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Two new well-defined donor—acceptor—donor (D—A—D’) thermally
activated delayed fluorescence (TADF) molecules with mechanochromic and

echano
thermochromic architectures were designed and synthesized based on tert- The,::;responsivitv
butylcarbazole and methoxycarbazole substituents attached to a phenazine PLOY= TADF LEECS
derivative. Density functional theory (DFT) studies revealed molecular structures oMo 5
with extended 7-conjugation and low singlet—triplet energy gaps (AEgy), which AIEE ~

enhance reverse intersystem crossing (RISC) for efficient TADF. Single-crystal X-ray
diffraction confirms differences in molecular packing. The dye composed of tert-
butylcarbazole exhibits lower aggregation and higher photoluminescence quantum
yield (PLQY) upon spin-coating in a solid film, owing to its bulkier structure. /J\ ‘ s
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Thermal stability studies demonstrated high decomposition temperatures (T4 > 300 HOMO~ .20 1 7
°C) and improved rigidity of the dye consisting of tert-butylcarbazole. Photophysical 2&“: : active layer

investigations revealed that the dyes dispersed in a tetrahydrofuran (THF):water
mixture showed aggregation-induced emission enhancement (AIEE). Incorporation of the complex organometallic [Ir-
(buoppy),(dmapzpy) JPF¢ as a host in LEECs favors the energy transfer and yields single emission peaks at 588 and 587 nm
with 60 wt % host content. The improved device attains maximum current (28.97 cd A™"), power (22.11 Im W), and external
quantum efficiency (4.02%). These findings underline the significance of substituent design and host:guest interactions in improving
TADF LEEC performance and provide new insights for high-efficiency optoelectronic devices.

phenazine, tert-butylcarbazole, methoxycarbazole, mechanochromism, thermochromism, TADF, LEECs

generation and enables an internal quantum efficiency (IQE)
reaching nearly 100%.® However, at high excitation densities,
phenomena such as triplet—triplet annihilation (TTA) and
exciton quenching can reduce the efliciency. Unlike phosphor-
escent materials, which rely on heavy metal complexes to

The advancement of optical devices depends on innovative
materials and designs to meet the growing demands for
efficiency and functionality. The development of light-emitting
electrochemical cells (LEECs) has attracted considerable

attention due to their potential for low-cost and efficient
devices." Most challenges in LEECs require advances in
material design, such as thermally activated delayed fluo-
rescence (TADF) emitters, stable hosts, better device
architectures, and improved fabrication techniques to increase
the efliciency, stability, and overall performance of the
LEECs.”™" The development of molecules for TADF is
complex due to several interdependent factors that must be
optimized for efficient performance.” Key challenges in the
development of TADF molecules include energy level
balancing, molecular architecture optimization, photophysics
and stability tradeoff, color tuning, device integration, and
synthetic complexity.” TADF materials exhibit both prompt
and delayed fluorescence, with the delayed fluorescence
resulting from thermal activation of triplet excitons.” Dual
emission makes them efficient in utilizing excitons for light
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generate triplet excitons, TADF materials are metal-free,
making them less expensive and more environmentally
friendly. In addition, TADF performance is temperature-
dependent due to the thermal dependence of reverse
intersystem crossing (RISC), with efficiency decreasing at
lower temperatures.” Several stimuli-dependent mechanisms
such as mechanochromism and thermochromism lead to a
change in the optical properties of a material.'"® These
mechanisms are particularly interesting for the development

February 15, 2025
June 17, 2025
June 18, 2025

https://doi.org/10.1021/acsaom.5c00065
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marzieh+Rabiei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mozhgan+Hosseinnezhad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raheleh+Ghahary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Venkatramaiah+Nutalapati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sohrab+Nasiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sohrab+Nasiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Michel+Nunzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juozas+Padgurskas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raimundas+Rukuiza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaom.5c00065&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00065?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00065?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00065?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00065?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00065?fig=tgr1&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaom.5c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaom?ref=pdf
https://pubs.acs.org/acsaom?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Scheme 1. Synthesis Pathway of the Organic Dyes
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of modern materials for sensors, smart devices, and
optoelectronics. Mechanochromism refers to the property of
materials that exhibit a color change in response to mechanical
stimuli such as grinding, pressing, stretching, shearing, or
scratching,'' These materials change their photophysical or
optical properties due to changes in their molecular structure,
packing, or interactions caused by mechanical forces.'”
Thermoresponsiveness is the property of materials that exhibit
a color change in response to temperature variations. This
phenomenon occurs due to changes in the molecular structure,
electronic state, or a§§regat10n behavior of the material upon
heating or cooling. > Donor—acceptor—donor (D—A—D’)
molecular architectures are commonly used in the design of
organic semiconductors, light-emitting materials, and other
optoelectronic compounds. Electron-donating groups donate
electrons to the central acceptor unit. Electron-withdrawing
groups stabilize the electrons transferred by the donors. The
use of different donor units (D, D’) leads to an asymmetry that
allows fine-tuning of the energy levels, dipole moment, and
optical properties of the molecules.'* D and D’ can have
different steric or electronic properties that influence charge
transfer and molecular packing."” Phenazine is a nitrogen-
containing aromatic heterocycle with chemical formula
C;,HgN,; it is a tricyclic compound composed of two
benzenes and one pyrazine ring.'® The nitrogen atoms in the
pyrazine ring contribute to its unique electronic properties.
Phenazine derivatives are widely used in organic semi-
conductors, organic light-emitting diodes (OLEDs), and
solar cells due to their favorable charge transport and light
emission properties.'” The incorporation of donor—acceptor
groups into the phenazine core enables precise tuning of the
photophysical and electronic properties.'” Modified phenazine
structures can serve as efficient acceptor units in TADF
emitters for efficient light-emitting devices. In this study,
substituted carbazole derivatives were prepared to design light-
emitting molecules with thermoresponsive properties. The
designed molecules are metal-free, which is of interest from an
environmental perspective, and easier to synthesize than

e

Dye 2

organomineral compounds. They provide convenient mechan-
ical properties. Analytical and computational techniques were
used to investigate the performance of the prepared molecules.
Their photochemical and electrochemical responses were
studied. The synthesis route of the dyes is shown in Scheme 1.

Intermediates, dyes, and other chemical compounds, including
solvents, organic reactants, and catalysts, used in the synthesis process
were purchased from Merck & Aldrich Co. and used without
purification. The synthesis of compound A is described in the
Supporting Information.

A mixture of A (1 mmol), secondary amine (1.2 mmol), Pd (OAC),
(0.020 mmol), tri-tert-butylphosphine (0.04 mmol), and sodium ftert-
butoxide (1.5 mmol) was prepared in S mL of toluene and stirred
under a nitrogen atmosphere for 6 h at 120 °C. The mixture was
gradually cooled and poured into a mixture of water (3 mL) and ethyl
acetate (20 mL). The organic and aqueous layers were separated and
dried completely using magnesium sulfate and rotary evaporation.

2.1.1. 3-Phenazine,11-(5-methocycarbazole)dibenzo[a,j]-
phenazine (Dye 1). 'H NMR (500 MHz, chloroform, 5/ppm):
8.33 (1H, s), 8.11-8.07 (4H, d, J = 7.5 Hz), 8.02—7.91 (4H, m),
7.85—7.77 (4H, m), 7.76 (3H, s), 7.63 (3H, d, ] = 7.3 Hz), 7.48—7.45
(2H, d, J= 7.3 Hz), 7.26 (2H, t), 6.63—6.55 (3H, d, ] = 7.2 Hz), 5.80
(2H, s), 8.87 (3H, s, OCH;); *CNMR (500 MHz, chloroform, &/
ppm): 155, 147, 143, 142, 141, 140, 138, 138, 135, 131, 131, 129, 128,
128, 127, 126, 125, 125 (3C), 124 (2C), 123, 122 (2C), 121, 120
(2C), 119, 115, 113, 112, 110, 10S (Ar.), 67 (aliphatic). Beige-white
with a bluish tint solid, 83% yield.

2.1.2. 3-Phenazine,11-(3,6-di-tert-butylcarbazole)dibenzo-
[ajlphenazine (Dye 2). 'H NMR (500 MHz, chloroform, &/
ppm): 836 (1H, s), 8.30 (1H, s), 8.14—8.07 (4H, d, ] = 7.5 Hz),
8.02—7.91 (4H, m), 7.85-7.77 (2H, t), 7.76 (1H, d, ] = 7.5 Hz),
7.69—7.63 (2H, dd, ] = 7.5, 1.6 Hz), 7.62—7.59 (1H, dd, ] = 7.3 Hz),
7.56—7.51 (1H, d, ] = 7.2 Hz), 7.48—7.45 (1H, d), 7.37 (2H, t),
7.21-7.19 (2H, d), 6.78 (2H, s), 5.80 (3H, s), 1.33 (18H, s, CH;);
BCNMR (500 MHz, chloroform, §/ppm): 147, 144, 143., 142, 141,
138, 138, 135, 131 (2C), 129, 128 (2C), 127, 126 (2C), 125 (4C),
124, 123, 122, 121, 120, 119, 118, 116, 114, 112, 110, 67.03 H (Ar.),
35, 31 (aliphatic). Beige-blue solid, 85% yield.
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Figure 1. Extracted structure, optimized structures, LUMO, HOMO, and HOMO — 1 distributions from DFT.

Table 1. Extracted Values from DFT and Electrochemical and Photophysical Properties

parameters
(HOMO/LUMO/E;) from DET, eV
(Eonset,-ox/ Eonsetrea)s V
(EEPMO/EP! film/EAcy), eV
(Ty/T,/T,), °C
ABS™, nm (toluene/methanol/film)
PL™, nm (toluene/methanol/film)
PLQY™, % (toluene/toluene,iogen ambien/ Methanol/nondoped film)
Tpp spin-coated on the film, ns (77/170/250/300 K)
Tpp spin-coated on the film, ns (77/170/250/300 K)
AEgy spin-coated on the film, eV

PLQY™, % spin-coated dye: (20/40/60/80 wt %) of [Ir(buoppy),(dmapzpy)]
PE,

dye 1 dye 2
(—4.89/-2.44/0.09) (—5.42/-2.45/0.14)
(0.39/-1.70) (0.40/-1.65)
(—5.19/2.11/3.08) (—5.20/2.46/2.74)
(314/83/198) (326/113/197)
(219/218/231) (222/212/216)
(578/603/611) (543/561/560)
(3/5/1/54) (7/8/6/61)

(14.51/13.15/18.16/13.71)
(5291.08/5952.78/6318.29/6002.19)
0.03

(56/63/64/71)

(15.63/15.93/17.15/19.20)
(6019.13/6093.05/6366.70/6704.14)
0.04

(67/68/73/75)

Figure 2. Side views of the single-crystal structures of (a) dye 1 and (b) dye 2.

According to the reaction process shown in Scheme 1, the
main goal is to perform a nucleophilic reaction and replace the
bromine atom with a secondary aromatic amine. This type of
reaction was reported by Ullmann using a copper catalyst with
a yield of about 80%;'? however, in this study, a Pd/P(t-Bu),
catalyst was used, which enables a high-yielding process for
coupling secondary aromatic amines with aryl halides. The use
of the Pd(OAC),/P(t-Bu); catalyst in this study resulted in a
product yield of ~85%, which is a desirable result. Complete
purification of the dyestuffs was carried out using column
chromatography with a petroleum ether/ethyl acetate mixture.
Organic molecules having heterocyclic aromatic rings in the
core show good thermal stability, which is enhanced by the

addition of arylamine groups. This phenomenon may be due to
the inherent asymmetry in the designed chemical structure,
which prevents interactions and the formation of unwanted
crystals and improves thermal stability.*’

The extracted optimized structures and distributions of the
lowest unoccupied molecular orbital (LUMO)—highest
occupied molecular orbital (HOMO) from density functional
theory (DFT) are shown in Figure 1. The LUMO appears to
be delocalized across the central conjugated dibenzo[a,]-
phenazine backbone in both molecules, suggesting that the
molecule has an extended 7-system suitable for charge transfer.
Furthermore, in both structures, the HOMO appears to be
mainly delocalized over the carbazole and phenazine
derivatives, exhibiting asymmetry via the aromatic conjugated
system, indicating that the z-electrons from the conjugated
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Figure 3. (a) Exo- and endothermic behavior based on DSC curves. (b) TG analysis of the dyes in powder form.

framework. The LUMO—HOMO separation minimizes the
overlap of the electron wave function and thus reduces the
exchange interaction. This in turn lowers the singlet—triplet
energy gap (AEgr), which is beneficial for processes such as
TADEF as it enables efficient exciton utilization.”"** In addition,
the localization of HOMO — 1 at phenazine ensures that it
contributes primarily to the electronic properties of the donor
and maintains a clear distinction between donor and acceptor
functions.” This D—A—D’ design is critical for controlling
energy levels and optimizing charge dynamics in optoelec-
tronic devices like LEECs. The LUMO and HOMO values are
reported in Table 1, where the electron affinity, which refers to
the LUMO values, and the ionization potential, which refers to
the HOMO values, are —2.44 and —4.89 eV for the dye
consisting of methoxycarbazole and —2.45 and —5.42 eV for
the dye consisting of tert-butylcarbazole, respectively. The
HOMO-LUMO gap for dye 1 is 2.45 eV, and that for dye 2 is
2.97 eV, and these gaps correspond to their emission energy.
LEECs with gaps in this range are usually well suited for blue-
green or green emission, depending on the excitonic
properties. Based on the calculated AEgr from the DFT,
which are 0.09 and 0.14 eV for dyes 1 and 2, respectively, both
dyes are preferred for the TADF mechanism, as these values
lead to lower RISC and can ensure a balance between efficient
triplet harvesting, contributing to stable LEEC operation; these
values are given in refs 24,25.

In Figure 2a,b, the single-crystal XRD data of the dyes show
that, from the side view, the angles between the methox-
ycarbazo/phenazine derivative, as the donor (D)/donor (D)
in tandem, and dibenzo[a,j]phenazine, as a constant acceptor
(A), are evident. To clarify, although dye 1 has a slightly larger
bond angle (124° versus 119° for dye 2), this does not directly
translate to an overall larger molecular distortion. The larger
bond angle for dye 1 reflects a local distortion at a specific site
(the methoxycarbazole-phenazine linkage), but overall, dye 2,
which contains bulky tert-butyl groups, experiences a larger
global structural distortion due to steric hindrance. This is
reflected in a less compact molecular packing and a more
relaxed crystal structure, as confirmed by diffraction analysis
(Figure S1). In Figure Sla,c, the close-packed molecules 1 and
2 are shown as triclinic and monoclinic lattices, respectively. In
addition, the intermolecular distances (yellow and red lines)
indicate specific interactions, such as z-stacking or nitrogen

and hydrogen bonding, which are common in molecular
crystals. Taking into account the N—N distances, dye 2
exhibits less compact molecular packing due to steric
hindrances or increased structural distortions from its bulkier
substituent, such as tert-butylcarbazole, which allows for a
more relaxed packing arrangement, leading to a reduction in
aggregation, which is beneficial for optoelectronic devices such
as LEECs, as it minimizes exciton quenching and enhances
photoluminescence.”® In addition, dye 2 has a longer 7—H
distance, which reduces intermolecular interactions and
minimizes nonradiative decay pathways, ultimately improving
the photoluminescence quantum yield (PLQY).”” To
determine the HOMO and LUMO energy levels of the dyes,
cyclic voltammetry (CV) measurements were conducted on
the dyes dissolved in dimethylformamide (DMF) (Figure S2).
The HOMO energy level EGPMO was calculated using the
following formula: EEGMO = [—(E, . of oxidation + 4.8)],
where the oxidation onset potential is used in the HOMO
energy level relative to the vacuum energy level. The
oxidation—reduction behavior observed in CV is summarized
in Table 1. Notably, the calculated Eby™© values of the dyes
show good agreement with the HOMO energy levels extracted
from the DFT calculations. Furthermore, the LUMO energy
level is directly related to the electron affinity [EAqy =
—(E&Y™M© + EZ')] between the dyes. Dye 2 exhibits a larger
optical band gap (2.46 eV) than dye 1 (2.11 eV), suggesting
that dye 1 possesses a more extended conjugated system and
stronger intramolecular charge transfer. The smaller optical
band gap of dyes corresponds to absorption at longer
wavelengths (red- or/and blue-shifted), characteristic of
materials with enhanced conjugation or charge-transfer
properties.

The thermal stability of the dyes in powder form is evaluated
by TG and DSC diagrams. Both powders exhibit almost similar
melting points (198 and 197 °C for dyes 1 and 2 in tandem,
respectively), so this factor is less relevant to distinguish their
thermal stability, as confirmed in Figure 3a. These melting
points are generally sufficient for LEEC fabrication, provided
that the dyes also have high thermal decomposition temper-
atures (T; > 300 °C) and good thermal stability during
operation.”® The extracted values of the thermal properties are
given in Table 1. Furthermore, dye 2 exhibits a higher
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Figure 4. Steady-state UV—vis absorption (Abs) and photoluminescence (PL) spectra of dyes ((a) 1 and (b) 2) in dispersed nonpolar/polar

solutions and as solid films.
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Figure S. AIEE phenomena: (a, ) PL spectra of the dyes in a water/THF mixture with varying water fractions and (b, d) PL intensity versus water

fraction for the dyes.

decomposition temperature, indicating better thermal stability
during heating. The glass transition (Tg) values for dyes 1 and
2 are 83 and 113 °C, respectively, showing that powder 2 has
higher thermal stability than powder 1, which is related to the
more rigid molecular chains in molecule 2, as the rigid
structures increase the energy required for the molecular
segments to achieve mobility, resulting in a higher Tg.29 As can
be seen, the bulky and thermally robust tert-butyl group in dye
2 increases the resistance to decomposition and provides
structural rigidity, which contributes to better thermal
performance. Moreover, the TG plot in Figure 3b shows the
respective decomposition temperatures, with dye 2 showing a
loss of 3 wt %, which is slightly more than the loss of powder 1
(2 wt %). However, this difference is small and not as critical as
the higher decomposition temperature for determining the
overall thermal stability.

The experimental absorption (ABS) and photoluminescence
(PL) spectra of the dyes in different modes are illustrated in
Figure 4. To investigate the solvatochromism phenomena, the
Stokes shift and polarity function were considered by the
e—1 _ n’—1 3031
26+1 P41

dielectric constant and n is the refractive index. The Av vs Af

where ¢ is the

following equation: Af =

plot is shown in Figure S3. The linear slope of dye 2 (6493)
was higher than that of dye 1 (4123), which can be attributed
to the presence of a fert-butylcarbazole group in the chemical
structure of dye 2, which can reduce the planarity of the dye
molecule and increase intramolecular distortions during
electronic transitions, resulting in larger shifts in energy levels
between absorption and emission.’> A decrease in molecular
planarity, as caused by bulky substituents such as the tert-butyl
groups in dye 2, increases the degree of intramolecular twisting
or distortion between donor and acceptor moieties. This
geometric relaxation leads to a stronger difference between the
geometry of the molecule in the ground state (absorption) and
that in the excited state (emission). Particularly, in less planar
structures, the molecule undergoes greater structural reorgan-
ization during photoexcitation. The excited state adopts a more
relaxed, twisted conformation, which stabilizes the lowest
excited state and lowers its energy, resulting in a red-shifted
emission. However, as absorption occurs from the planar or
near-planar ground state, the gap between absorption and
emission widens, resulting in a larger Stokes shift. Furthermore,
the methoxy group (—OCH,;) in dye 1 is an electron-donating
group that acts through both inductive and resonance effects.
This can stabilize both the ground state and the excited state,
leading to a relatively smaller change in the dipole moment and
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Figure 6. (a, b) PL spectra of dissolved dyes in toluene under air and nitrogen environments, (c, d) PL decay curves of spin-coated dyes on films at
different temperatures (77—300 K), (e, f) PL spectra of spin-coated dyes on films at different temperatures (77—300 K), and (g, h) PH spectra of

spin-coated dyes on films.

consequently smaller Stokes shift values.””** According to
Table 1, the spin-coated dyes on solid films showed reddish-
orange and yellowish-green colors when the maximum
wavelengths of the absorption spectra were 231 and 216 nm,
corresponding to the z—n* transitions; additonally, broader
and sharper bands at longer wavelengths were attributed to
charge transfer (CT), like the intermolecular charge-transfer
(ICT) absorption band associated with electron transfer from
the carbazole moieties to the dibenzo[a,j]phenazine moiety.>

3.5.1. Investigation of the AIE Mechanism. Aggrega-
tion-induced emission enhancement (AIEE) dyes are well
suited for LEECs, especially for high-efficiency, solution-
processed, and stable devices. Their ability to emit brightly in
aggregated states and their tunability make them excellent
choices for advanced optical applications. Therefore, AIEE was
dominated in this case because the PLQY values of the
dispersed dyes in toluene and methanol were lower than those
of the nondoped film, and the intensity of the dispersed dyes
only in tetrahydrofuran (THF) (0 wt % water) was also not
lower than that of other intensities at various water percentages
(Figure Sb,d). The PLQYs for dispersed dye 1 in toluene and
methanol were 3 and 1%, while for dye 2, the PLQYs were 7
and 6%, calculated in tandem. The higher PLQY of dyes
dispersed in toluene than in methanol is primarily due to the
nonpolarity of toluene and the absence of hydrogen bonding,

which minimizes nonradiative decay pathways. In contrast, the
polarity and hydrogen bonds of methanol favor nonradiative
relaxation and quenching, which decreases PLQY. The reasons
for the occurrence of AIEE phenomena are cited in several
references, due to the molecular constraints of intermolecular
motion, vibration, and movement.**~>* It should be noted that
in the PL spectra of dispersed dyes, two domains are observed
in some of the different water fractions because the polarity of
the solvent mixture shifts as the water fraction changes,
affecting the solvent—dye interactions. The two domains in the
PL spectra arise from the coexistence of monomeric and
aggregated dye species, which are influenced by the polarity of
the solvent environment, the water fraction, and the
aggregation tendencies of the dye.’” Furthermore, the PL
intensity of dispersed dye 2 was higher than that of dye 1 at a
water content of 90 wt% (Figure Sa,c), as the presence of bulky
and hydrophobic tert-butylcarbazole promotes aggregation
even at lower water contents due to its poor solubility in
polar environments.*’

3.5.2. Proof and Evaluation of TADF. According to the
established rules for TADF dyes, the following criteria were
examined for synthesized dyes 1 and 2 to confirm their TADF
mechanism:

(1) Enhanced PL intensity in deoxygenated ambient: The
PL intensity of the dyes in an oxygen-free environment
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Figure 7. (a, b) Power dependence of the delayed fluorescence of dyes (50 us) in the solid-state mode and (c) linear fit of the delayed fluorescence

intensity of dyes as a function of excitation power.

should be higher than in an oxygenated environment. As
shown in Figure 6a,b, the PL spectra of dyes 1 and 2
dispersed in toluene were compared under these two
conditions. The intensity ratios were calculated to be
6.11 and 7.2, respectively, which align well with values
reported in previous studies.””*"** This enhancement in
PL intensity under deoxygenated conditions is due to
the absence of collisional quenching, energy transfer to
oxygen, and oxidative degradation. Oxygen molecules
interact with excited dye molecules in an oxygenated
environment, facilitating nonradiative decay pathways
and reducing fluorescence intensity.
(2) Temperature-dependent PL intensity and lifetime: The
PL intensity and representative lifetime (7) values of
spin-coated dyes on films are lower at low temperatures
than at room temperature, as shown in Figure 6¢c—f and
Table 1. This behavior indicates the transition from local
excited triplet states (LE’) to charge-transfer singlet
states (CT"), as the increased PL intensity and lifetime
at room temperature support efficient RISC. At low
temperatures, energy transfer mechanisms such as
Forster resonance energy transfer (FRET) or Dexter
energy transfer are hindered due to reduced molecular
overlap or exciton trapping, leading to exciton
quenching and shorter lifetimes.”’ Additionally, the
RISC mechanism is less efficient at low temperatures,
causing longer triplet-state lifetimes and increased
nonradiative decay.
(3) Small singlet—triplet energy gap (AEgr): For efficient
RISC, a minimal AEgy is critical. The singlet (S;) and
triplet (T,) energy levels were determined using PL and
phosphorescence (PH) spectra measured at 77 K
(Figure 6gh). Based on the onset spectra, the AEgr
values for spin-coated dyes 1 and 2 were calculated as
0.03 and 0.04 eV, respectively. These values fall within
the optimal range for activating RISC and enabling
efficient TADF.
Power dependence of delayed fluorescence: The delayed
fluorescence intensity should exhibit a sublinear increase
with excitation power due to triplet—triplet annihilation
(TTA) and RISC saturation at higher excitation
powers.44 To evaluate this, power-dependent measure-
ments were performed on spin-coated dyes on solid
films with a constant delay of S0 us. As shown in Figure
7a,c, increasing laser power flux enhanced the PL
intensity. This supports the presence of TADF, as

(4)

higher excitation power generates more singlet and
triplet excitons. The delayed fluorescence depends on
RISC, which converts triplet excitons back to the singlet
state, thereby enhancing PL intensity with increased
power. Figure 7b,d shows intensity versus power, and
the slope of the linear fit, which is less than 1, reflects the
complex interplay of saturation effects, quenching
mechanisms, and triplet-state dynamics that limit the
linearity of delayed fluorescence intensity with excitation
power; eventually, triplet—triplet annihilation was not
observed. As a confirmation, the synthesized dyes 1 and
2 satisfy the key criteria for TADF, as demonstrated by
the results from PL intensity comparisons, temperature-
dependent measurements, AEgy evaluations, and power-
dependent delayed fluorescence analyses. These ﬁndin§s
confirm that both dyes exhibit a TADF mechanism.”~"’

3.5.3. Optical Sensing Features of Dyes. The PL
spectra of spin-coated dyes under different atmospheric
conditions (air, argon (Ar), and nitrogen) are presented in
Figure S4, demonstrating that these molecules exhibit different
PL properties depending on the environment. The dyes exhibit
remarkable shifts in their PL maxima under different
atmospheric conditions, especially between oxygen-containing
(air) and inert (Ar, nitrogen) environments, when the
maximum wavelengths in air, argon, and nitrogen reached
611, 547, and 540 nm for spin-coated dye 1 and 560, 533, and
555 nm for spin-coated dye 2, respectively. The PL spectrum
of molecule 1 shows a more pronounced blue shift in the Ar
and nitrogen environments than in air. The blue shift of
molecules 1 and 2 is due to the absence of oxygen, which
normally quenches higher-energy excited states and stabilizes
lower-energy emitting states through interactions such as
energy transfer or charge stabilization. Without oxygen, the
molecules emit from their intrinsic singlet or triplet states,
leading to higher energy (blue-shifted).”” It is noteworthy that
air (containing oxygen) can create a slightly polar environment
around the molecules due to the partial charge distribution of
oxygen. Polar environments usually stabilize the excited states
of the molecule, especially the ICT states, leading to a red shift
of the emission. In addition, Ar and nitrogen are nonpolar,
inert gases that do not stabilize the excited states in the same
way, leading to blue-shifted emissions as the intrinsic energy
levels of the excited states dominate.”’

3.5.4. Doped Spin-Coated Dyes. In this study, [Ir-
(buoppy),(dmapzpy) |PF, acted as an efficient phosphores-
cence host that facilitates Forster or Dexter energy transfer to
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dyes 1 and 2, as this energy transfer process helps to occupy
the emitting states of the dyes more efficiently. [Ir-
(buoppy),(dmapzpy)]PF¢ typically has high T, energy levels
(>2.7 eV) due to the ligand design in the molecular structure.
The selection of [Ir(buoppy),(dmapzpy)]PF, as a host
material is based on several considerations. This complex
exhibits a high triplet energy level, strong spin—orbit coupling
(SOC), and excellent electron transport properties, enabling
efficient Forster or Dexter energy transfer to the TADF guest
molecules without exciton backtransfer. The use of this
complex as a host in this study is noteworthy and crucial, as
ionic conductance is important for the operation of LEECs to
allow for the formation of dynamic p—i—n junctions during
device operation. The PFy anions present in [Ir-
(buoppy),(dmapzpy)]PF contribute to the required ionic
conductivity and support efficient charge injection and
recombination processes. Therefore, [Ir-
(buoppy),(dmapzpy) |PFs not only improves photophysical
performance but also fulfills the ionic conductivity requirement
specific to LEECs. An organic host alone would not provide
the mobile ions required for LEEC operation, and it would
have been difficult to simultaneously achieve high triplet
energy, efficient charge transport, and ion movement. There-
fore, the use of [Ir(buoppy),(dmapzpy)]PF4 enabled a more
comprehensive evaluation of the photophysical properties and
device performance of the developed TADF dyes. [Ir-
(buoppy),(dmapzpy) |PF; itself is a very efficient phosphor-

escent emitter with excellent internal quantum efficiency due
to strong SOC. The PLQY value of only [Ir-
(buoppy),(dmapzpy)]PFs as a host on the neat film was
calculated to be 83%, which is more than the values of doped
dyes reported in this study (Table 1), because it is an
intrinsically efficient phosphorescent emitter with minimal
nonradiative losses. When doped with TADF dyes, partial
energy transfer inefliciencies, additional nonradiative decay
pathways introduced by the organic dyes, and slight
morphological perturbations in the film contribute to a
moderate decrease in the PLQY, which is typical for host—
guest systems in LEECs. However, as target materials, doped
organic TADF dyes 1 and 2 exhibit more pronounced
vibrational and structural relaxation pathways compared to
rigid iridium complexes; also, increasing the external quantum
efficiency (EQE) of phosphorescent LEECs is complicated
because TADF LEECs due to phosphorescence have a high
efficiency at low temperatures, but TADF can be considered at
room temperature when TADF dyes are cheaper. Furthermore,
in pure [Ir(buoppy),(dmapzpy)]PF,, the PL decay is shorter
(Figure SS, 7pp 4729 ns) because the RISC cannot be activated
in pure [Ir(buoppy),(dmapzpy) ]PFs when T, — Sy; however,
when doped with TADF dyes 1 and 2, the energy is first
transferred from the Ir complex to the dyes. TADF dyes delay
the emission by RISC of T; — S; — S, (delayed fluorescence
pathway), and the RISC process leads to longer lifetimes of the
excited states, although the dyes eventually emit light. The
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buoppy and dmapzpy ligands are also engineered to raise the
T1 energy level, making this complex an excellent host for
energy transfer to lower triplet energy guest emitters,
minimizing energy backtransfer and ensuring efficient radiative
decay of the guest emitter.”” The addition of 20—80 wt % Ir
[Ir(buoppy),(dmapzpy) ]PF to the emitter in solid film mode
increased the PLQY values to (56/63/64/71)% and (67/68/
73/75)% (Table 1) for doped dyes 1 and 2 in tandem.
Furthermore, the [Ir(buoppy),(dmapzpy)]PF,; complex ex-
hibits high quantum yield and excellent electron transport
properties in light-emitting devices. In addition, the [Ir-
(buoppy),(dmapzpy) ]PF¢ complex possesses strong SOC due
to the iridium center, which can efficiently harvest T, excitons
and transfer them to the dyes.’>** This enhances the
utilization of both S; and T, excitons, which improves the
overall emission efficiency.”® It is clearly seen that as the
content of Ir derivatives increased, two distinct emission
regions emerged in the PL spectrum of the doped dyes, except
at a certain threshold content of 60 wt % of Ir derivative, as
shown in Figure S6. At 60 wt % [Ir(buoppy),(dmapzpy)]PF,,
the host and dye are likely to be in an optimal ratio, allowing
efficient Forster or Dexter energy transfer, and the host
transfers the energy predominantly to the dye, resulting in a
single emission region dominated by the photoluminescence of
the dye. Therefore, there is no significant phase separation, and
the spectrum shows a single emission peak.

3.6. Mechanoresponsive, Thermoresponsive, and Powder
X-ray Diffraction

The PL spectra of the pristine dyes in powder form and ground
modes are illustrated in Figure 8a,b. Powder 1 exhibits a color

shift from yellow-orange (pristine) to orange (grinded), with
additional red emission observed at 667 nm. Similarly, powder
2 shows a shift from yellow (pristine) to yellow-orange
(grinded), accompanied by a deep red emission at 641 nm. In
the pristine state, molecules 1 and 2 exhibit tighter molecular
packing, which leads to specific photophysical properties such
as delocalization of excitons. After grinding, the molecular
arrangement becomes more disordered, which changes the
energy levels and leads to the observed shifts in emission
colors. In the crystalline phase, the close packing of the
molecules enhances #-conjugation and stabilizes planar
conformations, leading to red-shifted emission. However,
mechanical forces, such as grinding, lead to changes in the
molecular conformation, including torsion or rotation of
donor—acceptor groups or m-conjugated segments, disrupting
this tight packing and shifting the emission properties. These
observations are consistent with previous studies on the effects
of mechanical perturbations on photophysical behavior.***’
The mechanochromic effect observed in these dyes is due to
mechanically induced changes in the molecular arrangement
and interactions. This effect is evidenced by the PL spectra and
CIE color coordinates, which show significant variations in the
luminescence. Furthermore, X-ray diffraction (XRD) patterns
of the powder confirm this observation, with pristine powders
exhibiting well-defined crystalline lattices. Also, the XRD
pattern, consistent with single-crystal XRD analyses, reveal
triclinic and monoclinic lattices for dyes 1 and 2, respectively
(Figures 8e and S7e). Upon grinding, the XRD patterns
indicate a loss of crystallinity, further confirming the
mechanically induced structural disorder.’® In addition, the
thermoresponsive behavior of the dyes in powder form was
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also investigated (Figure S7). The PL and XRD results under
thermal excitation (Figure S7) demonstrate that heating the
powders at 473 K leads to remarkable color changes, with the
heated powders exhibiting a predominantly red color, as
indicated by the CIE diagrams (Figure S7c,d). The red shift in
color is due to changes in molecular arrangement, interactions,
and emission states caused by heating. The XRD patterns of
the heated powders show broad main peaks, indicating the
disruption of weak intermolecular forces such as hydrogen-
bonding, 7—n stacking, and van der Waals interactions,”’
which are essential for the maintenance of crystalline order. As
these interactions weaken with heat, the molecules lose their
ordered packing, leading to broader peaks and an increased
level of disorder. In addition, heating leads to mechanical
stresses in the molecular lattice, creating defects that disrupt
the long-range periodicity detectable in XRD.*’ Overall, the
observed mechano- and thermoresponsive effects in these dyes
emphasize the significant role of external (mechanical or/and
thermal) stimuli in altering molecular packing and photo-
physical properties. These results provide valuable insights into
the structural and emissive behavior of the dyes under varying
conditions.

Based on the tribological study of the surface, Figure 9a,b
shows scanning electron microscopy (SEM) images of ITO/
PEDOT:PSS/[Ir(buoppy),(dmapzpy) |PF:dyes as the main
component of LEEC device fabrication. Taking this into
account, the surface appears to exhibit some notable
homogeneities, with visible imperfections or irregularities in
small aggregations or uneven distribution, potentially indicat-
ing phase separation or incomplete mixing of dye 1 with the
PEDOT:PSS matrix. Dye 2 (Figure 9b), on the other hand,
shows better integration into the PEDOT:PSS matrix, which
could be due to stronger intermolecular interactions or better
solubility in the processing solvent. From a photochemical
perspective, the reasons are thought to be that methoxy
(—OCH;) is a polar functional group that increases the overall
polarity of dye 1 and that the polar nature of methoxycarbazole
makes it more hydrophilic compared to the bulky, nonpolar
tert-butylcarbazole (in dye 2).°° When PEDOT:PSS is
processed in polar solvents such as water or alcohol, the
hydrophilic methoxy group can favor aggregation due to
hydrogen bonding between the methoxy groups or poor
dispersion in the hydrophobic PEDOT backbone. Moreover,
the methoxy group of dye 1, which exhibits stronger self-
aggregation by m—n stacking between the methoxycarbazole
units, can preferentially interact with the PSS chains, leading to
phase separation between the dye and the PEDOT backbone,
resulting in nonuniform dispersion.”> In contrast, the tert-butyl
group of dye 2 interacts more uniformly with the PEDOT:PSS
matrix due to the lower polarity mismatch. Figure 9¢,d shows

the emission spectra of ITO/PEDOT:PSS/[Ir-
(buoppy),(dmapzpy) ]PFy:dyes for three layer thicknesses
(30, 50, and 80 nm). The peak intensity and wavelength
shift only minimally, indicating consistent emission properties
of the dye across the different thicknesses. f;(4) is the optical
interference that occurs when light emitted within the thin
emission layer interacts constructively or destructively due to
reflections at the interfaces. f;(1) is wavelength-dependent
and is influenced by the refractive index and thickness of the
emitting layer, which change the observed emission intensity
profile. The mathematical interpretation based on the equation

fri(2) is as follows: f;(1) = 1 + RR, + 2/RR, cos(4’;”d+

2),°* where R, and R, are the reflection coefficients at the
ITO/PEDOT:PSS/[Ir(buoppy),(dmapzpy) |PF4:dye interfa-
ces, n is the refractive index of the emitting layer, d is the
thickness of the emitting layer (30, SO, 80 nm), 4 is the
wavelength of the emitted light, ¢ is the phase shift due to the
interfaces, and the cosine parameter describes the constructive
(cos = 1) or destructive (cos = —1) interference as a function
of the optical path length. In addition, the refractive indices of
deposited layers were calculated as 1.6 for dye 1 and 1.7 for
dye 2 in tandem. In the depth study for dye 1 at 30 nm, the
interference factor fr;(4) enhances the emission at certain
wavelengths due to constructive interference. This is reflected
in the relatively strong intensity over the entire visible range.
However, the lower thickness leads to a higher efliciency of
radiative recombination due to lower extinction and better
charge transport. As the thickness increases, fr;(4) shifts,
leading to a reduction in intensity at shorter wavelengths and a
broadening of the emission profile.* The interference pattern
for the 80 nm layer can be less favorable for constructive
interference across the spectrum, which reduces the overall
intensity. For dye 2, such as dye 1, the 30 nm layer benefits
from favorable interference conditions, resulting in a higher
emission intensity. The thinner layer also minimizes self-
absorption and optical losses. At 50 and 80 nm, the
interference factor fr;(4) leads to a redistribution of the
intensity over the entire spectrum, with significant shifts in the
peak positions. For example, the 80 nm layer shows a
reduction in intensity at shorter wavelengths, which is probably
due to destructive interference at these wavelengths.
Methoxycarbazole (dye 1) shows more stable behavior across
the layer thicknesses, while tert-butylcarbazole (dye 2) is more
affected by interferences, resulting in larger intensity
fluctuations and spectral shifts.

The energy diagrams, in which the energy levels in the
different layers of the designed LEECs are arranged, and the
molecular structures of [Ir(buoppy),(dmapzpy)]PFs and
poly(3,4 ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) are shown in Figure 10. Indium tin oxide (ITO)
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Figure 11. Electroluminescence properties of nondoped and doped devices: (a) EL spectra of devices based on dye 1; (b) EL spectra of devices
based on dye 2; (c, ) current density versus voltage plots for devices based on dyes 1 and 2, respectively; and (d, f) CE, PE, and EQE versus

luminance plots for devices using dyes 1 and 2 as emitters.

played the role of a hole injector, and PEDOT—PSS is a hole
transport layer (HTL), with a work function of —5.10 eV.%®
[Ir(buoppy),(dmapzpy) JPF¢ is an ionic phosphorescent
iridium(IIT) complex host that efficiently harvests both S,
and T, excitons for light emission, thanks to the strong spin—
orbit coupling induced by the iridium center, as the ionic
nature of [Ir(buoppy),(dmapzpy) |PF facilitates the formation
of p—i—n junctions, which improves the efficiency of charge
recombination.’® Additionally, the selected host material with a
high triplet energy level and good charge transport properties

can further improve the energy transfer to the dyes and
suppress potential exciton losses, as it prevents the backtransfer
of recombination to the host.””°® Dye 1 exhibits a slightly
higher HOMO level, which facilitates electron injection but
requires slightly more energy for hole injection from the Al
cathode, with a work function of —4.30 eV, which facilitates
electron injection into the LUMO of the emitting layer.
Accordingly, the energy levels are well matched (PEDOT:PSS,
dyes, and Al), which permits a balanced injection of electrons
and holes into the active layer.
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Figure 12. (a, b) C.LE. chromaticity diagrams of fabricated devices based on dyes 1 and 2 at different weight percentages.

Table 2. Extracted Values from EL Properties of Fabricated Nondoped and Doped LEECs

turn-on maximum brightness maximum current maximum power efficiency =~ maximum external quantum CIE coordinates
device  voltage (V) (cd'm™ efficiency (cd-A™") (ImwW™) efficiency (% (XY)at7Vv

Based on dye 1

0 5.80 7420 10.26 4.39 0.73 0.50936, 0.47640

20 S.11 10,864 12.08 8.26 0.95 0.5040S, 0.47419

40 5.93 18,383 16.48 14.28 1.86 0.49602, 0.47723

60 5.02 21,361 16.27 11.14 1.76 0.53944, 0.44974

80 4.61 31,010 16.16 12.46 2.49 0.54623, 0.45091
Based on dye 2

0 5.42 9756 14.80 6.48 1.00 0.58402, 0.41502

20 S.15 15,027 20.05 14.32 1.59 0.55267, 0.44552

40 5.13 15,080 22.33 16.25 221 0.57048, 0.42855

60 5.80 30,0585 28.78 22.13 3.42 0.55675, 0.44166

80 S.16 32,935 28.97 22.11 4.02 0.52953, 0.46104

In Figure 11a)b, the electroluminescence (EL) spectrum of
nondoped and doped LEECs shows that increasing the content
of [Ir(buoppy),(dmapzpy)]PF; as a host affects the maximum
peak wavelengths impressively and the color of the devices
rarely when the CIE color investigate coordinates in Figure 12
showed the exact color point to point. Interestingly, in both
packages of devices based on either dye 1 or dye 2 as the
emitter, the EL spectrum of the nondoped devices exhibited
maximum wavelength of yellow color, and the EL spectrum
above 28 nm showed a blue shift relative to the PL spectra of
spin-coated dyes on films; this effect was more profound for
dye 2, where the red-shifted spectrum dominated the PL
spectrum. The reason for this is that the blue shift of the EL
spectrum compared to the PL spectrum of thin films is due to
the suppression of aggregation and emission mainly from the
monomeric states under charge recombination conditions. In
contrast, red shifts in EL spectra for dye 2 occur when
aggregated states, excimers, or CT states dominate, which are
influenced by molecular packing, film morphology, or thicker
layers. The interplay of these effects makes EL tuning
particularly interesting and highlights the importance of
optimizing device architecture so that PEDOT:PSS and Al
have a greater influence on recombination in the emitter layer.
Taking into account the increasing content of the iridium
complex as a host, two maximum wavelengths appear as
domains in the PL spectra (Figure S6); however, at the optimal
value of 60 wt % [Ir(buoppy),(dmapzpy)]PFy, single emission

peaks at 588 and 587 nm were observed for both categories of
LEECs due to the optimal efficiency of energy transfer between
the host and guest; at this concentration, the Forster—Dexter
energy transfer is complete and the iridium complex efficiently
transfers energy to the guest, resulting in dominant emission
from the guest.69 At suboptimal host concentrations (20, 40,
and 80 wt %), there is incomplete energy transfer or excessive
emission from the host, which leads to double peaks.
According to Figure 1lce and the tabulated values of EL
characteristics in Table 2, the lowest turn-on voltage was
recorded for doped devices based on 80 wt % host:dye 1 and
40 wt % host:dye 2, respectively, when the voltages were 4.61
and 5.13 V in tandem. It is clear that dye 1, which consists of
methoxycarbazole as the D moiety and is doped in 80 wt %
host, exhibits better charge injection and charge transport,
resulting in the lowest turn-on voltage (4.61 V). In addition,
the device based on dye 2, which consists of tert-butylcarbazole
with 40 wt % host, is more dependent on the guest for
emission, resulting in a higher turn-on voltage (5.13 V). In
addition, a higher iridium content improves radiative
recombination, suppresses nonradiative losses, and increases
exciton harvesting, resulting in brightness values above 31,010
and 32,935 cd/m* for devices based on dyes 1 and 2 as
emitters, respectively. It can be demonstrated that at 80 wt %
host, the balance between host charge transport and guest
emission efficiency was optimized. Furthermore, the sub-
stitution of tert-butylcarbazole in dye 2 played an important
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role. This group in the chemical structure prevented molecular
aggregation, reduced nonradiative decay pathways, and led to
enhanced molecular dispersion in the host matrix, which
improved energy transfer efficiency and emission. The plots of
current efficiency (CE), power efficiency (PE), and EQE
versus luminescence (L) are shown in Figure 11d,f. From the
extracted values, the fabricated devices based on 80 wt %
host:dye 2 demonstrated better quality and more reduced
exciton quenching with a higher proportion of radiative
recombination, increasing the CE, PE, and EQE values, which
achieved 28.97 cd-A™!, 22.11 Im"-W~}, and 4.02%, respectively.
The PLQY is directly proportional to EQE, as a higher PLQY
means that a greater proportion of excitons contribute to light
emission rather than being lost to nonradiative decay. As
expected, high PLQYs indicate efficient radiative recombina-
tion, meaning that a larger fraction of excitons contributes to
light emission, as shown by the calculated PLQYs (Table 1),
with the doped film of tert-butylcarbazole exhibiting the
highest value of 75%. The methoxycarbazole substitution has
been shown to lack such a bulky substituent, making it more
prone to aggregation, resulting in nonradiative losses and lower
EQEs for devices based on 80 wt % host.

Two mechanochromic and thermochromic TADF molecules
based on phenazine derivatives substituted with tert-butylcar-
bazole and methoxycarbazole were successfully synthesized
and characterized. The substituents significantly influenced the
electronic properties, with calculated HOMO/LUMO values
of —4.89/—2.44 eV for the methoxycarbazole dye and —5.42/
—2.45 eV for the tert-butylcarbazole dye, in agreement with
experimental EAcy values (3.08 and 2.74 eV, respectively).
Notably, dye 2 demonstrated superior thermal stability (T, =
113 °C) compared to dye 1 (T, = 83 °C), which is attributed
to its more rigid molecular structure, confirming the
effectiveness of the design strategy for enhancing material
robustness. Furthermore, dye 2 exhibited higher PL intensity in
water (90 wt %) than dye 1, which can be attributed to the
bulky and hydrophobic tert-butylcarbazole that promotes
aggregation at lower water contents. The dyes displayed
TADF behavior, as (1) the PL intensity of the dispersed dyes
in toluene increased upon oxygen deprivation, (2) small AEgy
values were recorded to be 0.03 and 0.04 eV for spin-coated
dyes 1 and 2 on the solid films in tandem, (3) the lifetime
values from PL decay were higher at room temperature than at
lower temperatures, and (4) the slope of less than 1 of the
linear fit of intensity versus power ignored any claims of
triplet—triplet annihilation phenomena. As a result, both dyes
exhibited significant shifts in their PL maxima under different
atmospheric conditions, suggesting a sensing behavior. Also, in
this study, [Ir(buoppy),(dmapzpy)]PFy acted as an efficient
host with strong phosphorescence, which facilitated Forster
or/and Dexter energy transfer to the dyes. Incorporation of
20—80 wt % host into solid-state emitters increased PLQY
values, reaching 56—71% for dye 1 and 67—75% for dye 2. The
host substance also demonstrated electron transport proper-
ties, making it suitable for use in light-emitting devices. Both
dyes showed color shifts during grinding: dye 1 shifted from
yellow-orange (pristine) to orange (after grinding), while dye 2
shifted from yellow (pristine) to yellow-orange (after grinding)
with deep red emission. In addition, the XRD patterns of the
heated dyes in powder mode revealed broad peaks, indicating
the disruption of weak intermolecular interactions such as

hydrogen-bonding, 7—n stacking, and van der Waals forces.
The emission spectra of ITO/PEDOT:PSS/[Ir-
(buoppy),(dmapzpy) |PF,:dyes showed minimal shifts across
different layer thicknesses. The EL spectra of the LEECs
showed that an optimized iridium complex host fraction (60 wt
%) enabled efficient Forster or/and Dexter energy transfer,
resulting in single emission peaks for both dyes. Devices doped
with 80 wt % host exhibited improved charge injection, lower
nonradiative losses, and high brightness (31,010 cd/m? for dye
1 and 32,935 cd/m? for dye 2), along with better CE (28.97
cd-A™Y), PE (22.11 Im-W™?), and EQE (4.02%) values for dye
2. The bulky tert-butylcarbazole substitution in dye 2 reduced
aggregation, improved molecular dispersion, and achieved high
PLQY (75%) in doped mode, resulting in better overall device
performance compared to methoxycarbazole-based devices.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.5c0006S.
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