Downloaded via 88.222.25.29 on July 14, 2026 at 09:41:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IESAPPLIED
ELECTRONIC MATERIALS

This article is licensed under CC-BY 4.0 € (®

pubs.acs.org/acsaelm

Bright Benzindolo-Benzochalcogenazolo-Based N,N-Coordinated
Difluoroboron Complexes Exhibiting Yellow Electroluminescence
Targeting White Organic Light Emitting Diodes

Published as part of ACS Applied Electronic Materials special issue “Early Career Forum 2026”.

Stepan Kutsiy, Hanna M. Zinchenko, Yurii Kovtun, Yuliia Sadova, Andrii Hotynchan, Dmytro Volyniuk,*
Justyna Mech-Piskorz, Pavlo Stakhira, Gonzalo Angulo, Juozas V. Grazulevicius,*

and Mykhaylo A. Potopnyk*
I:I Read Online

Article Recommendations |

Cite This: ACS Appl. Electron. Mater. 2026, 8, 5372—-5383

ACCESS |

ABSTRACT: Three benzindolo—benzochalcogenazolo-based boron difluoride
complexes (bI-NNB-bCh) incorporating benzoxazole, benzothiazole, and benzo-
selenazole acceptor units were synthesized and studied as emissive materials for
organic light-emitting diodes (OLEDs). The compounds exhibit favorable electro-
chemical and photophysical properties, enabling their integration into vacuum-
deposited OLEDs. Devices employing a conventional OLED host produce
yellow—green electroluminescence with external quantum efficiencies (EQE, . )
of 3.80%. Among the investigated emitters, the benzothiazole derivative delivers
the best device performance, consistently with its higher photoluminescence
quantum yield of 96% in the polymeric matrix. Replacing an OLED host exhibit-
ing thermally activated delayed fluorescence results in near-white electrolumines-
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cence, demonstrating the critical influence of host—guest interactions and
excited-state environments on emission characteristics. Under these conditions,

close to 25% enhancement of EQE, . was achieved for the benzothiazole-based devices emitting near-white electroluminescence with
color coordinates of (0.38; 0.42). These results highlight heteroaromatic acceptor engineering within the bI-NNB-bCh framework as
an effective strategy for tuning photophysical properties and OLED performance.
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B INTRODUCTION

Organic light-emitting diodes (OLEDs) have turned out to be a
potent innovation for next-generation display and solid-state

Among various emissive materials, difluoroboron (BF,) com-
plexes have gained significant interest due to their outstanding
optical features, including high fluorescence quantum yields,
narrow emission bands, and notable structural tunability.”

lighting applications because of their advantages, such as low
power consumption, mechanical flexibility, and the ability to
produce highly saturated colors.'™® In particular, white
OLEDs (WOLEDs) are attracting considerable attention for
lighting and full-color display technologies, as they can provide
high color rendering quality and tunable emission through the
combination of multiple emissive components.* Achieving effi-
cient and stable white emission, however, requires the develop-
ment of emitters with precisely controlled photophysical
properties, including high luminescence efficiency, suitable
emission wavelengths, and good thermal and electrochemical
stability.” In this context, yellow and orange emitters play a cru-
cial role in WOLED architectures because they bridge the spec-
tral gap between green and red components, and contribute
significantly to balanced white light generation.’
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These characteristics make BF,-based fluorophores promising
candidates for electroluminescent devices,® !' solid-state
lasers,"' ~'* bioimaging'*~"” and supramolecular'®'? applica-
tions. Structural modification of m-conjugated ligands coordi-
nated to the N,N-chelated difluoroboron center can enhance
molecular rigidity and conjugation, thereby suppressing non-
radiative decay pathways and improving emission efficiency.””
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On the other hand, careful molecular design of heteroatom-
containing fused aromatic systems offers unique opportunities
to modulate frontier molecular orbitals, enabling fine control
over absorption and emission characteristics."'

Fused heteroaromatic scaffolds represent promising building
blocks for high-performance OLED emitters.”’ Their extended
m-conjugation and planar structures favor strong light absorp-
tion and high oscillator strengths, which are essential for achiev-
ing high brightness.”” Furthermore, the incorporation of
chalcogen atoms (O, S, or Se) provides additional opportunities
to fine-tune electronic properties, intermolecular interactions,
and spin—orbit coupling effects, thereby influencing emission
efficiency and charge-transport behavior,”® and can be useful
in the receiving WOLEDs.”* In this context, benz[c,d]indolo-
based scaffolds, when fused with benzochalcogenazole motifs,
provide an extended and rigid conjugated system that can pro-
mote radiative decay while suppressing nonradiative path-
ways.”>?®  However, systematic studies on such fused
heterocyclic ligands in N,N-coordinated difluoroboron com-
plexes has received limited attention, particularly in the context
of electroluminescent device applications.

Recently, we developed N,0O-coordinated benzochalcogenazolo-
based boron difluoride complexes, Ph-ONB-bCh (Figure 1la),
which exhibit relatively high photoluminescence in the solid
state.” However, owing to significant intramolecular rotational
freedom and the resulting nonradiative deactivation of the excited
dye molecules, these compounds show negligible emission in solu-
tion. Restricting intramolecular motion is essential for enhancing
their emissive properties in solution and provides a clear rationale
for further structural modification. Taking this into account, we
decided to modify the molecular structure by exchanging benzoyl
group into rigid benzo[c,d]indole unit.

Therefore, in this research, we describe the design, synthesis,
and photophysical study of benzindolo-benzochalcogenazolo-
based N,N-coordinated difluoroboron complexes bI-NNB-bCh
(Figure 1b), rigidified analogues of Ph-ONB-bCh. The molecu-
lar architecture combines a rigid fused heteroaromatic backbone
with a BF, coordination center to achieve a strong orange emis-
sion and high luminescence efficiency. Detailed spectroscopic
and electrochemical studies reveal the influence of the
chalcogen-containing framework on the electronic structure and
emission behavior of the complexes. Furthermore, their electrolu-
minescent performance was evaluated in OLEDs, demonstrating
bright orange emission suitable for incorporation into warm
white OLED systems. The results highlight the potential of
benzindolo-benzochalcogenazolo-derived  difluoroboron com-
plexes as efficient orange emitters and provide valuable insights
into the molecular design of advanced luminescent materials
for high-performance WOLED applications.

B RESULTS AND DISCUSSION
Synthesis and Characterization

Compounds 1-3 (Scheme 1) were obtained by a one-pot syn-
thesis starting from benz[c,d]indol-2(1H)-one (4) and benzo
[d]azol-2-amines 5—7, using phosphoryl chloride (POCL,) in
hot toluene, followed by treatment with boron trifluoride ethe-
rate (BF;-OEt,) in the presence of N,N-diisopropylethylamine
(DIPEA). The starting benzo[d]oxazol-2-amine (5) and ben-
zo[d]thiazol-2-amine (6) are commercially available, whereas
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benzo[d][1,3]selenazol-2-amine (7) was synthesized from
2,2"diselanediyldianiline (8)*® by treatment with hypopho-
sphorous acid and cyanogen bromide (BrCN) in hot ethanol.
The synthesized compounds were characterized by 'H, *C,
F, 77Se NMR spectroscopy and high-resolution mass spec-
trometry (HRMS).

The thermal properties of compounds bI-NNB-bCh were
studied by thermogravimetric analysis (TGA) and differential
scanning  calorimetry  (DSC). TGA  measurements
(Figure Slac,e in the Supporting Information) showed that
boron difluoride complexes 1, 2, and 3 exhibit decomposition
temperatures (T, defined as 5% weight loss) of 312, 318, and
343 °C, respectively, under a nitrogen atmosphere.

DSC analysis (Figure S1b,d,f in the Supporting Information)
revealed that, during the first heating from —10 to 290 °C, com-
pounds 1, 2, and 3 exhibit clear melting transitions at 281, 263,
and 271 °C, respectively. Next, upon subsequent cooling from
290 to —10 °C, each compound shows a single crystallization
peak at 252, 236, and 236 °C for boron difluoride complexes
1, 2, and 3, respectively. During the second heating cycle, the
melting temperatures remain nearly unchanged at 281, 262,
and 271 °C for compounds 1, 2, and 3, respectively.

Overall, the investigated compounds demonstrate high ther-
mal stability and reproducible phase transitions, supporting their
suitability for vacuum-deposited optoelectronic applications.

Quantum Chemical Calculations

To guide the interpretation of the measured photophysical
properties of boron difluoride complexes bI-NNB-bCh quan-
tum chemical calculations were employed. The ground state
geometries were optimized at B3LYP functional with 6-
31G(d) basis set employing an additional SDD method on
the selenium atom. Because of the planar configuration of all
synthesized fluorophores, a great extent of m-electron conjuga-
tion occurs. Consequently, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) take up the whole molecules (Figure 2). The intro-
duction of heavier chalcogens such as sulfur or selenium barely
influence frontier orbitals energies. Therefore, HOMO ener-
gies equal to —5.90, —5.82 and —5.83 eV whereas LUMO ener-
gies reach values of —2.62, 2.65 and 2.69 eV for dyes 1, 2, and
3, respectively. Nevertheless, a slight difference in
HOMO-LUMO energy gap occurs: 3.28, 3.17 and 3.14 eV,
which suggests a bathochromic shift of absorption spectra in
the order benzoxazole — benzothiazole — benzoselenazole
derivatives. In contrast to Ph-ONB-bCh,>” rigidified derivatives
bI-NNB-bCh possess higher HOMO energies and lower
values of LUMO resulting in decreasing HOMO-LUMO
energy gap. These results assume bathochromic shift of absorp-
tion bands for bI-NNB-bCh in comparison to Ph-ONB-bCh.

In order to shed light on the influene of chalcogen nature on
photophysical behavior of boron difluoride complexes 1-3
energies of singlet and triplet states, as well as spin-orbit cou-
pling matrix elements (SOCMEs) were estimated using PBEO
functional ~with ZORA-DEF2-TZVP  basis set and
RI-SOMF(1X) function to accelerate the spin-orbit coupling
(SOC) integrals in Orca 6.0 (Table S2 in the Supporting
Information).

The calculations reveal that for compounds 1 and 2 SOC
between the first singlet (S,) and triplet excited states (T,) is
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Figure 1. Benzochalcogenazolo-based boron difluoride complexes Ph-ONB-bCh (a) and bI-NNB-bCh (b).

Scheme 1. Synthesis of Boron Difluoride Complexes 1—3
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Figure 2. Optimized ground-state geometries, HOMO, and LUMO distribution for compounds 1-3.

low with the values of 0.27 and 0.28 cm™', respectively.
Whereas for selenium-containing analogue 3 this value is higher
and reaches 1.03 cm ™', which is consistent with the heavy atom
effect. Interestingly, SOCME values for the same transition are
higher for the corresponding compounds of Ph-ONB-bCh*’
series.

On the other hand, the energy gap between S, and T, is rel-
atively large for thermally activated delayed fluorescence
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(TADF) phenomenon (1.12, 1.04 and 1.03 eV for dyes 1, 2,
and 3, respectively, Table S3 in the Supporting Information),
hence de-excitation pathway T; — S; with following S; — S,
could barely occur. In contrast, the energy gap between the sec-
ond triplet excited state (T,) and S, is significantly lower (0.12,
0.12, and 0.09 eV for compounds 1, 2, and 3, respectively).
However, the corresponding SOCME values remain moder-
ate: 1.48, 0.32, and 1.00 cm ™" for dyes 1, 2, and 3, respectively.

https://doi.org/10.1021/acsaelm.6c00557
ACS Appl. Electron. Mater. 2026, 8, 53725383


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
http://pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.6c00557

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

These results indicate that, although the incorporation of
heavier atoms is generally expected to enhance SOC and facili-
tate reverse intersystem crossing (RISC), this effect is not dom-
inant in the present system.

Based on our theoretical calculations, the SOCMEs and the
relevant excited-state energy alignments (including T, energy
levels and T,—S, energy gaps) do not favor efficient RISC in
these compounds. In particular, relatively large singlet—triplet
energy gaps and/or unfavorable energetic alignment between
excited states may limit the effectiveness of the heavy-atom
effect. These findings suggest that the photophysical behavior
is governed more by the overall electronic structure and
excited-state energetics than by the presence of heavy atoms
alone.

Electrochemical Properties

The electrochemical properties of fluorophores bI-NNB-bCh
were investigated by cyclic voltammetry (CV) (Figure S2 in
the Supporting Information). The ionization potentials (IPs)
and electron affinities (EAs) were estimated using the relations
IP = E®** _+ 4.8 and EA = E®™*_, + 4.8, where E®™*'__and
E°set  denote the onset oxidation and reduction potentials,
respectively (Table 1). The IP values follow the order benzoxa-
zole — benzothiazole — benzoselenazole derivatives, amount-
ing to 5.90, 5.79, and S5.73 eV, for dyes 1, 2, and 3,
respectively, consistent with the increase in the HOMO energy
level. Conversely, the EA values decrease only slightly (3.29,
3.28, and 3.24 eV for dyes 1, 2, and 3, respectively), revealing
minor changes in the LUMO energy level across the series.
Accordingly, the HOMO—-LUMO gaps decrease along the
series (Eg = 2.61, 2.51, and 2.49 eV for compounds 1, 2, and
3, respectively), in agreement with the observed bathochromic
shift in the absorption spectra.

Photophysical Properties

We investigated the absorption and photoluminescence (PL)
properties of dyes 1-3 in dilute toluene solutions (Figure 3,
Table 2). Compared with Ph-ONB-bCh compounds,”’ the
benz[c,d]indole-containing analogues bI-NNB-bCh exhibit pro-
nounced bathochromic shifts in both absorption and steady-
state PL spectra. Consequently, compounds 1-3 display
lowest-energy absorption bands in the blue region, which are
more vibronic in shape due to the rigidified molecular structure.
The benzoxazole-containing compound 1 possesses a main
absorption peak at 439 nm. The benzothiazole (2) and benzo-
selenazole (3) counterparts show bathochromically shifted
absorption maxima at 452 and 459 nm, respectively, with shoul-
ders observed at 483 and 488 nm. TD-DFT calculations assign
these main absorption bands to the S, — S, electronic transi-
tion (Table S1 in the Supporting Information). The series
clearly demonstrates a systematic bathochromic shift in absorp-
tion following the order: benzoxazole — benzothiazole —
benzoselenazole.

The PL spectra of boron difluoride complexes 1-3 in toluene
closely mirror their low-energy absorption profiles. Emission
maxima are observed at 513, 527, and 533 nm for dyes 1, 2,
and 3, respectively (Figure 3). In sharp contrast to Ph-ONB-
bCh compounds, which exhibit weak PL quantum vyields
(PLQYs) in toluene (<5%),”” the bI-NNB-bCh dyes show
exceptionally high PLQYs: 90, >99, and 92% for the benzoxa-
zole, benzothiazole, and benzoselenazole derivatives, respec-
tively (Table 2).
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Table 1. Onset Oxidation and Reduction Potentials,
Ionization Potentials, and Electron Affinities of Compounds
1-3

dye  E™ (V) B (V)" TP (V) EBA(eV)!  E, (eV)

1 1.10 -1.51 5.90 3.29 2.61

2 0.99 -1.52 S5.79 3.28 2.51

3 0.93 -1.56 S.73 3.24 2.49
“E°™et  — oxidation potential. onmetre 4 — reduction potential.

‘IP — the ionization potential obtained from cyclic voltammetry,
IP = E™™__+ 4.8. “EA — the electron affinity, EA = E°™ , + 4.8.
‘Energy gap, E, = IP — EA.

Time-resolved PL measurements (Figure 3b) reveal nanosec-
ond lifetimes of 6.3, 5.7, and 5.0 ns for dyes 1, 2, and 3, respec-
tively. These correspond to very high radiative rate constants,
increasing along the series benzoxazole — benzothiazole —
benzoselenazole (1.45 X 10°% s™' — 1.74 x 10% s™' — 1.84 X
10® s7'). Non-radiative rate constants are approximately 1.6 X
107 s™" for the benzoxazole- and benzoselenazole-containing
dyes, and less than 1.8 X 10° s for the benzothiazole
derivative.

To evaluate the solvent effect on the photophysical proper-
ties, we also investigated compounds bI-NNB-bCh in chloro-
form. The absorption and emission characteristics are very
similar to those observed in the corresponding toluene solu-
tions (Figure S3, Table S4 in the Supporting Information).

To further assess the influence of the surrounding environ-
ment in the solid state, dye-doped polymer films were prepared.
Poly(methyl methacrylate) (PMMA) was s chosen as the poly-
mer matrix owing to its high optical transparency and excellent
film-forming properties. To minimize intermolecular interac-
tions between dye molecules, the measurements were carried
out using thin films with a low doping concentration (the
dye-to-polymer ratio was fixed at 1:99, w/w). The emission
spectra of the resulting films closely resemble those recorded
in toluene solution, with emission maxima at 511, 525, and
531 nm for dyes 1, 2, and 3, respectively (Figure 4, Table 2).
As observed in solution, the benzothiazole derivative exhibits
the highest efficiency in the PMMA matrix, reaching a PLQY
of 96%, whereas the benzoxazole and benzoselenazole deriva-
tives (1 and 3) display PLQYs of 79-80%.

Excited-state lifetimes were also determined and follow a
similar trend, decreasing from the benzoxazole-containing dye
1 (7.1 ns) to the benzoselenazole analogue 3 (5.8 ns). No
long-lived emission decay components were detected for the
investigated dyes (Figure SS in the Supporting Information).

The PL properties of the solid powders of dyes 1-3 were also
investigated. In the solid state, all compounds exhibit pro-
nounced bathochromic shifts in their emission spectra com-
pared to those observed in solution and in PMMA films. The
PL maxima of corresponding boron complexes 1 and 3 are cen-
tered at 638 and 609 nm, respectively, with relatively low PLQY
values of 8-10%. In contrast, benzothiazole-containing dye 2
displays a markedly red-shifted emission with A, = 699 nm,
accompanied by a comparatively high PLQY of 47%
(Table S5, Figure S6 in the Supporting Information). Such a
substantial red shift in the solid state can be attributed to inter-
molecular interactions, most likely involving exciplex formation
or enhanced n—m interactions between neighboring molecules.
The significantly higher solid-state PLQY of benzothiazole

https://doi.org/10.1021/acsaelm.6c00557
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https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.6c00557/suppl_file/el6c00557_si_001.pdf
http://pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.6c00557

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a) 1.00 (b) 1034

in toluene in toluene
------ —1 —1
ceeeee—2 —2

20754 AR RN —3 —3

£ 2

o £10

[=4 3

2 0.50- 8

I TRl

E

5 10" 4

Z 0254

300 400 500 600 700 800 40 60 80 100
Wavelength (nm) Time (ns)

Figure 3. Normalized absorption (dashed lines) and emission (solid lines) spectra (a) and lifetime decay curves (b) of the solutions of compounds 1
(black), 2 (red), and 3 (blue) in toluene (C = 1.0 X 107> M; A, = 430 nm). Inset: the photographs of the measured solutions taken under a 365 nm
UV light illumination.

Table 2. Photoluminescence Properties of Compounds 1—3 in Toluene Solutions and the PMMA-Blended Films

dye A (nm)* e (M cm_l)b App, (nm)* PLQY (%)d T (ns)* k, (x10° s_l)/ k.. (x107 s~ )¢
439 20,500 $13/511 90/80 62/7.1 1.45/1.13 1.61/2.82
452 25,000 527/525 >99/96 5.7/6.1 >1.74/1.57 <0.18/0.66
3 457 31,500 $33/531 92/79 5.0/5.8 1.84/1.36 1.60/3.62

“Wavelength of the absorption maximum, measured in toluene (at 298 K at C = 2.0 X 107> M). "Molar absorption coefficient at the maximum
absorption. “Wavelength of the photoluminescence maximum, measured in toluene (at 298 K at C = 2.0 X 107° M)/PMMA (1 wt % of the
dye). “Photoluminescence quantum yields in toluene/PMMA. ‘Fluorescence lifetime in toluene/PMMA. Rate constant of radiative deactivation

in toluene/PMMA. k., = ®/7. $Rate constant of non-radiative deactivation in toluene/PMMA. k_ = (1 — ®)/7.

@ 1.0 inPMmA | ®) 10°
1

c 0.8 —2

S —3

7]

é’ » 10%4

w 0.6 1 2 3 g

el

$ O O Ol

S 0.4-

E 10"
0.2
0.0 1001

600 700 800
Wavelength (nm)

500

40

Time (ns)

Figure 4. Normalized photoluminescence spectra (a) and lifetime decay curves (b) of the solutions of compounds 1 (black), 2 (red), and 3 (blue) in

PMMA (1 wt % of the dye; A

ex

= 430 nm). Inset: the photographs of the measured samples taken under a 365 nm UV light illumination.

derivative 2 is likely associated with differences in molecular
packing and intermolecular interactions, which can suppress
non-radiative decay pathways. This behavior is consistent with
trends observed for related benzochalcogenazole-based boron
difluoride complexes reported in our previous studies.''?’
The pronounced differences between the PL spectra measured
in solution and in the solid state are advantageous for white-
light generation, which is highly desirable for optoelectronic
applications.

Electroluminescence Properties

Compounds bI-NNB-bCh were evaluated as emitters in
OLEDs, considering their photophysical and electrochemical
properties, yielding PLQYs of 96% in polymer matrix and
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HOMO/LUMO energy levels that enable charge injection
under electrical excitation. Furthermore, the compounds exhibit
greenish-yellow emissions in the polymer matrix, while their
powder forms exhibit whitish emission (Figure S6 in the
Supporting Information), indicating their potential for white
electroluminescence. Moreover, their emission can be com-
bined with blue emission to achieve white light generation.

In light of these attributes, the electroluminescence (EL)
study was structured in two parts: (i) evaluation of the electro-
luminescent performance of bI-NNB-bCh within a conven-
tional device architecture, and (ii) incorporation of a blue
TADF host/emitter to enable the development of near-white
electroluminescent devices. All devices were fabricated using a
vacuum deposition method. Optimal device performance was

https://doi.org/10.1021/acsaelm.6c00557
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achieved for emitting layers containing an emitter concentration
of 10 wt %. At this concentration, improved charge transport
and more efficient exciton formation within the emissive layer
are likely achieved. Additionally, the higher dopant loading facil-
itates better energy transfer and charge balance, which are crit-
ical for enhancing electroluminescence efficiency.

First, devices employing a host—guest emitting layer with
3,3-di(9H-carbazol-9-yl)—1,1-biphenyl (mCBP) as the host
were fabricated with the structure ITO/HATCN (15 nm)/
NPB (40 nm)/TCTA (5 nm)/mCBP:10 wt % emitter (15
nm)/TSPO1 (5 nm)/TPBi (45 nm)/LiF (0.4 nm)/Al (120
nm) (Figure Sa). In this architecture, indium tin oxide (ITO)
and Al act as the transparent anode and cathode, respectively.
1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile ~ (HATCN)

and LiF serve as the hole- and electron-injection materials,
while NPB  (N,N-di(1-naphthyl)-N,N-diphenyl-(1,1-biphe-
nyl)—4,4-diamine) functions as the hole-transport material.
Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) acts as an exciton-
and electron-blocking material owing to its high-lying LUMO
level, facilitating effective exciton confinement within the emit-
ting layers. Diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide
(TSPO1) operates as a hole-blocking material due to the
electron-deficient diphenylphosphine oxide moiety, whereas
2,2/2"-(1,3,5-benzenetriyl)tris( 1-phenyl-1H-benzimidazole)

(TPBi) serves as the electron-transport material (Figure S,
Table 3). These devices exhibit turn-on voltages of 4.40 V for
device A and 4.59 V for devices B and C, with maximum lumi-
nance values of 2984-3315 cd m™2 Among them, the
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Table 3. Characteristics of OLEDs A—F

device  emitter V., (V)* L(cdm )" CE(cdA™') PE(ImwW')* EQE (%)
A 1 4.40 3315 8.24 539 3.46/2.78/1.61
B 2 459 2984 7.90 477 3.80/3.28/1.79
C 3 4.59 3236 6.01 3.85 2.62/1.50/0.93
D 1 4.00 1976 520 3.62 3.04/2.36/1.26
E 2 3.69 2308 623 4.60 4.74/3.63/2.00
F 3 3.69 1837 7.44 5.84 3.28/2.16/1.05

CIE,/
(0.42; 0.54)
(0.41; 0.54)
(0.45; 0.51)
(0.34; 0.43)
(0.35; 0.41)
(0.36; 0.47)

CEE,/
(0.19; 0.56)
(0.19; 0.56)
(0.22; 0.56)
(0.18; 0.52)
(0.20; 0.51)
(0.18; 0.53)

CRI®

S1
60
49
78
69
58

CCT" (K)

3862
3882
3285
4843
4269
4596

2 b

“Turn-on voltage at 1 cd m Maximum luminance. ¢

Maximum current efficiency. “Maximum power efficiency. “Maximum external quantum effi-

ciency and EQE at 100 and 1000 cd m_2 fCommission Internationale de I'Eclairage color coordinates CIE,, (CIE1931) and CIE, , (CIE1976) at
10V. #Color rendering indexes at 10 V. "Correlated color temperature at 10 V.

@ A ®)
21 24
. 243 27 252 27 o B ) By
-3 5TCzBN I:iF./AI %Q Il @
< 1 1
2 320]|[-328] | -324 Bu—L NN N~ J-Bu
> 4 NPB  [TCTA _ —
o 44 Dye1||Dye2| | Dye3 TSPOY - eI BN NO-IrBu
() S N W
ﬁ -47 0 / i ~
4™ o0 Bu - ‘Bu
— 590 || 579 | | 573 Bu Bu
-6 § ) -5.83 575 5TCzBN
<
G
-7 6.79 -6.7
75
< 10
e I )
300 ] P R P it
b = y
] - 5 p
g < qé ég 4 .04C‘O&!n---..ll..--‘
< N
IS 02 o W
~ 200 L E
= o 2
‘® ] o c
5 o 5
o { ¥ £ O g1
1004 3 £ET
2 ] . a— device DF10° =2 5 device D
8 ] +—device E i . dev!ce E
01 : . —r—gevice Fl . 0.01 device F
4 6 8 10 12 14 16 1 10 100 1000
Voltage (V) Luminance (cd m™?)

Figure 6. EL properties of near-white OLEDs with emitting layers of compounds 1-3 doped in STCzBN (devices D—F): schematic illustration of
the device architecture with the corresponding energy levels (a), chemical structure of STCzBN (b); current density and luminance as a function of

voltage (c); and external quantum efficiency as a function of luminance (d).

benzothiazole-based emitter 2 provides the highest external
quantum efficiency (EQE,,,) of 3.80%, while device A, incor-
porating the benzoxazole emitter 1, achieves 3.46%. In contrast,
device C, based on the Se-containing fluorophore 3, shows the
lowest EQE, . (2.62%).

Second, the device architecture was further modified to
either enhance EQE values or achieve near-white EL using the
emitter/host 2,3,4,5,6-pentakis(3,6-di-tert-butyl-9H-carbazol-9-
yl)benzonitrile (STCzBN) with efficient sky-blue TADF.*
The resulting devices had the structure ITO/HATCN (15
nm)/NPB (40 nm)/TCTA (5 nm)/STCzBN:10 wt % emitter
(25 nm)/TSPO1 (S nm)/TPBi (45 nm)/LiF (0.4 nm)/Al
(120 nm) (Figure 6). In this configuration, the benzothiazole-
based emitter 2 again demonstrates the best performance,
reaching an EQE__  of 4.74% and a maximum luminance of

5378

2308 c¢d m™2 The enhanced EQE of device D is attributed to
triplet harvesting via TADF in the STCzBN host. This is evi-
dent from the comparison of PL decay curves (Figure 7a) of
the light-emitting layers 2(10 wt %):mCBP and 2(10 wt
%):STCzBN, corresponding to devices B and D, respectively.
The 2(10 wt %):mCBP layer exhibited a monoexponential PL
decay with an emission lifetime () of 4.5 ns, only slightly faster
than that in toluene solution (5.7 ns). In contrast, the PL decay
curve of 2(10 wt %):STCzBN showed a biexponential decaying
behavior (t, = 6.0 ns, T, = 29.8 ns, Figure 7a) consistent with
efficient TADF-assisted triplet harvesting. Devices D and F,
incorporating emitters 1 and 3, exhibited slightly lower efficien-
cies, with EQE_values of 3.04 and 3.28%, respectively. This
trend correlates with the higher PLQY of emitter 2 relative to
emitters 1 and 3, while the heavy-atom effect associated with

https://doi.org/10.1021/acsaelm.6c00557
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Figure 8. Electroluminescence spectra of OLEDs A—C (a) and D—F (b) at 10 V and corresponding color coordinates of devices A—F in the CIE

1931 chromaticity diagram (c).

the selenium-containing fluorophore did not significantly
enhance the EL efficiency under the applied device conditions.

The yellow EL of devices A—C corresponds to the
Commission Internationale de I'Eclairage (CIE,, and CIE,,)
coordinates of (x = 0.43—0.47, y = 0.50—0.53) and (u =
0.19-0.22, v & 0.56), color rendering indexes (CRI) of 49-60
and correlated color temperature (CCT) of 3285-3882 K
(Table 3, Figure 6). The electroluminescence of devices D—F
corresponds to CIE coordinates of (x = 0.36—0.38, y =
0.42—0.47) and (u = 0.18—0.20, v = 0.51—0.53), CRI of 58—
78, and CCT of 4269—4843 K (Table 3, Figure 8c). Analysis
of these color parameters indicates that device E exhibits
warm white emission, whereas the remaining devices display
near-white electroluminescence.

The EL spectra of devices A—F (Figure 8a,b) closely resem-
ble the PL spectra of the corresponding light-emitting layers
(Figure S7 in the Supporting Information). In both cases —
namely, the mCBP-based devices A—C and the STCzBN-
based devices D—F — the electroluminescence spectra exhibit
vibronic structure, showing the same number of vibronic bands
but with different relative intensities. No distinct bands attribut-
able to host emission were identified, indicating efficient host—-
guest energy transfer within the studied emitters.

The multivibronic-band EL spectra of devices A—F are
unusual and require further analysis, at least across different
applied voltages (Figure S9 in the Supporting Information).
Emitter 2 enabled the fabrication of devices B and D, which
exhibited the highest EQE values. These devices showed consis-
tent EL spectra across different voltages, with only minor varia-
tions in the relative intensities of the vibronic bands. The most
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intense narrow band, observed at 632 nm for device D, exhib-
ited a full width at half-maximum (FWHM) of only 30 nm.
This band was not detected in the toluene and chloroform solu-
tions of compound 2 but was clearly visible in solid samples,
such as powder, 2 (10 wt %):mCBP, 2 (10 wt %):STCzBN,
and even 2 (1 wt %):PMMA (Figures 4a, 7b, and S6 in the
Supporting Information). These observations suggest that the
red—near-infrared emission bands of compound 2 arise from
solid-state molecular packing or crystallization, where molecular
motions — including those of fluorine atoms — are fully
restricted.

B CONCLUSIONS

In conclusion, three benzindolo-benzochalcogenazolo-based
boron difluoride complexes (bI-NNB-bCh) were prepared
and their electrochemical and photophysical properties were
investigated. These fluorophores incorporating benzoxazole,
benzothiazole, and benzoselenazole heterocycles were evaluated
as emissive materials for OLED applications. The compounds
exhibit favorable photophysical and electrochemical properties,
enabling their successful integration into vacuum-deposited
OLED architectures. Devices employing mCBP as the host pro-
duce yellow—green electroluminescence with maximum lumi-
nance values up to 3315 cd m™> and external quantum
efficiencies (EQE,_ . ) reaching 3.80%. Among the investigated
emitters, the benzothiazole derivative consistently delivers the
best device performance, which correlates with its higher photo-
luminescence quantum yield in the solid state.
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Further modification of the device architecture through
replacement of mCBP with STCzBN as the host enables the
generation of near-white electroluminescence, highlighting the
important role of host—guest interactions and excited-state
environment in tuning device emission characteristics. Under
these conditions, the device incorporating the benzothiazole
emitter achieves the highest performance, with an EQE_, of
4.74% and a maximum luminance of 2308 ¢cd m™2. In contrast,
incorporation of the heavier selenium atom in the benzoselena-
zole analogue does not lead to improved electroluminescence
efficiency, indicating that the heavy-atom effect plays a limited
role in the present system.

Overall, this study demonstrates that fine tuning of hetero-
aromatic acceptor units within the bI-NNB-bCh framework
provides an effective strategy for modulating photophysical
properties and OLED performance. The results highlight the
benzothiazole motif as a particularly promising structural ele-
ment for the development of efficient fluorescent emitters and
underline the importance of host selection and device architec-
ture optimization for achieving a desirable emission color and
device efficiency. These findings provide useful guidelines for
the future design of heterocycle-based OLED emitters.

Il EXPERIMENTAL SECTION
General

All reagents and chemicals (analytical grade or higher) were purchased
from commercial suppliers (TCI, Acros Organics, Thermo Scientific,
or Roth) and used without further purification. Synthesized com-
pounds were purified by flash column chromatography on silica gel
(Merck, 230-400 mesh). The progress of the reactions was monitored
by thin-layer chromatography (TLC) using commercially available alu-
minum plates coated with silica gel (60 F,,, Merck).

Instrumental Methods

NMR spectra were recorded on a Varian Mercury 400 MHz spectrom-
eter (400 and 375 MHz for "H and "°F NMR, respectively) or a Varian
VNMRS 500 MHz spectrometer (500, 125, 470, and 95 MHz for 'H,
3C, '°F, and 7’Se NMR, respectively) at room temperature in CDCL.
Chemical shifts were referenced to the residual solvent peak.*® Signal
multiplicities are reported as "br s", "d", "dd", "ddd", "dddd", or "m", cor-
responding to broad singlet, doublet, doublet of doublets, doublet of
doublets of doublets, doublet of doublets of doublets of doublets,
and multiplet, respectively. The data were processed using
MestReNova software.

High-resolution mass spectra (HRMS) were acquired using a
Synapt G2-S HDMS (Waters Inc.) mass spectrometer equipped with
an atmospheric-pressure chemical ionization (APCI) source and a
quadrupole time-of-flight (q-TOF) mass analyzer. Instrument control
and data processing were performed using the MassLynx v4.1 software
package (Waters Inc.). Spectra were recorded in APCI mode.

TGA and DSC measurements were carried out at a heating rate of
S °C/min under nitrogen atmosphere using a TGA/DSC 3+
(Mettler Toledo apparatus) and DSC 3 (Mettler Toledo equipment),
respectively.

Ground-state geometries of compounds 1-3 were optimized at the
B3LYP/6-31G(d) level using Gaussian 16 Main-group elements
employed the 6-31G(d) basis set, while the selenium atom was addi-
tionally treated with the SDD (Stuttgart/Dresden) effective core
potential,32 which includes relativistic effects. This B3LYP/6-31G(d)/
SDD approach has been extensively validated for heavy-atom sys-
tems.*> Molecular orbitals were visualized using GaussView 6.0.**
Spin-orbit coupling matrix elements as well as energies of singlet and
triplet states were calculated using PBEO method with ZORA-DEF2-
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TZVP basis set and RI-SOMF(1X) function to accelerate the spin-
orbit coupling integrals in Orca 6.0.

Cyclic voltammetry measurements were performed at room tem-
perature using a Bio-Logic SAS SP-200 potentiostat. Solutions of
the studied compounds were prepared in dry acetonitrile containing
tetrabutylammonium hexafluorophosphate as the supporting electro-
Iyte. Experiments were conducted in a three-electrode setup compris-
ing an Ag/AgCl reference electrode, a glassy carbon working
electrode, and a platinum wire auxiliary electrode, with ferrocene
(Fc) added as an internal standard. Voltammograms were recorded
at a scan rate of 50 mV s~ '. All potentials are referenced to the
Fc/Fct redox couple.

UV—vis absorption spectra of the solutions were recorded at room
temperature using a Shimadzu UV-3600i Plus spectrophotometer.
Steady-state fluorescence emission spectra were measured on an
Edinburgh Instruments FSS spectrophotometer (Edinburgh, UK) with
a xenon lamp as the excitation source. Absolute fluorescence quantum
yields were determined using a calibrated SC-30 integrating sphere,
with excitation at the appropriate absorption wavelength for each sam-
ple. Photoluminescence decay curves of both solution and PMMA
films were acquired using a pulsed diode laser (PDL 820, PicoQuant,
Aoy = 374 nm) in conjunction with a time-correlated single-photon
counting (TCSPC) technique. All measurements were conducted at
room temperature.

OLEDs

Devices were fabricated by vacuum deposition at pressures below 2 X
107 mbar using a Kurt J. Lesker system integrated into an MBraun
MB EcoVap4G glovebox. Pre-patterned ITO-coated glass substrates
(Ossila; sheet resistance 20 Q sq~'; eight pixels of 4.5 mm? each) were
used. The substrates were sequentially cleaned by ultrasonication in
Hellmanex solution, deionized water, and isopropanol, followed by
drying under a stream of argon after each step. Subsequently, they were
treated with UV—ozone for 30 min (Ossila cleaner), inspected under
UV light, and immediately transferred to the glovebox.

The deposition system was equipped with two organic and two
metal sources, as well as quartz crystal microbalance sensors connected
to an SQC-310C controller, calibrated using a Profilm3D profilometer.
This configuration enabled simultaneous control of deposition rates
from two sources, allowing the formation of host—guest layers with
approximately 10 wt % dopant via co-evaporation. Film and
device thicknesses were verified using the profilometer. Current
density—voltage (J—V) and luminance—voltage (L—V) characteristics
were measured using an HP414SA semiconductor parameter analyzer.
Luminance was measured with a calibrated photodiode, and EL spectra
were recorded using an Ocean Optics USB2000 spectrometer. Device
efficiencies were calculated from the measured luminance, current den-
sity, and EL spectra. CIE 1931 and CIE 1976 coordinates were deter-
mined using software for an Edinburgh Instruments FLS980
spectrophotometer. Correlated color temperature (CCT) and color
rendering index (CRI) values were calculated using an online calcula-
tor (Waveform Lighting, https://www.waveformlighting.com/tech/
color-rendering-index-calculator; accessed April 28, 2026).

Synthesis

Benzold][1,3]selenazol-2-amine (7). To a stirred solution of
2,2’-diselanediyldianiline (8, 350 mg, 1.02 mmol) and hypophosphor-
ous acid (50% aqueous solution, 224 pL, 2.0S mmol) in ethanol
(10 mL), cyanogen bromide (325 mg, 3.07 mmol) was added slowly
at room temperature. The reaction mixture was heated at 80 °C for
2 h. The progress of the reaction was monitored by TLC. During this
time, the starting material was completely consumed. Next, the reac-
tion mixture was concentrated under reduced pressure, and the residue
was treated with saturated aqueous sodium bicarbonate solution to
adjust the pH to 8. The mixture was extracted with DCM (3 X
20 mL), and the combined organic layers were dried over Na,SO,.
The solvent was removed in vacuo, and the residue was recrystallized
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from isopropanol to afford amine 7 (201 mg, 50%). '"H NMR
(500 MHz, CDCL,): & = 7.62 (1H, dd, ] = 7.9 Hz, ] = 0.8 Hg,
Ar—H), 7.54 (1H, dd, ] = 8.0 Hz, ] = 0.7 Hz, Ar—H), 7.30 (1H,
ddd, ] = 8.5 Hz, ] = 8.2 Hz, ] = 1.2 Hz, Ar—H), 7.06 (1H, ddd, | =
8.6 Hz, ] = 7.9 Hz, ] = 12 Hz, Ar—H), 5.67 (2H, br. s, NH,) ppm;
3C NMR (125 MHz, CDCL,): § = 166.09, 153.73, 134.81, 126.40,
12443, 122.65, 120.58 ppm; "'Se NMR (95 MHz, CDCL,): & =
525.67 ppm. HRMS (APCI) caled for C,H,N,Se [M + H]*:
198.9774, found: 198.9777.

General Procedure for Synthesis of Dyes 1-3. Compounds
1-3 were prepared using a modified literature procedure.”® A mixture
of benz[¢,d]indol-2(1H)-one (4, 200 mg, 1.18 mmol, 1 equiv), the cor-
responding benzo[d]azol-2-amine 5—7 (2.36 mmol, 2 equiv), and
phosphoryl chloride (0.6 mL, 6.50 mmol, 5.5 equiv) in toluene
(10 mL) was refluxed for 3 h, during which time the benz[cd]indol-
2(1H)-one spot disappeared on TLC. After cooling to 40 °C, N,N-dii-
sopropylethylamine (2.0 mL, 11.82 mmol, 10 equiv) was added, and
the mixture was stirred at 40 °C for 20 min. Then, boron trifluoride
etherate (2.0 mL, 16.55 mmol, 14 equiv) was then added, and the
reaction mixture was stirred at 60 °C for 12 h. After cooling to room
temperature, water (50 mL) was added, and the mixture was extracted
with DCM (3 X 40 mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography on silica gel
using hexanes/DCM (100:0 to 50:50, v/v) as the eluent.

8,8-Difluoro-8H-8)\* 9)\*-benzo[cd]benzo[4’,5loxazolo[3’,2":1,6]
[1,3,5,2]triazaborinino[3,4-alindole (1). was obtained in 32% yield
(127 mg) from amine 5 (317 mg) as the starting material, following gen-
eral procedure. "H NMR (400 MHz, CDCL,): § = 840 (1H, d, ] = 7.1
Hz, Ar—-H), 821 (1H, d, ] = 80 Hz, Ar—H), 7.87-7.74 (4H, m,
Ar—H), 7.66 (1H, dd, ] = 83 Hz, ] = 7.2 Hz, Ar—H), 7.57 (1H, dd,
] =87 Hz, ] = 7.5 Hz, Ar—H), 747 (1H, dd, ] = 89 Hz, ] = 7.6 Hg,
Ar—H), 742 (1H, dd, ] = 88 Hz, ] = 7.7 Hz, Ar—H) ppm; *C NMR
(125 MHz, CDCIs): 8 = 165.77, 162.79, 146.73, 139.56, 133.39, 131.05,
129.61, 129.55, 129.31, 12899, 127.40, 12647, 12629, 125.70, 12421,
115.19, 115.09, 11129 ppm; 'F NMR (375 MHz, CDCL): § = —
14090 (2H, dd, J = S1.5 Hz, ] = 25.6 Hz, BF,) ppm. HRMS (APCI)
caled for C,H,oBN,O F, [M]: 333.0885, found: 333.0888.

8,8-Difluoro-8H-8).*9).*-benzolcd]benzo[4’,5'lthiazolo[3',2":1,6]
[1,3,5,2]triazaborinino[3,4-alindole (2). was obtained in 41% yield
(170 mg) from amine 6 (355 nm) as the starting material, following gen-
eral procedure. "H NMR (500 MHz, CDCL,): § = 8.34 (1H, d, ] = 72
Hz, Ar—H), 8.17 (2H, dd, ] = 7.9 Hz, ] = 6.8 Hz, Ar—H), 7.82 (1H,
dd, ] = 7.8 Hz, ] = 7.5 Hz, Ar—H), 7.80—7.72 (3H, m, Ar—H), 7.66
(1H, dd, ] = 8.1 Hz, ] = 7.5 Hz, Ar—H), 7.58 (1H, dd, ] = 8.3 Hg,
J =75 Hz, Ar—H), 743 (1H, dd, ] = 7.9 Hz, ] = 7.5 Hz, Ar—H) ppm;
BC NMR (125 MHz, CDCL): & = 172.86, 162.26, 141.09, 139.81,
132.88, 129.65 (2C), 12924, 12901, 127.99, 127.46, 126.83, 126.54,
12576, 123.84, 12212, 118.54, 11463 ppm; F NMR (375 MHz,
CDCL): 6 = -139.87 (2H, dd, ] = 57.6 Hz, ] = 28.7 Hz, BF,) ppm.
HRMS (APCI) caled for CgH;BN;F,S [M]™: 349.0657, found:
349.0664.

8,8-Difluoro-8H-8).%,91*-benzo[cd]benzo[4',5'][1,3]selenazo-
lo[3,2":1,6][1,3,5,2]triazaborinino[3,4-alindole (3). was obtained
in 18% yield (83 mg) from amine 7 (466 mg) as the starting material,
following general procedure. 'H NMR (500 MHz, CDCL): 6 =835
(1H, d, ] = 7.1 Hz, Ar—H), 824 (1H, dd, ] = 8.3 Hz, | = 8.0 Hz,
Ar—H), 8.19 (1H, d, ] = 8.0 Hz, Ar—H), 7.85—7.73 (4H, m, Ar—H),
7.66 (1H, dd, ] = 8.1 Hz, ] = 7.6 Hz, Ar—H), 7.56 (1H, dd, ] = 8.3
Hz, ] = 09 Hz, Ar—H), 7.36 (1H, dd, ] = 8.1 Hz, | = 0.8 Hz
Ar—H) ppm; *C NMR (125 MHz, CDCL,): § = 176.84, 160.83,
142.70, 139.77, 132.96, 129.69, 129.66, 129.29, 128.87, 127.90,
12698, 12647, 12573, 125.14, 124.00, 12025, 12022, 120.19,
114.92 ppm; "’F NMR (470 MHz, CDCL,): § = -139.14 (2H, dd, J
= 59.3 Hz, ] = 29.4 Hz, BF,); 7/Se NMR (95 MHz, CDCL,): § =
521.07 ppm. HRMS (APCI) caled for C,¢H,;,BN;F,Se [M]:
397.0101, found: 397.0109.
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B ABBREVIATIONS

OLED  organic light emitting diode

EQE external quantum efliciencies
WOLED white organic light-emitting diode
BF, difluoroboron

DIPEA  diisopropylethylamine

TGA thermogravimetric analysis

DSC differential scanning calorimetry

HOMO  highest occupied molecular orbital
LUMO  lowest unoccupied molecular orbital
SOCME  spin-orbit coupling matrix elements
SOC spin-orbit coupling

S, first singlet excited state
T, first triplet excited state
TADF  thermally activated delayed fluorescence

5382

T, second triplet excited state
Ccv cyclic voltammetry

P ionization potential

EA electron affinity

E°™et  oxidation potential
E°nset .+ reduction potential

PL photoluminescence
TD-DFT time-dependent density functional theory

PLQY  photoluminescence quantum yield
PMMA  polymethylmethacrylate
ITO indium tin oxide

HATCN 1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile

NPB N,N"-di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-
4,4"diamine

TCTA  tris(4-carbazoyl-9-ylphenyl)amine

TSPO1  diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide

TPBi 2,2/2"-(1,3,5-benzenetriyl)tris(1-phenyl-1H-

benzimidazole)

STCzBN  2,3,4,5,6-pentakis(3,6-di-tert-butyl-9H-carbazol-9-
yl)benzonitrile

CIE Commission Internationale de I’Eclairage

mCBP  3,3“di(9H-carbazol-9-yl)-1,1-biphenyl

EL electroluminescence

RISC reverse intersystem crossing

FWHM full width at half-maximum

TLC thin-layer chromatography

HRMS  high-resolution mass spectra

APCI atmospheric-pressure chemical ionization
¢-TOF  quadrupole-time-of-flight
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