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Three N,O-coordinated benzochalcogenazolo-based boron difluoride complexes have been designed,
synthesized, and spectroscopically characterized using their solutions, solid state, and the films of dye-
doped polymers. The structural analysis demonstrated that dyes adopt twisted molecular structures with
the torsion angle ranging from 24° to 37°, attributed to the steric effect of the cyano group. The
obtained compounds exhibit aggregation-induced emission and blue to cyan emission (455-487 nm) in
the solid state with a photoluminescence quantum yield ranging from 21% to 85% and a short excited-
state lifetime of 0.80-2.27 ns. These characteristics facilitate the amplified spontaneous emission (ASE)
with the progressive reduction in the full width at half maximum observed across the series of benzoxa-
zole — benzothiazole — benzoselenazole derivatives up to 15 nm, 11 nm, and 8 nm, respectively, and
also the low ASE threshold values of 18.7-40.3 pJ cm~2. The successful application of the dyes in the
fabrication of organic solid-state lasers results in a laser threshold of 46.1 pJ cm™2, 28.0 uJ cm™2,
58.6 pJ cm~2 for the devices based on benzoxazole, benzothiazole, and benzoselenazole-based boron
difluoride complexes, respectively. Our work opens the pathway for a novel class of heavy atom-
containing organic laser dyes, which can be used for both organic optically and electrically pumped
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1. Introduction

Organic solid-state lasers (OSSLs) represent a rapidly advancing
domain within the field of materials science. Due to their
customized molecular tunability, cost-effective production,
mechanical flexibility, and superior optical performance, OSSLs
have been effectively utilized in information technology, nano-
technology, and biomedicine.'™ One of the most significant
characteristics of laser emission is high coherence, which
occurs when the laser operates in a single mode, resulting in
emitted photons that are confined to narrow ranges of fre-
quency, phase, and direction. This phenomenon is typically
manifested as nearly monochromatic emission and a narrow
beam. Consequently, the implementation of organic lasers in
the field of optoelectronics holds significant promise and is
anticipated to yield a new generation of devices, specifically
organic semiconducting laser diodes.®®

Like any other laser, an OSSL requires three main compo-
nents: a gain medium, an optical feedback structure, and a
pump source. Thus, for light-emitting applications, the organic
gain material should exhibit intense solid-state emission (SSE).
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In addition to the chemical structure and conformation factor,
the SSE of organic dyes is highly dependent on the molecular
packing resulting from intermolecular interactions.’™* In this
context, materials demonstrating aggregation-induced emis-
sion (AIE) are particularly demanded.>*® Furthermore, the
lasing properties strongly depend on the type of optical cavity
used for amplification. In practice, to minimize the research
cost and time, an amplified spontaneous emission (ASE)
threshold is usually evaluated instead of a lasing threshold of
new gain materials. ASE occurs through the exciton population
inversion mechanism under strong optical pumping of the
organic gain medium. The measurements of ASE allow for
the quantitative characterization of gain materials indepen-
dently of an optical feedback structure. Lasing can be obtained
upon adding a resonator to ASE-active materials, for example, a
distributed feedback structure directly onto the film, or by
sandwiching the active film between two distributed Bragg
reflectors to form a vertical-cavity surface-emitting laser.

Up to now, ASE has been observed for different classes of organic
luminophores including polyaromatic hydrocarbons,”>* oligophe-
nylene vinylene derivatives,”>* carbazole-containing styryls,** >
1,2,5-benzothiadiazole derivatives,”® diketopyrrolopyrroles,* Cibalac
krot,’° indigo derivatives,® phosphorus-containing heterocyclic
dyes,** etc.

In this context, one of the most promising classes of
luminescent dyes are boron difluoride complexes. Due to their
stability, synthetic variability and tunability of the photophysi-
cal properties, they have found numerous applications in
bioimaging,**?* photodynamic therapy,® organic photovol
taics,®® stimuli-responding materials,”’*° and organic light-
emitting diodes.*’™** However, the studies on ASE-active boron
complexes remain scarce. They are mostly limited to selected
N,N-**% and 0,0-chelated*"***'~>* BF, chromophores. Mean-
while, the thiochromen-4-one-based dye is a sole representative
of the ASE-active N,0-chelated BF, complex.”>>’

Our group is involved in the design and synthesis of donor-
acceptor type benzothiazole-based N,O-coordinated boron
difluoride complexes such as benzo[4,5]thiazolo[3,2-¢][1,3,5,2]
oxadi-azaborinine and its derivatives.’®* ®® We have found that
the photophysical properties of such compounds can be finely
tuned by the attachment of substituents at the benzothiazole
unit or by adjusting the electron-donating properties of the
n-conjugated donor. These dyes usually exhibit efficient emis-
sion in a non-polar environment and solid state. With this in
mind, we focused on the discovery of boron difluoride com-
plexes with different chalcogen-containing N,0-chelate ligands.
Consequently, in the current study, we present the synthesis of
benzochalcogenazole-fused cyano-oxazaborinine (1-3) dyes
incorporating benzoxazole, benzothiazole, or benzoselenazole
cores (Fig. 1). The photophysical properties of compounds in
solutions, as solid samples and as films of their molecular
dispersions in a polymer have been comprehensively studied.
The experimental results are supplemented by DFT and
TD-DFT calculations. In addition, we examine the effect of
chalcogen atom exchange (O — S — Se) on the molecular
conformation and crystal packing, both governing the
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Fig. 1 Benzochalcogenazolo-based boron difluoride complexes 1-3.

photophysical properties of the dyes in the solid state. It is
anticipated that the incorporation of a heavier chalcogen atom
such as selenium increases the spin-orbit coupling (SOC)
between singlet and triplet excited states, facilitating the appli-
cation of such materials in optoelectronic devices.®'~* Finally,
benzochalcogenazole-boron complexes were applied for the
construction of organic solid-state lasers.

2. Results and discussion

2.1. Synthesis

Complexes 1-3 were synthesized using 3-oxo-3-phenylpropan
enitrile (4) as a starting material (Scheme 1). Firstly, following a
literature protocol,®* compound 4 was converted into 2-benzoyl-
3,3-bis(methylthio)acrylonitrile (5) (91% yield) via reaction with
carbon disulphide in the presence of sodium hydrate with
subsequent treatment with methyl iodide. In the next step,
disulphide 5 was reacted with 2-aminophenol (6), 2-amino
benzenethiol (7), or 2,2’-diselanediyldianiline (8)°® in refluxing
ethanol and in the presence of triethylamine affording benzo-
chalcogenazole derivatives 9-11 in good yields ranging from
63% to 90%. Finally, compounds 9-11 were employed as
ligands for the synthesis of boron difluorides 1-3 by reaction
with boron trifluoride diethyl etherate (BF;-OEt,) and diisopro-
pylethylamine (DIPEA), in yields of 72-74%. The structure and
purity of the synthesized boron dyes and their precursors were
confirmed by 'H, *C, '°F, 77Se NMR spectroscopy and high-
resolution mass spectrometry (see the ESIt).

2.2. Crystal structure analysis

The crystal structures of boron difluoride complexes 1-3 were
confirmed by single-crystal X-ray diffraction analysis (Fig. S1-S3
in the ESIf). Single crystals of compounds 2 and 3 were
obtained by slow evaporation of the corresponding cyclohex-
ane/dichloromethane (5:1) solutions at room temperature. To
receive single crystals of boron complex 1, its saturated solution
in acetonitrile was slowly evaporated. The phenyl ring C1-C6 in
the structure of dye 1 is disordered into two positions each with
an occupancy of 50%; thus, two different values of torsion
angles can be found in Table S4 (the ESIf). The analysis of
molecular geometries revealed that the cyano-group induces a
twist between the phenyl ring and heterocyclic unit. This is
reflected by the C5-C6-C7-C15 torsion angles (©/@, in
Fig. 2a, e and j) of 23.8°/—32.5° (phenyl ring is disordered over
two positions with an equal occupancy ratio), 33.5°/34.0° (two
molecules in the asymmetric part of the unit cell, ASU), and

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of benzochalcogenazolo-based boron difluoride complexes 1-3.

36.5°/37.0° (two molecules in ASU) for structures of dyes 1, 2,
and 3, respectively (Table S4, ESIt).

Compound 1 crystallizes in the monoclinic crystal system in
the P2,/c space group [a = 15.0569(3) A; b = 5.09777(9) A;
¢ = 17.8384(4) A; f = 102.0236(19)°] with four molecules in the
unit cell (Table S1 and Fig. S4, ESIT). In the molecular packing,
a half of the molecules are oriented in a near-to-perpendicular
position to the other half, forming a stair-type architecture
(Fig. S5, ESIf) by connections via CH---m interactions
(C1H---C2 = 2.891 A and C11H.--C11 = 2.847 A, Fig. 2b) and
CH- - -F hydrogen bonding (C12H: - -F1 = 2.631 A, Fig. 2d). The
molecules in the same plate interact with each other by CH- - -N
and CH---O hydrogen bonds (C13H---N2 = 2.587 A and
C14H---02 = 2.591 A, Fig. 2c), while additional F-- -1 interac-
tions (F2---C8 = 2.782 A, Fig. 2d) appear between coplanar
molecules from parallel plates. No essential n-n stacking is
observed in the structure of dye 1.

Boron difluoride complex 2 crystallizes in the orthorhombic
crystal system in the non-centrosymmetric P2,2,2; space group
[a = 13.42495(6) A; b = 14.17067(6) A; ¢ = 14.59118(6) A] with
eight molecules in the unit cell (due to the presence of
two symmetrically independent conformers) (Table S2 and
Fig. S6, ESIY).

The molecules are linked via numerous CH---N and CH---O
hydrogen bonds (C14H-: - -N2A = 2.691 A; C14AH- - -N2 = 2.697 A;
C12AH.--O1 = 2.514 A; O1A. - -C12H = 2.513 A; Fig. 2f) forming 2-
dimensional molecular layers (Fig. S7, ESIT). The adjacent layers
are interconnected by CH---F hydrogen bonds (C5AH:--F2A =
2.450 A; C2H---F1 = 2.569 A; C5H---F2 = 2.338 A; Fig. 2¢) and
N-- -7 interactions (N2---C15A = 3.205 A; F1A---C8 = 2.944 A;

This journal is © The Royal Society of Chemistry 2025

S1---C10A = 3.489 A, Fig. 2h). This is complemented by
halogen-type F---S interactions (S1---F2A = 3.170 A;
S1A---F2 = 3.136 A; Fig. 2h), with a geometry consistent with
the o-hole bonding concept.®® It should be noted that some
weak m-m stacking interactions (m = 3.583 A, Fig. 2i) are
observed between the heterocyclic parts of antiparallel oriented
neighboring molecules of different conformations.

Boron difluoride complex 3 crystallizes in the triclinic
system in the P1 space group [a = 9.8999(2) A; b = 11.7333(3)
A; ¢ = 13.4074(3) A; o = 73.054(2)°; = 69.987(2)°; y = 83.5242°]
with four molecules in the unit cell (analogically to structure 2,
due to the presence of two symmetrically independent confor-
mers) (Tables S3 and Fig. S8, ESIf). Molecular packing is
governed by CH---Se, CH---N and CH---O hydrogen bonds
(C4AH. - -Sel = 3.061 A; C4H.--SelA = 3.056 A; C14H. - -N2A =
2.694 A; C14AH---N2 = 2.700 A; C12H---O1A = 2.466 A;
C12AH---O1 = 2.464 A; Fig. 2k) resulting in the formation of
molecular layers (Fig. S9, ESIT). Neighbouring layers are con-
nected via CH---F hydrogen bonds (C5AH---F2 = 2.414 A;
C5H---F2A = 2.425 A; Fig. 21), F---n (F1---C14A = 3.115 A;
F1A.--C7A(m) = 2.914 A, Fig. 2m) and Se---F chalcogen-type
(Sel---F2 =3.271 A; Se1A- - -F2A = 3.286 A; Fig. 2m) interactions.
Similar to the structure of compound 2, some m-n stacking
(m = 3.631 A; n = 3.560 A; Fig. 2n) appears between the
heterocyclic parts of the neighbouring molecules of the same
conformations.

The comprehensive analysis of all crystal structures revealed
that molecules interact with each other mainly via CH:- N,
CH---O and CH---F hydrogen-bond interactions, which are
accompanied by other weaker interactions such as halogen-

J. Mater. Chem. C
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the n-r stacking interactions between neighbouring molecules.
It can be expected that such types of intermolecular interac-
tions collectively facilitate efficient solid-state luminescence.

2.3. Electrochemical properties

The electrochemical properties of boron difluoride complexes
1-3 were investigated by cyclic voltammetry (CV) in degassed
acetonitrile with tetrabutylammonium hexafluorophosphate
([n-BuyN]PFg) as the supporting electrolyte and ferrocene as
the reference (Fig. 3 and Table S5 in the ESIt). The values of the
ionization energies (IEs) of compounds 1, 2, and 3 were
determined as 6.49 eV, 6.38 eV, and 6.30 eV, respectively, demon-
strating that exchange of the chalcogen atom (O — S — Se) in the
benzochalcogenazole unit from oxygen to sulfur and selenium
results in the decrease of the IE. This observation indicates that
the energy level of the highest occupied molecular orbital
(HOMO) of these dyes increase in the line of the derivatives
of benzoxazole — benzothiazole — benzoselenazole. In con-
trast, the values of the electron affinity (EA) [and the corres-
ponding energy levels of the lowest unoccupied molecular
orbitals (LUMO)] are not significantly impacted by the chalco-
gen atom of the azole ring. They are in the short range of 3.35-
3.39 eV. Consequently, the energy gap between the HOMO and
LUMO is the highest for the benzoxazole-based dye 1 (3.12 eV),
and lower for benzothiazole and benzoselenazole analogues 2
(3.03 eV) and 3 (2.91 eV).

2.4. Quantum chemical calculations

To shed light on the electronic properties of the investigated
dyes, density functional theory (DFT) computations were per-
formed. Molecular geometries were optimized with the B3LYP/
6-31G+(d) method in the Gaussian 16 program. According to
quantum mechanical calculations, molecules 1-3 possess
twisted conformations with the torsion angles between the
phenyl substituent and heterocyclic moiety of 30.1-30.8°. Thus,
the strong variations of this angle in crystal structures predo-
minantly arise from the crystal packing effects. This also
implies the low rotation barrier of the phenyl group in solution,
likely responsible for observed fluorescence quenching.

) L i
—7-——"'9

1=3.286 A

Fig. 2 X-ray molecular structures of dyes 1 (a) (for clarity, only one phenyl
ring C1-C6 is shown), 2 (e), and 3 (j). Fragments of the crystal structures
showing: CH---n interactions of structure 1 (b); CH---N and CH-.-O
hydrogen bonds of structures 1 (c) and 2 (f); CH---F hydrogen bonds
and F- .. interactions of structures 1 (d), 2 (g), and 3 (); n---xw and S---F
interactions of structure 2 (h); n- - -m interactions of structures 2 (i) and 3 (n);
CH---Se, CH---N and CH- - -O hydrogen bonds of structure 3 (k); F-- - and
Se---F interactions of structure 3 (m); [hydrogen atoms are omitted for a
clear view in (h), (j), (m) and (n)].

type F---S and F- - -Se bonds. The presence of the cyano group in
1-3 cause the twist of the molecular structures, which weakens
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Fig. 3 Cyclic voltammograms of compounds 1-3 in acetonitrile.
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Fig. 4 Results of DFT calculations performed at the B3LYP/6-31G+(d) level of theory for compounds 1-3.

The DFT calculations show that the HOMO and LUMO are
spread over the whole molecules with an energy gap of 4.03,
3.87, and 3.82 eV for dyes 1, 2, and 3, respectively (Fig. 4). In
order to understand the nature of transitions under UV-Vis
irradiation, the time-dependent DFT (TD-DFT) calculations
were also performed at the same level of theory. For each
molecule, the most intense absorption peak is attributed to
the S, — S; excitation, which is described with HOMO-LUMO
transition with an overall contribution of 99% and the local
excited (LE) nature.

In order to reveal the influence of the chalcogen atom on the
photophysical properties of compounds 1-3, spin-orbit cou-
pling matrix elements (SOCME) were calculated using Orca 5.0.
Calculations were carried out using the PBEO method and the
DEF2-TZVP basis set. The calculation results clearly demon-
strate that the SOC increases between excited triplet states and
first singlet states in the line of benzoxazole — benzothiazole
— benzoselenazole derivatives (Table S7, ESIt) indicating a
small participation of triplet states in the photoluminescence
nature of selenium-containing compound 3.

2.5. Photophysical properties

2.5.1. Photophysical properties in the solutions and the
solid state. Photophysical properties of the dilute toluene
solutions of dyes 1-3 with a concentration of ca 10~> M were
investigated. The absorption bands observed at 351 nm,
370 nm, and 378 nm for the solutions of dyes 1, 2, and 3,
respectively (Fig. S13 and Table S8, ESIt) correspond to the
So — S; transitions, as confirmed by TD-DFT calculations
(Table S6 and Fig. S14-S16, ESIt). This observation clearly
indicates that the maximum of absorption bathochromically
shifts in the order benzoxazole — benzothiazole —

This journal is © The Royal Society of Chemistry 2025

benzoselenazole-based dyes, which is consistent with theoreti-
cal and electrochemical results.

The toluene solutions demonstrate broad photolumines-
cence spectra with negligible photoluminescence quantum
yields (PLQY) below 0.1%. The emission maxima of the solu-
tions of compounds 1, 2, and 3 are located at 465 nm, 463 nm,
and 471 nm, respectively. Additionally, to test the influence of
the presence of oxygen on the emission efficiency, we per-
formed photoluminescence measurements of the solutions in
toluene after argon bubbling. The solutions of dyes 1-3 demon-
strate a slightly increased emission intensity after deoxygena-
tion (Fig. S17, ESIt); however, due to the negligible PLQY
of these dyes, this impact is not essential. Therefore, the
excited molecules deactivate predominantly by S; — S, inter-
nal conversion, with minimal involvement of intersystem
crossing.

To examine the ability of aggregation-induced emission of the
investigated dyes, we performed photoluminescence measure-
ments of the dispersions of compounds 1-3 (C=5.0 x 10~ °® M) in
a tetrahydrofuran (THF)/water mixture with different ratios.
Analogous to the solutions in toluene, boron difluoride com-
plexes 1-3 demonstrate negligible emission in THF (Fig. S18 and
Table S9, ESIt) and THF/water mixtures up to an 85% of water
percentage (f,,). However, for all dyes, the emission intensity
increases a little for the dispersions in THF/water mixtures with
a fraction of water of 90%. In sharp contrast, the mixtures with a
water content above 95% demonstrate a very strong increase of
the emission intensity (Fig. S19, ESIt). Due to the low solubility
of compounds 1-3 in water, they form aggregates in highly
aqueous solutions. Therefore, the observed photolumine-
scence behavior clearly indicates the AIE properties of the
investigated dyes.
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Fig. 5 Solid-state photoluminescence spectra of benzochalcogenazole-
containing boron difluoride complexes 1-3.

In the next step, we studied the photoluminescence proper-
ties of crystalline powders of the dyes. In sharp contrast to their
solutions, compounds 1-3 demonstrate strong photolumines-
cence in the solid state. The maxima of the SSE are located at
455 nm, 474 nm, and 478 nm for dyes 1, 2, and 3, respectively
(Fig. 5 and Table 1). The solid-state emission intensity is
dependent on the chalcogen type: benzoxazole-based com-
pound 1 exhibits a very high PLQY value of 85%, while the
solid samples of benzothiazole- and benzselenazole-containing
analogues are less emissive with PLQYs of 33% and 21%,
respectively. The higher PLQY accompanied by a hypsochromic
shift of the crystals of compound 1 can be caused by relatively
strong intermolecular CH---O hydrogen bonds (Fig. 2c). A
similar O-effect was previously observed for the other dyes.®”
Additionally, the PLQY of the crystalline samples of dyes 2 and
3 can be reduced by the presence of some - - - interactions in
these crystals (Fig. 2i and n), which are not observed in the
structure of dye 1. The average lifetimes of the excited state of
these samples are in the short nanosecond or subnanosecond
range (0.80-2.27 ns) (Fig. S20 in the ESIY), confirming the
fluorescence nature of the solids. The high PLQYs and the
short lifetimes result in high values of the rate constants for
radiative (k) deactivation of 3.47 x 10®s7*, 2.22 x 10® s, and
2.65 x 10® s7* for solids 1, 2, and 3, respectively, indicating
their perspective application in solid-state lasers.

Table 1 Solid-state photoluminescence properties of dyes 1-3
(Aex = 337 nm)

Dye Jem® (NM) PLQY” (%) ° (ns) Ky, x10%¢ (s7)
1 455 85 2.27 3.74
2 474 33 1.49 2.22
3 478 21 0.80 2.65

“ Photoluminescence maximum. ? Photoluminescence quantum yield.
° Average excited-state lifetime. ? Rate constant for radiative de-
activation.
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High photoluminescence efficiency of the investigated dyes
in the solid state can be attributed to the restricted molecular
rotations and vibrations arising from the rigid crystal environ-
ment. In addition, the SSE can be enhanced by specific inter-
molecular interactions. Noticeably, molecules of dyes 1-3 are
mostly involved in numerous hydrogen bond interactions,
while m-rm-stacking interactions are rather avoided. Such a
molecular arrangement is particularly advantageous for an
efficient photoluminescence process.

2.5.2. Photophysical properties of the molecular disper-
sions in the polymer matrix. The photoluminescent properties
of the dyes were further investigated dispersing them in poly-
meric matrixes. Poly(methyl methacrylate) (PMMA) was chosen
as the suitable polymer owing to its transparency and excep-
tional film-forming capabilities. The mass ratio of dye:polymer
was of 3:97. The obtained films demonstrate the absorption
spectra similar to those of the corresponding toluene solutions.
The absorption peak is bathochromically shifted in the line of
benzoxazole — benzothiazole — benzselenazole derivatives.
The absorption maxima of samples of PPMA doped with dyes 1,
2, and 3 are located at 345 nm, 365 nm, and 372 nm, respec-
tively (Fig. 6 and Table 2). These blend films also demonstrate
the broad emission bands maximized at 470-472 nm. The
values of the full width at half maximum (FWHM) of the
investigated films are larger than 100 nm: 144 nm for the blend
with benzoxazole compound 1, 131 nm for the blend with
benzothiazole derivative 2, and 124 nm for the blend with
benzoselenazole analogue 3. The film of the blend with benzox-
azole derivative 1 shows a PLQY of 28%. The decrease of the
PLQY value of the film of the dye-doped PMMA relative to that
of the corresponding crystalline sample should be caused by
the absence of specific intermolecular interactions (CH:--O
hydrogen bonds), which are present in the crystalline state.
The corresponding value of the film of PMMA molecularly
doped with benzothiazole derivative 2 is even higher (32%).
Surprisingly, the PLQY of the film of the PMMA blend with
benzoselenazole analogue 3 (28%) is comparable with those of
the films of the analogical benzoxazole and benzothiazole
compounds 1 and 2.

This observation clearly indicates that the selenium atom in
the case of compound 3 does not significantly suppress the
radiative deactivation. To verify the possibility of phosphores-
cence of the samples, we recorded the photoluminescence
spectra of the films of the dye-doped PMMA in a vacuum
without and with a 50 ps delay. All three films demonstrated
a dramatic decrease in the emission intensity after a 50 us delay
(Fig. S22 and S23, ESIt). Only the film of the blend of PMMA
with benzoselenazole-containing dye 3 demonstrates some
emission recorded with a 50 ps delay at 77K, indicating a very
weak phosphorescence, which is consistent with SOCME calcu-
lations (Table S7, ESIT).

Similar to the samples of the crystalline powders, the films
of the dye-doped polymer demonstrate very short lifetimes of
the excited states (1.46-1.99 ns, Table 2), which are generally
similar when recorded at the different wavelengths of analysis
(Fig. S22a, b and S23a, ESIT). The films of dyes 1 and 2 doped

This journal is © The Royal Society of Chemistry 2025
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Table 2 Photoluminescence properties of the films of the blends of PMMA and compounds 1-3

Dye  Japs” (Nm)  Ap” (nm)  FWHMp® (nm)  PLQY? (%)  tp° (ns) ey (ms)  Jase® (nm)  FWHMasg" (nm)  Egpase' (W cm™2)
1 345 476 144 27 1.99 — 524 15 20.4
2 365 470 131 32 1.89 — 506 11 18.7
3 372 475 124 28 1.46 0.4 484 8 40.3

“ Wavelength of the absorption maximum. ? Wavelength of the photoluminescence maximum. ¢ Full width at half maximum of the photo-
luminescence spectrum. ¢ Photoluminescence quantum yield. ¢ Average excited-state lifetime (nanosecond component)./ Average excited-state
lifetime (millisecond component). ¢ Wavelength of the maximum of the ASE. " Full width at half maximum of the ASE spectrum. ' ASE threshold.

PMMA do not exhibit microsecond- and millisecond-scale life-
times (Fig. S22c-f, ESIt{). In turn, the film of the blend of
compound 3 and PMMA demonstrates a low-intensity sub-
millisecond lifetime of 0.4 ms (Fig. S23b, ESIt), confirming
weak phosphorescence. Additionally, we investigated the
photophysical properties of the films of the corresponding
dye-doped PMMA with lower concentrations of the dyes of
1 wt% and 2 wt%. The decrease of the concentration of the
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Fig. 7 Evolution of the peak wavelength of the recorded spectra versus
pump absorbed energy for compounds 1, 2 and 3.
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dyes does not significantly change the photoluminescence
properties of the samples (Fig. S24, S25 and Table S9, ESI+).
2.5.3. Amplified spontaneous emission. To explore the
possibility for the application of boron difluoride complexes
1-3 in organic solid-state lasers, we investigated their ASE
ability by pumping PMMA blended films (3% in weight) at an
air environment with a nitrogen laser (4 = 337 nm) shaped as a
line (see Fig. S26 in the ESI,} for details of the setup). The ASE
spectra of highly excited dye-doped PMMA films are maximal
around 524 nm, 506 nm, and 484 nm for dyes 1, 2, and 3,
respectively. The redshift compared to the photoluminescence
maximum wavelength is expected and explained by the fact that
the ASE spectrum does not exactly mirror the fluorescence
spectrum f(4) but rather the product of the fluorescence
spectrum by a gain cross section that is given by the Strick-
ler-Berg relation,®® which involves the quantity A*f(4) instead.
It is also interesting to note that for compounds 1 and 2, the
maximum peak wavelength of the spectrum shifts toward
longer wavelengths with increasing pump power (Fig. 7). As stated
before, this effect is standard for ASE measurements. Here, surpris-
ingly, for compound 3 we observed on the contrary, a blue shift of
the peak ASE wavelength. This could be explained by stronger
absorption on the long wavelength side, which could be due to
excited-state absorption, either singlet-singlet or triplet-triplet,
typically red-shifted in organic materials compared to the photo-
luminescence spectrum.® The presence of a higher contribution of
the triplet absorption for compound 3 could be reasonably well
explained by the presence of a heavier atom (selenium), increasing
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the spin-orbit coupling and then the intersystem crossing rate

toward the triplet state.

With the presence of more triplets for compound 3, a higher
level of losses is also expected (triplet-triplet absorption): we
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indeed observe a two time higher ASE threshold for benzose-
lenazole analogue 3 with 40.3 pJ cm™2 versus 20.4 uJ cm™ 2 for
benzoxazole-containing dye 1 and 18.7 uJ cm ™2 for benzothia-
zole derivative 2 (Fig. 8).
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Fig. 8 Normalized spectra of the amplified spontaneous emission of dyes 1 (a), 2 (c), and 3 (e) in PMMA. FWHM values as a function of the absorbed
energy density for dyes 1 (b), 2 (d), and 3 (f).
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However, excited-state absorption from the first excited
singlet state (S1) level cannot be ruled out as the wavelengths
of the emission maxima of dye 3 are hipsochromically shifted
even at lower excitation energies (<500 pj cm ?) where the
triplet population is expected to be very small.

2.6. Organic solid-state lasers

Finally, we fabricated OSSLs based on dye-doped PMMA films
(see the ESL{ for details). The vertical-cavity surface-emitting
lasers were realized by sandwiching the active films between
two Bragg reflectors so that only one cavity mode persists in the
mirror stopband. Here, the laser spectra of the investigated
dyes demonstrate single mode emissions at 514 nm, 513 nm,
and 476 nm for dyes 1, 2, and 3, respectively (Fig. 9). The
corresponding thresholds depend on the material but, unlike
ASE measurements, also on the cavities that can have slightly
different thicknesses and incorporate various levels of uncon-
trolled losses due to the fabrication process. The measured
lasing threshold values are 46.1 pJ cm™>, 28.0 pJ cm 2, and
58.6 uJ cm > for dyes 1, 2, and 3, respectively (Fig. $30, ESIY),
which are consistent with the measured ASE thresholds.

3. Conclusions

New benzochalcogenazole-based boron difluoride chromo-
phores 1-3 for solid-state laser applications were discovered.
The influence of the chalcogen atom of the benzochalcogen-
azole core on the photophysical properties of the dyes was
investigated. Despite the negligible fluorescence of the solu-
tions, these dyes demonstrate strong aggregation-induced
emission behavior and the intense solid-state fluorescence with
a photoluminescence quantum yield (PLQY) of up to 85%. The
thin films of poly(methylmethacrylate) doped with the synthe-
sized dyes show emission peaking at ca. 470 nm with a PLQY of
ca. 30%, indicating that the chalcogen atom does not signifi-
cantly affect the emission of the compounds molecularly dis-
persed in the polymeric matrix. The observed PLQY quenching

This journal is © The Royal Society of Chemistry 2025
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of the solutions presumably results from the rotation of the
phenyl group, while the strong enhancement of the solid-state
emission for complex 1 can be ascribed to the highly advanta-
geous intermolecular interactions, such as C-H---O hydrogen
bonding. The investigated boron difluoride complexes molecu-
larly dispersed in the polymer matrix exhibit amplified sponta-
neous emission with the threshold depending on the type of
the chalcogen atom. This work expands the scope of organic
laser dyes. The results of this work demonstrate that incorpora-
tion of heavy atoms (sulfur and selenium) can be successfully
explored in the design of organic laser dyes. Moreover, such
incorporation can provide the decrease of ASE and lasing
thresholds. This is especially important due to the ability of
heavy atoms to increase the spin-orbit coupling between the
excited singlet and triplet states, and, as a result, to enhance
thermally activated delayed fluorescence/room-temperature
phosphorescence of the chromophores.
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