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A B S T R A C T   

A novel type of thermally activated delayed fluorescence (TADF) dendronized polymer was designed and syn-
thesized. Firstly, one side of the asymmetric TADF unit was encapsulated by 3,6-di-tert-butylcarbazole via a 
conjugated linkage with strong twisted intramolecular charge transfer (TICT) to minimize the energy gap be-
tween 1CT and 3CT, and then the peripheral dicarbazole connects in a non-conjugated way on the other side, 
showing weak TICT and high-lying 3LE&3CT state; finally, a linear dendronized polymer, PDCDC, was obtained 
by introducing the alkyl polymer backbone as main chains. As far as we know, this is the first blue or greenish- 
blue-emitting TADF dendronized polymer. For PDCDC, the spin-forbidden 1CT ↔ 3CT transitions are activated by 
molecular vibrations, which combine with a small energy gap and reorganization energy to enable 1CT ↔ 3CT 
spin-flip transition rates reaching 106 s− 1 with negligible role of a second triplet state. Films of PDCDC show a 
double exponential decay (prompt fluorescence and delayed fluorescence) in the presence of oxygen due to a low 
oxygen permeability ascribed to the entangled polymeric backbone which increases film density. Besides, 
obvious aggregation-enhanced emission (AEE) property can minimize the exciton quenching in aggregated 
states. A maximum external quantum efficiency of 9.0% for non-doped PDCDC-based organic light-emitting 
diodes (OLEDs) can be obtained. To the best of our knowledge, these are the most efficient dendronized poly-
mer devices with blue or greenish-blue emission.   

1. Introduction 

E-type delayed fluorescence [1], which has been re-named thermally 
activated delayed fluorescence [2] (TADF) is an important mechanism 
for the efficient harvesting of the “dark” triplet states in organic mole-
cules for light emission [3–5]. TADF requires the conversion of triplet 
excited states (T1) into singlet states (S1) through a reverse intersystem 
crossing (RISC) mechanism. A fast RISC rate is required to out-compete 
the non-radiative decay rate [6], and thereby a high photoluminescence 
yield can be obtained, including both prompt and delayed fluorescence. 
It is generally acknowledged that the prerequisites of an efficient TADF 
molecule is a narrow singlet–triplet energy gap (ΔEST), promoted by a 
small overlap between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) in molecules with 
strong intramolecular charge transfer (ICT), which can facilitate the 
energetically endothermic spin-flip process from T1 to S1 states [7]. 
However, in some cases, the simple two-electron two-state model fails to 
describe the real activation energy for RISC from the triplet state (3CT) 
to the singlet state (1CT) [8,9]. Previous investigations on CT states show 
that the spin–orbit coupling (SOC) between the 1CT and 3CT states is 
forbidden with 〈1CT |ĤSOC|3CT〉 ≈ 0 based on El-Sayed’s rule [10], but 
hyperfine coupling (HFC) may be activated to facilitate the RISC when 
their energy gap is tiny (≤1 meV) [11]. However, the resulting RISC rate 
is still orders of magnitude too small to account for some experimental 
RISC rates. Therefore, a second-order spin-vibronic coupling mechanism 
based on a three-state model was proposed: an energetically-close or 
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degenerate intermediate triplet local excited state (3LE) with nonadia-
batic vibrational coupling plays an important role in mediating the spin- 
flip from 3CT to 1CT[12]. However, further investigations reveal that the 
energetic closeness of 3LE does not reduce the activation energy of RISC 
but undesirably decreases the S1-S0 transition rate [13]. In terms of 
Marcus semiclassical electron-transfer theory [14], substantial differ-
ences in geometries and dipole moments of 1CT and 3LE states lead to 
large internal and external reorganization energies for the 1CT↔3LE 
transitions, which does not favor an efficient RISC process. Alternately, 
similar molecular vibrations and electronic structures between 1CT and 
3CT states could minimize the reorganization energy, which is very 
important for achieving high rates of ISC and RISC [15]. Besides, it is 
well known that molecular vibrations are responsible for the violation of 
symmetry-forbidden and n-π* transitions rules [16]. Similarly, the 
transitions forbidden by the El-Sayed rule, based on the electronic na-
ture of states, can be activated due to vibrational coupling perturbations. 
Accordingly, a vibrationally enhanced SOC model can describe the 
photophysics of TADF emitters when the energy gap and reorganization 
energy of 3CT↔1CT are very close [17]. Therefore, the design guideline 
of TADF polymer entails narrowing the lowest 1CT and 3CT gap while 
simultaneously elevating 3LE above 3CT state. The deep understanding 
of photophysical mechanisms is very helpful to develop efficient TADF 
materials for applications of organic light-emitting diodes (OLEDs) 
[18,19]. 

Traditional emitting materials of OLEDs are deposited by vacuum 
thermal evaporation, which may necessitate complicated technological 
processes, unavoidable material waste, and thus relatively high pro-
duction costs. Solution processing techniques, such as spin-coating, 
spray-on and ink-jet printing, offer the advantages of rapid deposition 
at room temperature over large areas including flexible substrates [20], 
and they are drawing increasing attention due to their potential appli-
cations in low-cost, large-area and solid-state lighting. Owing to the 
beneficial combination of good solubility and high morphological sta-
bility, polymers are very suitable for solution-processed OLEDs [21]. In 
general, TADF polymers can be divided into conjugated and non- 
conjugated polymers [22]. Although, many conjugated TADF poly-
mers have achieved impressive performance in polymer light-emitting 
diodes (PLEDs) [23], the inevitable red-shift of emission caused by 
conjugation makes it difficult to obtain efficient blue, or even blue-green 
emission [24]. In general, compared with the conjugated polymers, the 
non-conjugated side-chain-type TADF polymers are more likely to 
obtain blue emission by inheriting the characteristics of the TADF units 
in the side-chain. In general, non-doped TADF polymers are usually 
constituted by a non-conjugated backbone with pendant TADF units 
[25–28]. The connecting strategy can be divided into three types: (i) our 
group used a directly connected single bond to link the two components 
[25]; (ii) Yang’s group adopted long alkyl chains as a linkage [26]; (iii) 
through-space charge-transfer between donors and acceptors is also 
being exploited by Wang’s group [27,28]. However, these polymers are 
commonly synthesized by copolymerization of different monomer 
components, inevitably leading to random copolymerization, uncer-
tainty of polymeric structures and intra/interchain energy transfers, and 
variable batch quality for characterization and device fabrication. In 
combination these factors may limit their device stabilities and practi-
calities [29]. Up to now, owing to the severe concentration quenching, 
homopolymers suffer from low electroluminescence efficiency of their 
devices [30]. 

Dendrimers with precise chemical structures allow perfect synthetic 
reproducibility, and their optoelectronic properties can be finely tuned 
through chemical decoration. They also show excellent stability, and 
solution processability; moreover, larger dendritic architectures prevent 
aggregation and reduce concentration quenching, which make them 
promising emitters material for OLEDs [31,32]. Therefore, some 
research groups [33–41] combined the effective control of inter- 
chromophore interactions of dendrimers with the desirable viscosity 
of polymers, and developed a series of poly(dendrimers) or dendronized 

polymers [33–35] that have a non-conjugated polymer backbone with 
dendrimer side-chains. The EQE of host-free green and red emissive poly 
(dendrimers) devices based on an iridium(III) complex can reach 11.7% 
(at 100 cd/m2) [39] and 4.6% [40], respectively. However, efficient 
blue-emitting dendronized polymers and their devices (CIEy < 0.4) [42] 
are rarely reported up to now. The main limiting factor is that the 
construction of highly emissive emitters is hampered by the aggregation- 
caused quenching (ACQ) effect. For instance, traditional luminophores 
with planar and strong intermolecular interactions generally show 
bright emission in the mono-dispersed state, but weakened or even 
quenched emission in the aggregated state. Whereas, aggregation 
induced emission (AIE) and aggregation-enhanced emission (AEE) ma-
terials could avoid the undesirable ACQ effect and emit strongly in the 
aggregated state. In the mono-dispersed state, the active intramolecular 
motion boosts the non-radiative decay channels to quench emission, 
while in the aggregated state, the non-radiative decay channels are 
blocked due to the restriction of intramolecular motion, leading to 
enhanced emission [43–45]. Therefore, this is one class of the most 
promising materials to fabricate high-performance dendronized poly-
mer OLEDs. 

In this work, a new TADF dendronized polymer has been designed and 
synthesized; the structure is shown in Fig. 1. The linear dendronized ho-
mopolymer PDCDC has been obtained based on an asymmetric TADF unit, 
10-(4-((4-(9H-carbazole-9-yl)phenyl)sulfonyl)-phenyl)-9,9-dimethyl-9,10- 
dihydroacridine (DMAC-DPS-Cz),[46] with a conjugated carbazole den-
dritic sub-structure and a non-conjugated branched tricarbazole unit. A 
non-conjugated alkane backbone was chosen to ensure a high triplet en-
ergy (ET) of the main chain, whereas a conjugated backbone would have a 
lower ET and potentially lead to unwanted triplet energy transfer from the 
TADF units to the backbone. The theoretical simulations found that the 
1CT ↔ 3CT transitions are effectively activated by molecular vibrations 
due to the reduction of the 1CT-3CT energy gap and reorganization energy. 
In addition, AEE strategies were integrated into the emitter, which can 
effectively overcome the drawbacks of concentration quenching and 
achieve efficient solid-state luminescence. PDCDC has a small ΔEST, a 
short delayed fluorescence lifetime and excellent TADF performance. The 
non-doped solution-processable devices showed an EQEmax of 9.0%, which 
is the highest reported value based on blue and greenish-blue dendronized 
polymers. Non-doped devices have the merits of process simplicity and 
generally enhanced stability compared to conventional doped OLEDs [19]. 

2. Results and discussion 

2.1. Synthesis and characterization 

The multi-step syntheses of PDCDC are described in the Supporting 
Information (Schemes S1-S2). PDCDC was obtained by free radical 
polymerization of the corresponding vinyl-substituted monomer. The 
structures of the target material, and of the synthetic intermediates, 
were established by 1H and 13C NMR spectroscopy, mass spectrometry 
and elemental analysis (Figure S1-S3). The molecular weight (Mn) of 
PDCDC was 12.7 kDa and the polydispersity index (PDI) was 1.16 by gel 
permeation chromatography (GPC) (Figure S4). The target material has 
good solubility in common organic solvents such as chloroform, toluene, 
dichloromethane, chlorobenzene and tetrahydrofuran. PDCDC has a 
thermal decomposition temperature (Td) with 5% weight loss range of 
441 ◦C by thermal gravimetric analysis (TGA), and a glass transition 
temperature (Tg) of 93 ◦C, indicating moderate thermal stability 
(Figure S5). 

2.2. Theoretical simulation 

The molecular simulation of PDCDC by density functional theory 
(DFT) B3LYP/6-31G(d) by Gaussian 09 (Fig. 2a) shows the minimum 
energy molecular conformation and HOMO and LUMO distributions. As 
would be expected, the conjugation of the 3,6-di-tert-butylcarbazole 
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units with acridan enhances the electron donating ability, and therefore 
HOMO distribution is mainly on these three subunits, while LUMO is 
mainly distributed on the diphenylsulfone (DPS) acceptor. This effective 
separation of HOMO and LUMO reduces ΔEST significantly, so PDCDC 
exhibits obvious TADF characteristics. Besides, the energy level of 
HOMO-1 is close to that of HOMO, but the electron distribution is 
localized in the isolated dicarbazole, indicating a good hole-transporting 
ability of the polymer. To discern more details about the excited state 
and their corresponding nature, TD-DFT analyses by Gaussian 09 were 
obtained to understand the excitation energy by using B3LYP/6-31G (d) 
method. The natural transition orbital (NTO) analyses (Fig. 2b) were 
performed to examine the nature of the excited states by Multiwfn [47]. 
Notable conformational features of PDCDC are: (i) a dihedral angle of 
91◦ between the acridan donor and the attached phenyl ring of the DPS 
acceptor, indicating a strong TICT between acridan and DPS to achieve a 
low energy level of 1CT and 3CT with a small gap between them; (ii) a 

dihedral angle of 105◦ between the planes of the two phenyl rings of the 
DPS unit, which could ensure an obvious n-π* transition to shorten the 
valid conjugation length for upraised 3LE; (iii) a dihedral angle of 49◦

between the plane of the carbazole donor and the plane of the attached 
phenyl ring of DPS acceptor and the relatively small dihedral angle 
could achieve a weak TICT with a high-lying second 3CT hybrid with 3LE 
state. 

In addition, the hole and electron wave functions of the lowest 1CT 
and 3CT states of PDCDC are separately distributed on the acridan donor 
and DPS acceptor, resulting in a very narrow ΔEST of 6.2 meV and hole- 
electron overlap integrals of 0.118 for S1 < ΨhΨ e > and 0.116 for 
T1 < ΨhΨ e >, respectively. The hole and particle of T2 mainly distributed 
on the DPS acceptor and carbazole donor, show a larger ΔETT of 0.34 eV 
and a hybrid LE & CT mixed excitation character with a large hole- 
electron overlap integral (T2 < ΨhΨ e > ) of 0.611. Furthermore, the 
SOC matrix element (SOCME) value of 〈S1|ĤSOC|T1〉 and 〈S1|ĤSOC|T2〉 is 

Fig. 1. Design strategies and structure for TADF polymers and the TADF polymer PDCDC for non-doped solution processable OLEDs.  

-5.00 eV -1.86 eV

1CT 2.66 eV

Sr: 0.118, v: 0.997

3CT 2.65 eV

Sr: 0.116, v: 0.997

3LE & 3CT 2.99 eV

Sr: 0.611, v: 0.955

-4.97 eV

HOMO LUMOHOMO-1

λ1CT-3LE&3CT 370.7 meV
λ1CT-3CT 4.7 meV

(a) (c)

(b)

Fig. 2. Frontier orbital distributions (a), NTO analysis (b) and schematic diagram for plausible mechanism (c) of PDCDC. The abbreviations: 1CT: singlet charge- 
transfer state, 3CT: triplet charge-transfer state, 3LE: triplet local state, Sr: the overlap integral of the hole-electron wave function, v: the weight of the hole- 
electron wave function’s contribution to the excitation, RISC: reverse intersystem crossing, ISC: intersystem crossing, λ1CT− 3CT: reorganization energy between 
1CT and 3CT, λ1CT− 3LE&3CT: reorganization energy between 1CT and 3LE&3CT. 
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0.021 and 0.33 cm− 1, respectively. However, the higher SOCME value of 
〈S1|ĤSOC|T2〉 may not be responsible for a fast RISC process between S1 
and T2 because the effect of reorganization energies is not negligible. 
According to the Marcus-Hush theory [17], the rate constants of RISC 
transition involving the effect of reorganization energy were calculated 
using the following equation: 

kRISC =
V2

ħ

̅̅̅̅̅̅̅̅̅̅
π

kBTλ

√

exp

[

−
(ΔEST + λ)2

4kBTλ

]

where kRISC is the rate constant of RISC, λ is the reorganization energy 
for the respective transition, ΔEST is an energy gap between 1CT and the 
respective triplet state, kB is the Boltzmann constant, ℏ is the reduced 
Planck’s constant, and T is the temperature (300 K). Due to a very 
similar geometry and electronic parameters of 3CT and 1CT, the reor-
ganization energy (λ1CT-3CT) is only 4.7 meV (Fig. 2c). Conversely, the 
substantial differences in geometries and dipole moments between 1CT 
and 3LE&3CT states lead to a large reorganization energy (λ1CT-3LE&3CT) 
of 370.7 meV, which is nearly a hundredfold more than the value of 
λ1CT-3CT. As a result, the calculated kRISC of 3CT → 1CT (1.24 × 106 s− 1) is 
higher than that of 3LE&3CT → 1CT (1.06 × 102 s− 1) over 104. Thus, the 
3LE&3CT → 1CT transition cannot contribute considerably to RISC and 
the 3CT → 1CT transition can solely afford high RISC rates due to mo-
lecular vibrations, even though it is forbidden by the El-Sayed’s rules. 
The SOC value between the 3LE&3CT and 1CT states is ten times higher 
than the value between the 3CT and 1CT states, but the small ΔE1CT− 3CT 
energy gap together with comparably a small reorganization energy 
enable a fast 3CT → 1CT spin-flip rate. The vibrationally assisted RISC 
model indicates that activated SOC by molecular vibrations plays the 
key role in facilitating direct RISC with a high rate of 3CT → 1CT 
transition. 

Reorganization energy and Huang-Rhys factor are two effective pa-
rameters to measure the nonradiative consumption of excited state en-
ergy. The relationship between the reorganization energy between S1 
and T1 and normal vibration modes is illustrated in Figure S6, and we 
find that the contribution of the low frequency (<200 cm− 1) and me-
dium frequency (300–1500 cm− 1) and high frequency (>1500 cm− 1) 
modes to the total reorganization energy is significant. These low fre-
quency modes are associated with ring rotations and dihedral angles of 
molecular fragments, such as the large value of 12.9 cm− 1 at the 10 cm− 1 

mode for carbazolyl dendrons; the medium frequency mode is assigned 
to the stretching vibration of C–C and C-S bonds, which bind acceptor to 
donor units, such as the large value of 35.3 cm− 1 at the 1144 cm− 1 mode. 
The high frequency modes are mainly from C-C and C-N stretching vi-
brations of acridan donors and dendrons, such as the large value of 
12.7 cm− 1 at the 1689 cm− 1 mode. Therefore, the reorganization energy 
between S1 and T1 with the synergistic impact of three vibration modes 
could improve vibrational perturbations and activate the 3CT → 1CT 
spin-flip process; additionally, the small reorganization energy can also 
suppress non-radiative energy consumption, which is helpful to enhance 
the fluorescence efficiency. To further probe the structure–property 
relationship during the energy conversion processes of S1 ↔ T1, we 
analyzed the Huang-Rhys factors as well as the displacement vectors of 
vibrational modes with the largest Huang-Rhys factors (Figure S6). For 
the conversion between S1 and T1, many low-frequency vibration modes 
(<100 cm− 1) have significant Huang-Rhys factors which correspond to 
the rotational motion of the dendron carbazolyl groups. This suggests 
that the free rotation of carbazolyl can provide an important channel to 
energy conversion between S1 and T1. And their large torsional barriers 
are sure to restrict the nonradiative decay to a large extent owing to 
significant steric hindrance. 

2.3. Photophysical properties 

Fig. 3a,b show the UV–Vis absorption and fluorescence spectra of 
PDCDC. The polymer exhibits two types of absorption bands: the bands 

at 250 and 300 nm are mainly attributed to the π-π* transition of 
carbazole units [48], and the bands at 320–370 nm are mainly attributed 
to dicarbazole or the electron donor/acceptor units in both compounds 
[49], which implies stronger charge transfer in films than in solution. 
The fluorescence spectra of dilute toluene solution and neat film display 
a similar main emission peak, showing a greenish-blue emission peak at 
495 and 496 nm, respectively, with charge transfer characteristics. 

Differently, in toluene solution, the polymer shows a blue-shifted 
fluorescence band assigned to the dicarbazole unit at ~ 380–430 nm. 
This unit is separated from the TADF segment by the non-conjugated 
hexyloxy spacer, and the dicarbazole appears not to be involved in 
intramolecular charge transfer in dilute solution. The fluorescence 
spectra of pure neat films show a different profile, since for the dicar-
bazole unit emission is missing at ~ 380–430 nm, indicating stronger 
overlap between the CT absorption and the blue emission, and shorter 
distance between donors and acceptors in the film, compared to solu-
tion. The phosphorescence spectra of dilute toluene and neat film at 77 K 
are shown in Figure S7. The ΔEST values are 0.06 in toluene solution and 
0.02 eV in films, calculated from the onset energy of the fluorescence 
and phosphorescence spectra. The small values indicate that the 
dendronized polymer should readily undergo RISC and be TADF-active. 
PDCDC shows positive solvatochromism of its emission spectra in 
toluene, chloroform, acetone and dichloromethane (Fig. 3c). The 
Lippert-Mataga plot (νabs-νem against polarity of solvent) exhibits a slope 
of ~ 5120 cm− 1 for PDCDC, indicating that the excited state of the 
emitter possesses strong charge transfer character [50]. To study the 
aggregated optical properties, solvent–nonsolvent PL measurements 
were performed. The very weak emission of PDCDC in pure THF solu-
tion increases steadily with increasing the content of water and the peak 
is sharply enhanced at 10:90 (v/v) THF/water mixture, indicating the 
AEE property of the compound (Fig. 3d and Figure S8). The enhance-
ment of PL intensity may be caused by the aggregation of the TADF core. 
The twisted conformation of TADF units will favor loose packing with 
weak molecular interactions, and thus rotation and vibration will occur 
easily in the dilute solution. In contrast, in the aggregated state, intra-
molecular motions are restricted, and thus the nonradiative pathways of 
the excited state are blocked [44,45]. Therefore, with the increased 
water fraction, the emission intensities are enhanced. 

The electrochemical behavior of the polymer was investigated by 
cyclic voltammetry (CV) in degassed anhydrous acetonitrile solution 
(Figure S9). The polymer exhibits three quasi-reversible oxidation 
processes, which can be assigned to the oxidation of DMAC, carbazole 
dendrons and dicarbazole dendrons, respectively. The HOMO level can 
be calculated according to the equation EHOMO = − (E(onset, ox vs Fc+/ 

Fc) + 4.8) by CV, and the LUMO level calculated according to the 
equation LUMO =HOMO + Eg. The values of − 5.23 and 1.90 eV for the 
HOMO and LUMO match well with the data of theoretical simulations. 

The ratio between the delayed and prompt fluorescence (DF and PF) 
was determined from the integration of the steady-state spectra obtained 
in degassed and aerated conditions; this is because triplets which are 
involved in DF are quenched by oxygen. The corresponding spectra of 
PDCDC in toluene solutions are shown in Fig. 4a. Fig. 4b shows the PL 
lifetime decay curves of the polymer in toluene in the presence and 
absence of oxygen. These data confirm the TADF performance of the 
polymer. In the absence of oxygen, PDCDC shows double exponential 
decay curves assigned to the prompt fluorescence in the nanosecond 
regime and the delayed fluorescence in the microsecond regime. At the 
same time, PDCDC also shows a double exponential decay in the pres-
ence of oxygen, which is different from previous DPS-acceptor TADF 
dendrimers [51]. These data demonstrate that PDCDC still exhibits 
obvious TADF in the presence of oxygen, and this can be explained by 
shielding of the TADF unit due to the entangled polymer chains. That is, 
the flexible alkyl linker of PDCDC enables the dicarbazole unit to partly 
shield (encapsulate) the central TADF units and reduce the quenching of 
the triplet state by oxygen. In addition, the entanglement of polymer 
chains of PDCDC can also restrict the ingress of oxygen into the core of 
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the structure. 
The delayed fluorescence lifetimes of PDCDC in neat film are 1.95, 

1.42 and 1.29 μs at 100, 200 and 300 K, respectively, and the DF ratios 
are enhanced incrementally from 58.9%, 65.7% to 78.4% with 
increasing temperatures (Fig. 4c). It is notable that the shortest delayed 
fluorescence lifetime and highest DF ratio are observed at 300 K, sug-
gesting that the higher temperature is more conducive to the effective 
RISC process. As a comparison, the delayed fluorescence lifetime and 
ratio is 1.05 μs/68.7% at 300 K in toluene solution. The enhanced 
delayed fluorescence in the film means loosely packed clusters suppress 
deformation in large-scale but leave spaces for geometric relaxation that 
could result in lifetime decay on log scale at a few microseconds. 
Naturally, the PLQY also increase from 52% in toluene to 68% in neat 
film, which probably originates from more restricted molecular relaxa-
tion and inhomogeneous conformations in condensed states. Indeed, the 
prompt fluorescence rate (kPF) increases from 5.61 to 6.39 s− 1, and the 
nonradiative decay rate of triplet exciton (kT nr) decreases from 6.12 to 
3.62 s− 1 when the environment changes from the dilute toluene to the 
neat film. This behavior can be ascribed to the enhanced cluster ag-
gregation and suppression of the nonradiative deactivation from the 
flexible molecular skeleton. Moreover, the ISC and RISC rates (kISC and 
kRISC) in toluene were calculated to be 2.37 × 107 s− 1 and 0.77 × 106 s− 1 

while the values were 3.41 × 107 s− 1 and 1.13 × 106 s− 1 in the neat film 
for PDCDC (Table 1). Additionally, KST = [T1]/[S1] = kISC/kRISC, which 
represents the equilibrium population ratio between singlet and triplet 
states, was calculated using the experimentally determined kISC and 
kRISC values. KST was 30.8 and 30.2 in toluene and the neat film, 
respectively, indicating that the singlet state is more favorably popu-
lated in a solid state. The integral of the delayed fluorescence of the 
polymer in zeonex, collected with 1 μs delay time and integrated over 
100 μs, shows a linear dependence (gradient 1) with excitation power, 
confirming that DF originates from a monomolecular process – namely 
TADF (Fig. 4d). The possibility of a bimolecular process such as 

triplet–triplet annihilation (TTA) is excluded by this data [52]. Upon 
increasing the power to ≥ 10 μJ, the slope decreased to ~ 0.5 indicating 
the onset of emission quenching (possibly singlet–singlet or triplet–-
triplet annihilations) in the polymer. 

2.4. OLED performance 

Good film-forming ability is one of the most important preconditions 
for the fabrication of non-doped solution-processed OLEDs. As shown in 
Fig. 5a, the AFM height image displays a homogeneous and integrated 
surface with small root-mean-square (RMS) roughness values of 
0.403 nm for PDCDC, suggesting the good film-forming ability. There-
fore, the PDCDC films are indeed suitable for non-doped light-emitting 
layers of OLEDs. To investigate electroluminescent (EL) properties of 
PDCDC, non-doped OLEDs were fabricated by solution processing with a 
configuration of device A: ITO/poly(3,4-ethylenedioxythiophene):poly 
(styrenesulfonate) (PEDOT:PSS) (40 nm)/ PDCDC (EML) (40 nm)/ bis 
(2(diphenylphosphino)phenyl)ether oxide (DPEPO) (8 nm)/1,3,5-tri(m- 
pyrid-3-yl-phenyl)benzene (TmPyPB) (42 nm)/LiF (1 nm)/Al (100 nm). 
The device characteristics are shown in Fig. 5b, and key performance 
parameters are listed in Table 2. The devices exhibit sky-blue EL emis-
sion with λmax 486 nm (CIEx,y: 0.21, 0.35), which is slightly blue shifted 
compared to its PL spectrum in neat film (Table 1). The device achieves a 
low turn-on voltage of 3.2 V due to the good matching of energy levels of 
the component layers. In addition, a maximum EQE of 7.5% and EQE at 
100 cd m− 2 of 7.4% were observed, indicating a very small efficiency 
roll-off. To further improve the device performance, the device structure 
was optimized as ITO/ PEDOT:PSS (40 nm)/ poly(N-vinylcarbazole) 
(PVK) (40 nm)/ PDCDC (EML) (40 nm)/TmPyPB (42 nm)/LiF (1 nm)/Al 
(100 nm). In this device B structure, PVK was added as a hole trans-
porting layer, and DPEPO as a hole blocking layer was deleted to favor 
the hole transport. The optimized device exhibits greenish-blue EL at 
λmax 498 nm (CIEx,y: 0.23, 0.39), which is slightly red-shifted compared 

Fig. 3. UV–vis absorption and photoluminescence spectra in toluene solution (a) and neat films (b) of PDCDC. Photoluminescence spectra in toluene, chloroform, 
dichloromethane and acetone solution of PDCDC and the corresponding Lippert-Mataga plot (c). PL spectra of PDCDC in water/THF mixtures with different fractions 
of water (d); the inset is fluorescent images of 90% and 10% water/THF solution mixtures under UV light irradiation. 
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to Device A and is almost identical to the PL spectrum of PDCDC in neat 
film. Device B achieves a maximum luminance of 498 cd m− 2, a 
maximum current efficiency (CE) of 23.1 cd A-1, and a maximum power 
efficiency (PE) of 16.5 lm W− 1. Although the turn-on voltage was 
slightly increased to 3.6 V, a higher maximum EQE of 9.0% was 
observed, which is the highest efficiency for blue and greenish-blue 
dendronized polymer OLEDs (Fig. 5c). The device can achieve this 
performance not only due to its balanced hole/electron-transporting 
abilities (Figure S10) but also owing to the good film-forming ability. 
The lower turn-on voltage of device A could improve exciton diffusion 
distance and broaden the exciton recombination region, which favours 
lower efficiency roll-off. The EQE and luminance of the devices are 
probably limited by aggregation and exciton concentration quenching 
due to the close proximity of the luminescent units, as generally 
observed in homopolymers.[30] Indeed, higher efficiency devices 
(EQEmax 24%) were obtained using the (non-polymerized) pendant 
monomer unit as the emitter [61]. 

3. Conclusions 

In summary, a new kind of TADF polymer was designed and syn-
thesized via the conjugated and non-conjugated linkages of carbazoles. 
A half-dendronized TADF core and a half-encapsulated dicarbazole unit 
were integrated, and then the linear dendronized polymer PDCDC was 
obtained by introducing the main alkyl polymer chain as the backbone. 
The theoretical simulations show that 1CT ↔ 3CT transitions could be 
effectively activated due a combination of the vibrationally enhanced 
SOC, very small energy gap, and comparably small reorganization en-
ergy originating from similar geometries in the 1CT and 3CT states. In 
contrast, a much larger reorganization energy λ1CT− 3LE&3CT value and 
decreasing population of the 3LE&3CT state result in negligible contri-
bution of 3LE&3CT ↔ 1CT transition rate. The dendronized polymer 
displays excellent TADF properties due to not only the conjugated and 
non-conjugated dendrons minimizing the fluorescence concentration 
quenching, but also the entangled polymeric backbone which inhibits 

Fig. 4. Photoluminescence spectra (a) and decays (b) in degassed and oxygenated toluene solution of PDCDC. Photoluminescence decays in neat films at different 
temperatures (c). Dependence of DF intensity with excitation power and time resolved PL spectra (d). 

Table 1 
Photophysical data of PDCDC.   

λPL
a 

(nm) 
τPF/RPF

b 

(ns/%) 
τDF/RDF

c 

(μs/%) 
S1/T1

d 

(eV) 
ΔEST

e 

(eV) 
ΦPL

f 

(%) 
kPF

g 

(106 s− 1) 
kT nrh 

(105 s− 1) 
kISC

i 

(107 s− 1) 
kRISC

j 

(106 s− 1) 

Toluene solution 495  29/31.3 1.05/68.7 2.99/2.93  0.06 52  5.61  6.12  2.37  0.77 
Neat films 496  23/21.6 1.29/78.4 2.88/2.86  0.02 68  6.39  3.62  3.41  1.13  

a Maximum photoluminescence peak. bPrompt fluorescence lifetime and ratio. cDelayed fluorescence lifetime and ratio. lLowest singlet and triplet states energy 
level. eΔEST = S1–T1. fAbsolute PL quantum yield determined by a calibrated integrating sphere in air; error ± 1%. gThe rate constant of prompt fluorescence from 

kPF = ΦPF/τPF and ΦPF = ΦPL*RPF. hThe nonradiative decay rate of triplet exciton calculated from kT
nr =

1 − ΦDF

τDF 
and ΦDF = ΦPL*RDF. i The intersystem crossing rates 

from kISC =
ΦDF

τPF × (ΦPF + ΦDF)
. j The reverse intersystem crossing rates from kRISC =

ΦPL

τDF × (1 − ΦDF)
. 
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the ingress of oxygen. Besides, the polymer exhibits obvious AEE 
property, minimizing the exciton quenching in aggregated states, and 
consequently increases EL efficiency in devices. An EQEmax of 9.0% for 
host-free PDCDC-based devices has been obtained, which is the highest 
reported value for blue and greenish-blue dendronized polymer OLEDs. 
These results present a new direction for the study of TADF macro-
molecules and their highly efficient undoped solution-processable 
devices. 
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