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ABSTRACT: Room temperature phosphorescence (RTP) and organic thermally activated delayed
fluorescence (TADF) materials have merited enormous application prospects in organic optoelectronics. In
spite of this, TADF and RTP dual emissions based on single-chromophore polymers still face a great
challenge. In this work, we develop a monomer (CzBT) with twisted electron donating carbazole and
electron withdrawing benzothiadiazole (D-A) structure and then copolymerize it with N-
isopropylacrylamide (NIPAM) in different ratios to adjust TADF and RTP emission. The polymers exhibit
TADF emission from aggregated chromophores, RTP emission with a lifetime of 240 ms from dispersed
chromophores, and a high absolute photoluminescence quantum efficiency (20%). Theoretical calculations
confirm that the introduction of twisted D-A structure and heteroatoms can not only promote spin orbital
coupling to facilitate the accumulation of triplet excitons for RTP emission, but also help RISC to emit
TADEF in the aggregated state. When applied to solution-processable organic light emitting diodes (OLEDs)
devices, excellent current efficiency of 62.7 cd/A and maximum external quantum efficiency of 19.9% were
achieved attributing to the dominant TADF emission. This class of polymers paves the way for high-
efficiency optoelectronic devices.

Keywords: Thermally activated delayed fluorescence (TADF); Room temperature phosphorescence (RTP);
Organic light emitting diode (OLED); Dual emissions

1. Introduction

Organic room temperature phosphorescence (RTP) and thermally activated delayed fluorescence
(TADF) materials have gained enormous attention in recent years as they can achieve theoretically 100%
quantum efficiency by utilization of triplet exciton and long-lived lifetime without the need of rare earth
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metal complexes [1-8]. Since Adachi and co-workers developed the organic TADF emitters based on
carbazolyl dicyanobenzene and applied them to organic light-emitting diodes (OLEDs) [9], TADF emitters
have gained significant progress in OLEDs, and various TADF materials have been developed to obtain
high efficiency devices for displays and solid state lighting [10—-15]. For effective TADF emission, the
small energy gap (AEsrt) is advantageous for the exciton to transition from triplet to singlet states via an
effective reverse inter-system crossing (RISC) process, which is often obtained through separating the
spatial wave functions of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). In terms of molecular structure design, TADF molecules generally adopt the
twisted donor-acceptor (D-A) structure, which presents intramolecular charge transfer (ICT) characteristics
and will lead to separated HOMO and LUMO distributions and thereby small AEst [16-20]. Regarding
RTP, various approaches have been proposed to promote spin orbital coupling (SOC) between singlet and
triplet states through introducing heavy atoms, heteroatoms, aromatic carbonyl compounds, and so on
[21,22]. Besides, varied methods such as crystallization [23], supramolecular assembly [24], host-guest
doping [25], and polymer confinement [26,27] are always used to stabilize triplet excitons and suppress
nonradiative decay of triplet excitons for achieving RTP, among which polymer confinement has significant
advantages due to its flexibility and processability. In the past decade, organic materials with TADF and
RTP dual emissions were mainly achieved through host-guest doping and crystal engineering [28-35].
Recently, Gather et al. [29] developed a family of nitrogen-containing indolocarbazoles, two of which
exhibited multi-resonant TADF and RTP biluminescence when doped in PMMA at 1 wt% concentration.
A series of triphenylamine-substituted isoquinoline derivatives with monomeric TADF and aggregated
RTP were reported by Ma et al. [35]. Nevertheless, achieving both TADF and RTP emission remains a
huge challenge, especially in non-doped polymers.

In this work, we propose to introduce twisted D-A structure (carbazole as the electron-donor and benzo-
2,1,3-thiadiazole as the electron-acceptor) to the side group of the monomer (CzBT) and copolymerize it
with NIPAM in different proportions through photopolymerization to obtain polymers (NP1-10~NP1-1000)
(Scheme 1). The twisted D-A structure and the heteroatoms (S, N) would promote the SOC and provide
appropriate  AEst for the moderate RISC process. The dual cross-linked networks formed by
photopolymerization of NIPAM could immobilize and accumulate the triplet excitons [36]. The
copolymerization ratios could adjust the stability of triplet excitons, thereby affecting their emission
channels. As expected, both TADF emission and RTP with a hundred-millisecond level lifetime and up to
20% absolute photoluminescence quantum efficiency were achieved. Importantly, the solution-processable
OLED device with CzBT doping in PVK as the light emitting layer presented excellent current efficiency
(62.7 cd/A) and high luminance (90,858 cd/m?). This work presents potential applications in high
performance optoelectronics.
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Scheme 1. Proposed TADF and RTP dual emission mechanism for polymers NP1-10~NP1-1000.

2. Results and Discussion
2.1. The Characterization of Monomers and Polymers

The monomer CzBT was prepared mainly by Suzuki coupling reactions, the monomer NIPAM was
purchased and used after recrystallization. The structure characterizations of the monomer were identified
by 'H NMR, '*C NMR, MALDI-TOF, and HPLC spectra. Specific synthetic routes and characterization
results were included in the supporting information (Scheme S1 and Figures S1-S5). The 'H NMR spectra
(Figure la) illustrated that chemical shift peaks at 8.27—7.21 ppm were attributed to aromatic hydrogen,
while the chemical shift peaks at 5.88 and 5.52 ppm belonged to hydrogen on the double bond. The *C
NMR and MALDI-TOF spectra of CzBT further indicated that the monomer was successfully synthesized.
The single peak in the HPLC spectra (Figure S4) of CzBT indicated the high purity. The polymers (NP1-
50~NP1-1000) were obtained by free radical photopolymerization of monomer CzBT and NIPAM in
different ratios (CzBT:NIPAM = 1:10, 1:50, 1:100, 1:200, 1:500 and 1:1000). The FTIR spectra (Figures
1b and S5) disclosed that the strong sharp absorbance at 3280 cm™ attributed to the free -NH stretching
vibration of NIPAM converted to broad stretching vibration bands for polymer NP1-50, which was due to
the formation of amount of hydrogen bondings. The absorption band at 1265 cm™! was attributed to the
stretching vibration of C-N in CzBT, and the disappearance of the 810 cm' peak belonging to the out-of-
plane bending vibration of C=C-H in NIPAM further proved the successful synthesis of the polymers. The
molecular weight data of polymers are revealed in Table S1. The thermogravimetric analysis and
differential scanning calorimetry (Figures S6 and S7) results suggested good thermal stability.
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Figure 1. The '"H NMR (a) and FTIR spectra (b) of monomer and polymers.

2.2. Photophysical Properties of the Monomer CzBT

The absorption spectra of CzBT in dichloromethane dilute solutions are illustrated in Figure 2a. The
maximum absorption at 304 nm and 370 nm for CzBT were attributed to the n-n* electronic transition and
intramolecular charge transfer (ICT) transitions, respectively. From the maximum fluorescent emissions
and delayed emission (77 K) of monomer CzBT with relatively large energy gaps, we assume that the weak
emission at 500 nm in the delayed spectrum at 77 K is attributed to the triplet-triplet annihilation [37].
Moreover, the fluorescent emissions are solvent dependent (Figure 2b). The maximum fluorescent emission
wavelength of CzBT in different polar solvents red-shifted from 484 nm to 610 nm with a strong excited-
state solvatochromic effect. The maximum emission wavelength increased as the solvent polarity increased,
which indicated that CzBT possessed ICT from carbazole to the benzothiazole unit. It is obvious that the
red-shift was ascribed to the stabilization of excited states by the polar solvent molecules. It has been
demonstrated [38] that suppressing the ICT rotations through molecular aggregation could also stimulate
aggregation induced emission (AIE) behavior. Thus, we assumed that CzBT possessed AIE phenomenon.
The AIE experiments with CzBT were performed in THF-water mixtures with varying volume fractions,
as shown in Figure 2c. At a lower fraction of water (<70%), the fluorescent emission intensities of CzBT
were similar to that of in pure THF. As the water fraction increased from 70% to 90%, significant increase
were observed with nearly 18-fold enhancement compared with that of in pure THF. It is clear that the AIE
effect of CzBT would endow it with excellent emission performance in the solid state.
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Figure 2. (a) The absorption, fluorescent, and delayed spectra (77 K) of monomer CzBT in solution; and (b) PL spectra in
different polarity solvents; (¢) PL spectra and plot of the maximum emission peak intensity (d) in THF and water mixtures with
different water percentages.

2.3. Aggregated TADF and Dispersed RTP Emissions

Given the good AIE performance, the photophysical properties of polymers in films were illustrated in
Figure 3. Upon excitation, all of the six polymers (NP1-10~NP1-1000) emitted single fluorescence
emission with maximum emission wavelengths ranging from 500 nm to 510 nm for NP1-10~NP1-1000,
which was similar to the PL spectra of monomer CzBT in solution (Figure 3). The fluorescent lifetimes
(Table S2) of polymers are in the nanosecond level, which coincides with the nature of fluorescence.
Importantly, when the experiments were performed in delayed mode (delay time 0.01 ms), all of the
polymers manifested bright afterglows. Among them, NP1-10 displayed a broad delay peak located at 510
nm, which basically coincides with its fluorescence spectra. And dual emission bands located at around 510
nm and 630 nm were observed for polymers NP1-50~NP1-500, while only one delayed emission at 540
nm for polymer NP1-1000.



Sustain. Polym. Energy 2026, 4(2), 10008. doi:10.70322/spe.2026.10008

6 of 13

a C
W Cn —_— —r 1.0 e
3 1.0 7 Delay = 10 \ Delay 3 10 h Y Delay
E" ;‘ \ & \-Y' & | \
208 [ 2 0.8 208 / \
3 = 0 f \
g z 5
2 0.6 2 0.6 = 0.6
£ £ =
o ° T
0.4 4 1
% 2 04 _g 0.4
= =
©
E 0.2 E 0.2 E 0.2
o =) 5
= 2 <]
0.0 Z L
400 450 Wson | 550 . 600 650 700 450 500 550 600 650 700 750 450 500 550 600 650 700
avelength (nm) Wavelength (nm} f Wavelength (nm)
(&
Ly FL ~10d FL ¥ FL
3 1.05 £\ Delay = A0 RN Delay 3 104 Delay
5 \ 8 / \ &
208 ! 2084 2084 4
= B ‘B \
B £ H A
‘E 0.6 E 0.64 ig 0.6
o B ®
.ﬁ 0.44 .ﬁ 0.4 1 ﬁ 0.4
© ™ ©
Eoz E .2 Eoa2
c ° 2
2 z =

450

500 550 600 650 700

450 500 550 600 650 700

Wavelength (nm)

450

500 550 600 650

Wavelength (nm)

700

Wavelength (nm)

Figure 3. (a) Fluorescent and delayed spectra (Ex: 380 nm) of polymers NP1-10; (b) NP1-50; (¢) NP1-100; (d) NP1-200; (e)
NP1-500; (f) NP1-1000.

In order to clarify the attribution of the delay peaks mentioned above, the temperature-dependent
delayed spectra of NP1-10 and NP1-1000 (Figure 4a,b) were conducted. The temperature-dependent
delayed spectra of NP1-10 (Figure 4a) suggested that the delayed fluorescence intensity increased as the
temperature increased from 77 K to 298 K, which confirmed the TADF characteristics of NP1-10 [39]. The
microsecond level lifetime (14 us, Figure 4c) further verified that the delayed emission of NP1-10 was
attributed to TADF. Meanwhile, the delayed emission of monomer CzBT at 77 K and polymer NP1-100
suggested the RTP emission (Figure S8). In addition, the delayed emission intensity of polymer NP1-1000
and NP1-50 decreased with increasing temperature, further confirming the RTP emission (Figures 4b and
S9). Moreover, the RTP emission displayed long-lived lifetimes ranging from 32 to 268 ms for the polymers
(NP1-50~NP1-1000) at both two emission bands, which further revealed the RTP emission (Figure 4c and
Table S2). In addition, the polymers exhibited typical excitation wavelength dependent phosphorescence
emission characteristics. Taking NP1-50 as an example (Figure S10), when excited below 380 nm, it mainly
exhibited phosphorescence emission below 540 nm. As the excitation wavelength increased,
phosphorescence emission around 630 nm was enhanced. This may be due to the fact that the short
wavelength phosphorescence emission mainly came from the contribution of the carbazole group, while
the long wavelength emission was mainly attributed to the benzothiadiazole group. More importantly, the
delayed spectra of the polymers (NP1-50~NP1-1000) with different concentrations were compared as
shown in Figure S11. Due to its high concentration, NP1-50 exhibited two distinct phosphorescence
emission peaks, and the peak at 630 nm was relatively high compared to other polymers. The yellow
afterglow was due to the combined effect of the two peaks. While NP1-1000 mainly showed a
phosphorescent peak around 540 nm due to its low concentration, it also displayed the delayed spectra of
NP1-100-NP1-500 also presented two peaks, and the peak belonging to the green part was much stronger,
thus mainly reflecting the green afterglow. From the afterglow CIE color coordinate graph (Figure 4d), it
can be clearly seen the color-tunable phosphorescent emission from orange to yellow green for NP1-
50~NP1-1000 with different feed ratios. Moreover, the color-tunable afterglow phenomenon can be
observed from the delay time-dependent spectra and corresponding CIE chromatography, as shown in
Figures 4e and S12. The afterglow photographs at different delay times further showed that visible
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afterglows lasting for up to 2 s, accompanied by significant color changes (Figure 4g). It manifested that
the dual emission features of the polymers enabled them to have color-tunable afterglows with feed ratios
and delay time dependence. Additionally, all of the polymers illustrated high absolute photoluminescence
quantum yields, with polymer NP1-200 reaching 20.4% (Figure 4f). All of the corresponding spectral,
lifetime, and rate constants data have been summarized in Table S2. It was obvious that the introduction of
D-A twisted structure realized high efficiency TADF and RTP dual emissions.
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Figure 4. (a) Temperature-dependent delayed spectra of polymer NP1-10 and (b) NP1-1000; (¢) Life time curves of polymers
NP1-10~NP1-1000; (d) CIE coordinate diagrams of polymers; (e) Transient delay spectra of polymer NP1-200; (f) Quantum
yield of polymers; (g) Afterglow photographs of polymers NP1-50~NP1-1000.

2.4. Mechanism Analysis of TADF and RTP Dual Emissions

To theoretically understand the photophysical properties of polymers, especially the TADF and RTP
dual emission, the time-dependent density functional theory (TD-DFT) calculations were carried out with
CAM-B3LYP/def2-svp level for monomer CzBT in the gas state. Firstly, the geometric structures of
monomer CzBT in the So, Si, and T: states (Figure 5) were optimized, and their electronic structure
properties, including natural transition orbitals, vertical excitation energy, and spin orbital coupling (SOC)
between the singlet and triplet states, were investigated carefully. As shown in Figure 5a, the HOMO of
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CzBT exists on the whole molecule in Si and T states, while the LUMO of CzBT resides mainly on the
benzo-2,1,3-thiadiazole units due to their electron-deficient features. It can be seen that the dihedral angles
(Figure 5c¢) are getting lower upon excitation in the So-S1 and So-T1 transitions, the more effective HOMO
and LUMO differential overlap is beneficial for radiative decay from both Si-So and T1-So [40]. From the
excited state energy level (Figure 5b), it can be found that CzBT has multiple SOC channels and a relatively
large SOC value (0.4 cm ') between the Si and T3 state. The large SOC value is beneficial for the exciton
transition from singlet state Si to triplet state T3 through intersystem crossing, followed by internal
conversion to T1 state, and then radiative transition to obtain RTP [41-43]. We speculate that in polymers
(NP1-50~1-1000) with low concentration phosphors, the polymers can effectively fix and stabilize triplet
excitons, which mainly exhibit RTP emission; In high concentration polymers (NP1-10), due to
intermolecular interactions, the distribution of high-energy excited states can be altered [44], a large number
of triplet excitons cannot be fixed and undergo RISC to Si state with the assistance of heat, resulting in
delayed fluorescence, also known as TADF (Figure 5d). Here, we can infer that the molecular design of
CzBT can not only promote SOC to facilitate the accumulation of triplet excitons for RTP emission, but
also help RISC to emit TADF in the aggregated state.
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Figure 5. (a) Calculated transition orbitals of the S; and T; states at the optimized S; and T, geometries; (b) Calculated energy
diagram and spin-orbital coupling (&) at the S;-geometry; (¢) The optimized geometric structures of CzBT; (d) Schematic
diagram of the mechanism of TADF and RTP dual emissions.

2.5. Application in Solution-Processed OLEDs

Based on the excellent TADF and RTP dual emission properties of the aforementioned polymers, we
intend to apply them to OLED devices. However, due to the poor solubility and conductivity of the
polymers, we doped the monomer CzBT into polyvinycarbazole (PVK) and found that it still exhibited
delayed emissions similar to the fluorescent spectra with maximum emission at 538 nm (Figure S13). The
refractive index of CzBT:PVK (1:10) film was 1.57 at 565 nm. The relatively high refractive index indicates
good light output coupling efficiency. TADF materials have significant advantages in achieving almost
complete exciton utilization through RISC, which allows triplet excitons to transition from Ti to Si,
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resulting in up to 100% theoretical internal quantum efficiency [44,45]. This characteristic is of great
significance for the development of high-performance OLEDs. Therefore, CzZBT was doped into PVK as
the light emitting layer in solution-processable OLED devices. The electroluminescence (EL) devices with
the configuration of ITO/PEDOT:PSS/PVK:CzBT (20 wt%)/TPBI (40 nm)/LiF (1.4 nm)/Al (100 nm)
(Figure 6a) were fabricated, and the optimized performances are shown in Figure 6. Here, poly(3.4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was used for hole injection, PVK was used
as a hole transporting layer and host material, and 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBI) was used as a hole blocking and electron transporting layer. The turn-on voltages
(at 1 cd/m?) of the EL device are 4.9 V. The current density-voltage-luminance curves (Figure 6b) indicate
that both current density and brightness increase sharply with increasing voltage. In particular, the device
exhibited outstanding efficiency with maximal current efficiency of 62.7 cd/A and external quantum
efficiency of 19.9% at 9.3 V (Figure 6¢), and peak brightness of 90,858 cd/m?. The relatively small
efficiency roll-off (62 cd/A@10,000 cd/m?) is due to the RISC reducing the concentration of triplet excitons
thereby alleviating the device’s efficiency roll-off. The normalized EL spectra (Figure 6d) of the device
show bright green electroluminescence with maximum emission at 530 nm, similar to the
photoluminescence spectra of CzBT. The excellent device performance indicates that CzBT can effectively
utilize triplet excitons via moderate RISC, thereby promoting high device efficiency.
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Figure 6. (a) Device configuration; (b) Current density-voltage-luminance characteristics of device; (¢) Current efficiency and
external quantum efficiency (EQE) as a function of voltage; (d) Normalized EL spectra.

3. Conclusions

In summary, polymers (NP1-10~NP1-1000) containing phosphor monomer with carbazole-
benzothiazole structure in the side group were successfully synthesized and analyzed. The polymers with
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high phosphor concentrations displayed TADF emission, while low phosphor concentrations showed RTP
emission with lifetimes up to 240 ms, and high efficiency (up to 20%). Moreover, the dual emission features
of the polymers enabled them to have color-tunable afterglows with delay time and feed ratios dependence.
The theoretical calculations illustrated that the introduction of twisted D-A structure and heteroatoms
improved SOC and resulted in RTP emission as well as TADF emission in aggregated states. Interestingly,
the solution processable OLED device with CzBT doping in PVK as the emitting layer exhibited excellent
performance of 62.7 cd/A and maximum external quantum efficiency of 19.9%, which was owing to the
full utilizing of triplet excitons.
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Scheme S1. The synthetic routes of monomer CzBT, and polymers NP1-10~NP1-1000. Figure S1: '"H NMR
spectra of monomer CzBT; Figure S2: *C NMR spectra of monomer CzBT; Figure S3: MALDI-TOF MS
spectra of monomer CzBT; Figure S4: HPLC spectra of the monomer CzBT; Figure S5: FTIR spectra of the
polymers NP1-100~NP1-1000; Figure S6: DSC curves of polymers NP1-50~NP1-1000; Figure S7: TGA
curves of polymers NP1-50~NP1-1000; Figure S8: Delayed spectra (77 K) of monomer CzBT and polymer
NP1-100 at room temperature; Figure S9: Temperature-dependent delay spectra of NP1-50; Figure S10:
Excitation-dependent delay spectra of NP1-50; Figure S11: Delay spectra of polymers NP1-10~NP1-1000
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