013). In the positive scan, various oxidation
processes were observed, which probably include oxidation of the
tetrazole portion of the molecule, and this process could involve
the formation of an intermediate radical cation species.

The energies of HOMO and LUMO boundary orbitals of
π-conjugated systems (D-π-A-π-D), such as benzochalcogenic
derivatives, can be defined by the electron affinity (EA) and
ionization potential (IP). These can be accessed by the evaluation
of electron affinity (EA) and the ionization potential (IP), based
on the values of reduction and oxidation potentials obtained
by electrochemical assays (Neto et al., 2013; Frizon et al.,
2014). The EA and IP were determined using the following
empirical formula (Neto et al., 2005): EA = Eonset

red
+ 4.44 eV

and IP = Eonsetoxi + 4.44 eV, where Eonset
red

and Eonsetoxi are the onset
potentials of reduction and oxidation, respectively. These onset
potentials were corrected from Ag/Ag+ to NHE using the Fc/Fc+

pair. Analyses of the HOMO-LUMO energy level calculations
of 9a–d were performed from benzoxadiazole potentials. The
band gap values obtained by cyclic voltammetry and UV-
vis spectroscopy showed good agreement between the results
obtained with the two different techniques. The results of the
electrochemical assays conducted with 9a–d showed that changes
in the length of the alkyl group attached to the tetrazole
ring did not significantly influence the redox potentials of the
molecules. The Eelegap values obtained for molecules 9a-d were
higher than those for benzoselenadiazole (Regis et al., 2018)

FIGURE 5 | Predicted emission spectra calculated in different solvents using PBE0/def2-TZVP(-f).
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FIGURE 6 | Thermograms (TGA) and DTG curves of compounds 9a–d.

FIGURE 7 | Cyclic voltammogram of compounds 9a–d on a glassy carbon

electrode in 0.1 TBAPF6/CH2Cl2 at 100mV s−1.

and benzothiadiazole (Frizon et al., 2016). This change to
more positive values, obtained due to the addition of a heavier
chalcogen atom to the heterocycle, can be attributed to an
increase in the electronegativity of the chalcogens and proved to
be a relevant factor in determining the energies of HOMO and
LUMO (Kawashima et al., 2015; Ghosh et al., 2018).

The electrochemical data and optical band gaps obtained for
compounds 9a–d are summarized in Table 4.

TABLE 4 | Optical and electrochemical properties of compounds 9a–d, where

Eonsetoxi is the onset potential of oxidation, Eonsetred is the onset potential of reduction,

Ip (HOMO) is the ionization potential, Ea (LUMO) is the electron affinity, Eg is the

band gap, and λonset is the absorption onset wavelength.

Parameter Compound

9a 9b 9c 9d

Eonsetoxi (V)a 1.964 1.934 2.001 1.953

Eonsetred (V)a −0.726 −0.756 −0.476 −0.746

IP (HOMO) (eV)b −6.404 −6.374 −6.441 −6.393

EA (LUMO) (eV)c −3.714 −3.684 −3.994 −3.964

Eelegap(eV) 2.69 2.69 2.48 2.70

λonset (nm) 467.1 468.9 468.8 468.1

E
opt
gap (eV)d 2.65 2.64 2.64 2.65

avs. NHE; b IP= –(Eox+ 4,44) eV; cEA= –(Ered+ 4,44) eV; dOptical bandgap calculated on

the low energy band edge of the absorption spectrum (E
op
gap = 1240/λonset ).

CONCLUSIONS

In this study, a new series of fluorophores, with D-π-A-π-
D molecular architectures, based on 2,1,3-benzoxadiazole
derivatives, was synthesized and characterized. The
photophysical behavior of the compounds was evaluated by
combining the following spectroscopic techniques: UV-vis
absorption spectroscopy, stationary fluorescence spectroscopy,
and time-resolved spectroscopy. The series of molecules in
solution exhibited, in the visible region, a maximum absorption
(∼419 nm) that can be attributed to electronic transitions of the
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type π-π∗ (ε ∼3.4 × 10−4 L mol−1cm−1). Compounds 9a–d

exhibited intense fluorescence (ΦFL ∼0.5) located in the bluish-
green region (494–498 nm) with a solvent polarity dependence
resulting in a large Stokes shift (ca. 3,779 cm−1), which was
associated with an ICT in the excited state. The data obtained
fromDFT and TD-DFT indicate that the ground and first excited
states are a π-type orbital. Therefore, a π-π∗ transition with the
characteristics of a charge transfer excitation can be assumed,
confirming the ICT state. Compounds 9a–d showed a strong
tendency to form aggregates even in dilute solution, exhibiting in
CHCl3 solution longer and shorter lifetimes, on the nanosecond
timescale, which were here attributed to the emission of
monomeric and aggregated molecules, respectively. The thermal
characterization allowed the thermal stability of compounds
9a–d to be evaluated, and a high maximum degradation rate
was observed at around 300◦C. Small electrochemical band
gap (2.48 to 2.70 eV) and optical band gap (2.64 to 2.67 eV)
values were obtained for compounds 9a–d, these being in
agreement with results for similar compounds previously
reported in the literature. The redox potentials of 9a–d did not
change significantly with variations in the length of the alkyl
group attached to the tetrazole ring. The recognition of the
structure–property relationship of benzoxadiazole could guide
further studies in the search for luminescent materials with
better performance than benzothiadiazole.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

TF, AV, and JR conceived the project and wrote the manuscript.
TF, JR, AV, SS, and ML performed the synthesis and
characterization. AV, FS, TF, and TC studied the photophysical
properties (absorption and fluorescence spectra). HB, FG,
and TF studied the thermal properties. EZ performed the
electrochemical studies. GF and BS made the theoretical
predictions. SC and TC studied the singlet excited-state
lifetimes. All authors discussed the results and commented on
the manuscript.

ACKNOWLEDGMENTS

The authors gratefully acknowledge CAPES (001), CNPq
(433896/2018-3), UFMS, CNPq (MCTI/CNPq N◦ 422750/2018-
Universa; PIBIC; PIBIT; PQ-2), FAPEMIG, PROPP/UFOP (#
23109.003517/2018-85), and FAPESC (2019TR1055) for financial
support. The authors acknowledge CEBIME-UFSC for the
HRMS analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00360/full#supplementary-material

For compounds 9a–d, the absorption (Abs) and fluorescence
excitation (Ex) spectra, NMR spectra, FTIR spectra, and HRMS
are available in Figures S3–S23.

REFERENCES

Aguiar, L., Regis, E., Tuzimoto, P., Girotto, E., Bechtold, I. H., Gallardo,

H., et al. (2018). Investigation of thermal and luminescent properties in

4,7-diphenylethynyl-2,1,3-benzothiadiazole systems. Liq. Cryst. 45, 49–58.

doi: 10.1080/02678292.2017.1293854

Armarego,W. L. F., and Chai, C. L. L. (2003). Purification of Laboratory Chemicals,

5th ed. Amsterdam; Boston, MA: Butterworth-Heinemann.

Becke, A. D., and Johnson, E. R. (2005). A density-functional model of

the dispersion interaction. J. Chem. Phys. 123:154101. doi: 10.1063/1.20

65267

Bettanin, L., Saba, S., Doerner, C. V., Franco, M. S., Godoi, M., Rafique, J., et al.

(2018). NH4I-catalyzed chalcogen(S/Se)-functionalization of 5-membered

N-heteroaryls under metal-free conditions. Tetrahedron 74, 3971–3980.

doi: 10.1016/j.tet.2018.05.084

Bo, A. G. D., Durate, R. C., Cercena, R., Peterson, M., Rafique, J., Saba, S., et al.

(2018). New long-chain donor-acceptor-donor pyromellitic diimide (PMDI)

derivatives. A combined theoretical and experimental study.Dyes Pigments 157,

143–150. doi: 10.1016/j.dyepig.2018.04.053

Bo, A. G. D., Micheletto, Y. M. S., Giancomelli, F. C., Lopez, G., Sartor, M.

J. R. S., Rafique, J., et al. (2016). Synthesis of new monodendrons, gallic

acid derivatives, self-assembled in a columnar phase. Liq. Cryst. 43, 292–304.

doi: 10.1080/02678292.2015.1106013

Bouffard, J., and Swager, T. M. (2008). Fluorescent conjugated polymers

that incorporate substituted 2,1,3-benzooxadiazole and 2,1,3-benzothiadiazole

units.Macromolecules 41, 5559–5562. doi: 10.1021/ma8010679

Chemcraft (2019). Graphical Program for Visualization of Quantum Chemistry

Computations. Available online at: http://www.chemcraftprog.com/ (accessed

June 7, 2019).

Crosby, G. A., and Demas, J. N. (1971). Measurement of photoluminescence

quantum yields. Rev. J. Phys. Chem. 75, 991–1024. doi: 10.1021/j100678a001

Fang, H., Gao, H., Wang, T., Zhang, B., Xing, W., and Cheng, X. (2017).

Benzothiadiazole-based D-π-A-π-D fluorophores: synthesis, self-assembly,

thermal and photophysical characterization. Dyes Pigments 147, 190–198.

doi: 10.1016/j.dyepig.2017.07.045

Fery-Forgues, S., and Lavabre, D. (1999). Are fluorescence quantum yields so tricky

tomeasure? A demonstration using familiar stationery products. J. Chem. Educ.

76:1260. doi: 10.1021/ed076p1260

Frizon, T. E., Dal-Bó, A. G., Lopez, G., Silva Paula, M. M., and Silva,

L. (2014). Synthesis of luminescent liquid crystals derived from gallic

acid containing heterocyclic 1,3,4-oxadiazole. Liq. Cryst. 41, 1162–1172.

doi: 10.1080/02678292.2014.909954

Frizon, T. E. A., Duarte, R. C., Westrup, J. L., Perez, J. M., Menosso, G., Duarte, L.

G. T. A., et al. (2018). Synthesis, electrochemical, thermal and photophysical

characterization of quinoxaline-based π-extended electroluminescent

heterocycles. Dyes Pigments 157, 218–229. doi: 10.1016/j.dyepig.2018.

04.059

Frizon, T. E. A., Martínez, J. C. V., Westrup, J. L., Duarte, R., Zapp, E., Domiciano,

K. G., et al. (2016). 2,1,3-Benzothiadiazole-based fluorophores. Synthesis,

electrochemical, thermal and photophysical characterization. Dyes Pigments

135, 26–35. doi: 10.1016/j.dyepig.2016.07.011

Frizon, T. E. A., Rafique, J., Saba, S., Bechtold, I. H., Gallardo, H., and Braga,

A. L. (2015). Synthesis of functionalized organoselenium materials: selenides

and diselenides containing cholesterol. Eur. J. Org. Chem. 2015, 3470–3476.

doi: 10.1002/ejoc.201500124

Fu, H., Gao, X., Zhong, G., Zhong, Z., Xiao, F., and Shao, B. (2009). Synthesis

and electroluminescence properties of benzothiazole derivatives. J. Lumin. 129,

1207–1214. doi: 10.1016/j.jlumin.2009.06.004

Frontiers in Chemistry | www.frontiersin.org 12 May 2020 | Volume 8 | Article 360

https://www.frontiersin.org/articles/10.3389/fchem.2020.00360/full#supplementary-material
https://doi.org/10.1080/02678292.2017.1293854
https://doi.org/10.1063/1.2065267
https://doi.org/10.1016/j.tet.2018.05.084
https://doi.org/10.1016/j.dyepig.2018.04.053
https://doi.org/10.1080/02678292.2015.1106013
https://doi.org/10.1021/ma8010679
http://www.chemcraftprog.com/
https://doi.org/10.1021/j100678a001
https://doi.org/10.1016/j.dyepig.2017.07.045
https://doi.org/10.1021/ed076p1260
https://doi.org/10.1080/02678292.2014.909954
https://doi.org/10.1016/j.dyepig.2018.04.059
https://doi.org/10.1016/j.dyepig.2016.07.011
https://doi.org/10.1002/ejoc.201500124
https://doi.org/10.1016/j.jlumin.2009.06.004
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Frizon et al. Synthesis of New Fluorophores 2,1,3-Benzoxadiazole Derivatives

Gallardo, H., Conte, G., Tuzimoto, P. A., Behramand, B., Molin, F., Eccher, J.,

et al. (2012). New luminescent liquid crystals based on 2,1,3-benzothiadiazole

and bent five-membered N -heterocyclic cores. Liq. Cryst. 39, 1099–1111.

doi: 10.1080/02678292.2012.698313

Ghosh, S., Kumar, K. R., and Zade, S. S. (2018). Effects of chalcogen atom variation

in chalcogenadiazole fused indolo[2,3-a]carbazoles. N. J. Chem. 42, 6889–6895.

doi: 10.1039/C7NJ04661H

Göker, S., Hizalan, G., Udum, Y. A., and Toppare, L. (2014). Electrochemical

and optical properties of 5,6-bis(octyloxy)-2,1,3 benzooxadiazole

containing low band gap polymers. Synth. Met. 191, 19–27.

doi: 10.1016/j.synthmet.2014.02.010

Grimme, S., Antony, J., Ehrlich, S., and Krieg, H. (2010). A consistent and accurate

ab initio parametrization of density functional dispersion correction (DFT-D)

for the 94 elements H-Pu. J. Chem. Phys. 132:154104. doi: 10.1063/1.3382344

Grimme, S., Ehrlich, S., and Goerigk, L. (2011). Effect of the damping function

in dispersion corrected density functional theory. J. Comput. Chem. 32,

1456–1465. doi: 10.1002/jcc.21759

Izsák, R., andNeese, F. (2011). An overlap fitted chain of spheres exchangemethod.

J. Chem. Phys. 135:44105. doi: 10.1063/1.3646921

Izsák, R., Neese, F., and Klopper, W. (2013). Robust fitting techniques in the chain

of spheres approximation to the Fock exchange: the role of the complementary

space. J. Chem. Phys. 139:094111. doi: 10.1063/1.4819264

Johnson, E. R., and Becke, A. D. (2005). A post-Hartree–Fock model of

intermolecular interactions. J. Chem. Phys. 123:024101. doi: 10.1063/1.1949201

Johnson, E. R., and Becke, A. D. (2006). A post-Hartree-Fock model of

intermolecular interactions: inclusion of higher-order corrections. J. Chem.

Phys. 124:174104. doi: 10.1063/1.2190220

Kawashima, K., Osaka, I., and Takimiya, K. (2015). Effect of chalcogen atom on

the properties of naphthobischalcogenadiazolebased π-conjugated polymers.

Chem. Mater. 27, 6558–6570. doi: 10.1021/acs.chemmater.5b03124

Liang, Z., Wang, X., Dai, G., Ye, C., Zhou, Y., and Tao, X. (2015).

The solvatochromism and aggregation-induced enhanced emission

based on triphenylamine-propenone. N. J. Chem. 39, 8874–8880.

doi: 10.1039/C5NJ01072A

Lin, Z., Bjorgaard, J., Yavuz, A. G., and Köse, M. E. (2011). Low band gap star-

shaped molecules based on benzothia(oxa)diazole for organic photovoltaics. J.

Phys. Chem. C. 115, 15097–15108. doi: 10.1021/jp204593x

Liu, Z., He, J., Zhuang, H., Li, H., Li, N., Chen, D., et al. (2015). Effect of single atom

substitution in benzochalcogendiazole acceptors on the performance of ternary

memory devices. J. Mater. Chem. C 3, 9145–9153. doi: 10.1039/C5TC02274F

Marenich, A. V., Cramer, C. J., and Truhlar, D. G. (2009). Universal solvation

model based on solute electron density and on a continuum model of the

solvent defined by the bulk dielectric constant and atomic surface tensions. J.

Phys. Chem. B 113, 6378–6396. doi: 10.1021/jp810292n

Matzkeit, H. Y., Tornquist, B. L., Manarin, F., Botteselle, G. B., Rafique, J.,

Saba, S., et al. (2018). Borophosphate glasses: synthesis, characterization

and application as catalyst for bis(indolyl)methanes synthesis under greener

conditions. J. Non Cryst. Solids 498, 153–159. doi: 10.1016/j.jnoncrysol.2018.

06.020

Meirinho, A. G., Pereira, F. V., Martins, G. M., Saba, S., Rafique, J., Braga, A. L.,

et al. (2019). Electrochemical oxidative C(sp2)–H bond selenylation of activated

arenes. Eur. J. Org. Chem. 2019, 6465–6469. doi: 10.1002/ejoc.201900992

Neese, F. (2012). The ORCA program system. WIREs Comput Mol Sci. 2, 73–78.

doi: 10.1002/wcms.81

Neto, B. A. D., Lapis, A. A. M., Mancilha, F. S., Vasconcelos, I. B., Thum, C., Basso,

L. A., et al. (2007). New sensitive fluorophores for selective DNA detection.Org.

Lett. 9, 4001–4004. doi: 10.1021/ol701708y

Neto, B. A. D., Lapis, A. A. M., Silva Júnior, E. N., and da Dupont, J. (2013).

2,1,3-Benzothiadiazole and derivatives: synthesis, properties, reactions, and

applications in light technology of small molecules: 2,1,3-benzothiadiazole

and derivatives. Eur. J. Org. Chem. 2013, 228–255. doi: 10.1002/ejoc.2012

01161

Neto, B. A. D., Lopes, A. S., Ebeling, G., Gonçalves, R. S., Costa, V. E. U.,

Quina, F. H., et al. (2005). Photophysical and electrochemical properties of

π-extended molecular 2,1,3-benzothiadiazoles. Tetrahedron 61, 0975–10982.

doi: 10.1016/j.tet.2005.08.093

Neto, J. S. S., Balaguez, R. A., Franco, M. S., Macahado, V. C. S., Saba, S.,

Rafique, J., et al. (2020). Trihaloisocyanuric acids in ethanol: an eco-friendly

system for the regioselective halogenation of imidazo-heteroarene. Green

Chem. doi: 10.1039/D0GC00137F. [Epub ahead of print].

Niu, Q., Xu, Y., Jiang, J., Peng, J., and Cao, Y. (2007). Efficient polymer white-light-

emitting diodes with a single-emission layer of fluorescent polymer blend. J.

Luminesc. 126, 531–535. doi: 10.1016/j.jlumin.2006.10.004

Omer, K. M., Ku, S., Wong, K., and Bard, A. J. (2009). Green electrogenerated

chemiluminescence of highly fluorescent benzothiadiazole and fluorene

derivatives. J. Am. Chem. Soc. 131:10733. doi: 10.1021/ja904135y

Pati, P. B. (2016). Benzazole (B, N, O, S, Se and Te) based D-A-D type oligomers:

switch from electropolymerization to structural aspect. Org. Electron. 38,

97–106. doi: 10.1016/j.orgel.2016.07.035

Perdew, J. P., Burke, K., and Ernzerhof, M. (1996). Generalized

gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868.

doi: 10.1103/PhysRevLett.77.3865

Perdew, J. P., Burke, K., and Ernzerhof, M. (1997). Generalized

gradient approximation made simple. Phys. Rev. Lett. 78, 1396–1396.

doi: 10.1103/PhysRevLett.78.1396

Peterle, M. M., Scheide, M. R., Silva, L. T., Saba, S., Rafique, J., and Braga,

A. L. (2018). Copper-catalyzed three-component reaction of oxadiazoles,

elemental se/s and aryl iodides: synthesis of chalcogenyl (Se/S)-oxadiazoles.

ChemistrySelect 3, 13191–13196. doi: 10.1002/slct.201801213

Petrenko, T., Kossmann, S., and Neese, F. (2011). Efficient time-dependent

density functional theory approximations for hybrid density functionals:

analytical gradients and parallelization. J. Chem. Phys. 134:054116.

doi: 10.1063/1.3533441

Rafique, J., Saba, S., Franco, M. S., Bettanin, L., Schneider, A. R., Silva, L. T.,

et al. (2018b). Direct, metal-free C(sp2)–H chalcogenation of indoles and

imidazopyridines with dichalcogenides catalysed by KIO3. Chem. Eur. J. 24,

4173–4180. doi: 10.1002/chem.201705404

Rafique, J., Saba, S., Frizon, T. E. A., and Braga, A. L. (2018a). Regioselective,

solvent- and metal-free chalcogenation of imidazo[1,2-a]pyridines by

employing I2/DMSO as the catalytic oxidation system. ChemistrySelect 3,

328–334. doi: 10.1002/slct.201702623

Rafique, J., Saba, S., Rosario, A. R., and Braga, A. L. (2016). Fe3O4

nanoparticles: a robust and magnetically recoverable catalyst for direct C-

H bond selenylation and sulfenylation of benzothiazoles. Chem. Eur. J. 22,

11854–11862. doi: 10.1002/chem.201600800

Regis, E., Aguiar, L., de O. Aguiar, L., Girotto, E., Frizon, T. E., Dal, Bó A.

G., et al. (2018). Effect of heteroatom exchange (S/Se) in the mesomorphism

and physical properties of benzochalcogenodiazole-based liquid crystals. Dyes

Pigments 157, 109–116. doi: 10.1016/j.dyepig.2018.04.049

Rodigues, J., Saba, S., Joussef, A. C., Rafique, J., and Braga, A. L. (2018). KIO3-

catalyzed C(sp2)-H bond selenylation/sulfenylation of (hetero)arenes: synthesis

of chalcogenated (hetero)arenes and their evaluation for anti-Alzheimer

activity. Asian J. Org. Chem. 7, 1819–1824. doi: 10.1002/ajoc.201800346

Saba, S., Botteselle, G. V., Godoi, M., Frizon, T. E. A., Galetto, F. B., Rafique, J., et al.

(2017). Copper-catalyzed synthesis of unsymmetrical diorganyl chalcogenides

(Te/Se/S) from boronic acids under solvent-free conditions.Molecules 22:1367.

doi: 10.3390/molecules22081367

Saba, S., Rafique, J., and Braga, A. L. (2015). Synthesis of unsymmetrical

diorganyl chalcogenides under greener conditions: use of an Iodine/DMSO

system, solvent- and metal-free approach. Adv. Synth. Catal. 357, 1446–1452.

doi: 10.1002/adsc.201500024

Saba, S., Rafique, J., and Braga, A. L. (2016). DMSO/iodine-catalyzed oxidative

C–Se/C–S bond formation: a regioselective synthesis of unsymmetrical

chalcogenides with nitrogen- or oxygen-containing arenes. Catal. Sci. Technol.

6, 3087–3098. doi: 10.1039/C5CY01503K

Saba, S., Rafique, S., Franco, M. S., Schneider, A., Espindola, L., Silva, D. O.,

et al. (2018). Rose Bengal catalysed photo-induced selenylation of indoles,

imidazoles and arenes: a metal free approach. Org. Biomol. Chem. 16, 880–885.

doi: 10.1039/C7OB03177G

Saba, S., Santo, C. R., Zavaris, B. R., Naujorks, A. A. S., Franco, M. S., Schneider,

A. R., et al. (2020). Photoinduced, direct C(sp2)–H bond azo coupling of

imidazoheteroarenes and imidazoanilines with aryl diazonium salts catalyzed

by Eosin Y. Chem. Eur. J. 26, 4461–4466. doi: 10.1002/chem.202082063

Schäfer, A., Horn, H., and Ahlrichs, R. (1992). Fully optimized contracted

Gaussian basis sets for atoms Li to Kr. J. Chem. Phys. 97, 2571–2577.

doi: 10.1063/1.463096

Frontiers in Chemistry | www.frontiersin.org 13 May 2020 | Volume 8 | Article 360

https://doi.org/10.1080/02678292.2012.698313
https://doi.org/10.1039/C7NJ04661H
https://doi.org/10.1016/j.synthmet.2014.02.010
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.3646921
https://doi.org/10.1063/1.4819264
https://doi.org/10.1063/1.1949201
https://doi.org/10.1063/1.2190220
https://doi.org/10.1021/acs.chemmater.5b03124
https://doi.org/10.1039/C5NJ01072A
https://doi.org/10.1021/jp204593x
https://doi.org/10.1039/C5TC02274F
https://doi.org/10.1021/jp810292n
https://doi.org/10.1016/j.jnoncrysol.2018.06.020
https://doi.org/10.1002/ejoc.201900992
https://doi.org/10.1002/wcms.81
https://doi.org/10.1021/ol701708y
https://doi.org/10.1002/ejoc.201201161
https://doi.org/10.1016/j.tet.2005.08.093
https://doi.org/10.1039/D0GC00137F
https://doi.org/10.1016/j.jlumin.2006.10.004
https://doi.org/10.1021/ja904135y
https://doi.org/10.1016/j.orgel.2016.07.035
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1002/slct.201801213
https://doi.org/10.1063/1.3533441
https://doi.org/10.1002/chem.201705404
https://doi.org/10.1002/slct.201702623
https://doi.org/10.1002/chem.201600800
https://doi.org/10.1016/j.dyepig.2018.04.049
https://doi.org/10.1002/ajoc.201800346
https://doi.org/10.3390/molecules22081367
https://doi.org/10.1002/adsc.201500024
https://doi.org/10.1039/C5CY01503K
https://doi.org/10.1039/C7OB03177G
https://doi.org/10.1002/chem.202082063
https://doi.org/10.1063/1.463096
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Frizon et al. Synthesis of New Fluorophores 2,1,3-Benzoxadiazole Derivatives

Schäfer, A., Huber, C., and Ahlrichs, R. (1994). Fully optimized contracted

Gaussian basis sets of triple zeta valence quality for atoms Li to Kr. J. Chem.

Phys. 100, 5829–5835. doi: 10.1063/1.467146

Scheide, M. R., Schneider, A. R., Jardim, G., Martins, G. M., Durigon, D. C.,

Saba, S., et al. (2020). Electrochemical synthesis of selenyl-dihydrofurans via

anodic selenofunctionalization of allyl-naphthol/phenol derivatives and their

anti-Alzheimer activity. Org. Biomol. Chem. doi: 10.1039/D0OB00629G. [Epub

ahead of print].

Silva, L. T., Azeredo, J. B., Saba, S., Rafique, J., Bortoluzzi, A. J., and Braga,

A. L. (2017). Solvent- and metal-free chalcogenation of bicyclic arenes using

I2/DMSO as non-metallic catalytic system. Eur. J. Org. Chem. 2017, 4740–4748.

doi: 10.1002/ejoc.201700744

Song, Y., Funatsu, T., and Tsunoda, M. (2011). Amino acids analysis

using a monolithic silica column after derivatization with 4-fluoro-

7-nitro-2,1,3-benzoxadiazole (NBD-F). J. Chromatogr. B 879, 335–340.

doi: 10.1016/j.jchromb.2010.12.018

Souza, B., Farias, G., Neese, F., and Izsák, R. (2019). Predicting Phosphorescence

rates of light organic molecules using time-dependent density functional theory

and the path integral approach to dynamics. J. Chem. Theory Comput. 15:1896.

doi: 10.1021/acs.jctc.8b00841

Souza, B., Neese, F., and Izsák, R. (2018). On the theoretical prediction of

fluorescence rates from first principles using the path integral approach. J.

Chem. Phys. 148:034104. doi: 10.1063/1.5010895

Sumiya, S., Sugii, T., Shiraishi, Y., and Hirai, T. (2011). A benzoxadiazole–

thiourea conjugate as a fluorescent chemodosimeter for Hg(II)

in aqueous media. J. Photochem. Photobiol. Chem. 219, 154–158.

doi: 10.1016/j.jphotochem.2011.02.005

Tobiason, F. L., Heuestis, L., Chandler, C., Pedersen, S. E., and Peters,

P. (1973). The polar nature of 2,1,3-benzoxadiazole, -benzothiadiazole, -

benzoselenadiazole and derivatives as determined by their electric dipole

moments. J. Heterocycl. Chem. 10, 773–778. doi: 10.1002/jhet.5570100516

Tornquist, B. L., Bueno, G. P., Willig, J. C. M., Oliveira, I. M., Stefani,

H. A., Rafique, J. et al. (2018). Ytterbium (III) triflate/sodium dodecyl

sulfate: A versatile recyclable and water-tolerant catalyst for the

synthesis of bis(indolyl)methanes (BIMs). ChemistrySelect 3, 6358–6363.

doi: 10.1002/slct.201800673

Toyo’oka, T. (2004). “Indirect enantioseparation by HPLC using chiral

benzofurazan-bearing reagents,” in Methods in Molecular Biology. Chiral

Seperations: Methods and Protocols, Vol. 43, eds. G. Gübitz andM. G. Schmidth

(Totowa: Humana Press Inc.), 231–246.

Valeur, B. (2012). Molecular Fluorescence: Principles and Applications, 2nd Edn.

Paris: WILEY-VCH.

Wang, B., Pan, H., Jia, J., Ge, Y.-Q., Cai, W.-Q., Wang, J.-W., et al. (2014).

Highly emissive dimesitylboryl-substituted 2,1,3-benzothiadiazole derivatives:

photophysical properties and efficient fluorescent sensor for fluoride anions.

Tetrahedron 70, 5488–5493. doi: 10.1016/j.tet.2014.06.110

Weigend, F., and Ahlrichs, R. (2005). Balanced basis sets of split valence, triple zeta

valence and quadruple zeta valence quality for H to Rn: design and assessment

of accuracy. Phys. Chem. Chem. Phys. 7:3297. doi: 10.1039/b508541a

Westrup, J. L., Oenning, L. W., Silva Paula, M. M., Costa Duarte, R.,

Rodembusch, F. S., Frizon, T. E. A., et al. (2016). New photoactive D-π-A-π-D

benzothiadiazole derivative: synthesis, thermal and photophysical properties.

Dyes Pigments 126, 209–217. doi: 10.1016/j.dyepig.2015.12.003

Wu, G., Zhang, Y., Kaneko, R., Kojima, Y., Shen, Q., Islam, A., et al. (2017).

A 2,1,3-benzooxadiazole moiety in a D–A–D-type hole-transporting material

for boosting the photovoltage in perovskite solar cells. J. Phys. Chem. C 121,

17617–17624. doi: 10.1021/acs.jpcc.7b04614

Würth, C., Grabolle, M., Pauli, J., Spieles, M., and Resch-Genger, U. (2011).

Comparison of methods and achievable uncertainties for the relative and

absolute measurement of photoluminescence quantum yields. Anal. Chem. 83,

3431–3439. doi: 10.1021/ac2000303

Würth, C., Grabolle, M., Pauli, J., Spieles, M., and Resch-Genger, U. (2013).

Relative and absolute determination of fluorescence quantum yields of

transparent samples. Nat. Protocol. 8, 1535–1550. doi: 10.1038/nprot.2013.087

Zeng, S., Yin, L., Jiang, X., Li, Y., and Li, K. (2012). D-A-D low band

gap molecule containing triphenylamine and benzoxadiazole/benzothiadiazole

units: synthesis and photophysical properties. Dyes Pigments 95, 229–235.

doi: 10.1016/j.dyepig.2012.04.001

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Frizon, Vieira, da Silva, Saba, Farias, de Souza, Zapp, Lôpo,

Braga, Grillo, Curcio, Cazati and Rafique. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 14 May 2020 | Volume 8 | Article 360

https://doi.org/10.1063/1.467146
https://doi.org/10.1039/D0OB00629G
https://doi.org/10.1002/ejoc.201700744
https://doi.org/10.1016/j.jchromb.2010.12.018
https://doi.org/10.1021/acs.jctc.8b00841
https://doi.org/10.1063/1.5010895
https://doi.org/10.1016/j.jphotochem.2011.02.005
https://doi.org/10.1002/jhet.5570100516
https://doi.org/10.1002/slct.201800673
https://doi.org/10.1016/j.tet.2014.06.110
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/j.dyepig.2015.12.003
https://doi.org/10.1021/acs.jpcc.7b04614
https://doi.org/10.1021/ac2000303
https://doi.org/10.1038/nprot.2013.087
https://doi.org/10.1016/j.dyepig.2012.04.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Synthesis of 2,1,3-Benzoxadiazole Derivatives as New Fluorophores—Combined Experimental, Optical, Electro, and Theoretical Study
	Introduction
	Materials and Methods
	Materials and Methods
	Synthesis
	2,1,3-Benzoxadiazole-1-oxide (6)
	2,1,3-Benzoxadiazole (7)
	4,7-Dibromo-2,1,3-benzoxadiazole (8)
	5-(4-Bromophenyl)-2H-tetrazole (2)

	General Procedure for the Synthesis of Compounds 3a–d
	5-(4-Bromophenyl)-2-(2-ethylhexyl)-2H-tetrazole (3a)
	5-(4-Bromophenyl)-2-octyl-2H-tetrazole (3b)
	5-(4-Bromophenyl)-2-decyl-2H-tetrazole (3c)
	5-(4-Bromophenyl)-2-dodecyl-2H-tetrazole (3d)

	General Procedure for the Synthesis of Compounds 4a–d
	4-(4-(2-(2-ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4a)
	4-(4-(2-(2-Ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4a)
	2-Methyl-4-(4-(2-octyl-2H-tetrazol-5-yl)phenyl)but-3-yn-2-ol (4b)
	4-(4-(2-Decyl-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4c)
	4-(4-(2-Dodecyl-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4d)

	General Procedure for the Synthesis of Compounds 5a–d
	2-(2-Ethylhexyl)-5-(4-ethynylphenyl)-2H-tetrazole (5a)
	5-(4-Ethynylphenyl)-2-octyl-2H-tetrazole (5b)
	2-Decyl-5-(4-ethynylphenyl)-2H-tetrazole (5c)
	2-Dodecyl-5-(4-ethynylphenyl)-2H-tetrazole (5d)

	General Procedure for the Synthesis of Compounds 9a–d
	4,7-Bis((4-(2-(2-ethylhexyl)-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5] oxadiazole (9a)
	4,7-Bis((4-(2-octyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9b)
	4,7-Bis((4-(2-decyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9c)
	4,7-Bis((4-(2-dodecyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9d)


	Results and Discussion
	Synthesis and Spectroscopic Characterization
	Photophysical Characterization
	UV-Vis and Fluorescence
	Solvatochromism
	Theoretical Modeling of the Electronic Structure and Fluorescence

	Thermal Properties
	Electrochemical Characterization

	Conclusions
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


