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Thermally activated delayed fluorescence (TADF) white organic light-emitting diodes 

(WOLEDs) have drawn tremendous interest and have been extensively studied because of 

harvesting both triplet and singlet excitons without heavy metals. However, single white-

light-emitting polymers are currently limited and few strategies exist to design these materials. 

Herein, we have proposed a new strategy to develop the polymers with tunable emission 

colors combined fluorescence and TADF based on aggregation enhanced emission (AEE) 

characteristics. The polymers containing different ratios of pendant 2-(10H-phenothiazin-10-

yl)dibenzothiophene-S,S-dioxide units with yellow TADF emission and dibenzothiophene 

(DBT) units with blue fluorophor emission, which display both TADF and AEE 

characteristics, were synthesized successfully. Among them, the emission color of P3 in 

different THF/water mixtures changes from greenish-blue to white or yellow. Moreover, P3 

displays white emission in the solid state dispersing by poly(methyl methacrylate). In addition, 

mailto:renzj@mail.buct.edu.cn
mailto:m.r.bryce@durham.ac.uk


  

2 

 

electroluminescent device of P3 can achieve white light emission with high color rending 

indexes (CRI) and low turn-on voltages (Von) as well. P3 OLEDs show two-color warm-white 

emission with high CRI of 77, low Von of 2.9 V, CEmax of 23.0 cd/A, PEmax of 32.8 lm/W, 

EQEmax of 10.4% with CIE coordinates of (0.37, 0.38) at 5 V. Moreover, EQE of 2.6%, CE of 

5.7 cd/A, PE of 4.7 lm/W at 100 cd/m
2 
are obtained. To the best of our knowledge, our work 

reports the first example of warm-white TADF polymer OLEDs. 

  

1. Introduction 

Organic light-emitting diode (OLED) devices, especially, white OLEDs (WOLEDs) are 

attracting great interest in display and lighting applications.
[1-3]

 Most white luminescent 

materials are blends of several small molecules that emit different colors spanning the entire 

visible spectrum.
[4-7]

 These devices often are unstable due to significant phase segregation. In 

comparison, white luminescent polymers possess the advantages of enhanced control of 

emitter ratios, low-cost, and solution-processability for large-area flexible displays.
[4-8]

 

Fluorescent and phosphorescent WOLEDs have been extensively reported based on white-

emitting polymers.
[9,10]

 However, the internal quantum efficiency (IQE) of fluorescent OLEDs 

is only 25%.
[11]

 Although phosphorescent OLEDs can achieve almost 100% IQE, the 

expensive and scarce metals used in these devices, such as iridium or platinum, create 

additional economic and environmental problems that restrict the application of WOLEDs in 

large-scale applications, such as lighting. Moreover, there is also significant degradation of 

emitters in the blue spectral region.
[12,13] 

Thermally activated delayed fluorescence (TADF) emitters, as a route for the next 

generation OLEDs, harvest light from both triplet and singlet excitons without noble 

metals.
[14-17]

 Recently, all-TADF WOLEDs and WOLEDs hybridizing TADF emitters with 

triplet emitters have been reported.
[18-23]

 Adachi’s group demonstrated WOLEDs using red, 

green, and blue TADF molecules as emissive dopants, with external quantum efficiency 
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(EQE) of >17% with Commission Internationale de l’Eclairage (CIE) coordinates of (0.30, 

0.38).
[18] 

Hybrid WOLEDs combining fluorescent emitters and TADF emitters are desirable to 

improve the EQE due to their excellent stability and harvesting of both singlet and triplet 

excitons. Lee’s group developed hybrid WOLEDs with an external quantum efficiency >20% 

using blue or green small molecule TADF materials.
[19,20]

 However, all the previous TADF 

emitters for WOLEDs are small molecules and no TADF polymer WOLEDs have been 

reported to date. In general, the small molecules are limited in such properties as thermal 

stability, mechanical robustness, and flexibility.  

Polymers, in contrast, can have both good thermal stability, solution processable and 

facile functionality to introduction of various functional units into pendant groups.
[24,25] 

Nowadays, Polymeric materials have been proven to be ideal emissive materials for the 

solution-processed devices.
[26-30] 

Therefore,
 

some groups reported luminous polymers 

containing pendant TADF units, which demonstrated good performance in the solution-

processed OLEDs. Yang et al.
[28]

 synthesized copolymers from three monomer components, 

with a backbone of polycarbazole and 10-(4-(5-phenyl-1,3,4-oxadiazol-2-yl)-phenyl)-10H-

phenoxazine as pendant TADF units. Those bluish-green OLEDs had EQEmax of 4.3% and 

EQE 2.4% at100 cd/m
2
. Zhu et al.

[29]
 reported a TADF polymer PAPTC with triazine acceptor 

and 9,10-dihydroacridine donor as backbone and pendant units, respectively. PAPTC had Mn 

22.0 kDa and PDI 2.96. A green OLED with EQEmax of 12.6% at 180 cd/m
2
 was obtained. 

Our group
[30]

 reported a series of polymers with an insulating backbone and varying ratios of 

2-(10H-phenothiazin-10-yl)dibenzothiophene-S,S-dioxide as a pendant TADF unit. Green-

emitting devices with one of our polymers achieved EQEmax as high as 20.1%, with EQE 

5.3% at 100 cd m
−2

.  However, no white-light-emitting TADF polymers have been reported to 

date because controlling energy transfer process and tuning emission colors are still 

challenging. 
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Emitters with delayed fluorescence often encounter severe aggregation-caused 

quenching (ACQ) because of the strong intermolecular interactions, which is a hindrance to 

improving the efficiency of OLEDs for practical applications.
[31-34]

 In contrast, aggregation-

induced emission (AIE) is a property of some molecules that have almost no fluorescence in 

solution, but are highly emissive in the aggregate state.
[35-37]

 Several studies on small TADF 

molecules have reported noticeable emission enhancement in aggregates or in the solid-

state.
[38,39]

 Emissive materials with tunable luminescent colors are of great significance for 

their optical applications. Tang et al.
[40,41]

 found impressive color-tunable aggregation induced 

emission (AIE) and aggregation enhanced emission (AEE) behaviors in the solid state. Taking 

these into account, employing AIE or AEE to tune emission colors aiming to obtain white 

emission is realistic. Therefore, the development of solution-processed single white-emitting 

polymers with both TADF and AEE features is of importance.  

We have now synthesized the non-conjugated TADF copolymers with pendant 2-(10H-

phenothiazin-10-yl)dibenzothiophene-S,S-dioxide (PTZ-DBTO2)
 

and dibenzothiophene  

(DBT) units as shown in Scheme 1. PTZ-DBTO2
[34,38,39]

 was chosen because it exhibits 

strong TADF and AIE features. Dibenzothiophene (DBT) with high triplet energy of 3.04 eV 

and good hole-transporting ability
[38,42]

 was introduced as a blue fluorescence emitter
[43-44]

 and 

as a TADF host.
[45,46]

 We reasoned that the blue emitting DBT units together with yellow 

emitting PTZ-DBTO2 units could lead to a white light emitting copolymer, while the DBT 

units disperse the PTZ-DBTO2 components and thus regulate the aggregation and quenching. 

The obtained copolymers P1-P3 display obvious TADF and AIE features and most 

significantly P3 shows warm-white electroluminescence. 

2. Results and discussion 

2.1. Synthesis and characterizations 

The polymers P1-P3 were prepared by radical copolymerization of 2-

vinyldibenzothiophene and 2(10H-phenothiazin-10-yl)-8-vinyldibenzothiophene-S,S-dioxide 
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with the molar feed ratios of 50 : 50, 71 : 29 and 90 : 10, respectively. The actual content of 

TADF unit, PTZ-DBTO2, in the copolymers estimated from elemental analysis data is ca. 

71%, 46% and 18% for P1-P3, respectively, indicating the slightly greater reactivity of the 

PTZ-DBTO2 monomers. The copolymers are readily soluble in chloroform, toluene and 

tetrahydrofuran. The weight average molecular weights (Mw) of P1-P3 were determined to be 

11.6, 30.1, and 22.8 kDa with PDIs of 1.33, 1.67, and 1.65, respectively (Table 1 and Figure 

S2). The structures of the polymers were confirmed by 
1
H NMR spectra (Figure S1). 

P1: m/n = 29/71

P2: m/n = 54/46

P3 : m/n = 82/18

 

Scheme 1. Synthetic route for P1-3. 

Table 1. Data for P1, P2 and P3. 

 Mw/PDI
a
 Tg

b
 

(
o
C) 

Td
c
 

(
o
C) 

λabs
d
 

(nm) 

λPL
d
 

(nm) 

Eg
e
 

(eV) 

HOMO
f
 

(eV) 

LUMO
g
 

(eV) 

ET
h
 

(eV) 

ΔEST
i
 

(eV) 

ΦPL,film
j

(%) 

ΦPL,tol
j
 

(%) 

ΦPL,tol
k
 

(%) 

P1 11,600/1.33 226 381 290,330 547 2.76 -5.08 -2.32 2.54 0.09 10.4 9.9 19.8 

P2 30,100/1.67 223 381 289,330 542 2.77 -5.10 -2.33 2.57 0.06 23.5 16.1 28.3 

P3 22,800/1.65 206 357 230,229 535 2.82 -5.08 -2.26 2.60 0.04 19.5 15.9 52.9 

a
Determined by GPC, eluting with THF, by comparison with polystyrene standards. 

b
The 

value of Tg was determined at a heating rate of 10 
o
C/min under a nitrogen atmosphere. 

c
Temperature at which a 5% weight loss occurred was determined at a heating rate of 10 

o
C/min under a nitrogen atmosphere. 

d
Measured in films at room temperature. 

e
Optical energy 

gap (Eg) deduced from the absorption onset of a neat film. 
f
Calculated according to the 

equation EHOMO = − (E(onset, ox vs Fc+/Fc) + 5.1) by CV. 
g
Calculated according to the equation 

LUMO=HOMO + Eg. 
h
Triplet energy was calculated from the onset wavelength of 

phosphorescent emission. 
i
∆EST = S1 –T1. 

j
Absolute PL quantum yield in the film state and in 

toluene solution determined by a calibrated integrating sphere in air; error ± 0.5%. 
k
Absolute 

PL quantum yield in toluene solution determined by a calibrated integrating sphere in nitrogen; 

error ±0.5%. 

 

2.2. Synthesis and characterizations 

The thermal properties of the polymers were investigated by differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA). As shown Table 1 and Figure S3, 

the decomposition temperatures (Td) with 5% weight loss under nitrogen are in the range 381-
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357 ℃, showing their excellent thermal stability. A trend is clear that Td decreases slightly 

with an increased ratio of DBT units. Figure 1a and Table 1 show that a distinct glass 

transition temperature (Tg) is observed for each polymer with values ranging from 226 °C to 

206 °C. In addition, there are no exothermic peaks resulting from crystallization during the 

scan ranges for all the polymers, indicating an amorphous state of the polymers. The high Td 

and Tg values favour long-term stability for practical applications. 

The electrochemical behavior of the three polymers was investigated by cyclic 

voltammetry (CV) in degassed anhydrous acetonitrile solution. The data show quasi-

reversible oxidation and reduction processes for all polymers (Figure 1b) corresponding to 

electrochemical doping and dedoping during the potential sweeps. P1 has similar oxidation 

and reduction potentials to unsubstituted phenothiazine donor and dibenzothiophene-S,S-

dioxide acceptor units, respectively. All the polymers display roughly similar oxidation and 

reduction behavior as the process is centered on the PTZ-DBTO2 TADF units. A slight 

decrease in oxidation potential is observed when DBT is added, i.e., the copolymers are easier 

to oxidize than PTZ-DBTO2. Meanwhile, the copolymers are also easier to reduce than PTZ-

DBTO2.  
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Figure 1. (a) DSC measurement of P1-3 recorded at a heating rate of 10 °C min
-1

. (b) Cyclic 

voltammograms of P1-3 in acetonitrile. (c) UV-Vis absorption and PL spectra of P1-3 in solid 

state at 20 °C. (d) Phosphorescent spectra of P1-3 in solid state at 80K. 

2.3. Photophysical properties 

Figure 1c shows the UV-Vis absorption and photoluminescence (PL) spectra of P1-3. 

The absorption spectra in neat films show π-π* transitions of the DBT moiety at 290 nm and 

electronic transitions of PTZ-DBTO2 at 330 nm. In addition, relatively wide energy gaps (Eg) 

of 2.76, 2.77 and 2.82 eV for P1, P2 and P3, respectively, were obtained from the onset of 

absorption. The PL spectra of P1-P3 in thin films display a similar profile with λmax at 547, 

542 and 535 nm, respectively. The PL peaks gradually red-shift with increasing ratio of PTZ-

DBTO2 units, indicating that the DBT units can effectively disperse the TADF units. The 

emission of P3 shows a more obvious signature of DBT units between 412 to 435 nm, as 

expected. 

To estimate the TADF characteristic of copolymers, the triplet energies of the three 

polymers were determined according to the phosphorescent spectra as shown in Figure 1d. 

As shown in Table 1, ET of P1-3 are 2.54, 2.57 and 2.60 eV, respectively, and ET decreases 

with decreasing the content of DBT. In P3, with the larger proportion of DBT spacers, the 

TADF units behave more as isolated chromophores, and the phosphorescence is at higher 

energy. Since the energy of the singlet state is not so affected, the singlet-triplet energy gap is 

smaller in P3 than in the other polymers, which facilitates reverse intersystem crossing 

(RISC) and leads to a higher TADF contribution in P3. The ΔEST values for P1-3 are 

calculated to be 0.09, 0.06, and 0.04 eV, respectively. It is well known that a small ΔEST is 

necessary for efficient RISC which is required for TADF, and the smaller the value of ΔEST, 

the higher the rate of RISC. Therefore, possibly, P3 is a better TADF polymer that the others. 

The time-dependent fluorescence decays of thin films of P1-3 at room temperature are 

seen in Figure 2a. Prompt (PF) and delayed fluorescence (DF) components are clearly 
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observed, with DF intensity increasing gradually in the sequence P1<P2<P3. Figure 2b 

shows the integral of DF in P3, collected with 0.1 µs delay time, and integrated over 50 µs, as 

a function of excitation power. A clear linear dependence with slope 1 is obtained, confirming 

that the DF originates from a monomolecular process rather than from triplet-triplet 

annihilation (for which the slope is 2).
[47]

 Figure 2c depicts the temperature dependence of 

fluorescence decay of a thin film of P3. The PF shows almost no variation with temperature, 

which is consistent with negligible internal conversion. However, the DF component shows 

clear temperature dependence, decreasing in intensity and increasing in lifetime at low 

temperatures. All these observations are consistent with the TADF mechanism. The PL 

spectra of P3 in dilute polar solvents (THF, DMF, acetonitrile) are red shifted compared to 

nonpolar solvents such as toluene and cyclohexane, indicating the intramolecular charge 

transfer character of the emissive singlet state (Figure 2d). Also, as predicted, the 

photoluminescence quantum yields (ΦPL) of P3 in polar solvents show a lower value due to 

the character of the excited state that in polar solvents leads to a more distorted structure and 

poor spacial overlap of the orbitals involved in the electronic transition (Table S1). In 

addition, the peak width at half-height of the red-shifted emission decreased, suggesting that 

increased polarity can reduce aggregation and improve the color purity. Moreover, the 

emission color of P3 exhibits white emission in toluene due to the balance of AEE and ACQ, 

which is consistent with AEE properties discussed below. P1 and P2 show similar behavior 

(Figures S4&5). 
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Figure 2. (a) Fluorescence decay data for P1-P3 in pristine thin films at 20 
o
C; no 

luminescence is observed for P1 and P2 at longer times. (b) Power dependence of DF with 

excitation power for P3. (c) Temperature dependence of fluorescence decays for P3. (d) 

Photoluminescence spectra of P3 in cyclohexane, toluene, THF, acetonitrile and DMF with 

0.1 mg/ml. 

2.4. Aggregation enhanced emission (AEE) properties 

The ΦPL values of P1, P2 and P3 in solid films are 10.4%, 23.5% and 19.5%, 

respectively. The ΦPL values (Table 1) in dilute toluene solutions are 9.9%, 16.1% and 15.9%, 

respectively, indicating that these polymers are AEE-active. After N2 bubbling, the values 

increase to 19.8%, 28.3% and 52.9%, respectively, which shows that triplet excitons are 

substantially quenched by oxygen.
[14]

 To further study the aggregation enhanced optical 

properties, solvent-nonsolvent PL measurements were performed. The very weak emission of 

P3 in pure THF solution increases steadily with increasing the content of water and the peak 

at ca. 550 nm is sharply enhanced at 10:90 (v/v) THF/water mixture, confirming the AEE 

property of polymers (Figure 3a&b). The enhancement of PL intensity may be caused by the 
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aggregation of the PTZ-DBTO2 units of P3. The twisted conformation of PTZ-DBTO2 

units
[38]

 will favour loose packing with weak molecular interactions, and thus rotation and 

vibration will occur easily in the dilute solution. In contrast, in the aggregated state, 

intramolecular motions are restricted, and thus the non-radiative pathways of the excited state 

are blocked.
[39]

 Therefore, as shown in Figure 3b, with the increase of water fraction, the 

emission of P3 is enhanced. Interestingly, the emission color of P3 can be tuned by adding 

water because of its dual emission, namely sky-blue from the DBT units and yellow from 

PTZ-DBTO2. As a result, the fluorescence of P3 varies from greenish-blue with 10% water, 

white with 60% water, to yellow with 90% water. This represents the first example of tuning 

the emission color of a TADF polymer by only adding water. Furthermore, the AEE 

phenomenon of P3 was also confirmed by PLQY data in the THF/water mixture with quinine 

sulphate as a reference standard. The PLQY value of P3 in the THF solution is low (2.4%) 

and increases with the content of water to 41.8% when the content of water is 90%. This 

result is consistent with the PL spectra. The CIE coordinates are shown in Figure S6 and 

Table S2. The emission color of P3 films can also be controlled by doping with different 

ratios of poly(methyl methacrylate) (PMMA). Figure 3c shows that the fluorescence of P3 

varies from greenish yellow with 10% PMMA to cool-white with 90% PMMA. This shows 

that PMMA can disperse and reduce ACQ of DBT units. Comparable spectra for P1 and P2 

are shown in Figure S7. 
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Figure 3. (a) PL spectra of P3 in THF/water mixtures with different fractions of water; the 

inset is fluorescent images of P3 in different THF/water mixtures under UV light irradiation. 

(b) Plots of PL intensity and PLQY versus the different water fractions for P3; (c) PL spectra 

of P3 in different contents of PMMA; inset is the PL image of 0.9PMMA/0.1P3 under UV 

light irradiation. (d) Transient photoluminescence decay curves at 550 nm for P3 with 

different THF/water ratios. 

The transient PL decays of P3 in aqueous THF show that the excited state lifetimes are 

significantly enhanced with increasing water fraction (Figure 3d). In pure THF bi-

exponential decays are observed for P3 with two distinct lifetimes of 9.25 ns and 35.61 ns. At 

ratios of 1:9 THF/water, the bi-exponential decay lifetimes increase to 32.56 ns and 1643 ns, 

respectively. When P3 aggregates, the non-radiative decay due to vibrations that affect the 

PTZ-DBTO2 units is effectively impeded, and thus the excitons are less quenched. Moreover, 

the lifetime of P3 in the aggregated state is longer than those of P1 and P2 (Figure S8). P3 

has a larger contribution from TADF, consistent with reduced quenching of triplet states due 

to vibrations and triplet-triplet annihilation, a longer triplet lifetime leads to a longer DF 

lifetime and stronger emission. 
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2.5. Doped properties 

For the fabrication of OLEDs using P1, P2 and P3, a TCTA/TAPC mixture was used as 

the host. The film-forming ability, morphological stability of solution-processed films of the 

copolymers doped with TCTA/TAPC (65/25wt%) were investigated by atomic force 

microscopy (AFM). The films were spin-coated from 10 mg/ml toluene solution with 2000 

rpm and then annealed for 30 min at 120 °C. As shown in Figure 4, the AFM images display 

smooth and homogeneous morphology with small root-mean square (RMS) roughness values 

of 0.383 nm for P1, 0.454 nm for P2 and 0.446 nm for P3. It is free of particle aggregation or 

phase separation, suggesting both good film-forming ability and good miscibility. Thus, the 

mixture of TCTA/TAPC (65/25wt%) appears to be a suitable host for OLEDs. 

(a) (b) (c)

 

Figure 4. AFM height images of P1 (a), P2 (b) and P3 (c) doped with 65 wt% TATC and 35 

wt% TAPC. 

Figure 5a shows the time-dependent fluorescence decays of the copolymer thin films 

doped with TCTA/TAPC (65/25 wt%) at room temperature. The copolymers show longer 

TADF lifetimes in the hosts than as pure films (Figure 2a), probably due to effectively 

reduced triplet exciton annihilation through host dispersing. Furthermore, the contribution of 

delayed fluorescence (DF) to the overall emission of thin films of P1-P3/TCTA/TAPC 

(10/65/25 wt%) was evaluated. The DF contribution is 47% for P1, 54% for P2 and 56% for 

P3 (Figure S9). For the pure polymer films the DF contribution is 7%, 13% and 32%, 

respectively (Figure S10). The DF contribution in the hosts is considerably higher than that of 
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the pure films, indicating the hosts can effectively reduce triplet quenching due to triplet-

triplet annihilation.  
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Figure 5. (a) Fluorescence decay data for copolymers/TCTA/TAPC (10/65/25wt%). PL 

spectra of P1 (b), P2 (c) and P3 (d) doped with the different ratio of host (65 wt% TATC and 

35 wt% TAPC). 

PL spectra of P1, P2 and P3 doped with a different ratio of mixture of TCTA/TAPC can 

be seen in Figures 5b, c, d. The emission color of P1 and P2 films show greenish yellow light 

with the increase of host, which is mainly derived from the strong emission of TADF units. 

This is consistent with their PMMA doped spectra. In contrast, fluorescence of P3 varies from 

greenish yellow to two-color white with adding the host, which confirms the stronger blue 

emission with increasing contents attribute to DBT units. The higher ratios of TCTA/TAPC 

efficiently disperse the DBT units and thus DBT emits strong blue light which is consistent 

with the result shown in Figure 3c. 

2.6. OLED performances 

As shown in Figure 6a, the OLED architecture is: ITO/PEDOT:PSS (40 nm)/polymer: 

TCTA: TAPC (10:65:25 wt%) (45 nm)/TmPyPB (50 nm)/LiF (0.8 nm)/Al (80 nm). A 

mixture of hole-transporting hosts tris(4-carbazol-9-yl-phenyl)amine (TCTA) and 4,4’-
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cyclohexylidenebis[N,N-bis(4-methylphenyl) benzenamine] (TAPC) with high triplet 

energies of 2.78 and 2.87 eV were used to reduce the driving voltage and improve charge 

balance and injection.
[27,48]

 PEDOT:PSS (poly(3,4-ethylenedioxythiophene:poly(styrene 

sulfonate)) and 1,3,5-tris(3-pyridyl-3-phenyl)benzene (TmPyPB) serve as the hole-injection 

layer and the electron-transport layer, respectively. TmPyPB also acts as an exciton blocking 

layer to prevent excitons quenching at the metal electrode interface. 
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Figure 6. (a) Energy level diagram and structure of OLED devices. (b) Current density-

voltage-luminance (J-V-L) curves. (c) Current and power efficiency versus brightness, the 

inset is the electroluminescence of P3; (d) External quantum efficiency (EQE) versus 

brightness; the inset is electroluminescent spectra of P3 at different voltages.  

Current density versus voltage, and brightness versus voltage curves are shown in Figure 

6b. All of the devices reach a maximum luminance of 1500 cd/m
2 

and exhibit low turn-on 

voltages of 2.9-3.0 V. This may be attributed to the suitable HOMO level (-5.3 eV) which 

reduces the hole injection barrier from PEDOT:PSS (φ = -5.2 eV). Figures 6c&d depict the 

current and power efficiencies and the external quantum efficiencies with respect to 

brightness. The key EL parameters are summarized in Table 2. The best EL performance is 
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achieved for the P3 device with CEmax of 23.0 cd/A, PEmax of 32.8 lm/W, and EQEmax of 

10.4%, and can be attributed to the high DF contribution and long TADF lifetime in the host. 

Furthermore, the EQE at the practically relevant brightness of 100 and 500 cd/m
2
 are 2.6% 

and 0.8%, respectively. 

P1 and P2 based OLEDs show yellow light with CIEx,y (0.46, 0.43) and (0.45, 0.40) 

(Figure S11) and P3 devices show warm-white light emission. Additionally, good color 

stability in the EL spectra of P3 devices is observed with the CIE coordinates varying from 

(0.37, 0.38) at 5 V to (0.40, 0.37) at 8 V (Figure 6d). Impressively, the WOLED has a high 

color rendering index (CRI) of 77 at 6 V, which is comparable with those of the reported two-

color TADF WOLEDs (38 ~ 77).
[23,49]

  

Compared with the corresponding PL spectra of P3/TCTA/TAPC and P3/PMMA films, 

the EL spectra of P3 exhibit a broad emission mainly located at 416 nm from DBT units, 535 

nm from TADF units and a new peak at 580 nm. The emerging 580 nm emission could be 

caused by exciplex excitons formed between P3 and TmPyPB. However, the PL spectrum of 

P3/TmPyPB (1:1) (Figure S12) shows no 580 nm emission, which indicates that an exciplex 

is not formed between these two materials, nor between P3 and TCTA or TAPC.
[50]

 Therefore, 

we tentatively assign the 580 nm peak in EL to the effect of the electric field on the randomly 

oriented dipole moments of the TADF units,
[51]

 i.e. electroplex emission, or most probably 

due to the formation of an electromer, which cannot be observed in PL spectra. The formation 

of an electromeric state is observed usually when trapped carriers recombine under the 

interaction with an electric field, and cause the emission to red-shift with respect to 

photoluminescence
[52, 53]

 Therefore, the white emission of the device originates from the 

combination of the CT and electromer emission. However, further studies are need to fully 

understand this effect in our materials.
[54]

 According to the literature, when the HOMO (P3) – 

HOMO (TmPyPB) gap is smaller than LUMO (P3) – LUMO (TmPyPB) gap, the 

LUMO(EML) → LUMO(ETL) electron transfer rate is reduced to some extent enabling a 
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spatially cross electron transfer from the LUMO of EML to the HOMO of ETL, producing 

electroplex emission.
[54] 

As shown in Figure 6a, the HOMO-LUMO alignment of P3 fits this 

rule well. In addition, the ratio of intensity of blue-green emissions and orange-red emissions 

in the EL spectra increases along with the voltage increasing, which is consistent with the 

nature of electric-field dependence of electroplex emission.
[55, 56] 

Moreover, the EL spectrum 

of non-doped devices (ITO/PEDOT:PSS/P3/TmPyPB/LiF/Al) (Figure S13) show 580 nm 

emission as well, which again confirms the electroplex formation between P3 and TmPyPB. 

Therefore, electroplex formation has the benefit of making P3 to be warm-white (CIExy: 0.37, 

0.38) instead of cool-white (CIExy: 0.25, 0.33) of PL. From previous publications, warm-

white EL is desirable for comfortable ambient lighting that does not cause eye fatigue,
[57, 58]

 

while cool-white with too much blue can cause retinal damage.
[59]

 Our work reports the first 

example of warm-white TADF polymer OLEDs. 

Table 2. Device Performance Data. 

 Von
a
 

(V) 

Lmax
b
 

(cd/m
2
) 

CEmax
c
 

(cd/A) 

PEmax
d
 

(lm/W) 

EQEmax
e
 EQE100

f
 EQE500

f
 CIE

g
 

(x,y) 

P1 3.1 1552 3.1 2.3 1.1 0.7 0.6 (0.46, 0.43) 

P2 2.9 1764 11.0 12.3 4.5 1.3 0.6 (0.45, 0.40) 

P3 2.9 1653 23.0 32.8 10.4 2.6 0.8 (0.37, 0.38) 

a
The voltage at 1 cd/m

2
. 

b
Maximum luminance. 

c
Maximum current efficiency. 

d
Maximum 

power efficiency. 
e
Maximum external quantum efficiency. 

f
External quantum efficiency at 

100 and 500 cd/m
2
. 

g
CIE coordinates at 5 V. 

 

3. Conclusion 

In conclusion, we have synthesized a series of copolymers in which 2-(10H-phenothiazin-10-

yl)dibenzothiophene-S,S-dioxide units give yellow TADF and AIE, while dibenzothiophene 

units act as a blue fluorophore and host. The emission of P3 in THF solution can be tuned by 

simply increasing the water fraction, varying from sky-blue through white to yellowish-green. 

The copolymerization of lower band-gap TADF monomers with higher band-gap fluorophor 

is a promising method to tune the light wavelength and realize white light-emitting from a 

single polymer. OLEDs based on P1 and P2 show yellow emission, while P3 OLEDs show 

two-color warm-white emission with high CRI of 77,  CEmax of 23.0 cd/A, PEmax of 32.8 
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lm/W, EQEmax of 10.4% with CIE coordinates of (0.37, 0.38) at 5 V. Moreover, EQE of 2.6%, 

CE of 5.7 cd/A, PE of 4.7 lm/W at 100 cd/m
2 

are obtained. Meanwhile, these new TADF 

copolymers provide guidelines to prepare higher efficiency polymeric TADF-based OLEDs 

and white emitters for displays and lighting. The macromolecular design is versatile allowing 

for a systematic variation of the steric and electronic properties of the spacer units, and their 

ratio in the copolymer structure: this could also be an effective strategy to tune the emission 

color. 

4. Experimental Section  

General synthetic procedure for the copolymers: A mixture of AIBN (10 mg, 0.06 mmol), 

toluene (8.0 mL) / THF (20 mL), and different ratios of 2-vinyldibenzothiophene (M1) and 2-

(10H-phenothiazin-10-yl)-8-vinyldibenzothiophene-S,S-dioxide (M2) were placed in an 

ampule, which was cooled, degassed, and sealed in vacuo. After stirring at 60 °C for 20 h, the 

reaction mixture was poured into a large excess of methanol. The yellow polymer was 

obtained by filtration and then was dried in vacuo. The polymer was fractionated by Soxhlet 

extraction using hexane. 

P1: M1 (660 mg, 1.5 mmol) and M2 (315 mg, 1.5 mmol) were used in the polymerization 

(yield: 81%). Elemental analysis. Found: C 69.47; H 6.43, N 2.39, S 13.58%. 

P2: M1 (330 mg, 0.75 mmol) and M2 (630 mg, 3.0 mmol) were used in the polymerization 

(yield: 87%). Elemental analysis. Found: C 74.38; H 8.48, N 1.74, S 12.63%. 

P3: M1 (198 mg, 0.45 mmol) and M2 (840 mg, 4.0 mmol) were used in the polymerization 

(yield: 83%). Elemental analysis. Found: C 76.69; H 5.94, N 0.93, S 13.93%. 
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The first TADF polymer giving white emission and aggregation enhanced emission is 

reported. Solution-processable single-polymer warm-white organic light-emitting diodes 

(WOLEDs) exhibit a low turn-on voltage of 2.9 V and high CRI of 77 with CIE coordinates 

of (0.37, 0.36). This work provides a guide to prepare high efficiency polymeric TADF-based 

WOLEDs. 
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Materials 

All reactants (Adamas-beta) were purchased from Adamas Reagent, Ltd without further 

purification and all solvents were supplied by Beijing Chemical Reagent Co., Ltd. Anhydrous 

and deoxygenated solvents were obtained by distillation over a sodium benzophenone 

complex. 

Characterization 

1
H NMR spectra were recorded on a Bruker AV400 (400 MHz) spectrometer. Chemical 

shifts (δ) are given in parts per million (ppm) relative to tetramethylsilane (TMS; δ = 0) as the 

internal reference. 
1
H NMR spectral data are reported as chemical shift, relative integral, 

multiplicity (s = singlet, d = doublet, m = multiplet), coupling constant (J in Hz) and 

assignment. Elemental analyses of carbon, hydrogen, nitrogen and sulfur were performed on a 

Vario EL cube. UV/Vis absorption spectra were recorded on a Hitachi U-2910 

spectrophotometer. PL spectra were recorded on a Hitachi F-7000 fluorescence 

spectrophotometer. The temperature dependence of transient PL decay curves in different 

THF/water mixture and PL spectra in vacuum/air was determined using a spectrometer 

(FLS980) from Edinburgh Instruments Limited. The fluorescence quantum yields of solid 

films were measured on FLS980 with an integrating sphere (φ = 150 mm). Phosphorescence, 
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prompt fluorescence (PF), and delayed fluorescence (DF) spectra and decays were recorded 

using nanosecond gated luminescence and lifetime measurements (from 400 ps to 1 s) with 

either a high-energy pulsed Nd:YAG laser emitting at 355 nm (EKSPLA) or a N2 laser 

emitting at 337 nm. Emission was focused onto a spectrograph and detected on a sensitive 

gated iCCD camera (Stanford Computer Optics) having subnanosecond resolution. PF/DF 

time-resolved measurements were performed by exponentially increasing the gate and delay 

times. The CIE coordinates were obtained using CIE1931xy.V.1.6.0.2 application program. 

Differential scanning calorimetry (DSC) was performed on a TA Q2000 differential scanning 

calorimeter at a heating rate of 10 °C min
-1

 from 25 to 310 °C under nitrogen atmosphere. The 

glass transition temperature (Tg) was determined from the second heating scan. 

Thermogravimetric analysis (TGA) was undertaken with a METTLER TOLEDO TGA/DSC 

1/1100SF instrument. The thermal stability of the samples under a nitrogen atmosphere was 

determined by measuring their weight loss while heating at a rate of 10 °C min
-1

 from 25 to 

800 °C. Cyclic voltammetry (CV) was carried out in nitrogen-purged acetonitrile at room 

temperature with a CHI voltammetric analyser. Tetrabutylammonium hexafluorophosphate 

(TBAPF6 0.1 M) was used as the supporting electrolyte. The conventional three-electrode 

configuration consists of a glassy carbon working electrode, a platinum wire auxiliary 

electrode, and an Ag/AgNO3 pseudo-reference electrode. Cyclic voltammograms were 

obtained at scan rate of 100 mV s
-1

. The onset potential was determined from the intersection 

of two tangents drawn at the rising and background current of the cyclic voltammogram. The 

oxidation and reduction behaviors of polymers were firstly determined in the TBAPF6 

acetonitrile solution and then ferrocene was added into the same solution to confirm the 

potential. Gel permeation chromatography (GPC) analysis was carried out on a Waters 515-

2410 system using polystyrene standards as molecular weight references and tetrahydrofuran 

(THF) as the eluent.  
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Device Fabrication and Characterization 

The hole-injection material PEDOT:PSS (Al 4083) and electron-transporting and hole-

blocking material TmPyPB were obtained from commercial sources. ITO-coated glass with a 

sheet resistance of 10 Ω per square was used as the substrate. Before device fabrication, the 

ITO-coated glass substrate was precleaned and exposed to UV-ozone for 2 min. PEDOT:PSS 

was then spin-coated onto the clean ITO substrate as a hole-injection layer. Next, a mixture of 

10% polymer, 25% TAPC and 65% TCTA in toluene was spin-coated (10 mg/mL; 1500 rpm) 

to form a ca. 45 nm thick emissive layer and annealed at 80 °C for 30 min to remove the 

residual solvent. Finally, a 30 nm thick electron-transporting layer of TmPyPB was vacuum 

deposited, and a cathode composed of a 1 nm thick layer of LiF and aluminum (100 nm) was 

sequentially deposited through shadow masking with a pressure of 10
-6

 Torr. The current 

density-voltage-luminance (J-V-L) characteristics of the devices were measured using a 

Keithley 2400 Source meter and a Keithley 2000 Source multimeter. The EL spectra were 

recorded using a JYSPEX CCD3000 spectrometer. The EQE values were calculated from the 

luminance, current density, and electroluminescence spectrum according to previously 

reported methods.
[1]

 All measurements were performed at room temperature under ambient 

conditions. 

Supporting Figures 
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Figure S1. GPC chromatograms of P1, P2 and P3. 
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Figure S2. 
1
H NMR spectra of P1, P2 and P3. 
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Figure S3. TGA traces of P1, P2 and P3 recorded at a heating rate of 10 °C min
-1
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Figure S4. Temperature dependence of P1 (a) and P2 (b) fluorescence decays. Power 

dependence of DF for P1 (c) and P2 (d). 
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Figure S5. Photoluminescence spectra of P1 (a) and P2 (b) in cyclohexane, toluene, THF, 

acetonitrile and DMF with 0.1
 
mg/ml (excited at 325 nm).  

 

P1 P2 P3

 

Figure S6. Calculated PL emission color coordinates of P1, P2 and P3 in THF/water mixtures 

in the CIE 1931 chromaticity diagram (direction of arrow indicate increasing water fraction). 
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Figure S7. Photoluminescence spectra and fluorescence images of P1 (a), P2 (b) in different 

contents of PMMA (excited at 325 nm). Inset are the PL images of 0.9PMMA/0.1P1 and 

0.9PMMA/0.1P2 under UV light irradiation. 
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Figure S8. Photoluminescence spectra of P1 (a) and P2 (d) in THF/water mixtures with 

different amounts of water; plot of PL intensity versus the different water fractions of P1  (b) 
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and P2 (e), and fluorescence images of P1 and P2 in different THF/water mixture under UV 

light irradiation (inset). Transient photoluminescence decay (excited at 340 nm) curves at 550 

nm for P1 (c) and P2 (f) in aqueous THF with different THF/water ratios.  
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Figure S9. Spectra of integrated prompt and delayed fluorescence (PF and DF) of P1 (a), P2 

(b) and P3 (c) doped at 10wt% with hosts (TCTA/TAPC: 65/25wt%) obtained from time-

resolved fluorescence decays. 

 

Figure S10. PL spectra of film of P1, P2 and P3 in air atmosphere and under vacuum. The 

calculated emission ratio of DF is 7% in P1, 13% in P2 and 32% in P3. The overall 

luminescence of the PTZ-DBTO2 units in the polymers has a strong contribution from the 

triplet state (TADF). Moreover, the calculated ratio of DF decreases with a reduction in the 

content of DBT units which may be assigned to the DBT units dispersing the TADF units and 

thus preventing triplet-triplet annihilation. 
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Figure S11. The electroluminescent spectra of P1 (a) and P2 (b) at different driving voltages. 
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Figure S12. PL spectra of P1, P2 and P3 doped with host and TmPyPB. 
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Figure S13. Non-doped devices data: (a) Current density-voltage-luminance (J-V-L) curves; 

(b) Current and power efficiency versus brightness; (c) External quantum efficiency (EQE) 

versus brightness; the inset is electroluminescent spectra of P1-3 at 6 V.  
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Figure S14. PL spectra (a) and phosphorescence spectra (b) of TAPC, TCTA, PTADF and 

PDBT. (PTADF is the homopolymer of 2-(10H-phenothiazin-10-yl)-8-

vinyldibenzothiophene-S,S-dioxide (PTZ-DBTO2).
[1]

 PDBT is the homopolymer of 2-

vinyldibenzothiophene. 

 

Synthetic Scheme and Procedures 
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Scheme S1. Synthetic routes of monomers and copolymers. 

 

2,8-Dibromo-dibenzothiophene (2) and 2,8-Dibromo-dibenzothiophene-S,S-dioxide (3) were 

prepared according to the reference.
[2]

 

2-Bromo-8-vinyldibenzothiophene-S,S-dioxide (4) and 2-(10H-Phenothiazin-10-yl)-8-

vinyldibenzothiophene-S,S-dioxide (5) were prepared following the procedures in reference
[1]

.  

2-Bromodibenzothiophene (6) was prepared according to the reference.
[3]

  

2-Vinyldibenzothiophene (7):
[3]

 In the absence of light, a solution of tri-n-butyl(vinyl)tin (1.05 

mg, 3.3 mmol), 2-bromodibenzothiophene (868 mg, 3.3 mmol), 2,6-di-tert-butylphenol (6.8 

mg, 0.033 mmol) and [PdCl2(PPh3)2] (93 mg, 0.14 mmol) in anhydrous toluene (50 mL) was 

stirred for 24 h at 100 °C. The mixture was cooled to room temperature and then poured into a 

large amount of water for extraction with DCM. The organic extracts were washed with 

aqueous KF solution and brine and then dried over MgSO4. After evaporating the solvent, the 

residue was purified by column chromatography on silica gel with petroleum as eluent to 

afford the product (442 mg, 64%) as a white solid. 
1
H NMR (CDCl3, 400 MHz): δ 8.15 (m, 

1H), 8.11 (d, 1H, J = 1.6 Hz), 7.84 (m, 1H), 7.78 (d, J=8.0 Hz, 1H), 7.55 (dd, J = 8.4, 1.6 Hz, 

1H), 7.44 (m, 2H), 6.89 (dd, J = 10.8, 17.6 Hz, 1H), 5.87 (d, J =17.6 Hz, 1H), 5.32 (d, J = 

11.2 Hz, 1H). 
13

C NMR (CDCl3, 100 MHz): δ 118.4, 121.5, 122.7, 124.3, 124.5, 124.6, 127.2, 

129.5, 134.5, 137.2, 138.3, 139.9; m.p. 42.0-43.0 
o
C. 
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PTADF was prepared as reported previously.
[4] 

PDBT was prepared as reported previously.
[3] 

 

Table S1. Absolute PL quantum yield of P1, P2 and P3 in different solution determined by a 

calibrated integrating sphere in air. 

 
 ΦPL, cyclohexane 

 (%) 

ΦPL, toluene 

 (%) 

ΦPL, THF 

 (%) 

ΦPL, acetonitrile 

 (%) 

ΦPL, DMF 

 (%) 

P1 21.7 9.9 9.2 7.2 4.8 

P2 33.9 16.1 17.4 7.7 6.0 

P3 32.2 15.9 13.4 7.6 6.2 

 

Table S2. Calculated PL emission color coordinates of P1, P2 and P3 in THF/water mixtures 

in the CIE 1931 chromaticity diagram. (0 = pure THF; 0.9 = THF/water 0.1/0.9). 

 
Polymers 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

P1 
(0.37,0.45) (0.27,0.28) (0.26,0.27) (0.33,0.43) (0.34,0.46) (0.35,0.47) (0.35,0.48) (0.35,0.50) (0.36,0.53) (0.35,0.54) 

P2 
(0.35,0.46) (0.27,0.31) (0.32,0.41) (0.33,0.44) (0.33,0.44) (0.35,0.49) (0.35,0.50) (0.35,0.51) (0.34,0.52) (0.34,0.54) 

P3 
(0.23,0.23) (0.18,0.18) (0.23,0.26) (0.26,0.32) (0.28,0.35) (0.28,0.36) (0.30,0.41) (0.31,0.45) (0.31,0.47) (0.30,0.49) 

 

Table S3. The transient photoluminescence decay times of P1, P2 and P3 in aqueous THF 

with different THF/water ratios (Unit: ns). (0 = pure THF; 0.9 = THF/water 0.1/0.9). 

 

P1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

τ1 6.3 3.2 3.8 4.0 5.3 5.9 8.8 8.8 9.9 12.6 

τ2 14.2 11.1 12.8 14.4 16.4 17.5 22.2 22.6 25.5 31.7 

P2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

τ1 6.9 4.4 4.8 5.0 5.1 7.6 9.1 10.0 9.7 9.7 

τ2 17.3 14.4 16.6 18.1 18.3 21.3 23.6 26.1 25.2 26.4 

P3 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

τ1 9.3 3.2 3.6 16.7 15.4 16.4 17.0 20.0 29.6 32.5 

τ2 35.6 11.2 16.3 275.3 327.8 434.4 483.3 769.2 1226 1643 

Table S4. Non-doped Device Performance Data. 

 Von
a 

(V) 

L
max

b 

(cd/m2) 

CEmax
c 

(cd/A) 

PEmax
d

 
 

(lm/W) 

λmax 

 (nm) 

EQEmax
e 

(%) 

CIEf 

(x,y) 

P1 4.4 945 1.0 0.5 600 0.6 (0.48,0.45) 

P2 5.4 801 2.2 0.9 585 1.2 (0.42,0.44) 

P3 4.8 1246 3.4 1.3 570 1.6 (0.39,0.42) 

a
The voltage at 1 cd/m

2
. 

b
Maximum luminance. 

c
Maximum current efficiency. 

d
Maximum 

power efficiency. 
e
Maximum external quantum efficiency. 

f
CIE coordinates at 6 V. 
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