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Abstract: Multiple-resonance thermally activated delayed fluorescent (MR-TADF) emitters have emerged as promising
candidates for organic laser applications due to the potential for simultaneously achieving large oscillator strength and
triplet utilization. In this study, we investigate the impact of peripheral fert-butyl (t-Bu)- and phenyl (Ph)-substituents
on the typical 9-(phenylcarbazol-3-yl)-9H-carbazole-3-carbonitrile (CzBN) MR framework. Although these modifications
preserve the frontier molecular orbital distribution with large oscillator strengths, they significantly influence excited-state
dynamics and molecular aggregation even at low doping concentrations. Introducing Ph substituents extends the w—
conjugation extension of CzBN, promoting closer molecular packing, detrimental molecular aggregation, and significantly
broadening the excited-state absorption (ESA) band, which negatively impacts lasing performance. In contrast, CzBN-
tBu, incorporating -Bu groups as nonconjugated substituents, demonstrated reduced molecular aggregation and a distinct
separation between the ESA band and stimulated emission region. Consequently, the optimal distributed feedback lasing
performance is achieved by CzBN-tBu across various doping concentrations, resulting in the lowest lasing threshold
of 3.4 uJ cm~2. These findings underscore the impact of inherent aggregation at low doping ratios on lasing activities,
highlighting the crucial role of rational peripheral engineering in modulating molecular interactions and excited-state

dynamics, offering design strategies for developing MR lasing molecules.

J

Introduction

Laser technology, since its emergence in the 1960s, has
revolutionized diverse fields, spurred by its unparalleled
high-intensity, directionality, and coherence.['l Within this
landscape, organic lasers have garnered substantial interest,
offering compelling advantages such as cost-effective fabri-
cation, mechanical flexibility, and wavelength tunability.[>?]
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The pursuit of high-performance organic solid-state lasers
(OSSLs) has driven significant advances in both material
design and device architecture.*7] A critical challenge,
however, lies in achieving electrically pumped OSSLs, which
necessitates efficient management of singlet and triplet
excitons within a gain medium.[®'!] Conventional fluorescent
gain materials predominantly utilize singlet excitons for
stimulated emission, leaving triplet excitons unharnessed.
This limitation leads to a high lasing threshold under long-
pulsed photoexcitation and electrical pumping. Meanwhile,
triplet accumulation can further induce energy losses through
triplet-triplet annihilation (TTA), triplet-singlet annihilation,
and excited-state absorption (ESA), hindering efficient light
amplification.'>!3] Traditional strategies to mitigate triplet
accumulation involve designing molecules with minimal over-
lap between their emission and triplet absorption bands or
incorporating triplet scavengers and quencher hosts.'*!8]
Therefore, rational manipulation of triplets is critical for
optimal lasing performance. The thermally activated delayed
fluorescence (TADF) technique has emerged as a promising
pathway to circumvent the spin-forbidden transition of triplet
excitons to the ground state by upconverting triplets to
singlets via reverse intersystem crossing (RISC) in organic
light-emitting diodes (OLEDs).['*?° By enabling the utiliza-
tion of both singlet and triplet excitons for lasing, TADF
materials have the potential to reduce lasing thresholds and
enhance device efficiency.*'7]

Among TADF materials, multiple-resonance (MR) TADF
emitters have recently attracted considerable attention due to
their unique properties. Unlike conventional donor-acceptor
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(D-A) type TADF molecules, MR-TADF emitters achieve a
small singlet-triplet energy splitting (A Esr) through the short-
range MR interactions within a rigid and planar polycyclic
aromatic framework.[?s] This design strategy typically leads
to narrow emission bandwidths, high photoluminescence
quantum yields (PLQY), and enhanced molecular stability.[*’]
5,9-Diphenyl-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracene
(DABNA)-based MR-TADF molecules have already
demonstrated low amplified spontancous emission (ASE)
thresholds, making them promising candidates for realizing
electrically driven OSSLs.[3%3!] Recent advancements have
focused on strategies to enhance RISC rates[®34 and
improve the stability of MR-TADF emitters under high
excitation densities.*>! However, exploring MR-TADF
molecules as the lasing gain medium remains limited. Thus, a
deeper understanding of the structure-property relationships
governing their laser performance is highly required.

MR-TADF molecules typically exhibit localized fron-
tier molecular orbitals, contributing to narrow emission
spectra and high color purity. Undoubtedly, modifying the
MR molecular skeleton, such as incorporating or fusing
electron-donating/withdrawing substituents, can disrupt fron-
tier molecular orbital distributions, thereby diminishing MR
characteristics.**] For instance, extending w—conjugation in
the MR framework can shift the wavefunction away from
the MR core, leading to an undesired charge-transfer state
and reducing oscillator strengths.[¥38 Moreover, MR-TADF
molecules have a strong tendency to aggregate in the solid
state, causing concentration quenching and reduced emis-
sion efficiency,*®! which are detrimental to realizing lasing
properties.[*] Recent molecular design strategies, including
the incorporation of bulky peripheral substituents or the
introduction of twisted structures, have been explored to
prevent close packing and preserve emissive properties in
OLEDs.*!l However, their intrinsic molecular aggregation
nature at the low doping concentration (like 1 wt%), and their
impact on organic lasing performance have not been exten-
sively discussed. Additionally, the excited-state dynamics of
MR dyes, particularly ESA, which is often overlooked but
plays a critical role in lasing performance, are highly sensitive
to modification of the MR skeleton. Unfortunately, the
insufficient comprehension of ESA and triplet contribution
in MR-TADF systems remains a significant obstacle to the
advancement of organic laser development.

In this study, starting from a 9-(phenylcarbazol-3-yl)-
9H-carbazole-3-carbonitrile (CzBN) core, we investigate the
lasing performance of three MR-TADF derivatives. These
derivatives featuring peripheral substituents of +-Bu and Ph
groups were chosen to evaluate varying degrees of steric
hindrance and electronic effects. Both substituent groups
could enhance the oscillator strength without significantly
altering the electronic properties of the emissive core. There-
fore, two CzBN derivatives exhibited faster radiative decay
rates (k;~1.6-2.0 x 10® s7!') in a solution state. However,
the photophysical properties diverge significantly in the solid
state across doping concentrations ranging from 0.6 wt% to
6 wt%. Notably, CzZBN-tBu at 1 wt% doping in 3,3'-di(9H-
carbazol-9-yl)-1,1"-biphenyl (mCBP) matrix, demonstrated
superior ASE and lasing performance, achieving an optimal
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distributed feedback (DFB) lasing threshold of 3.4 pJ cm~2. In
contrast, despite its larger oscillator strength, CZBN-Ph with
Ph substituents, exhibits a much higher lasing threshold of
15.1 pJ cm™? at the same doping concentration. Given that
low doping is generally believed to prevent aggregation, this
unexpected behavior is attributed to the inherent molecular
aggregation nature of MR molecules, even at low doping
levels. Furthermore, -Bu substitution preserved the separa-
tion of ESA spectra from the stimulated emission region. In
contrast, Ph modification extends the ESA band, leading to a
substantial overlap with the ASE and lasing spectra. By sys-
tematically investigating the lasing behavior of these CzBN-
based emitters with varying peripheral substituents, this study
elucidates the crucial role of peripheral modifications in
modulating the molecular interaction and ESA characteristic,
thus, optimizing the stimulated emission process.

Results and Discussion

Molecular Design and Photophysical Properties

To investigate the distributions of frontier molecular orbitals,
density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations using the B3LYP/6-31** method
were performed. The molecular structures of CzBN deriva-
tives, modified with -Bu and Ph groups, are illustrated in
Figure la—c. Here, the lowest unoccupied molecular orbitals
(LUMOs) are primarily localized on the boron atom and the
carbon atoms at its ortho positions, while the highest occupied
molecular orbitals (HOMOs) are on the nitrogen atoms and
at the meta-position of a central boron atom. The #-Bu sub-
stituents at the peripheral positions of the CzBN skeleton are
barely involved in the electronic wavefunction distribution.
As shown in Figure 1b, the slight extension of HOMO at
-Bu groups enhances the MR effect by strengthening the
electron-donating ability of nitrogen atoms, thus, increasing
its oscillator strength for the Sy—S; transition (f = 0.410) than
that of CzBN (f = 0.343).[4*] In comparison, the HOMO
of CzBN-Ph significantly extends to the peripheral Ph groups
through the reinforced w—conjugation.[*’] This 7—conjugation
extension in CzBN-Ph results in a narrower energy bandgap,
as well as much enhanced oscillator strength (f = 0.522),
suggesting an expected higher radiative decay rate compared
to the pristine CzBN core.

Photophysical measurements in dilute toluene solution
(Figure 1d-f) reveal intrinsically narrow emission spectra
of MR-TADF emitters. The ultraviolet/visible (UV-Vis)
absorption and photoluminescence (PL) spectra of the three
compounds align well with the redshift trend in previous
reports.’’*] The PL emission maxima are observed at
476 nm (CzBN), 484 nm (CzBN-tBu), and 495 nm (CzBN-
Ph), respectively. The emission redshift in CzBN-tBu and
CzBN-Ph can be ascribed to a reduced energy bandgap. All
emitters show a very limited Stokes shift and the narrow full
width at half maxima (FWHM) of 26 nm, 25 nm, and 24 nm
for CzBN, CzBN-tBu, and CzBN-Ph, indicating that neither
t-Bu nor Ph substituents impact the rigidity of molecular
skeleton. As predicted by theoretical calculation, the larger
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Figure 1. Molecular structures and frontier molecular orbital (LUMO/HOMO) distributions of a) CzBN, b) CzBN-tBu, and c) CzBN—Ph.
Photophysical properties: d) Ultraviolet/visible (UV/Vis) absorption, e) PL spectra at room temperature (298K), and f) time-resolved PL spectra of
CzBN derivatives in dilute toluene solution (107> mol L™') at room temperature (298K).

Table 1: Summary of photophysical properties of CzBN, CzBN-tBu, and CzBN-Ph.

abs?) Lem®9 FWHM?)9 % ke kisc® Ein Aase
Material (nm) (nm) AEst?d (nm) @09 (%) (ns) (108 s (10* s (¥ cm™?) (nm)
CzBN 458 476/484 0.15 25.5/33.4 74/100/83 4.7 1.6 0.91 16.3 495
CzBN-tBu 467 484/490 0.16 24.7/28.3 84/100/80 4.4 1.9 0.60 1.4 505
CzBN-Ph 479 495/503 0.13 24.3/36.2 83/100/73 4.1 2.0 0.95 226 512

2) Measured in dilute toluene solution at room temperature (298 K). ®) Measured in dilute toluene solution after bubbling with nitrogen
(107° mol L™1). 9 Measured in mCBP host with 1 wt% doping concentration under Argon.

oscillator strengths for the Sy—S; transition of CzBN-tBu
and CzBN-Ph lead to a shorter transient decay lifetime
(Figure 1f) and faster radiative rate (k; ~ 2.0 x 108 s71).
Therefore, CzBN-tBu and CzBN-Ph have the potential for
enhanced lasing activity. The photophysical properties are
summarized in Table 1. The singlet-triplet splitting energies
for CzBN, CzBN-tBu, and CzBN-Ph are measured to be
0.15, 0.16 , and 0.13 eV, respectively from low temperature
(77 K) measurements in Figure S1. The results align well
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with the tendency of the simulated values (0.20 , 0.22 , and
0.19 eV) from the higher-level calculation results (Quantum
chemical calculation section in Supplementary Information,
Figure S2). Meanwhile, with the involvement of sufficient
T,—S; transition, CzBN-Ph exhibits a larger RISC rate
(0.95 x 10* s71) than that of CzBN-tBu (0.60 x 10* s7!) due
to a larger spin-orbital coupling (Figure S3 and Table 1).

As another characteristic typical of MR-TADF molecules,
the intrinsic planarity of the CzBN core is prone to induce
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Figure 2. a) PL spectral evolution as doping concentration increases from 0.6 wt% to 6 wt% for a) CzBN, b) CzBN-tBu, and c) CzBN-Ph in mCBP
host. d) RDF g(r) of emitters at 6 wt% doping concentration. The stimulated emission cross-section coefficient e) in solution phase (toluene,

107% mol L") and f) in mCBP host at 1 wt% doping concentration.

molecule aggregation in the solid-state films, resulting in
detrimental effects, like the formation of excimer and exciton
quenching. To further investigate the photophysical proper-
ties in the solid-state films, mCBP is used as the host matrix,
where the emitters are doped at different concentrations
of 0.6, 1, 3, and 6 wt% (Table S1). As illustrated in
Figure 2a, the emission FWHMs of CzBN-based blend films
expand from 30.3 to 71.9 nm, accompanied by a noticeable
redshift in the emission maximum from 482 to 516 nm.
Similarly, CzBN-Ph exhibited the identical trend of the
FWHM broadening and redshifted emission, suggesting that
the peripheral Ph substituent fails to suppress the molecular
aggregation (Figure 2¢). Due to the prolonged decay lifetime
from the excimers, their corresponding k, values substantially
decreased to around 0.25 x 10%s~!. In contrast, CzBN-
tBu, with its nonconjugated extension, maintains stable
FWHM values (from 27.6 to 32.9 nm) and localized emission
wavelengths (from 488 to 493 nm). Notably, at a 6 wt%
doping concentration, its blend film exhibits a k, of around
0.8 x 10%s!, implying the steric hindrance of +-Bu motifs
effectively mitigates both aggregation-induced quenching and
excimer formation (Table S1). Furthermore, it ought to be
highlighted that the molecular aggregation in CzBN and
CzBN-Ph is prone to occur even at a low doping concentration
of 1 wt%. As illustrated in Figure S4a,b, the FWHM
differences of CzBN, CzBN-tBu, and CzBN-Ph between
the dilute solution and 1 wt% blend films are 35, 14, and
52 meV, respectively, which indicates more severe molecular
aggregation for CzZBN and CzBN-Ph. Moreover, comparing
the single-exponential decay characteristic in toluene, both
CzBN and CzBN-Ph display multiple-exponential decay with
longer radiative lifetime (Table S1), suggesting the presence
of intermolecular interactions. Additionally, as depicted in
Figure S5, when increasing the doping concentration up to 6
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wt%, the deviation of the transient decay curve becomes more
pronounced, indicating the enhanced excimer emission, which
aligns with the spectral change in Figure 2a—c. Conversely,
CzBN-tBu-based blend films retain their spectral profile and
exhibit single-exponential decay at both 1 and 6 wt% doping
concentrations, effectively preventing the excimer formation.
Notably, comparing the typical light-emitting applications,
like OLEDs, organic lasing dyes exhibit a heightened
sensitivity to molecular packing alignments and excited-
state dynamics. Consequently, further investigation into the
molecular dynamics of three CzBN derivatives is warranted.

Molecular Dynamics Simulation

To elucidate the working mechanism of three different
guest molecules, we conducted all-atom molecular dynamics
(AA-MD) simulations on three distinct MR-TADF systems.
Detailed methodological protocols are documented in the
“Molecular Dynamics Simulations” section in the experimen-
tal section in Supplementary Information. Through analysis
of the radial distribution function (RDF) g(r) parameter,
which quantifies the spatial probability distribution between
molecules, we investigated aggregation tendencies among the
emitters. We note that the RDFs measure the probability
of finding a particle some distance away from a reference
particle, with a higher g(r) peak pointing to a larger packing
density at a given distance. As shown in Figure 2d, the CzZBN
and CzBN-Ph system demonstrated the most significant
aggregation propensity at the 6 wt% doping concentration,
evidenced by a prominent RDF peak centered within the
0.5 nm intermolecular distance range. This dense molecular
packing likely facilitates excitonic interactions through -
7 overlap, thereby promoting nonradiative decay pathways
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and consequently reducing the effective k,. In contrast,
the CzBN-tBu system exhibited substantially suppressed
aggregation characteristics relative to CzBN-Ph. This notable
improvement in the molecular dispersion can be attributed to
impeding w—m stacking interactions of the steric hindrance
of peripheral ¢+-Bu substituents. In terms of 1 wt% doping
concentration, MD simulations in Figure S6 indicate that
both CzBN-Ph and CzBN molecules in the 1 wt% blend film
exhibit face-to-face stacking, with shorter centroid distances.
In contrast, CZBN-tBu molecules in the blend film demon-
strate a longer distance, effectively reducing the possibility of
- stacking. These simulation results are well-aligned with
our experimental observations.

Furthermore, we examined the stimulated emission coef-
ficient (o.m), which influences the efficiency of the lasing
process. o is calculated by Equation 1:

MEf(2)

em A’ =5 5/~
Tem (1) 8wn?(M)cty

M

where E()) represents the distribution of PLQY over wave-
length, n(1) denotes the refractive index of the active layer,
and t; is the fluorescence lifetime.*"! 5, is primarily affected
by the radiative decay rate. CzBN-Ph exhibits the highest
value of 7.2 x 1077 cm™? in the solution state, followed by
CzBN-tBu and CzBN (Figure 2e). In contrast, CzZBN-tBu
shows the highest value of 4.5 x 107" cm™2 in the blend
film, followed by CzBN and CzBN-Ph at their respective ASE
wavelengths (Figure 2f). This discrepancy between solution
and film states is due to molecular aggregation.

Performance of ASE

To assess the lasing activity of three emitters, ASE mea-
surements were conducted with three emitters at the doping
concentrations of 1, 3, and 6 wt% in the mCBP host. The
mCBP was chosen as a host due to its high singlet and
triplet energy levels, ensuring efficient energy transfer (Figure
S7), and the high PLQY of the emitters (Figure S8 and
Table S2). Films with 100 nm thickness were deposited on a
quartz substrate to ensure sufficient waveguiding and were
then excited using a stripe-shaped excitation beam, and edge-
emitted light was measured with an increase in excitation
power. All three emitters successfully showed ASE behaviors,
as shown in Figure 3a—c and Table S1. The ASE thresholds
were derived from the intersection of linear fits to the linear
and nonlinear regions of the emission intensity as a function
of the excitation intensity plot. The FWHM of the emitters at
low excitation fluences are broad, but as the excitation pump
fluence increases, the narrow emission emerges (Figure S9).
At high excitation pump fluences, the ASE spectra exhibited
FWHMs less than 8 nm (Figure 3d-f). Additionally, the CZBN
derivatives demonstrated enhanced ASE stability compared
to their parent skeleton, DABNA-1, due to their fused and
rigid core structures (Figure S$10).3]

Generally, the tendency of the ASE performance is
inversely proportional to the doping concentrations. Specif-
ically, the ASE thresholds for CzBN-based blend films
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significantly increased from 16.3 to 54.2 pJ cm™2 as the

doping concentrations rose (Figure 3a). In the case of CzBN-
Ph, the ASE activity disappeared at 6 wt%, demonstrating
that severe molecular aggregation disrupts the population
inversion process (Figure 3c). In comparison, CzBN-tBu-
based blend films preserved robust ASE characteristics across
all doping concentrations from 1 to 6 wt%, with ASE
thresholds ranging from 8.2 to 13.2 wJ cm™2? (Figure 3b).
At 1 wt% doping concentration, CzBN-tBu achieved the
lowest ASE threshold of 11.4 pJ cm™2 at 505 nm, which
is lower than those of the pristine CzBN (16.3 pJ cm~2)
and CzBN-Ph (22.6 uJ cm~2). It ought to be noted that the
ASE thresholds fail to align with their oscillator strength
(Figure S11). For instance, although CzBN-Ph also possesses a
larger oscillator strength than CzBN and CzBN-tBu, its ASE
threshold remains elevated. This unexpected result can be
partially ascribed to the overlooked molecular aggregation at
1 wt% doping concentration. On the other hand, CzBN-tBu
exhibits the lowest ASE threshold across 0.6 to 6 wt% doping
concentrations. However, the threshold began to increase
once the doping concentration reached 6 wt%, indicating the
limitation of the +-Bu group in further preventing aggregate
formation. Besides an inherent aggregation propensity from a
longer w—conjugation skeleton (Figure 2a), the characteristics
of their excited-state dynamics are also critical. Therefore, the
picosecond-scale transient ESA was conducted.

The singlet ESA spectra were measured in toluene
(Figure 3g-i). There is a negligible overlap between the ESA
bands and the ASE spectra of CzBN and CzBN-tBu. As
shown in Figure 3h, introducing the #-Bu group caused no
significant change in the ESA band. In contrast, adding the
Ph group induced a noticeable blueshift in the ESA band.
This, combined with the redshift in emission due to increased
m—conjugation, led to a more significant overlap with the
resulting ASE spectra. Consequently, the different peripheral
substituents of -Bu and Ph result in different excited-state
behaviors. This observation also could partially explain why
ASE was still observed in the 6 wt% doped CzBN film but
was challenging to achieve in the 6 wt% doped CzBN-Ph film,
despite both experiencing significant aggregation.

DFB Lasing

To obtain the lasing emission, we employed a DFB resonator
commonly used for organic thin-film lasers. Surface-emitting
DFB lasers utilize a grating structure with an appropriate
period selected for the second-order operation. The DFB of
the oscillating guided modes is provided through the second-
order Bragg scattering induced by substrate corrugations.
These modes are coupled to radiation in a direction per-
pendicular to the substrate plane via first-order scattering.
Laser oscillation occurs near the Bragg resonance wavelength,
which is described by the following Equation 2:

m)VBragg = ZneffAm (2)

where m is the diffraction order, Agr,, is the Bragg wave-
length, ney is the effective refractive index of the gain
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Figure 3. Input-output intensity characteristic plots of emission intensity and emission line width as a function of excitation intensity of a) CzBN, b)
CzBN-tBu, and c) CzBN-Ph at 1 wt% in mCBP film. The corresponding ASE spectra of emitters d) CzBN, e) CzBN-tBu, and f) CzBN-Ph at the above
threshold condition (~100 pJ cm~2). Comparison of singlet absorption spectra (in toluene, 107# mol L") and ASE spectra of g) CzBN, h) CzBN-tBu,

and i) CzBN-Ph (1 wt% in mCBP).

medium, and A, is the grating period.®!] In designing the
DFB grating periods, the Aprg Was set to match the ASE
peak wavelength of the emitters. The ney index is calculated
to be around 1.55 with asymmetric waveguide geometry
comprising an air (n = 1.0)/organic (n = 1.7)/SiO, (n = 1.46)
structure.[*] The DFB grating pitch height is designed to
be 70 nm. Subsequently, 1 wt% emitter: mCBP blend films
with a thickness of 200 nm were vacuum-deposited onto the
prepared DFBs (Figure S12). The input-output characteristic
plots of the lasers from the three emitters are shown in
Figure 4a.

As the excitation power increased, a noticeable change in
the slope of emission intensity was observed, accompanied by
a sharp decrease in the FWHM to less than 0.32 nm (Figures
S13-S15), indicating the onset of laser emission. For CzBN,
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the laser emission emerged at 500 nm with a threshold energy
of 5.5 uJ cm~2, approximately three times lower than its ASE
threshold. Meanwhile, CzZBN-tBu exhibited the lowest thresh-
old (3.4 uJ cm™2) laser emission at 507.8 nm, highlighting
its superior characteristics. In contrast, the CzBN-Ph laser
showed laser emission at 519.4 nm with the highest threshold
among all three emitters at (15.1 pJ cm™2), consistent with
the trend of ASE performance. Also, the lasing emissions
appeared close to the ASE peak wavelengths as expected
(Figure 4b). Furthermore, since the DFB resonator produces
a strongly polarized single-mode laser beam, the degree of
polarization (DOP) of the lasing emissions was calculated
using the Equation 3:

DOP = (1 — 1)/(f + 1) (©)
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where /; and I, are the intensity at 0° and 90° between the
transmission axis of the polarizer and the grating direction,
respectively.®! The calculated DOP values were 0.99 for both
CzBN and CzBN-tBu DFB devices, and 0.97 for the CzBN-Ph
DFB device (Figure S16), indicating strong, linear transverse
electric (TE) polarization characteristics. To further verify
the lasing behavior, angle-resolved PL spectra of the CzZBN-
tBu DFB laser, which exhibited the lowest threshold, were
recorded (Figure 4c). Below the lasing threshold, its waveg-
uided emission is outcoupled by the DFB grating at various
angles, resulting in the angle-dependent feature.[*7] However,
once the excitation laser power surpasses the lasing threshold,
the monochromatic lasing emission (FWHM < 0.3 nm)
emerges near 0°, providing direct evidence of the lasing
process. These findings confirm the successful implementation
and optimization of DFB lasers using our organic thin-film
system. To further evaluate the contribution of TADF proper-
ties in MR lasing dyes, temperature-dependent measurements
are conducted to systematically investigate the DFB lasing
performance of the 1 wt% CzBN-tBu: mCBP film.[**] The
temperature was gradually decreased from room temperature
(295K) to 220K in steps. As shown in Figures S17 and S18, the
DFB lasing threshold increased from 8.0 to 29.2 uJ cm™2 as the
temperature dropped to 240K. Upon further cooling to 220K,
the lasing threshold of CzBN-tBu rose significantly to 201
uJ cm~2. Notably, when the temperature was restored to room
temperature (295K), the lasing threshold decreased back to
approximately 10 pJ cm™2. This trend of increasing lasing
thresholds with decreasing temperature is unconventional
compared to typical fluorescent lasing dyes.[*s] For direct
comparison, we measured the temperature-dependent lasing
threshold of the fluorescent dye BSBCz-EH under identical
conditions (Figure S19). Unlike CzBN-tBu, the BSBCz-
EH-based blend film maintained a stable lasing threshold
of around 3 puJ cm™ with no significant variation across
the temperature range. Therefore, the distinct temperature-
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dependent lasing behavior observed in CzBN-tBu partially
suggests the possible contribution of up-converted triplets
in MR-TADF lasing dyes, reinforcing the potential of MR-
TADF molecules in lasing applications.

Conclusion

This study highlights the crucial role of peripheral mod-
ifications in shaping the molecular packing, photophysical
properties, ASE behavior, and lasing performance of CzBN
derivatives. Although both -Bu and Ph substituents enhance
oscillator strength, improving photophysical properties in
solution, their effects in the solid state differ significantly even
under low doping ratios. CZBN-Ph with conjugation extension
promotes undesirable molecular aggregation and increases
spectral overlap between the ESA band and the ASE
region, ultimately limiting its lasing potential. In contrast,
t-Bu groups effectively suppress aggregation through steric
hindrance while maintaining a separation between the ESA
and ASE regions. This leads to a lower ASE threshold and the
retention of favorable photophysical properties across a wide
range of doping concentrations. These findings underscore
the importance of rational peripheral modification, not only
in mitigating molecular aggregation and tuning lasing wave-
lengths via frontier molecular orbital engineering but also in
optimizing excited-state properties. This strategic approach is
pivotal for advancing MR-TADF emitters, paving the way for
sufficient triplet harvesting for lasing and the development of
electrically driven TADF laser devices in the future.
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