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A B S T R A C T

The impact of room temperature phosphorescence (RTP) of the derivatives of quinoxaline derivatives on their 
multifunctional properties is investigated for the estimation of applicability in luminescent tags, morphological 
imaging, single-emitter white organic light-emitting diodes (OLEDs), and oxygen sensors. The differences in the 
phosphorescence spectra of the compounds are attributed to their electronic structure. The molecular dispersions 
in the rigid polymer matrix of the quinoxaline derivatives with either rigid or flexible molecular structures, with 
or without bromine atoms, show green to orange RTP with quantum yields of up to 45.6 % and RTP lifetimes 
from 0.83 to 525 ms. The extremely high ratio of RTP to fluorescence quantum yields, reaching 910, is observed 
for the molecular mixtures of the quinoxaline derivatives with the polymeric host. This property enables the use 
of quinoxaline derivatives as the state-of-the-art active materials for luminescence tags or morphological im
aging. OLEDs with the emitting layers of the quinoxaline derivatives molecularly dispersed in a charge- 
transporting host, exhibit the combination of blue fluorescence and orange RTP resulting in white electrolu
minescence with CIE1931 coordinates (x, y) ranging from (0.32–0.41, 0.31–0.45) and colour rendering indexes 
between 71 and 83. Due to efficient RTP, the studied quinoxaline derivatives are ideally suited for oxygen 
sensors. The high oxygen sensitivity of one synthesized RTP emitter with the emission lifetime of 525 ms enables 
to reach the Stern-Volmer constants of up to 1.1 × 10⁻³ ppm⁻¹ which is among the highest ones reported up to 
now.

1. Introduction

Efficient phosphorescence of the iridium complex allowed to reach 
internal quantum efficiency (IQE) of 68.5 % and external quantum ef
ficiency (EQE) of 13.7% of organic light-emitting devices (OLEDs) back 
in 1999 [1]. Since then, despite the growing costs and environmental 
issues, the noble metals containing phosphorescent complexes have 
become the most important emitters of OLEDs used in modern, light
weight, flexible, slim, transparent displays and in lightning devices [2]. 
Many noble metal-free organic emitters exhibiting thermally activated 
delayed fluorescence (TADF) were developed for single-colour OLEDs 
showing perfect emission colour purity and high EQEs [3]. Deep-blue 

hyperfluorescent OLEDs with EQE of 41.3% with organic emitters dis
playing multiresonance-induced TADF were recently reported [4]. In 
contrast to the single-colour emitters, the development of 
white-emitting organic compounds is still in the initial stage [5]. The 
single-emitter white OLEDs still show very low efficiencies and pure 
stability of white electroluminescence under the different voltages. For 
example, single-emitter white OLEDs with maximum EQE of 6.2% and 
relatively pure emission colour stability were recently developed using 
white emitting iridium complex [6]. Noble metal-free single molecular 
white OLEDs based on a mechanochromic TADF emitter demonstrated 
maximum EQE of 0.49 % and white electroluminescence only at a 
narrow range of applied voltages [7]. Single molecular white emission 
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can be obtained for noble metal-free RTP materials when the appro
priate combination of fluorescence and RTP is achieved [8–10]. We 
obtained such a combination for thianthrene-based luminophores 
exhibiting single-molecular white emission with high photo
luminescence quantum yields of 84 % due to the balance between 
intersystem crossing and the relaxation of the singlet excitons [11]. 
These derivatives were not used for the development of RTP OLEDs 
because of the low glass transition temperatures. The aim of this study 
partly hints at fully organic RTP emitters for white OLEDs with the single 
molecular emitter. In addition, the advantages of the RTP materials 
make them potential candidates for the applications in the fields of 
photonics and optoelectronics, including sensing, electroluminescent 
devices, anticounterfeiting, memorising, bioimaging, microfluidic vis
ualisation, X-ray detection or even quantum computing [12–14]. RTP is 
typically detectable in the environments devoid of oxygen, as oxygen 
has the capability to suppress excited triplet states [15–19].

Excited triplet states of organic molecules intrinsically have lengthy 
lifetimes and consequently undergo dissipation through molecular vi
brations and rotations (i.e., thermal deactivation) because of the 
participation of spin-forbidden transitions (i.e., S1 to T1; T1 to S0) [20,
21]. The contribution of heavy metals, are usually employed to stabilize 
the emission by large spin-orbit couplings

(SOCs) [22]. Organic luminophores exhibiting RTP are appealing 
replacements for organic metal complexes due to their relatively low 
cost, environmental friendliness, flexible synthesis and stability [23]. In 
the last ten years, there have been notable progress in the development 
of new materials that demonstrate enduring and consistent RTP which is 
achieved through the understanding and control of the process [24,25]. 
For example, colourful afterglow displays were proposed using 
indolinone-based triplet emitters exhibiting cyan to yellow phospho
rescence with the long lifetime of 700 ms and unknown RTP quantum 
yields [26]. The derivative of 9,9-dimethylacridine and naphthalimide 
with RTP quantum yield of 6.1 % and the lifetime of 210 ms showed 
promising results as the components of anti-counterfeiting labels [27]. 
Multifunctional crystalline blue RTP emitters with emission quantum 
yields of up to 96.5% and RTP lifetimes varying from 101.2 to 199.17 ms 
were used for data encryption, fingerprint identification and afterglow 
display under ambient conditions [28]. 4-(Allyloxy)-4′-bromo-1, 
1′-biphenyl derivatives were used for the development of X-ray 
responsive amorphous copolymers showing efficient RTP with quantum 
yields of up to 51.4% and RTP lifetimes varying from 9.22 to 11.76 ms 
[29]. Programmable luminescent tags were developed using natural 
organic triplet emitters such as quinoline alkaloids derivatives of qui
nine, quinidine, cinchonine, cin-chonidine[30]. They showed high ratio 
of RTP to fluorescence quantum yields (P2F) ranging from 0.7 to 9.1 
[30]. We recently developed very oxygen-sensitive probes, i.e. a deriv
ative of phenothiazine and triazatriazatruxene [31]. Its molecular 
dispersion in the rigid polymer matrix showed RTP with the quantum 
yield of 54%, RTP lifetime of 16.6 ms and P2F of 18 [31]. The ultralong 
RTP lifetime of 5.92 s was observed for dibenzo[f,h]quinoxaline-based 
polymers applicable for fingerprint identification and multiple infor
mation encryption [32]. Multicolour RTP compounds containing rigid 
moieties were proposed for 3D-printing [33]. Thus, different RTP 
emitters were proposed for specific photonic or optoelectronic applica
tions. However, the multifunctional RTP compounds are somewhat rare. 
To reveal the potential of quinoxaline derivatives as multifunctional 
RTP emitters, we synthesized four compounds with yields above 70%. 
We also studied their RTP properties keeping in mind the different 
possible applications. The compounds exhibit very efficient RTP. It was 
observed for solutions, neat films, and for the films of their molecular 
mixtures with charge-transporting or polymeric hosts. OLEDs based on 
these compounds showed white electroluminescence with high colour 
quality corresponding to CIE1931 coordinates (x, y) of (0.32–0.41, 
0.31–0.45) and a colour rendering index of 83. When molecularly 
dispersed in a polymeric host, the studied derivatives of quinoxaline 
showed P2R of up to 910. This observation shows that the compounds 

are suitable for oxygen sensing, emissive tags and imaging.

2. Results and discussion

2.1. Synthesis

Scheme 1 shows the pathway for the synthesis of four quinoxaline 
derivatives (DPQ, BrDPQ, AcNQ, and BrAcNQ). The synthesis includes 
condensation reactions between benzil or acenaphthenequinone and 
3,6-dibromobenzene-1,2-diamine or o-phenylenediamine. These re
actions produce the target compounds with the yields above 70%. The 
synthesis of DPQ and AcNQ was reported earlier [34,35].

The detailed description of the synthesis of the compounds and the 
data of their characterization are given in the supporting information 
(Figs. S1-S12).

2.2. Theoretical calculations

The geometry and electronic structure of compounds DPQ, BrDPQ, 
AcNQ, and BrAcNQ in ground and excited states were investigated in 
toluene solution within density functional theory (DFT) using MN15 
functional [36] with 6-31+G(d) basis set. According to the literature 
[37], this level of theory provides good agreement with experiment 
when calculating the optical properties of organic compounds. Solvation 
effects were considered using the SMD model [38] in terms of Linear 
Response scheme [39]. For the calculations of the absorption spectra the 
geometries of the ground states (S0) of the compounds were fully opti
mized in solution within DFT approach with subsequent calculation of 
the spectra within TD-DFT. For the calculations of emission spectra, the 
geometries of singlet and triplet excited states were fully optimized in 
solution within TD-DFT. All the calculations were carried out using 
Gaussian16 program [40]. The analysis of electron density was per
formed using Multiwfn software [41].

The calculated absorption spectra of the compounds are compared 
with experimental data obtained for toluene solutions (Fig. 1). The 
calculated spectra agree well with the experimental data within the 
systematic error (blue shift) typical for TD-DFT. Table 1 provides 
computational data for absorption wavelengths (λABS), oscillator 
strengths (f), separation degree of positive (ρ+) and negative (ρ-) parts of 
electron density (τ-indexes) and overlaps between functions C+ and C- 
[41], S+--indexes corresponding to the lowest energy excitations of the 
studied compounds. The calculated plots of natural transition orbitals 
(NTOs) for S0→Sn transitions are presented in Fig. 3.

According to the calculational data, the S0→S1 transitions for both 
DPQ and BrDPQ correspond to n-π* excitations (Fig. 2). As a result, these 
transitions exhibit low oscillator strengths and are not visible in the 
absorption spectra. In contrast, the S0→S2 transitions that are respon
sible for the absorption maxima in the experimental spectra of DPQ and 
BrDPQ correspond to π-π* excitations in which HOMO and LUMO are 
involved. Additionally, both of the compounds exhibit another absorp
tion peaks (λABS < 300 nm, not fully captured in the experimental 
spectra in Fig. 1) corresponding to S0→S5 transitions, that also arise from 
π-π* excitations in which HOMO and LUMO+1 are involved. The 
calculated values of the largest coefficients in the CI expansion are 
provided in Table S3.

For AcNQ and BrAcNQ, a slightly different pattern is observed. Ab
sorption maxima in the experimental spectra correspond to S0→S3 and 
S0→S5 transitions (Table 1) that are π-π* excitations (Fig. 3). The S0→S1 
transitions in both structures are characterized by low oscillator strength 
due to their n-π* nature. In contrast, the S0→S2 and S0→S4 transitions 
involve π-π* excitations but are also characterized by relatively low 
oscillator strengths. Analysis of the NTO plots (Fig. 3) provides a 
compelling explanation of this observation. The HONTO and LUNTO 
distributions for S0→S2 and S0→S4 transitions reveal an alternating 
pattern of electron density, where electron-deficient and electron-rich 
regions interchange between HONTO and LUNTO. The similar 

M. Abdella et al.                                                                                                                                                                                                                                Results in Engineering 29 (2026) 109560 

2 



electronic delocalization effect is observed in multi-resonant TADF (MR- 
TADF) systems [42], which typically contain rigid planar π-conjugated 
frameworks with electron-donating and electron-withdrawing hetero
atoms. In AcNQ and BrAcNQ, the similar but weaker effects are achieved 
without electron-withdrawing heteroatoms. The possibility of design of 
multi-resonant systems without acceptor fragments has been previously 
shown in the literature [42]. In the work mentioned, the corresponding 
transitions with short-range charge transfer (SRCT) also showed low 
oscillator strengths and weak absorption bands in solution. The calcu
lated values of τ- and S+–-indexes (Table 1) also confirm that none of the 
studied S0→SN transitions for compounds AcNQ and BrAcNQ exhibit 
long-range charge transfer.

Based on comparison of pairs DPQ–BrDPQ and AcNQ–BrAcNQ we 
can derive that the introduction of Br atom (a substituent with strong –I 

and weak +M effects) in the molecules leads to red shift of the absorp
tion maxima. This observation is explained by the fact that the transi
tions responsible for the absorption maxima in the spectra involve π-π* 
excitations. Consequently, the bromine atom affects orbital energies 
primarily through its donor +M effect. This results in increase of the 
HOMO energy. Therefore, the excitation energy decreases, which leads 
to the increase in the absorption wavelength (red shift).

The calculated data shows that fluorescence maxima for all the 
structures correspond to S1→S0 transition. In case of phosphorescence, 
T1→S0 (DPQ and BrDPQ) or T1→S0 and T2→S0 (AcNQ and BrAcNQ) 
transitions are manifested in the experimental emission spectra. The 
calculated fluorescence wavelength values are in rather good agreement 
with the experimental ones (Tables 2 and 5). Systematic error (blue 
shift) is close to that obtained by the calculations of absorption spectra 

Scheme 1. Synthetic route for compounds DPQ, BrDPQ, AcNQ, and BrAcNQ.

Fig. 1. MN15/6-31+G(d) calculated and experimental absorption spectra of toluene solutions of DPQ, AcNQ, BrDPQ, and BrAcNQ. Calculated wavelength values 
corresponding to S0→Sn transitions are marked with red dashes.
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(Table 1). For all the calculated phosphorescence maxima significant red 
shift with respect to experimental wavelengths is observed. Neverthe
less, such deviation is rather natural because of well-known tendency of 
DFT methods to lower energies of triplet electronic states. It is of great 
importance that qualitative positions of phosphorescence maxima of the 
studied structures are consistent with the experimental ones.

For room-temperature phosphorescence (RTP) to occur, efficient 
intersystem crossing (ISC) from photoexcited singlet states to triplet 
states must take place. To study the possibility of such conversion, spin- 
orbit coupling (SOC) values for Sn→Tn (n=0–15) were calculated. The 
calculations were performed on the basis of TD-DFT results using PySOC 
program [43]. NTO plots for S0→Tn transitions of the studied structures 
are shown in Fig. 4. More details on MOs plots and energies can be found 
in Supporting Information (Tables S2, S15–S18).

From the point of view of possibility of conversion into triplets, the 
most promising are singlet excited states (SN) which are characterized by 
low oscillator strength for S0→Sn transition and, consequently, longer 
lifetime. Thus, for all of the structures S1 excited states are the most 
interesting from the point of view of ISC. It is also known that ISC rate 
depends both on SOC value and energy gap between corresponding 
excited states. Therefore, the SOC values only for the lowest-energy 
triplet excited states are presented in Table 3.

In case of DPQ and BrDPQ S1→T1 conversion seems to be likely. 
These excited states are characterized by large SOC values and have 
smaller energy gap than the other pairs with the large SOC values (S3 – 
T3 for DPQ; S3 – T3 and S4 – T1 for BrDPQ). This suggests that efficient 
S1→T1 conversion followed by T1→S0 phosphorescence is feasible for 
DPQ and BrDPQ. High S1–T1 SOC values are consistent with qualitative 
El-Sayed rule: S0→S1 and S0→T1 transitions have different nature (n-π* 
and π-π* correspondingly).The other conversion paths are also possible 
(S3 – T3). Nevertheless, they also lead to T1→S0 phosphorescence in 
agreement with the Kasha rule. Thus, the ISC to higher triplet excited 
states does not lead to multiple phosphorescence maxima because of the 
efficient nonradiative Tn→T1 transitions.

In contrast, for symmetric planar compounds AcNQ and BrAcNQ the 
S1→T1 ISC path is unlikely because of very small SOC values. For these 
structures S1 and T2 states are characterized by large SOC values which 
suggests efficient S1→T2 conversion. Similarly, to DPQ and BrDPQ, 
conversion to higher triplet states is also possible.

It is important to note, that differences in structures and symmetries 
of DPQ, BrDPQ and AcNQ, BrAcNQ leads to striking difference in 
phosphorescence nature. The rigid planar structures (AcNQ and 
BrACNQ) possess small SOC values for S0 – T1 and large values for S0 – T2 
which leads to the impeded conversion from T2 to T1. Consequently, for 

Table 1 
MN15/6-31+G(d) calculated values of absorption wavelengths (ABS), oscillator strengths (f), τ- and S+–indexes for the lowest energy excitations of DPQ, AcNQ, 
BrDPQ, and BrAcNQ.

Transition S0→S1 S0→S2 S0→S3 S0→S4 S0→S5

DPQ λABS, nm 344 323 (344)a 294 269 266
f 0.0029 0.4924 0.0043 0.0322 0.3395
τ-index –1.720 –0.434 –1.178 –1.820 –1.961
S+– 0.8922 0.9063 0.956 0.9069 0.9819

BrDPQ λABS, nm 348 337 (358)a 328 282 278
f 0.0074 0.4378 0.0446 0.1208 0.4022
τ-index –1.964 –0.176 –0.712 –1.808 –0.529
S+– 0.9311 0.8872 0.9177 0.9596 0.8949

AcNQ λABS, nm 345 331 331 (349)a 309 308 (318)a

f 0.0027 0.0007 0.2172 0.0013 1.2232
τ-index –1.804 –1.715 –1.834 –1.812 –2.391
S+– 0.8779 0.9844 0.9795 0.9687 0.9710

BrAcNQ λABS, nm 350 348 338 (352)a 311 310 (324)a

f 0.0020 0.0264 0.2422 0.0125 1.1783
τ-index –1.885 –2.067 –1.620 –1.240 –2.048
S+– 0.8954 0.969 0.9749 0.9575 0.9852

a The experimental values of ABS are given in brackets.

Fig. 2. Calculated plots of S0→Sn NTOs of DPQ and BrDPQ (n=1–2).
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such structures the non-Kasha emission from T2 becomes possible, 
leading to the dual phosphorescence (T2→S0 and T1→S0) observed 
experimentally in case of AcNQ and BrAcNQ. These findings are 
consistent with the results of work [44] in which similar non-Kasha 
emission was predicted for rigid planar quinoxaline derivatives.

2.3. Thermal analysis

Differential scanning calorimetry (DSC) measurements and 

thermogravimetric analysis (TGA) were conducted for the estimation of 
the character and the temperatures of the morphological transitions and 
of the temperatures and the reasons of the initial weight losses. The 
results of the DSC measurements show that the powders of the synthe
sized compounds possess the crystalline structures. When crystals of 
organic compounds experience the decrease of the freedom of molecular 
movements and when oxygen penetration is prevented, efficient RTP 
can occur even in air [28,45]. The crystallization temperatures (Tcr) of 
226◦C is observed for compound BrAcNQ (Table 4). BrAcNQ also ex
hibits the highest melting point at 301◦C. The highest Tcr and Tₘ values 
of BrAcNQ suggest compact packing of molecules in crystals. This can be 
caused by the planar molecular structure of the compound. The lower 
Tcr and Tₘ values of DPQ, BrDPQ, AcNQ can apparently be attributed to 
the decreased planarity of the molecules. The higher Tcr and Tₘ of AcNQ 
and BrAcNQ relative to those of DPQ and BrDPQ indicate that their 
molecules are more tightly packed in the crystalline phase. Two melting 
temperatures were detected for DPQ during the initial DSC heating scan 

Fig. 3. Calculated plots of S0→Sn NTOs of AcNQ and BrAcNQ (n=1–5).

Table 2 
MN15/6-31+G(d) calculated wavelengths corresponding to fluorescence (FL) 
and phosphorescence (PH) maxima of the studied compounds.

DPQ BrDPQ AcNQ BrAcNQ

λFL, nm 406 403 412 407
λPH, nm 654 738 708, 607 703, 689
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(Fig. S13). This observation is attributed to polymorphism of DPQ. The 
ability of glass formation was observed only for DPQ. The glass transi
tion temperature (Tg) of 22◦C was observed in the second DSC heating 
scan (Figs. 5b, S13, Table 4). Taking into account the low Tg of DPQ, the 

hosts with high Tg (e.g. Zeonex (Tg of 162◦C) [46] or TCTA (Tg of 151◦C) 
[47]) have to be used for the estimation of its applicability in the 
devices.

Fig. 5a shows TGA curves of the compounds. Their 5% weight loss 
temperatures (T5%) are collected in Table 4. Compounds DPQ, AcNQ, 
BrDPQ, and BrAcNQ exhibited high thermal stability with T5% ranging 
from 233 to 285 ◦C. The complete weight loss in the single stage 
observed by TGA indicates that these values are the temperatures of the 
onsets of sublimation rather than of the thermal degradation. This 
observation indicates that films of DPQ, AcNQ, BrDPQ, and BrAcNQ can 
be obtained by thermal vacuum evaporation.

2.4. Photophysical properties

The absorption spectra of the toluene solutions and the films of DPQ, 
BrDPQ, AcNQ, and BrAcNQ show the low-energy bands at 320–400 nm 
(Fig. 6a). These bands mainly result from π-π* transitions in the qui
noxaline moiety [48]. The minor redshift of ca. 5–10 nm of the 
low-energy bands is observed for the toluene solution of BrDPQ when 
compared to that of DPQ. The electron-withdrawing property of the 
bromine atoms alters the electronic structure and reduces the optical 
bandgap of BrDPQ (Fig. 6a). The low-energy bands of AcNQ and 
BrAcNQ exhibit the vibronic features. These characteristics, apparently, 
are caused by the rigidity of the molecules. Intermolecular interactions 
of DPQ, BrDPQ, AcNQ, and BrAcNQ in solid films cause redshifts and 
low-energy tails in the absorption spectra. The absorption tails are 
especially obvious for the films of compounds AcNQ and BrAcNQ. These 
low-energy tails are indications of the compact packing of molecules of 
AcNQ and BrAcNQ in the solid-state. Apparently, AcNQ and BrAcNQ 
may form aggregates. This assumption is more relevant to AcNQ, taking 
into account its emissions peaking at ca. 409 nm (LE emission) and 476 
nm (aggregates caused emission [49]) (Fig. 6a and Table 5).

Indeed, relaxation of singlet locally excited (1LE) states of the qui
noxaline unit of DPQ, BrDPQ, AcNQ, and BrAcNQ results in emissions 
with photoluminescence (PL) spectra peaking at 404–427 nm (Fig. 6a 
and Table 5). Upon deoxygenation, emissions of the films of the com
pounds at the wavelengths longer than 500 nm were detected due to the 

Fig. 4. Calculated plots of S0→Tn NTOs of DPQ, BrDPQ (n=1) and AcNQ, BrAcNQ (n=1–2).

Table 3 
Calculated spin-orbit coupling values for Sn→Tn transitions of the studied 
compounds.

Electronic states SOC, cm-1 (root-sum-square values)

DPQ BrDPQ AcNQ BrAcNQ

S0–T1 0.6547 4.7214 0.0000 0.0000
S0–T2 4.6527 5.9236 0.2073 0.5696
S0–T3 1.0203 20.2708 0.0410 22.3677
S1–T1 8.5602 48.7326 0.0429 4.0370
S1–T2 1.6071 8.2809 9.1763 41.5657
S1–T3 2.6317 33.2710 0.0000 0.0000
S2–T1 1.0810 24.8850 0.2232 0.2262
S2–T2 0.4132 0.2389 0.0000 0.0000
S2–T3 1.8153 18.7740 6.7306 51.7796
S3–T1 2.0880 24.2368 0.0000 0.0000
S3–T2 0.4992 23.2254 0.6776 0.3025
S3–T3 7.4909 84.9898 0.2868 7.9057
S4–T1 1.0296 71.3287 0.0925 0.2998
S4–T2 2.9180 0.8785 0.0000 0.0000
S4–T3 0.9027 40.2315 4.6849 50.2832
S5–T1 0.3811 5.2767 0.0000 0.0000
S5–T2 0.9872 7.5802 0.6261 0.1429
S5–T3 1.6521 36.9679 0.3442 12.1881

Table 4 
The temperatures of decomposition and the phase transitions of DPQ, AcNQ, 
BrDPQ, and BrAcNQ.

Compound T-5% (◦C) Tm (◦C) Tcr (◦C) Tg (◦C)

DPQ 233 123, 128 88 22
AcNQ 248 241 207 -
BrDPQ 252 222 144 -
BrAcNQ 285 301 266 -
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relaxation of triplet locally excited (3LE) states. DPQ, BrDPQ, AcNQ, and 
BrAcNQ show RTP in liquid and solid media when oxygen quenching is 
minimized. For example, the toluene solutions of BrDPQ and BrAcNQ 
after deoxygenation exhibit significant increase in emission intensity in 
the low-energy region. This observation additionally demonstrates the 
involvement of triplet excitons in the emission. In air, before deoxy
genation, the PL spectra of the films resemble to the PL spectra of 
toluene solutions. The strong suppression of emission by oxygen, along 
with fluorescence and RTP covering all visible region of the spectrum, 
positions these materials as excellent candidates for the different 
applications.

For the investigation of the RTP properties of DPQ, BrDPQ, AcNQ, 
and BrAcNQ, these compounds were molecularly dispersed in the rigid 
polymer, Zeonex, at the weight ratio of 1 to 99. The analysis of the 
molecular dispersions of BrAcNQ in Zeonex with the concentrations of 
the emitter ranging from 0.1 wt% to 10 wt% confirmed that 1 wt% is the 
optimal concentration (Fig. S19). Under ambient atmospheric condi
tions, the PL spectra of the molecular dispersions in Zeonex were similar 
to the PL spectra of their toluene solutions (Fig. 6b). Fluorescence with 
the peaks at ca 400 nm was observed. Upon evacuation up to 1 × 10-4 

mBar, the compounds showed RTP with PL bands at the wavelengths 
higher than 500 nm. The films of the solid solutions of DPQ, BrDPQ, 
AcNQ, and BrAcNQ in Zeonex displayed deep-blue-to-blue fluorescence 
(FL) and green-to-orange RTP (Fig. 6b). The high single-triplet energy 
splitting (ΔEST) values allow to exclude TADF contribution to the 
emissions of the compounds (Table 5). Corresponding CIE1931 colour 
coordinates are collected in Table 5. The intense orange RTP of the 
molecular dispersions of BrDPQ and BrAcNQ in the rigid polymer can be 
explained by the effect of heavy bromine atoms. They enhance spin-orbit 
coupling and promote intersystem crossing from 1LE to 3LE, facilitating 
RTP [50]. The RTP spectrum of AcNQ is characterized by a well-defined 
vibronic structure, in contrast to the uniform RTP spectrum of DPQ. This 
difference arises from the rigid and planar molecular structure of AcNQ 
conferred by the fused acenaphthene rings. The unstructured RTP 
spectrum of DPQ arises from the flexible molecular structure with 
rotatable phenyl groups. The time resolved PL measurements revealed 
very different RTP lifetimes for the molecular dispersions of DPQ, 
BrDPQ, AcNQ, and BrAcNQ of 19.1, 0.83, 525 and 6.4 ms, respectively 
(Fig. 6c, Table 5). The different quantum yields of FL (ηFL) and RTP 
(ηRTP) were also recorded for the compounds (Table 5, S1). Taking RTP 
lifetimes (τRTP) and ηRTP, radiative constants (kRTP) for the molecular 
dispersions of DPQ, BrDPQ, AcNQ, and BrAcNQ in Zeonex were ob
tained using the following formula. 

kRTP =
ηRTP

τRTP
(1) 

The highest kRTP of 71 s-1 was assessed for BrAcNQ. The high ηRTP 
values are typically observed for RTP emitters exhibiting high 

intersystem crossing (ISC) efficiencies [51]. Assuming that all 
non-emissive singlets and all emissive triplets are caused by ISC, 
maximum (kmax

ISC ) and minimum (kmin
ISC ) rate constant of ISC (Table 5) were 

obtained using the following formulas: 

kmin
ISC =

ηRTP

τFL
≤ kISC ≤

1 − ηFL

τFL
= kmax

ISC (2) 

All the studied compounds demonstrate relatively high maximum 
ISC rate constants approaching 1 × 108 s-1. Concerning the minimum ISC 
rate constants, the highest value of 3 × 107 s-1 was obtained for the most 
efficient RTP emitter BrAcNQ (Table 5Table ). Nevertheless, the 
different photophysical properties of DPQ, BrDPQ, AcNQ, and BrAcNQ 
offer various insights for the practical applications, some of which are 
discussed below.

2.5. Emissive tags

The films of DPQ, BrDPQ, AcNQ, and BrAcNQ molecularly dispersed 
in Zeonex displayed up to the factor of several hundred higher emission 
intensity after evacuation up to ca. 2 × 10-4 mBar. This observation 
indicates differences in fluorescence quantum efficiencies ηFL and RTP 
quantum yields ηRTP (Table 5, S1). For example, the film of the molecular 
dispersion of BrAcNQ showed very low ηFL of 0.05 % and high ηRTP of 
45.52 % (Table S1) [12]. The low ηFL and high ηRTP values are the main 
requirements for materials intended for luminescence tags [52]. RTP 
materials with high P2F parameters (Eq. 3) ensure high contrast be
tween emissive and non-emissive areas of the emissive tags [30]. 

P2F =
ηRTP

ηFL
(3) 

The authors of ref [52] screened more than 290 RTP emitters, and 
did not find compounds with P2F parameters higher than 39. They 
developed efficient luminescent tags using 4,4′-dithian
threne-1-yl-benzophenone (BP-2TA) as RTP emitter characterized by 
maximum P2F of 18. In addition, BP-2TA showed the intensity-averaged 
RTP lifetime of 30 ms. Short RTP lifetime is required for tag materials 
allowing fast on/off switching of written information.

In our case, the maximum P2F of 910 was obtained for BrAcNQ (1 wt. 
%) molecularly dispersed in Zeonex. The molecular mixture showed 
bright and fast turn-on/off response (Fig. 7a) due to its high ηRTP of 
45.52%, short RTP lifetime of 6.4 ms and the relatively high kRTP of 71 s- 

1. Meanwhile, the polymer molecularly doped with BP-2TA showed ηRTP 
of 21%, the RTP lifetime of 30 ms and kRTP of 7 s-1 (Fig. 6c and Table 5). 
Due to the perfect combination of high P2F, low ηFL, high ηRTP and 
moderate τRTP of Zeonex molecularly doped with BrAcNQ, this com
pound was used for the fabrication of luminescent tags. To save infor
mation “ktu” to the tags, the films of the molecular mixture of BrAcNQ 
(1 wt%) and Zeonex were excited by strong UV radiation (395 nm) 

Fig. 5. TGA curves (a) of DPQ, 2BrDPQ, AcNQ and BrAcNQ, DSC curves (b) of BrAcNQ.
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according to the procedure described elsewhere (Fig. 7b)[30]. The in
formation was well reproduced using weak UV excitation (355 nm) 
(Fig. 7b). It should be noted that compounds BrDPQ and BrAcNQ with 
high ηRTP and P2F can also be used for imaging. For example, the drop- 
casted films of BrDPQ and BrAcNQ molecularly dispersed in Zeonex 
showed considerably better resolution (contrast between bright orange 
(RTP) and dark (fluorescence) areas) than the previously developed RTP 
materials [53].

2.6. Single-emitter white OLEDs

The whitish emission was observed for AcNQ (1 wt.%) molecularly 
dispersed in Zeonex at “O2 off” due to the overlapping of blue FL and 
yellow RTP (Fig. 8a). The whitish emission was observed for OLEDs with 

the emitting layers of compounds DPQ, BrDPQ, AcNQ, and BrAcNQ 
molecularly dispersed in host tris(4-carbazoyl-9-yl-phenyl)amine 
(TCTA) (Table 6). This property may be useful for the development of 
single-component OLEDs for lighting applications [6]. For the verifica
tion of this assumption, the synthesized quinoxaline derivatives were 
tested as emitters in solution-processable OLEDs. The structure of the 
developed devices was as follows: poly(3,4-ethylenedioxythiophene): 
polystyrene sulfonate (PEDOT:PSS) (40 nm)/EML(30 nm)/diphenyl 
[4-(triphenylsilyl)phenyl]phosphine oxide (TSPO1) (4 nm)/ 2,2′,2′'-(1,3, 
5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (40 nm)/ 
lithium fluoride (LiF)/Al. Light-emitting layers (EMLs) consisted of 1 % 
wt. of quinoxaline derivatives molecularly dispersed in the host (TCTA). 
The layers of PEDOT:PSS and EML were spin-coated. The host TCTA was 
chosen taking into account its large band gap (Eg = 3.3 eV) and emission 

Fig. 6. Absorption and PL spectra of dilute toluene solutions (10-5 M) and films of DPQ, BrDPQ, AcNQ, and BrAcNQ (a). PL spectra (b) and PL decay curves (c) of 
molecular dispersions (1 wt%) of DPQ, BrDPQ, AcNQ, and BrAcNQ in Zeonex, recorded in air and vacuum.
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in the UV region, which well overlaps with the absorption of the studied 
emitters (Fig. 6a). TCTA is characterized by high Tg of 151◦C [47]), 
appropriate HOMO/LUMO energy levels and good charge-transporting 
properties [54,55]. The developed OLEDs A1, A2, A3 and A4 con
tained emitters DPQ, BrDPQ, AcNQ, and BrAcNQ, respectively.

For the understanding of the nature of electroluminescence of DPQ, 
BrDPQ, AcNQ, and BrAcNQ-based OLEDs, EL spectra of devices A1–4, 
along with the PL spectra of EMLs, were recorded (Fig. 10). The EL 
spectra of OLEDs A1–4 consisted of several bands which correlated well 
with the PL spectra of the emitters dispersed in the different media 
(Fig. 6b, 8a, c). The emission bands observed at 400–480 nm originated 
from the fluorescence of the emitters (Fig. S20). They are similar to 
fluorescence bands of their dilute solutions, or of solid films of the 
molecular dispersions (1 wt%) of DPQ, BrDPQ, AcNQ, and BrAcNQ in 
Zeonex or TCTA. The emissions at the wavelengths longer than 480 nm 
are attributed to the RTP of molecular dispersions of quinoxaline-based 
derivatives. This statement is in good agreement with the long-lived 
electroluminescence detected at 500 and 600 nm from transient elec
troluminescent (TREL) plots of devices A1-4 recorded in a microsecond 
range. The EL decay curves of devices A2 and A4 containing brominated 
quinoxaline derivatives BrDPQ and BrAcNQ as emitters showed two 
long-lived emission components. The obtained TREL plot is consistent 
with the RTP characteristics of the molecular dispersions of emitters 

BrDPQ and BrAcNQ in Zeonex.
The lifetimes of electroluminescence were found to be of 0.82 ms for 

device A2 and of 4.23 ms for device A4. The lifetimes of electrolumi
nescence were not estimated for devices A1 and A3, containing emitters 
DPQ and AcNQ, since they exhibited ultralong phosphorescence without 
the slope in the millisecond range (Fig. 8b). These TREL results are 
consistent with the results of PL decay measurements of the compounds 
molecularly dispersed in a TCTA host (Fig. 8d). The bromine-containing 
compounds BrDPQ and BrAcNQ exhibited relatively short phosphores
cence lifetimes. In the same time range, the samples with non- 
brominated compounds DPQ and AcNQ did not show any phosphores
cence. Thus, molecular dispersions of DPQ and AcNQ in TCTA are 
characterized by ultralong phosphorescence lifetimes similar to those of 
Zeonex polymer molecularly doped with DPQ or AcNQ (Fig. 8d).

The overlapping of blue fluorescence and red phosphorescence in 
electroluminescence of devices A1 and A2 lead to near to white emis
sion, with Commission Internationale de l'́eclairage (CIE 1931) co
ordinates close to white coordinates (0.33; 0.33) (Fig. 9b and Table 6). 
The colour rendering indices (CRI) of A2 and A4 exceeded 80. OLEDs 
A1-4 showed relatively low turn-on voltages ranging from 3.3 to 3.8 V. 
This observation can be explained by the well-chosen functional layers 
of the devices preventing energy barriers for holes and electrons (Fig. 9a 
and c). The single-emitter white RTP based OLEDs with the synthesized 
quinoxaline derivatives showed relatively low maximum EQEs ranging 
from 0.44 to 0.93% (Fig. 9d and Table 6). These values are slightly 
higher than those of the recently published single molecular white 
OLEDs [7]. Nevertheless, they are beloved of the state-of-the-art EQE 
values of OLEDs reaching over 40% without outcoupling [4]. Such re
sults are mainly attributed to the quenching of RTP of the emitters 
molecularly dispersed in TCTA, causing lower PLQYs (up to 4.62 %) in 
comparison to those observed for the films of the molecular dispersions 
in Zeonex (Table S1). This observation suggests the design of OLED 
hosts, which can enhance the efficiency of RTP emitters. In addition, the 
fluorescence of DPQ, BrDPQ, AcNQ, and BrAcNQ is very weak in com
parison to the RTP component (Fig. 8a). This observation suggests the 
design of RTP emitters with the comparable efficiency of fluorescence 
and RTP.

Taking into account the colour quality of white electroluminescence 
characterized by CRI of 80 and 83 observed for BrDPQ and BrAсNQ- 
based devices, respectively (Table 6), it can be concluded that the 
compounds are suitable for single-emitter white OLEDs. However, their 
EQE values are rather low in comparison to those of state-of-the-art 
multicomponent OLEDs. However, there are more promising applica
tions of the molecular dispersions of DPQ, BrDPQ, AcNQ, and BrAcNQ in 
polymeric host Zeonex, e.g. for emissive tags or oxygen sensors.

Table 5 
Photophysical parameters of DPQ, BrDPQ, AcNQ, and BrAcNQ.

Compound Media DPQ BrDPQ AcNQ BrAcNQ

λABS, nm Toluene 344 358 318, 349, 
366

324, 352, 
369

λFL, nm Zeonex 404 422 409, 476 427
λRTP, nm 535 596 543, 560, 

589, 644
555, 598, 
650

ΔEST, eV 0.75 0.86 0.75 0.67
τFL, ns 14 6 9 15
τRTP, ms 19.1 0.83 525 6.4
ηFL, % 0.28 0.32 0.29 0.05
ηRTP, % 2.18 32.18 4.79 45.52
kRTP, s-1 1.1 0.39 0.09 71
kmax

ISC , s-1 0.71 ×
108

1.65 ×
108

1.11 × 108 0.67 ×
108

kmin
ISC , s-1 0.16 ×

107
5.4 × 107 0.53 × 107 3 × 107

P2F 7.8 101 17 910
CIE1931FL, (x, 

y)
(0.484, 
0.452)

(0.151, 
0.035)

(0.197, 
0.263)

(0.140, 
0.070)

CIE1931RTP, 

(x, y)
(0.310, 
0.432)

(0.513, 
0.478)

(0.447, 
0.469)

(0.509, 
0.484)

Fig. 7. Molecular dispersions (1 wt%) of DPQ, BrDPQ, AcNQ, and BrAcNQ in Zeonex under different UV excitation conditions (a). “UV on” - weak UV excitation, “O2 
off” - strong UV excitation, and “UV off”, “1 s”, “2 s”, “3 s” - the emissions at different times after UV switching off. Schematic visualization of the local activation of 
RTP of the molecular dispersion of BrAcNQ in Zeonex by intense UV radiation through the shadow mask [30] and reproduction of the written information using weak 
UV radiation (b).
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2.7. Oxygen sensing

For verification of the studied compounds as oxygen sensing mate
rials, their RTP properties were studied under the mixtures of oxygen 
and nitrogen of the different compositions. The PL spectra of the selected 
compounds (1 % wt.) molecularly doped in Zeonex were recorded 

(Figs. 10a and S14). The Stern-Volmer constants (KSV) were calculated 
from the collected data. The Stern Volmer plots were non-linear for all 
the samples, as shown in Fig. 10b, indicating the presence of at least two 
main luminophore species. To determine the KSV values, Eq. 4 was used 
[56]: 

Fig. 8. EL spectra (a) recorded at the different voltages and TREL plots (b) taken at 500 and 600 nm for devices A1–4. PL spectra (c) and PL decay curves (d) of 
molecular dispersions (1 wt%) of DPQ, BrDPQ, AcNQ, and BrAcNQ in TCTA, recorded in vacuum.

Table 6 
Characteristics of OLEDs with the structure of PEDOT:PSS/EML/TSPO1(4nm)/TPBi(40nm)/LiF/Al.

Device EML VON, V Brightness, cd/m2 CE, cd/A PE, lm/W EQE, % CCT, K CIE1931,(x; y) CRI

A1 DPQ(1% wt.) TCTA 3.8 46 0.62 0.40 0.44 6249 0.32; 0.31 71
A2 BrDPQ(1% wt.) TCTA 3.5 112 1.82 1.59 0.93 3825 0.41; 0.45 83
A3 AсNQ(1% wt.) TCTA 3.3 178 1.11 1.00 0.88 4247 0.37; 0.37 77
A4 BrAсNQ(1% wt.) TCTA 3.5 64 1.10 0.84 0.55 4210 0.38; 0.42 80
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ARTP
0
A

=

[
∑n

i=1

fi

(1 + KSVi[O2])

]− 1

(4) 

where ARTP
0 is the integrated area of PL spectrum recorded under vac

uum, A is the integrated area of PL spectrum recorded at the different 
concentrations of oxygen, fi is fractional intensity.

Stern Volmer plots were well fitted using n of 2 (Fig. 10b). As a result, 
two values of fractional intensities (f1 and f2) and Stern-Volmer con
stants (KSV1 and KSV2) were obtained. The best oxygen sensitivity with 
KSV values of 5.6 × 10-4 ppm-1 and 7.46 × 10-6 ppm-1 was estimated for 

BrAcNQ molecularly doped in Zeonex characterized by the highest ηRTP 
of 45.52 %. The f for both the species were found to be of 0.954 and 
0.046. The higher KSV1 value of 5.6 × 10-4 ppm is attributed to RTP. The 
presence of the second KSV value can be explained by oxygen penetra
tion into the layer of Zeonex molecularly doped with BrAcNQ. The layer 
of compound BrDPQ molecularly dispersed in Zeonex showed the 
similar results. The values of KSV1 and KSV2 were found to be of 2.07 ×
10-4 ppm-1 and 2.94 × 10-6 ppm-1, and f values were of 0.907 and 0.093, 
respectively. The comparison of the performance of these two samples, 
allows to conclude that the probe containing compound BrACNQ has 
slightly better oxygen-sensing properties than the sample with BrDPQ. 

Fig. 9. Equilibrium energy diagrams (a), CIE1931 color coordinate diagrams (b), current density and brightness characteristics versus of voltage plots (c), EQE versus 
current density plots (d) of devices A1–4.

Fig. 10. PL spectra (a) of molecularly dispersion (1 wt%) of BrACNQ in Zeonex and Stern Volmer plots (b) of molecular dispersions (1 wt%) of DPQ, BrDPQ, AcNQ, 
and BrAcNQ in Zeonex.
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This observation is in good agreement with the slightly more efficient 
RTP of the polymer films containing BrACNQ than of the samples with 
BrDPQ. The films of Zeonex molecularly doped with BrACNQ showed 
higher ηRTP, τRTP and kRTP values than the corresponding films con
taining BrDPQ (Table 5).

The calculated KSV values for the film of Zeonex molecularly doped 
with DPQ were found to be of 1.6 × 10-4 ppm-1 and 9.3 × 10-7 ppm-1, and 
the f values were of 0.336 and 0.664, respectively. The calculated KSV 
values for the film of Zeonex molecularly doped with AcNQ were of 1.1 
× 10-3 ppm-1 and 3.6 × 10-6 ppm-1, and the f values were of 0.511 and 
0.489, respectively. As the f values were close for the samples of both the 
compounds, the overall sensitivity to oxygen is almost equally impacted 
by both emitting species. It should be noted that the highest KSV1 value 
of 1.1 × 10-3 ppm-1, which is attributed to RTP, was obtained for the film 
of Zeonex molecularly doped with AcNQ (Fig. 10b). These films showed 
the highest KSV values not only in comparison to the whole series but 
they are also among the highest values for the published organic RTP 
oxygen sensing materials [57,58]. This finding can be attributed the 
longest RTP lifetime of 525 ms observed for the films containing AcNQ 
(Fig. 6c, Table 5). The value of ηRTP of AcNQ molecularly dispersed in 
Zeonex is much lower than those of the corresponding samples of 
BrACNQ and BrDPQ. Nevertheless, this observation creates prerequisite 
for the development of novel RTP emitters with high ηRTP ηRTP and τRTP 
values for oxygen sensing applications.

3. Conclusions

For the applications of organic triplet emitters, it is essential that 
they simultaneously exhibit high quantum yields and optimal lifetimes 
of room temperature phosphorescence as well as high contrast between 
the informative and background signals. Quinoxaline derivatives with 
both rigid and flexible molecular structures, with heavy bromine atoms 
or without them, exhibit from green to orange room temperature 
phosphorescence with quantum yields of up to 45.6% and lifetimes 
spanning from 0.83 to 525 ms. One of the studied compounds molecu
larly doped in the rigid polymer exhibit quantum yield of room tem
perature phosphorescence higher by the factor of 910 times relative to 
fluorescence quantum yield. This property allows to achieve the state-of- 
art performance in luminescent tags and morphological imaging. The 
fast turn-on/off response of luminescence tags is achieved due to the 
relatively high radiative constants of the compounds. The solutions 
processed OLEDs with the emitting layers of the synthesized compounds 
showed whitish electroluminescence with the colour coordinates of 
(0.32, 0.31) close to those of natural white emission (0.33, 0.33). The 
long-lived room temperature phosphorescence of the quinoxaline de
rivative with rigid molecular structure and without bromine atoms al
lows to obtain one of the highest Stern-Volmer constants of 1.1 × 10-3 

ppm-1 for organic sensing materials of oxygen. The quinoxaline de
rivatives with the different molecular structures exhibit diverse poten
tial for various applications, primarily due to their differing emission 
colours, quantum yields, and lifetimes of fluorescence and room tem
perature phosphorescence.

CRediT authorship contribution statement

Mohamed Abdella: Writing – original draft, Visualization, Investi
gation, Formal analysis, Data curation. Matas Guzauskas: Visualiza
tion, Validation, Methodology, Investigation. Jurate Simokaitiene: 
Visualization, Supervision, Methodology, Investigation, Conceptualiza
tion. Asta Dabuliene: Investigation, Data curation. Monika Cekavi
ciute: Supervision, Methodology, Formal analysis. Dmytro Volyniuk: 
Writing – original draft, Visualization, Validation, Supervision, Project 
administration, Investigation, Funding acquisition, Conceptualization. 
Vitaly E. Matulis: Writing – original draft, Supervision, Investigation. 
Ekaterina G. Ragoyja: Validation, Supervision. Juozas V. Grazulevi
cius: Writing – review & editing, Validation, Supervision, Project 

administration, Funding acquisition.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests 
Juozas Vidas Grazulevicius reports financial support was provided by 
Research Council of Lithuania. Jouzas Vidas Grazulevicius reports a 
relationship with Kaunas University of Technology that includes: 
employment. If there are other authors, they declare that they have no 
known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper.

Acknowledgements

This work has received funding from the Research Council of 
Lithuania (LMTLT), agreement No S-A-UEI-23-1 (22-12-2023). This 
work also received support from Horizon Europe, the European Union’s 
framework programme for research and innovation (R&I) for 2021- 
2027, project HELIOS, grant agreement No 101155017.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.rineng.2026.109560.

Data availability

Data are avalible in the supporting information.

References

[1] T. Tsutsui, M.-J. Yang, M. Yahiro, K. Nakamura, T. Watanabe, T. Tsuji, Y. Fukuda, 
T. Wakimoto, S. Miyaguchi, High quantum efficiency in organic light-emitting 
devices with iridium-complex as a triplet emissive center, Jpn. J. Appl. Phys. 38 
(1999) L1502, https://doi.org/10.1143/JJAP.38.L1502.

[2] OLED-Info | OLED industry portal, (n.d.). https://www.oled-info.com/(accessed, 
October 22, 2025.

[3] P. Li, W. Li, Y. Zhang, P. Zhang, X. Wang, C. Yin, R. Chen, Recent progress of 
thermally activated delayed fluorescent materials with narrowband red, green, and 
blue (RGB) emission, ACS. Mater. Lett. 6 (2024) 1746–1768, https://doi.org/ 
10.1021/acsmaterialslett.4c00178.

[4] H.S. Kim, H.J. Cheon, S.H. Lee, J. Kim, S. Yoo, Y.-H. Kim, C. Adachi, Advancing 
efficiency in deep-blue OLEDs: exploring a machine learning-driven 
multiresonance TADF molecular design, Sci. Adv. 11 (2025) eadr1326, https://doi. 
org/10.1126/sciadv.adr1326.

[5] Z. Xie, C. Chen, S. Xu, J. Li, Y. Zhang, S. Liu, J. Xu, Z. Chi, White-light emission 
strategy of a single organic compound with aggregation-induced emission and 
delayed fluorescence properties, Angew. Chem. Int. Ed. Engl. 54 (2015) 
7181–7184, https://doi.org/10.1002/anie.201502180.

[6] M. Zhang, W. Li, S.W. Zhang, M. Ng, C. Wu, M.C. Tang, Y. Wu, C. Yang, H. Meng, 
J. Zhao, C. He, G. Wei, F. Kang, Efficient single-molecular white-light emission for 
iridium-based photoluminescent and electroluminescent white OLEDs, Cell Rep. 
Phys. Sci. 4 (2023) 101684, https://doi.org/10.1016/J.XCRP.2023.101684.

[7] M. Liu, H. Hao, G. Liao, C. Li, K. Liu, N. Wang, Q. Niu, X. Yin, M. Liu, G. Liao, C. Li, 
K. Liu, N. Wang, X. Yin, H. Hao, Q. Niu, Boron-containing molecules with 
fluorescence-phosphorescence dual-emission for mechanochromism and single 
molecular white light-emitting diodes, Adv. Opt. Mater. 11 (2023) 2202918, 
https://doi.org/10.1002/ADOM.202202918.

[8] C. Zhou, S. Zhang, Y. Gao, H. Liu, T. Shan, X. Liang, B. Yang, Y. Ma, C. Zhou, 
S. Zhang, Y. Gao, H. Liu, T. Shan, B. Yang, X. Liang, Y. Ma, Ternary emission of 
fluorescence and dual phosphorescence at room temperature: A single-molecule 
white light emitter based on pure organic aza-aromatic material, Adv. Funct. 
Mater. 28 (2018) 1802407, https://doi.org/10.1002/ADFM.201802407.

[9] Z. Wu, H. Choi, Z.M. Hudson, Achieving white-light emission using organic 
persistent room temperature phosphorescence, Angew. Chem. Int. Ed. Engl. 62 
(2023) e202301186, https://doi.org/10.1002/anie.202301186.

[10] Z. Yang, Z. Fu, H. Liu, M. Wu, N. Li, K. Wang, S.T. Zhang, B. Zou, B. Yang, Pressure- 
induced room-temperature phosphorescence enhancement based on purely organic 
molecules with a folded geometry, Chem. Sci. 14 (2023) 2640–2645, https://doi. 
org/10.1039/D3SC00172E.

[11] L. Volyniuk, D. Gudeika, A.A. Panchenko, B.F. Minaev, M. Mahmoudi, 
J. Simokaitiene, A. Bucinskas, D. Volyniuk, J.V. Grazulevicius, Single-molecular 
white emission of organic thianthrene-based luminophores exhibiting efficient 
fluorescence and room temperature phosphorescence induced by halogen atoms, 

M. Abdella et al.                                                                                                                                                                                                                                Results in Engineering 29 (2026) 109560 

12 

https://doi.org/10.1016/j.rineng.2026.109560
https://doi.org/10.1143/JJAP.38.L1502
https://www.oled-info.com/(accessed
https://doi.org/10.1021/acsmaterialslett.4c00178
https://doi.org/10.1021/acsmaterialslett.4c00178
https://doi.org/10.1126/sciadv.adr1326
https://doi.org/10.1126/sciadv.adr1326
https://doi.org/10.1002/anie.201502180
https://doi.org/10.1016/J.XCRP.2023.101684
https://doi.org/10.1002/ADOM.202202918
https://doi.org/10.1002/ADFM.201802407
https://doi.org/10.1002/anie.202301186
https://doi.org/10.1039/D3SC00172E
https://doi.org/10.1039/D3SC00172E


ACS. Sustain. Chem. Eng. 11 (2023) 16914–16925, https://doi.org/10.1021/ 
acssuschemeng.3c04011.

[12] M. Stanitska, D. Volyniuk, B. Minaev, H. Agren, J.V. Grazulevicius, Molecular 
design, synthesis, properties, and applications of organic triplet emitters exhibiting 
blue, green, red and white room-temperature phosphorescence, J. Mater. Chem. C. 
Mater. 12 (2024) 2662–2698, https://doi.org/10.1039/D3TC04514E.

[13] Z. Chen, Q. Gu, M. Li, W. Qiu, Y. Jiao, X. Peng, W. Xie, D. Liu, K. Liu, Z. Yang, S. 
J. Su, Extended Π-conjugation toward efficient orange purely organic 
phosphorescence OLEDs, Adv. Opt. Mater. 12 (2024) 2302503, https://doi.org/ 
10.1002/ADOM.202302503.

[14] Y. Zhang, Z. Wang, Y. Su, Y. Zheng, W. Tang, C. Yang, H. Tang, L. Qu, Y. Li, 
Y. Zhao, Simple vanilla derivatives for long-lived room-temperature polymer 
phosphorescence as invisible security inks, Research. (Wash. D. C) (2021) 
8096263, https://doi.org/10.34133/2021/8096263, 2021.

[15] L. Skhirtladze, K. Leitonas, A. Bucinskas, K.L. Woon, D. Volyniuk, R. Keruckienė, 
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