Journal of _
Materials Chemistry C

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Published on 29 June 2026

Licence and permissions

A design strategy for inducing delayed
fluorescence via molecular flexibility: structure—
property relationships in organic emitters

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6tc00909c¢

Gyana Prakash Nanda, (2% Suvendu Dey,” Bahadur Sk, Rajan Suraksha,?
Sanyam, (2 ° Anirban Mondal (2 ** and Pachaiyappan Rajamalli (2 *°

Modification of the molecular structure can drastically change the photophysical properties of
luminogens; establishing these structure—property relationships provides a roadmap for the rational
design of novel materials. In this study, we analyzed the detailed structure—property relationships of our
synthesized emitters with those of previously reported compounds. BP-Cz, with a benzophenone
acceptor linked to carbazole, is a well-known phosphorescent emitter with an excited state lifetime of
518 ms. By inserting a nitrogen atom into the acceptor moiety, the emitter 4BPy-Cz was reported to be
a non-TADF and non-phosphorescent compound. Insertion of nitrogen into the molecular structure
stabilized the excited states, resulting in a red shift in the absorption and emission spectra of 4BPy-Cz.
The donor was made flexible and 4BPy-PTA was synthesized using N,N-ditolyl amine as the donor,
which started showing TADF properties. The fabricated OLED exhibited an EQE,,x of 6.4%, exceeding
the theoretical limit for fluorescent OLEDs and 1.5 times higher than that of the 4BPy-Cz device. To
investigate the effect of peripheral groups, two additional emitters, 4BPy-PBPA and 4BPy-PMPA, bearing
N,N-di-tert-butylphenyl amine and N,N-dimethoxyphenyl amine donors, respectively, were synthesized.
Surprisingly, the EQE,.x values for 4BPy-PBPA and 4BPy-PMPA increased to 17.3% and 16.2%,
respectively. Theoretical studies suggested the active involvement of the upper triplet state in the rISC
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DOI: 10.1039/d6tc00909¢ process. Temperature-dependent photophysical studies and kinetic parameters confirm the TADF
behavior of all three emitters. This study demonstrates the reappearance of delayed fluorescence

rsc.li/materials-c properties in the system after inducing molecular flexibility.

offers an effective strategy to modulate excited-state dynamics by
controlling intramolecular charge transfer and spin-related
processes.”'® Through deliberate structural engineering, it is

1. Introduction

Structure-property relationships play a pivotal role in governing

the photophysical and optoelectronic behaviors of organic emit-
ters, providing a fundamental framework for the rational design of
high-performance luminescent materials."” Subtle modifications
in the molecular structure such as donor-acceptor architecture,
conjugation length, molecular rigidity or flexibility, and substitu-
tion pattern can significantly influence key photophysical proper-
ties including emission wavelength, full width at half maximum
(FWHM), singlet-triplet energy splitting (A Esy), radiative and non-
radiative decay pathways, and charge-transport characteristics.*®
In particular, tailoring molecular conformation and flexibility
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possible to fine-tune emission colour, enhance exciton utilization,
and induce delayed fluorescence, highlighting the critical impor-
tance of structure-property correlations in the development of
next-generation organic light-emitting materials.

Here, we have designed three organic luminescent materials,
namely 4BPy-PTA, 4BPy-PBPA, and 4BPy-PMPA. Structurally,
4BPy-PTA is the flexible form of a reported non-DF emitter,
4BPy-Cz, while 4BPy-PBPA is another flexible counterpart of a
known TADF emitter, 4BPy-tCz (Fig. 1a).""'* All three emitters
show substantial PLQYs above 90% under CBP-doped conditions
and exhibit a faster fluorescence radiative rate (k,R) in the order
of 10® s7*. These emitters show long delayed fluorescence life-
time (tayg) values of 0.86 ms in 4BPy-PTA, 3.07 ms in 4BPy-PBPA,
and 0.52 ms in 4BPy-PMPA. Theoretical studies and spin-orbit
coupling (SOC) calculations indicate the involvement of the
upper triplet state (T,) in the exciton upconversion process.
The vacuum-deposited OLED devices of 4BPy-PTA, 4BPy-PBPA,
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Fig. 1 (a) Molecular design strategy; (b) synthesis scheme of the emitters.

and 4BPy-PMPA showed EQE,, . values of 6.5, 17.3, and 16.2%,
respectively. Better EL performance in 4BPy-PBPA and 4BPy-
PMPA devices was possible due to more efficient vibronic
coupling between triplet states than in 4BPy-PTA. Interestingly,
all the flexible emitters showed higher external quantum effi-
ciencies than their reported rigid counterparts. This study high-
lights the importance of molecular flexibility in an emitter for
regaining delayed fluorescence.

2. Design strategy

2.1. Molecular structure and synthesis

(4-(9H-Carbazol-9-yl)phenyl)(phenyl)methanone (BP-Cz), having
a benzophenone acceptor linked to carbazole, is a well-known
phosphorescent emitter exhibiting an excited state lifetime of 518
ms."' By changing the acceptor unit from benzophenone to
benzoyl pyridine, the emitter 4BPy-Cz was reported to be a non-
TADF and non-phosphorescent compound (Fig. 1a)."> Here, the
insertion of a nitrogen atom converts the T; — S, transition into a
non-radiative one. Furthermore, the nitrogen atom in the acceptor
unit stabilized the excited states, resulting in red shifts in the
absorption and emission spectra of 4BPy-Cz.® Here, we extended
the study by replacing the rigid carbazole donor in 4BPy-Cz
with flexible diaryl amine units. Three organic emitters, namely
(4-(di-p-tolylamino)phenyl)(pyridin-4-yl)methanone (4BPy-PTA),
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(4-(bis(4-(tert-butyl)phenyl)amino)phenyl)(pyridin-4-yl)methanone
(4BPy-PBPA), and (4-(bis(4-methoxyphenyl)amino)phenyl)-
(pyridin-4-yl)methanone (4BPy-PMPA), were synthesized using
the reported procedure.’®'* All three emitters contain a similar
4-benzoylpyridine (4BPy) acceptor unit and carry different flex-
ible donor groups of di-p-tolylamine, di-tert-butyl-phenylamine,
and bis(4-methoxyphenyl)amine, which were coupled via a Buch-
wald-Hartwig amination reaction (Fig. 1b)."*'* The detailed
synthesis procedure and structural characterization of the emit-
ters are provided in the SI.

The molecular structures of the emitters 4BPy-PTA and 4BPy-
PBPA were also confirmed through single-crystal XRD analysis.
Single crystals of 4BPy-PTA and 4BPy-PBPA with a monoclinic
unit cell were prepared (Tables S1 and S2). However, despite
repeated attempts, crystals of sufficient quality for structural
determination could not be obtained for 4BPy-PMPA. According
to a previous report, the phenyl rings of the 9H-carbazole group
remain coplanar,'” but in this case the aryl units in the dip-
tolylamine/PTA, bis(4-(tert-butyl)phenyl)amine/PBPA, and bis(4-
methoxyphenyl)amine/PMPA donors exhibited significant bond
twisting (Fig. S1 and S2). The twisting angles of the three phenyl
rings attached to the central nitrogen atom were measured to be
56.58° (C10-N2-C13-C14) and 79.25° (C10-N2-C19-C20) relative
to the bridging phenyl ring of the acceptor core for 4BPy-PTA,
while the values were 49.05° (C10-N1-C13-C18) and 76.35°

This journal is © The Royal Society of Chemistry 2026
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Table 1 Photophysical properties of 4BPy-PTA, 4BPy-PBPA, and 4BPy-PMPA

Emitter Jabs” (NM)  der” (nM) STy (eV)  AEst? (eV)  Jem® (nm)  AEgy (V) HOMO/LUMO® (eV) PLQY” air/N, (%) T4’ (°C)
4BPy-PTA 378 501 2.79/2.61 0.18 500 0.32 —5.38/—2.49 82.4/92.0 325
4BPy-PBPA 380 514 2.75/2.61 0.14 505 0.28 —5.38/—2.49 91.2/100 322
4BPy-PMPA 379 542 2.62/2.62 ~0.00 531 0.22 —5.22/-2.39 71.4/93.0 342

“ Absorption maxima of the emitters in 0.01 mM toluene solution. ® Emission maxima of the emitters in toluene solution. ° Singlet and triplet
energy levels of the emitters in toluene solution. ¢ Singlet-triplet energy gaps of the emitters in toluene. ¢ Emission maxima of the emitters in the 7
wt% emitter:CBP host doped film./ Singlet-triplet energy gaps of the emitters in the CBP doped film. ¢ HOMO and LUMO energy levels obtained
from CV. " Photoluminescence quantum yield of the emitter in the CBP doped film measured under air and inert conditions. ' Decomposition

temperature of the emitters.

(C10-N1-C19-C24) in the case of 4BPy-PBPA. This signifies a
highly twisted, non-planar conformation as compared to the
fused phenyl rings of the 9H-carbazole group, thereby imparting
enhanced molecular flexibility. The dihedral angles (or torsion
angles) of the emitters are provided in the SI (Fig. S1 and S2).

2.2. Thermal and electrochemical properties

To obtain ultrapure materials, the emitters were purified using
the temperature-gradient vacuum sublimation technique. The
thermal stability of the emitters was assessed by thermogravi-
metric analysis (TGA) under a nitrogen atmosphere (Fig. S3).
Among the three emitters, 4BPy-PMPA showed the highest ther-
mal stability, with a degradation temperature (T4) of 342 °C,
followed by 4BPy-PTA and 4BPy-PBPA (Table 1). The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels were calculated by cyclic
voltammetry analysis using a 1 mM solution of the compound
prepared in a degassed dichloromethane solvent. The detailed
procedure is described in the SI (Fig. S4). 4BPy-PTA and 4BPy-
PBPA possess similar HOMO and LUMO energy levels of —5.38 eV
and —2.49 eV, respectively. On the other hand, 4BPy-PMPA shows
comparatively shallower HOMO (—5.22 eV) and LUMO (—2.39 eV)
energy levels due to the strong electron-donating ability of PMPA
(Table 1).

3. Results and discussion

3.1. Photophysical properties

3.1.1. Steady-state PL measurements. UV-visible absorp-
tion spectra of the emitters were recorded in solution at 0.01
mM concentration (Fig. 2a), and the corresponding results are
summarized in Table 1. Toluene solutions of all three emitters
showed broad absorption bands with peak maxima at 379 nm,
corresponding to an intramolecular charge-transfer (ICT) tran-
sition. The identical absorption maxima of the emitters suggest
the negligible impact of the peripheral groups on the ground
state electronic structure. From the onsets of the absorption
spectra, the optical bandgaps (E,) were evaluated. Both 4BPy-
PTA and 4BPy-PBPA showed a similar E; of 2.88 eV, whereas in
4BPy-PMPA, the energy gap was slightly reduced to 2.82 eV. The
reduced bandgap in 4BPy-PMPA is due to the strong electron-
donating ability of the methoxyphenyl amine group, which is in
accordance with the electrochemical results.

The photoluminescence (PL) properties of the emitters were
investigated in both solution (0.01 mM) and under 4,4’-bis(N-
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carbazolyl)-1,1’-biphenyl (CBP) host-doped conditions. The
solution PL was recorded at an excitation wavelength of
380 nm (Fig. 2a and b). The toluene solutions of 4BPy-PTA
and 4BPy-PBPA showed intense green emission with emission
maxima (PLy,,,) at 501 and 514 nm, respectively. This 13 nm
redshift in 4BPy-PBPA was due to the increased electron-
donating ability of the tertiary butyl than the methyl group.
On the other hand, 4BPy-PMPA shows emission in the lower
energy region, with a PL;,,c at 542 nm and a larger full width at
half-maximum (FWHM) than the other two emitters. The
comparatively larger Stokes shift and broader FWHM in 4BPy-
PMPA indicate a greater extent of structural relaxation in the
excited state of the emitter, which is due to the strong electron-
donating ability of the methoxy peripheral group, resulting in
charge-transfer (CT) dominated excited states (Fig. 2a)."> Phos-
phorescence spectra of the emitters were recorded at low
temperature (77 K), which showed their partial locally excited
(LE) character (Fig. 2b). From the onset of fluorescence and
phosphorescence spectra, singlet (S;) and triplet (T;) excited
state energy levels and their singlet-triplet energy difference
(AEgy) were calculated (Table 1). The toluene solution of 4BPy-
PTA shows the highest AEgr of 0.18 eV among the three emitters,
whereas 4BPy-PMPA shows the lowest AEsr of 0.003 eV. Com-
pared to the rigid counterpart (4BPy-Cz/0.29 eV), AEgy has
reduced in the flexible emitter (4BPy-PTA). The AEsr values
obtained for the emitters are sufficiently lower than the mini-
mum energy barrier required for triplet exciton upconversion;
hence, rISC can be expected in these flexible systems.>*¢'8

Fluorescence spectra of the emitters showed broad, structure-
less emission, suggesting their CT nature, which was confirmed
through solvatochromic studies (Fig. 2c-e)."® In the non-polar n-
hexane solvent, 4BPy-PTA, 4BPy-PBPA, and 4BPy-PMPA showed
emissions with PL,, at 447, 448, and 486 nm, respectively. With
increasing solvent polarity, the emission color started red shift-
ing, followed by a reduction in emission intensity and broadening
of the emission spectra. In chloroform, 4BPy-PTA and 4BPy-PBPA
showed orange color emission with PL,,, at 580 nm, whereas the
emission intensity of 4BPy-PMPA was almost quenched. Charge-
transfer states are sensitive to the surrounding polarity; in polar
media, the emitter dipoles are solvated, leading to the stabili-
zation of excited states and resulting in red-shifted, broad, and
quenched emission spectra.”>*' Interestingly, even in the highly
non-polar solvent, the structureless nature of the PL spectra
remains intact, suggesting the strong CT nature of the singlet
excited state.**?*
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Fig. 2 Photophysical properties of the emitters; (a) UV-visible absorption in toluene and RT fluorescence; (b) LT phosphorescence in toluene; (c)
solvatochromic study of 4BPy-PTA; (d) solvatochromic study of 4BPy-PBPA; (e) solvatochromic study of 4BPy-PMPA; (f) PLQY of the CBP doped film;
fluorescence and LT phosphorescence of the CBP doped film of (g) 4BPy-PTA, (h) 4BPy-PBPA, and (i) 4BPy-PMPA.

Solid-state PL measurements were performed under 7 wt%
emitter:CBP doped conditions.>* The doped films of 4BPy-PTA
and 4BPy-PBPA showed green emission with PL,,, at 501 and
506 nm, respectively (Fig. 2g and h), whereas 4BPy-PMPA
showed emission in the greenish-yellow region with PL,,x at
530 nm (Fig. 2i). It can be observed that the singlet states of the
doped films and the toluene solution were isoenergetic, whereas
the triplet states of the emitters were stabilized under doped
conditions (Table 1 and Table S3). The stabilization of the triplet
state under CBP-doped conditions was possibly due to the
restriction of intramolecular bond rotation and vibration.”®
Stabilization of the triplet state resulted in increased AEgr from
0.18, 0.14, and ~0.00 in toluene solution to 0.31, 0.28, and
0.22 eV in CBP co-doped films of 4BPy-PTA, 4BPy-PBPA, and
4BPy-PMPA, respectively. The AEsy values of these doped films
are higher than the maximum theoretical energy barrier of TADF
emitters (<0.2 eV). The PLQYs of the emitters under CBP co-
doped conditions were measured under both ambient and inert
conditions (Table 1 and Fig. 2f). Under inert conditions, the
PLQY of 4BPy-PTA was found to be 92.0%, which reduced to
82.4% when measured under ambient conditions. The triplet
molecular oxygen (*0,) present in air acts as a triplet scavenger.
The reduction of PLQY under ambient conditions indicates the
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participation of triplet excitons in the rISC process.”**” The
PLQYs of 4BPy-PBPA and 4BPy-PMPA were measured to be
~100 and 93% under an inert atmosphere, which then reduced
to 91 and 74%, respectively, under air conditions (Table 1 and
Fig. 2f). The quantum yields of 4BPy-PTA and 4BPy-PBPA were
significantly higher than those of their corresponding reported
rigid counterparts, highlighting the crucial role of molecular
flexibility in improving emission efficiency. The PLQY measure-
ments validate the occurrence of rISC in the emitter, despite its
relatively large singlet-triplet energy gap.

3.1.2. Transient PL measurements. Excited-state lifetimes
were measured for the emitters under CBP co-doped condi-
tions, showing two different lifetime components. The short
fluorescence decay with lifetimes of 6.5, 5.7, and 4.6 ns for
4BPy-PTA, 4BPy-PBPA, and 4BPy-PMPA, respectively, originated
from the direct radiative decay from S; to Sy, known as prompt
fluorescence (PF).">*® The fluorescence radiative rates (k,R)
were calculated to be on the order of 10° s, which justifies
the near-unity PLQY of the emitters (Fig. 3 and Table 1 and
Table S7). Along with PF, the emitters also showed long
fluorescence decays (delayed fluorescence/DF). Under ambient
conditions, the CBP doped films of 4BPy-PTA, 4BPy-PBPA, and
4BPy-PMPA exhibited weak delayed contributions with average

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Excited state lifetime measurements in 7 wt% emitter:CBP doped films; transient photoluminescence decay of (a) 4BPy-PTA, (b) 4BPy-PBPA, and
(c) 4BPy-PMPA measured in air (inset: prompt fluorescence component); temperature dependence of the photoluminescence (PL) characteristics of (d)
4BPy-PTA, (e) 4BPy-PBPA, and (f) 4BPy-PMPA; PL spectra at different temperatures of (g) 4BPy-PTA, (h) 4BPy-PBPA, and (i) 4BPy-PMPA.

lifetimes (tay) of 13.1, 43.9, and 70.3 s, respectively (Fig. 3a—c).
However, under inert conditions, these lifetimes (7,,5) were
significantly enhanced to 0.86, 3.07, and 0.52 ms (Fig. 3 and
Tables S4-S6). To confirm the TADF nature of the emitters,
temperature-dependent transient PL measurements were per-
formed from 77 K to 300 K and the results are shown in Fig. 3.
All three emitters showed short excited state lifetimes in the
range of 3-4 ps at 77 K, which gradually prolonged with
increasing temperature (Fig. 3d-f). Detailed temperature-
dependent lifetimes are tabulated in the SI (Tables S4-S6). This
lifetime enhancement, accompanied by an increase in the PL
intensity with temperature (Fig. 3g-i), unambiguously confirms
the TADF characteristics of the emitters. The kinetic para-
meters such as the rate constants for intersystem crossing (ksc)
and reverse intersystem crossing (k.;sc) were calculated and are
summarized in Table §7.%>°° All three emitters exhibited rela-
tively slow kusc in the order of 10° s, which is attributable to
their prolonged DF lifetimes. Among the three emitters, 4BPy-
PMPA exhibits a comparatively higher ksc of 2.53 x 10® s7*
than 4BPy-PTA (1.29 x 10° s™') and 4BPy-PBPA (0.36 x 10° s ).
This enhanced rISC rate in 4BPy-PMPA is consistent with its
smaller AEgr.

3.1.3. Theoretical investigation. Unlike the reported rigid
counterpart 4BPy-Cz, 4BPy-PTA showed a long DF lifetime and

This journal is © The Royal Society of Chemistry 2026

the presence of a rISC process despite having a larger S;-T;
energy gap, which must be linked to its excited-state nature. To
further understand the electronic and excitonic properties,
quantum-chemical calculations were performed.*" The spatial
distribution of natural transition orbitals (NTOs) highlights a
characteristic CT nature, which was also confirmed by solvato-
chromic studies. Hole density/HOMOs are localized on the
donor, and electron density/LUMOs concentrate over the accep-
tor unit (Fig. 4a and Fig. S5). The CT-dominated S; and T, states
exhibit weak SOC, leading to inefficient exciton upconversion.*?
However, SOC calculations highlight the crucial role of the
upper triplet excited state (T,) in the rISC process. Theoretical
calculations indicate that T, states possess LE character; there-
fore, the coupling constants between T, (LE) and S; (CT) were
significantly higher than those of T; (CT) and S; (CT), indicat-
ing the central role of the T, state in facilitating ISC and rISC in
the emitters (Fig. 4b).>>>* Furthermore, the T, states of the
emitters were energetically higher than the corresponding S,
states, making the rISC process (T, — S;) energetically down-
hill and highly favorable (Fig. 4b and Table S8). Therefore, the
overall triplet upconversion route would be T; —» T, — S;.
3.1.4. Electroluminescence measurements. Using the opti-
mized 7 wt% emitter:CBP co-doped emissive layer, three OLED
devices were fabricated via vacuum thermal deposition. The

J. Mater. Chem. C
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computed electronic transitions and energy levels of 4BPy-PTA, 4BPy-PBPA, and 4BPy-PMPA obtained at the B3LYP/6-31+G(d,p) level, incorporating
CPCM solvent correction and dispersion correction (D3BJ) within the ORCA quantum chemistry package.

device architecture was configured as ITO/NPB (30 nm)/TAPC
(20 nm)/EML (15 nm)/PPT (10 nm)/TPBi (50 nm)/Liq (2 nm)/Al
(100 nm). The devices were fabricated following the standard
fabrication procedure.” The complete device architecture and
the molecular structures of the different materials used are
depicted in Fig. 5a and b.

The electroluminescence maxima (ELp,.) of 4BPy-PTA,
4BPy-PBPA, and 4BPy-PMPA OLED devices were measured to
be 503, 513, and 532 nm, respectively (Fig. 5 and Table 2). The
ELnax values of the devices closely resemble the doped film
PL.x of the emitters, confirming that the device emission
originates from the EML (Tables 1 and 2). All the EL spectra of
the OLEDs were structureless in appearance without having any
residual peaks, indicating the proper confinement of exciton
recombination within the EML (Fig. 5c-e and Fig. S6). The
current density vs. voltage vs. luminance (J-V-L) plots of the
devices are shown in Fig. S7. Among the three devices, 4BPy-PTA
showed the highest luminance maximum (Ly,ax) of 10652 ¢d m >
at 17 V (Table 2). Among the three OLEDs, the 4BPy-PBPA device
showed the highest EQE,x of 17.3%, followed by 4BPy-PMPA
(16.2%) and 4BPy-PTA (6.5%). The higher EQE,,., observed for
4BPy-PBPA was attributed to its substantial PLQY in the doped
film. Furthermore, the EQE,,,, and the calculated exciton utiliza-
tion efficiency (ne,) of the devices were beyond the theoretical
limit of fluorescent OLEDs (<5%), confirming the presence of
rISC and delayed fluorescence.’**> Interestingly, the EQE . of
4BPy-PBPA was found to be nearly double that of its reported
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rigid counterpart 4BPy-ptCz (9.4%), highlighting the importance
of molecular flexibility in improving OLED device performance.'>

The flexible emitters 4BPy-PTA and 4BPy-PBPA not only
showed higher PLQYs but also exhibited better EL properties
compared to their reported rigid counterparts. From the EL
measurements, it can be observed that 4BPy-PBPA and 4BPy-
PMPA show nearly similar EQE,,,,; on the other hand, despite
having a higher PLQY of 92%, 4BPy-PTA exhibited the lowest EL
performance (Table 2). As discussed in the theoretical calcula-
tion, T, plays a crucial role in the rISC process of the emitters.
Irrespective of the donor units, all three emitters showed
nearly the same T, — S; coupling constant (4.3-4.4 cm ")
but different coupling values for T, — T, (Table S8). Among
the three emitters, 4BPy-PTA exhibits the weakest T; — T,
coupling (0.07 cm™'), rendering the overall triplet harvesting
process inefficient (Fig. 4b and Table S8). Consequently, the
4BPy-PTA molecule suffers from poor triplet exciton utiliza-
tion, resulting in a lower EQE than the other two emitters.
Conversely, 4BPy-PBPA and 4BPy-PMPA, exhibiting compar-
able rate constants for T; —» T, and T, — S; transitions,
witness a similar efficiency level. The internal conversion (IC)
rates from the S, state to the ground state (S,) for the three
emitters were also calculated. 4BPy-PTA, 4BPy-PBPA and
4BPy-PMPA showed IC values of 3.024 x 10%) 4.322 x 107,
and 5.485 x 107 s~ ', respectively, and this result supports the
poor EL performance of 4BPy-PTA and the efficient EL perfor-
mance of 4BPy-PBPA and 4BPy-PMPA.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 EL performance of the emitters: (a) optimized OLED device architecture showing the rate of evaporation; (b) molecular structures of the materials

used in the OLED device; external quantum efficiency vs. current density
PMPA.

Table 2 EL performance of OLEDs

plots for the OLED devices of (c) 4BPy-PTA, (d) 4BPy-PBPA, and (e) 4BPy-

Emitter Jp® (nm) L (cd m™2) Von® (V) CEpay” (cd A7Y) PEqa’ (Im W) EQEma! (%) CIE? (x, y)

4BPy-PTA 504 10652 4.5 18.1 11.4 6.5 (0.23, 0.50)
4BPy-PBPA 513 5359 3.9 50.5 39.5 17.3 (0.24, 0.51)
4BPy-PMPA 532 5633 3.5 53.5 33.6 16.2 (0.31, 0.56)

“ Electroluminescence maxima of the OLED devices. > Maximum luminance of the devices. ° Turn-on voltages of the devices at a luminance of 1 cd
m~2. ¢ Maximum current efficiency. ° Maximum power efficiency. Maximum external quantum efficiency. £ Commission Internationale de

I’Eclairage (CIE) coordinates of the EL spectra at 7 V.

4. Conclusions

Here, we have explored the role of molecular flexibility in
restoring delayed fluorescence in emitters. 4BPy-PTA, which
can be considered the flexible counterpart of the non-TADF
emitter 4BPy-Cz, starts showing delayed fluorescence proper-
ties and exhibits an EQE,,.x of 6.5%. The introduction of
molecular flexibility enabled the upper triplet state to partici-
pate in the rISC process, thereby giving rise to TADF properties.
A similar trend can also be observed in the other two flexible
derivatives of 4BPy-PBPA and 4BPy-PMPA, which showed near-
unity PLQY and EQE,. of 17.3% and 16.2%, respectively. The
TADF properties of the CBP co-doped films of the emitters were
confirmed through temperature-dependent PL measurements,
which revealed excited state lifetimes (rayg) of 0.86 ms in 4BPy-
PTA, 3.07 ms in 4BPy-PBPA, and 0.52 ms in 4BPy-PMPA.
Compared to its rigid counterpart (4BPy-ptCz), 4BPy-PBPA
showed a nearly twice EQE,,, value. Strangely, despite a PLQY

This journal is © The Royal Society of Chemistry 2026

of 92%, 4BPy-PTA showed the lowest EQE, mainly due to poor
T;-T, coupling. Both 4BPy-PBPA and 4BPy-PMPA showed
higher T;-T, coupling and lower IC than 4BPy-PTA, which is
the main reason for their better EL performance. Overall, the
study highlights the crucial role of molecular flexibility in
restoring the TADF properties in the system and underscores
the active role of the upper triplet state in the rISC process.
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