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Three  [1,2,5]thiadiazolo[3,4-d]pyridazines  containing
4,7-positioned indole-type substituents were synthesized
from the corresponding 4,7-dibromo precursor employing
the SyAr aromatic nucleophilic substitution. Photophysical
properties and DFT calculations showed that the D-A-D
dyes based on [1,2,5]thiadiazolo[3,4-d]pyridazine core
exhibited fluorescence in the near infrared region of the
spectrum, which makes them promising for use as an active
emitting layer in NIR-OLEDs as well as for other possible
applications as an IR luminophore.
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Small organic molecules based on fused 1,2,5-thiadiazoles
containing donor (D) and acceptor (A) building blocks are
widely used to design various electronic devices such as dye
sensitized solar cells (DSSCs),! bulk heterojunction solar cells,?
n-type organic field-effect transistors,® materials capable of
luminescence in the entire visible range of the spectrum as well
as in the near infrared part of the spectrum. Special attention is
paid to structures of the donor-acceptor—donor (D-A-D) type
since the introduction of an additional donor improves the
properties of the intramolecular charge transfer (ICT)
mechanism.® Interest in dyes of this family is primarily associated
with the ability to widely vary donor and acceptor molecular
fragments, achieving the necessary characteristics of the target
products by fine tuning the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), and, consequently, the positions
absorption and luminescence maxima. Although various
acceptors based on fused derivatives of 1,2,5-thiadiazole such as
benzo[d][1,2,3]thiadiazole® or benzo[1,2-d:4,5-d'|bis([1,2,3]-
thiadiazole)” are known, there is a need to search for new
acceptor groups from heterocyclic systems based on
1,2,5-thiadiazole to create new highly efficient luminescent
materials with improved special properties.

Recently, quantum chemical calculations revealed that the
[1,2,5]thiadiazolo[3,4-d]pyridazine fragment has not only the
lowest HOMO energy but also the highest electron-withdrawing
properties, which should lead to a decrease in the energy gap in
D-A-D structures.® Indeed, it was shown that the introduction of
[1,2,5]thiadiazolo[3,4-d]pyridazine as a molecular fragment
with pronounced electronic acceptor properties into a conjugated
polymer consisting of thienyl donor substituents leads to a
decrease in the energy gap to 1.5eV and to a shift of the
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absorption spectrum to longer wavelengths in comparison with
analogous compounds based on pyridothiadiazoles.3® However,
until now, there have been no data on the luminescence
characteristics of compounds based on [1,2,5]thiadiazolo[3,4-d]-
pyridazine.

In this work, new compounds of the D-A-D type based on
[1,2,5]thiadiazolo[3,4-d]pyridazine acting as an acceptor, as
well as 1,2,3,3a,4,8b-hexahydrocyclohexa[blindole, 1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole,  1,2,3,4,4a,9a-hexahydro-9A2-
1,4-methanocarbazole, and carbazole acting as donor fragments
were obtained and investigated. The effect of the structure of
these molecular blocks on the luminescence characteristics of
the obtained dyes was established.

We have previously investigated the behavior of
4,7-dibromo[1,2,5]thiadiazolo[3,4-d]pyridazine 1 in nucleophilic
aromatic substitution (SyAr) reactions with a number of amines
and found the optimal conditions for the synthesis of disubstituted
derivatives [1,2,5]thiadiazolo[3,4-d]pyridazines of type 2
(Scheme 1).° Carrying out the reaction of dibromide 1 with two
equivalents of amine 3 in the presence of two equivalents of
triethylamine while refluxing the reaction mixture in MeCN for
3 h afforded the target products 2 most smoothly. We employed
the optimized conditions for nucleophilic substitution reactions
of 1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole 3a, 1,2,3,3a,4,8b-
hexahydrocyclohexa[b]indole 3b and 1,2,3,4,4a,9a-hexahydro-
9)2-1,4-methanocarbazole 3c and obtained bis-substitution
products 2a—c in high yields.

However, it was not possible to obtain another candidate for
high-performance luminescent compounds, namely, 4,7-di(9H-
carbazol-9-yl)benzo[c][1,2,5]thiadiazole 4, because dibromo
derivative 1 did not react with carbazole either under aromatic
nucleophilic substitution conditions as well as under Buchwald—
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Scheme 1 Reagents and conditions: i, Et;N, MeCN, 80 °C, 10-30 h; ii, DDQ, PhMe, A, 7 h.

Hartwig or Ullmann conditions due to the low nucleophilicity of
carbazole.®@® Meanwhile, a D-A-D-type compound 4 with two
carbazole moieties was successfully synthesized from
bis(hexahydrocarbazolyl) derivative 2b by its treatment with
DDQ (see Scheme 1).° The structures of the target compounds
D-A-D were unambiguously confirmed by elemental analysis,
IR, 'H and 3C NMR spectroscopy, high-resolution mass
spectrometry and mass spectrometry (see Online Supplementary
Materials).

Optical absorption spectra were measured for all studied
compounds 3a—c and 4 in solvents with different polarities. The
spectra consist of several spectral bands in the UV range of
wavelengths and one broad band in the visible range of the
spectrum, which is explained by the ICT process. For compound
4, the maximum of the ICT band is located in the spectral region
of 479-526 nm, depending on the polarity of the solvent, while
the other substances exhibit absorption in the orange-red region.
The main photophysical parameters such as absorption maximum
wavelength A,,, maximum molar extinction &, emission
maximum wavelength 1., and Stokes shift Av are given in
Table 1. It was found that with increasing solvent polarity, a
noticeable blue shift of the long-wavelength (ICT) band in the
absorption spectra occurs. In this case, the maximum shift of
ICT absorption wavelength by 30-40 nm from the positions
obtained for the solution in chloroform is observed for solutions
in acetonitrile (see Online Supplementary Materials, Figure S1
and Table S1).

The spectra obtained for 2a—c in the UV region are
qualitatively similar and have an absorption maximum at a
wavelength of 295-300 nm. The position of this short-wavelength
maximum does not depend on the polarity of the solvent and is
the same for compounds 2a—c, which indicates that this band is

Table 1 Experimental and calculated values of the main photophysical
parameters of the investigated substances (in CHCI,).

Aabs! Emad Aem! Stokes  Sp-S,¥
nm x10* nm shift/cm™ nm

479.8 0.36 HOMO--LUMO (95%)
482.2 0.35 HOMO--LUMO (96%)
499.4 0.33 HOMO--LUMO (95%)
434.6 0.28 HOMO--LUMO (90%)

Dye fa  Major contribution®

2a 580 3.1 706 3062
2b 568 1.0 802 5137
2c 595 6.1 751 3720
4 525 22 695 4623

aCalculated values.

associated with the n—n* electronic transfer, and the orbitals
involved in the transfer are delocalized throughout the molecule.
The introdution of the donor 9H-carbazol-9-yl fragment in
compound 4 resulted in the nt—r* transition band undergoing a
hypsochromic shift up to 275 nm (see Table S1).

The investigated substances 2a—c exhibit bright fluorescence
in the near infrared (NIR) range of the spectrum
(Amax = 700-900 nm), while compound 4 emits mainly in the
visible region of the spectrum (see Table S1 and Figure 1). The
luminescence maximum of substance 2b shifts to the NIR region
(Amax = 794-820 nm) with an increase in the polarity of the
solvent. Thus, this substance can be used as an emitting layer in
NIR-OLED and other possible applications as an NIR
luminophore. On the contrary, for other substances the
wavelength of the maximum radiation has a more complex
dependence on the polarity of the medium. We observe a red
shift of the emission maximum with increasing polarity;
however, in the polar solvent MeCN (Af = 0.305), the emission
maximum unexpectedly shifts towards shorter wavelengths by
151 nm for compound 2a and by 80 nm for compound 4. To
clarify the dependence of the emission maximum on the polarity
of the medium, additionally, the luminescence spectra of
compound 4 in DMF and acetone were obtained. It was found
that the wavelength of the maximum radiation is the same for
both solutions and slightly differs in comparison with solutions
with maxima for THF and DMSO (see Figure S3). Thus, the blue
shift of the luminescence band is a specific property for solutions
of these compounds in acetonitrile.

In order to gain insight into electronic transitions observed in
the spectra, we performed quantum chemical calculations using
the DFT and TD-DFT methods at the wB97XD/cc-pVDZ level
of theory. The estimated wavelengths of low-energy absorption
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Figure 1 Luminescence spectra recorded for (a) dye 2b and (b) dye 4.
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band and corresponding oscillator strengths are listed in Table 1.
The calculated absorption wavelengths are higher than
experimental ones but have the same trend. The oscillator
strength amplitudes are approximately the same (f = 0.28-0.36)
suggesting that altering of donor unit does not significantly
increase optical absorption. From the analysis of contributions of
single interactions and the frontier molecular orbitals obtained
for the dyes we conclude that long-wavelength absorption bands
can be assigned to intramolecular charge transfer process. The
transfer between the molecular orbitals HOMO and LUMO has
the largest contribution (90-95%) to the S-S, energy transfer.
According to Figure S4 (see Online Supplementary Materials),
HOMO s localized predominantly on the phenyl rings of the
donor fragments and on the pyridazine of the central acceptor,
opposite LUMO is localized on the acceptor block and nitrogen
atoms of the donor fragments. This result confirms that the long-
wavelength absorption band in the spectra is of the nature of
intramolecular charge transfer to the thiadiazolopyridazine
fragment.

In conclusion, new dyes based on [1,2,5]thiadiazolo[3,4-d]-
pyridazine exhibiting bright fluorescence in the near infrared
region of the spectrum were obtained. The introduction of
aromatic (carbazole) donor fragments into this molecule leads to
a spectral shift of the luminescence to the visible region of the
spectrum, and for dyes with two indoline donor fragments the
luminescence maximum is shifted to the NIR region
(Amax = 794-820 nm). In addition, several dyes were found to
exhibit unusual behavior of the luminescence maximum in a
polar medium. So, the use of acetonitrile as a solvent leads to a
change in the emission wavelength in the blue region of the
spectrum from 80-150 nm in comparison with less polar
solvents. Thus, D-A-D dyes based on thiadiazolopyridazine
were shown to exhibit fluorescence in the near infrared region of
the spectrum, which makes them a promising class of materials
for use as an active emitting layer in NIR-OLED, as well as for
other possible applications as an NIR phosphor.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.05.026.
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