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t polymers enabled by through-
space charge transfer polystyrene sensitizers for
high-efficiency and full-color
electroluminescence†

Jun Hu,ab Yinuo Wang,ab Qiang Li,ab Shiyang Shao, *a Lixiang Wang, *ab

Xiabin Jinga and Fosong Wanga

Fluorescent polymers are suffering from low electroluminescence efficiency because triplet excitons

formed by electrical excitation are wasted through nonradiative pathways. Here we demonstrate the

design of hyperfluorescent polymers by employing through-space charge transfer (TSCT) polystyrenes as

sensitizers for triplet exciton utilization and classic fluorescent chromophores as emitters for light

emission. The TSCT polystyrene sensitizers not only have high reverse intersystem crossing rates for

rapid conversion of triplet excitons into singlet ones, but also possess tunable emission bands to overlap

the absorption spectra of fluorescent emitters with different bandgaps, allowing efficient energy transfer

from the sensitizers to emitters. The resultant hyperfluorescent polymers exhibit full-color

electroluminescence with peaks expanding from 466 to 640 nm, and maximum external quantum

efficiencies of 10.3–19.2%, much higher than those of control fluorescent polymers (2.0–3.6%). These

findings shed light on the potential of hyperfluorescent polymers in developing high-efficiency solution-

processed organic light-emitting diodes and provide new insights to overcome the electroluminescence

efficiency limitation for fluorescent polymers.
1. Introduction

Fluorescent polymers have attracted much attention of
researchers in developing low-cost, solution-processed organic
light-emitting diodes (OLEDs) owing to their promising pho-
toluminescence efficiencies and rich emission colors expand-
ing from the deep blue to near-infrared region.1,2 Given that
the recombination of hole and electron carriers forms singlet
and triplet excitons with a ratio of 1 : 3 according to the spin
statistic rule, traditional uorescent polymers oen suffer
from low device efficiencies since only singlet excitons can be
utilized for light emission, which limits the internal quantum
efficiency (IQE) to 25%.3 To overcome this limitation, two main
approaches involving the use of phosphorescent polymers and
thermally activated delayed uorescence (TADF) polymers
have been developed to utilize triplet excitons.4 Phosphores-
cent polymers, which can harvest both singlet and triplet
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excitons to achieve unit IQEs, however, rely on the use of
expensive heavy-metal complexes.5 Recently, TADF poly-
mers2,6,7 based on twisted donor–acceptor architectures have
emerged as attractive luminescent materials because they can
convert triplet excitons into singlet ones through reverse
intersystem crossing (RISC)8,9 owing to small singlet-triplet
energy splitting (DEST) by separating frontier molecular
orbitals (FMOs). However, the separation of FMOs is oen
accompanied by a decrease in radiative decay rate, leading to
contradiction between exciton utilization and luminescent
efficiency.6 To address these issues, new design strategies to
simultaneously enhance exciton utilization and radiative
decay for polymers are highly demanded.

Hyperuorescence, also termed “TADF-sensitized uores-
cence”, has been developed as an attractive strategy for high-
efficiency small-molecule OLEDs by vacuum deposition in the
last couple of years.10–27 In this motif, TADF materials and
uorescent chromophores are co-doped in host matrices to act
as sensitizers and emitters respectively. Under electrical exci-
tation, triplet excitons formed on TADF sensitizers can be up-
converted into singlet ones by the RISC process, which are
then transferred to the singlet (S1) states of uorescent chro-
mophores via Förster resonance energy transfer (FRET) for light
emission. Therefore, hyperuorescence has the advantage of
combining high exciton utilization of TADF materials and the
Chem. Sci., 2021, 12, 13083–13091 | 13083
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high radiative decay rate of uorescent chromophores in one
emissive system.18 By developing novel TADF sensitizers with
high RISC rate constants22,23,25 and uorescent emitters with
bulk substituents,15,17,19 high-efficiency and stable hyper-
uorescent OLEDs have been reported. However, hyper-
uorescent OLEDs have focused on small molecules so far and
are dominated by vacuum-deposition manufacturing tech-
nology.18 Hyperuorescent polymers for solution-processed
OLEDs that are compatible with low-cost and large-area wet-
processing technologies are rarely reported.

To develop hyperuorescent polymers, the key is to exploit
suitable TADF polymer sensitizers for harvesting triplet exci-
tons.28 For this purpose, at least two requirements should be
considered. First, polymer sensitizers should have high RISC
rate constants (kRISC) for rapidly converting triplet excitons into
singlet ones.25 Second, their emission bands should have good
overlap with the absorption spectra of uorescent emitters for
efficient FRET from the sensitizer to emitter.10 However, the
majority of TADF polymers so far are based on conjugated
donor–acceptor architectures with through-bond charge trans-
fer (TBCT) emissions,29–41 exhibiting kRISC less than 106 s�1 (see
Fig. 1 Molecular design and chemical structures of hyperfluorescent p
tizers. (D: donor, A: acceptor, RISC: reverse intersystem crossing, S0: grou
lowest singlet states for blue, green and red emitters respectively.)

13084 | Chem. Sci., 2021, 12, 13083–13091
Fig. S1 and Table S1†). Meanwhile, strong electron coupling
between donors and acceptors in TBCT-based TADF polymers
could lower the energy levels of excited states and induce red-
shiing of emission, undesired for energy transfer from poly-
mer sensitizers to emitters, especially for blue emitters with
wide bandgaps.

Here we demonstrate the design of high-efficiency hyper-
uorescent polymers with full-color electroluminescence by
using through-space charge transfer (TSCT) polymers as
sensitizers and classic uorescent chromophores as emitters
for light emission (Fig. 1a). TSCT polymers42–47 with separated
frontier molecular orbitals and small DESTs are able to exhibit
TADF effect with large kRISC values higher than 106 s�1 (Table
S2†), as has been demonstrated in a previous report.43 By
incorporating uorescent chromophores as emitters, this
study utilizes singlet excitons generated from these TSCT
TADF polymers through the FRET pathway for light emission.
Meanwhile, the emission colors of TSCT polymers can be
easily and continuously tuned from the deep blue to red
region through the substituent effect of the donor or
acceptor,43 making it facile to realize good overlap of emission
olymers employing through-space charge transfer polystyrene sensi-
nd state, S1: lowest singlet state, T1: lowest triplet state, S1

B, S1
G and S1

R:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bands with absorption of uorescent emitters with different
bandgaps. By choosing suitable combination of TSCT polymer
sensitizers and uorescent emitters, complete energy transfer
from polymers to emitters can be achieved via the FRET
process. Solution-processed OLEDs based on hyper-
uorescent polymers exhibit blue, green and red emissions
with peak wavelengths expanding from 466 to 640 nm, as well
as maximum external quantum efficiencies of 10.3–19.2% that
are much higher than those of control uorescent polymers
(2.0–3.6%), which sheds light on the potential of hyper-
uorescent polymers in developing high-efficiency solution-
processed OLEDs.

2. Results and discussion
2.1 Molecular design and synthesis

To design hyperuorescent polymers, non-conjugated
polystyrene-based TSCT polymers (BP-H, GP-H and RP-H,
Fig. 1b) containing an acridan donor and triazine acceptors
are employed as sensitizers because of their high kRISC rates
(3.6–8.5 � 106 s�1, Table S2†) and easily tuned emission wave-
lengths by regulating charge transfer (CT) strength between the
donor and acceptor.43 For full-color emission, three uorescent
chromophores 3-phenylperylene (PhPe),48 tetrakis(4-tert-
butylphenyl)anthracene-9,10-diamine (TBPAD)17 and 4-(9-(4-
methoxyphenyl)naphthothiadiazol-4-yl)-N,N-diphenylaniline
(NTTPA)49 with blue, green and red emission respectively, are
selected as emitters because of their high photoluminescence
quantum yields (94%, 90% and 75% for PhPe, TBPAD and
NTTPA respectively, Table S3†). To guarantee efficient energy
transfer from sensitizers to emitters, combinations of TSCT
polymers and uorescent chromophores are screened to ensure
overlap between sensitizer emission and emitter absorption.
For blue hyperuorescent polymers (BP02 � BP10) using PhPe
as the emitter, BP-H containing the 1,3,5-triphenyltriazine
acceptor is used as the sensitizer because it has the bluest
emission that can overlap with PhPe absorption. However for
green and red hyperuorescent polymers (GP05 � GP15 and
RP05 � RP15) containing TBPAD and NTTPA as emitters
respectively, GP-H and RP-H consisting of triuoromethyl- and
cyano-substituted 1,3,5-triphenyltriazine acceptors are selected
as sensitizers because their longer emission wavelengths can
better overlap with the absorption of TBPAD and NTTPA
respectively. All the emitters are incorporated with corre-
sponding TSCT polymers by saturated octyl chains to keep their
electronic structures independent to each other. Meanwhile,
the calculated centre-to-centre distances from the donor/
acceptor pair of the TSCT polymer to the emitter are 20.7,
19.9 and 24.4 Å for blue, green and red hyperuorescent poly-
mers respectively (Fig. S4†), which are in the range for the FRET
process (10–100 Å).50 Moreover, to explore the role of TSCT
polymer sensitizers, three control uorescent polymers (Ctrl-
BP05, Ctrl-GP10 and Ctrl-RP15) having only an acridan unit
and uorescent emitter, and thus without a TSCT polymer
sensitizer are also designed for comparison.

Synthetic procedures for hyperuorescent polymers and
control uorescent polymers are presented in Schemes S1 and
© 2021 The Author(s). Published by the Royal Society of Chemistry
S2.† The hyperuorescent polymers were synthesized by copo-
lymerization of vinyl functionalized acridan donors, triazine
acceptors and corresponding emitter-containing monomers
using 2-azoisobutyronitrile (AIBN) as an initiator and tetrahy-
drofuran (THF) as solvent through free radical polymerization
in yields of 63–74%. Themole content of the triazine acceptor in
copolymerization was xed at 5 mol% because this content led
to the best device efficiency for these TSCT polymers.42,43 The
contents of uorescent emitters were controlled at relatively low
levels (0.2–1.0 mol% for BP02� BP10, 0.5–1.5 mol% for GP05 �
GP15 and RP05 � RP15), aiming to suppress Dexter energy
transfer from the sensitizer to emitter to avoid exciton loss.18

The control uorescent polymers were synthesized by similar
copolymerization procedures except that triazine acceptor
monomers were not included. The number-average molecular
weights (Mn) of the polymers were in the range of 21.4–28.1 kDa
with a polydispersity index (PDI) of 1.60–1.99. The polymers
showed decomposition temperatures (Td) of 371–375 �C,
together with glass transition temperatures (Tg) in the range of
192–195 �C (Fig. S5†), indicative of their good thermal stability.
All the polymers can be easily dissolved in common organic
solvents such as toluene, dichloromethane, THF and chloro-
benzene, favorable for fabrication of OLEDs by a solution
process.
2.2 Energy transfer from the sensitizer to emitter

Energy transfer from the sensitizer to emitter plays the critical
role in determining the electroluminescence performance of
hyperuorescent OLEDs.10 To explore the energy transfer
process for hyperuorescent polymers, steady-state PL spectra
were rst measured. As shown in Fig. 2a–c, TSCT polystyrene
sensitizers BP-H, GP-H and RP-H exhibit emission bands at
486, 542 and 577 nm respectively, which can overlap with the
absorption bands of PhPe, TBPAD and NTTPA respectively. As
a result, the corresponding hyperuorescent polymers exhibit
emissions mainly from their uorescent emitters. For
example, the PL spectra of BP05, GP10 and RP15 exhibit
emission bands at 466, 533 and 646 nm respectively, with
emission proles similar to those of the corresponding emit-
ters (Fig. 2d–f). As the emitter content increases, the relative
emission intensity between the emitter and TSCT polymer
increases, indicating that Förster energy transfer from the
sensitizer to emitter is more efficient at a higher emitter
content.11,51 Meanwhile, it is found that emissions of TSCT
polymers are completely quenched at an emitter content of
1.0 mol% for blue and green polymers, but there is still
emission residue from the TSCT polymer for red polymers at
the same emitter content (Fig. 2g–i). In fact, the FRET integral
(JDA) between the absorption of the emitter and the emission
of the sensitizer can be calculated using the following
equation:

JDA ¼
ðN
0

FDðlÞ3AðlÞl4dl (1)

where FD(l) is the intensity at the wavelength l in the area-
normalized emission spectrum of the energy donor and 3A(l)
Chem. Sci., 2021, 12, 13083–13091 | 13085
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Fig. 2 Absorption (Abs) spectra of fluorescent emitters and PL spectra of TSCT polymer sensitizers in toluene solution (1 � 10�5 M) (a–c), the PL
spectra of hyperfluorescent polymers, TSCT polymer sensitizers and emitters (d–f), and the PL spectra of hyperfluorescent polymers with
different emitter contents in a solid state (g–i).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

5:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
is the molar absorption coefficient of the energy acceptor.
According to this equation, the JDA values are determined to be
1.4 � 1014, 1.0 � 1014 and 6.2 � 1013 cm�1 M�1 nm4 for PhPe/
BP-H, TBPAD/GP-H and NTTPA/RP-H, respectively. The higher
JDA values of PhPe/BP-H and TBPAD/GP-H than NTTPA/RP-H
indicate better spectral overlap and a more efficient FRET
process in blue and green hyperuorescent polymers than in
red ones. The full width at half maximum (FWHM) of emission
for BP05, GP10 and RP15 is 62, 55 and 106 nm respectively,
which are decreased by 16–59 nm compared to those of parent
TSCT polymers (92 nm for BP-H, 114 nm for GP-H, and 122 nm
for RP-H), suggesting the improvement of color purity by this
hyperuorescent polymer design. Interestingly, it is found that
aggregation-induced emission (AIE) properties can be observed
for the hyperuorescent polymers (Fig. S6†).52,53 For example, by
forming aggregates in THF/water mixed solvent, the emission
intensity of BP05 can be increased by 16.6 fold relative to the
initial THF solution. Such properties for hyperuorescent
polymers are quite different from those of the emitters
13086 | Chem. Sci., 2021, 12, 13083–13091
themselves which show AIE-inactive behaviors, but are similar
to those of their corresponding parent polymers which show
greatly enhanced emission in aggregation state than in solution
state.43 Meanwhile, as shown in Fig. S7 and Table S6,† the
uorescence lifetimes for polymer aggregates in THF/water
mixtures are in the microsecond scale and are increasing as
water fraction increases, similar to corresponding TSCT poly-
mer sensitizers. This observation indicates that the emission of
the hyperuorescent polymer originated from the TSCT poly-
mer sensitizer, and supports the energy transfer process from
the sensitizer to emitter.

The energy transfer from the TSCT polymer to uorescent
emitter is also conrmed from transient PL decay spectra. As
shown in Fig. 3, the parent TSCT polymers BP-H, GP-H and RP-
H exhibit both nanosecond-scale prompt uorescence and
microsecond-scale delayed uorescence with lifetimes in the
range of 36.0–47.0 ns and 1.14–1.28 ms, respectively (Table
S7†). By introducing emitters into TSCT polymers, the life-
times of prompt uorescence (sp) are reduced to 10.1–12.1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Transient PL decay characteristics of TSCT polymer sensitizers
and hyperfluorescent polymers in toluene solution. (a) BP-H and BP02
� BP10, monitored at 430 nm; (b) GP-H and GP05 � GP15, monitored
at 480 nm; (c) RP-H and RP05 � RP15, monitored at 550 nm.
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14.5–17.4 and 18.0–24.4 ns for BP02 � BP10, GP05 � GP15 and
RP05 � RP15, respectively. Moreover, as the content of uo-
rescent emitter increases, the prompt uorescence lifetimes
are shortened. For instance, upon the emitter content increase
from 0.2% (BP02) to 1.0% (BP10), sp is decreased from 12.1 ns
to 10.1 ns. These observations suggest that, in addition to the
ISC process from the S1 to T1 state for TSCT polymers, the
FRET process from the S1 state of the TSCT polymer to that of
the emitter provides an additional singlet state decay channel.
On the other hand, despite all the emitters exhibiting only
prompt uorescence (4.0–14.4 ns), the hyperuorescent poly-
mers exhibit both prompt and delayed uorescence upon
monitoring the emission of emitters (Fig. S8†), indicating that
© 2021 The Author(s). Published by the Royal Society of Chemistry
emissions of uorescent emitters in hyperuorescent poly-
mers are derived from the long-lived triplet states of TSCT
polymers which are rst up-converted to single states and then
transferred to the S1 state of emitters. For comparison, the
control uorescent polymers (Ctrl-BP05, Ctrl-GP10 and Ctrl-
RP15) exhibit no delayed uorescence although their PL
spectra are similar to those of hyperuorescent polymers
(Fig. S9†), indicating that no triplet states participate in the
emission process in this case.

To gain insight into the energy transfer process, FRET rate
constants (kFRET) are calculated for the hyperuorescent poly-
mers. In general, the lifetime of prompt uorescence for
sensitizers (sSensp ) can be dened as

sSensp ¼ 1

kr þ knr þ kISC
(2)

where kr and knr are the radiative and nonradiative decay rates
for the S1 state of the sensitizer respectively, while kISC stands
for the rate of the ISC process. When the FRET process is
involved as in hyperuorescent polymers, the lifetime of
prompt uorescence (sHP

p ) is dened as

sHP
p ¼ 1

kr þ knr þ kISC þ kFRET

(3)

Therefore kFRET can be calculated as54

kFRET ¼ 1

sHP
p

� 1

sSensp

(4)

According to these equations, kFRET can be calculated from
the lifetime of prompt uorescence for the TSCT polymer and
hyperuorescent polymer. As listed in Table S7,† kFRET for
BP02 is 5.5 � 107 s�1, which increased to 6.3 � 107 s�1 and
7.2 � 107 s�1 for BP05 and BP10 respectively. Similarly, kFRET
for the green polymer increased from 3.4 � 107 s�1 for GP05 to
3.8 � 107 s�1 for GP10 and 4.6 � 107 s�1 for GP15, while that
for the red polymer increased from 2.0 � 107 s�1 for RP05 to
2.6 � 107 s�1 for RP10 and 3.4 � 107 s�1 for RP15. These kFRET
values are comparable with those of small-molecule TADF-
sensitized uorescence emitters through vacuum deposi-
tion,11 supporting the efficient FRET process in hyper-
uorescent polymers.

2.3 Electroluminescent properties

To investigate the electroluminescence (EL) performance of
hyperuorescent polymers, solution-processed OLEDs were
fabricated with device conguration of indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS, 40 nm)/polymer (40 nm)/TSPO1 (8 nm)/TmPyPB
(42 nm)/LiF (1 nm)/Al (100 nm) (Fig. 4a). Herein TSPO1
stands for diphenyl(4-(triphenylsilyl)phenyl)-phosphine oxide
which is an exciton blocking layer,55 while TmPyPB is 1,3,5-
tri(m-pyrid-3-yl-phenyl) benzene which acts as an electron-
transporting layer.56 As shown in Fig. 4b, the EL spectra of
the hyperuorescent polymers are similar to the PL spectra of
the corresponding emitters, indicating that the
Chem. Sci., 2021, 12, 13083–13091 | 13087
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Fig. 4 Device configuration and energy level alignment diagram (a), EL spectra (b), J–V–L (c–e) and EQE-L characteristics (f–h) for solution-
processed OLEDs based on hyperfluorescent polymers.
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electroluminescence of the polymers is coming from the
uorescent emitter. The polymers containing PhPe as an
emitter exhibit blue emissions with peaks located at 466, 466
and 467 nm, giving CIE coordinates of (0.16, 0.23), (0.16, 0.24)
and (0.16, 0.25) for BP02, BP05 and BP10 respectively. However
the TBPAD-based polymers GP05 � GP15 exhibit green emis-
sions at 529–530 nm with CIE coordinates of (0.34, 0.58) for
GP05, (0.34, 0.59) for GP10 and (0.34, 0.59) for GP15. For
NTTPA-containing polymers (RP05 � RP15), the emissions are
at 590–640 nm, with the emission residue from TSCT polymer
RP-H observed for RP05 and RP10. The polymer RP15 with
a higher NTTPA content exhibits red emission mainly from the
emitter, accompanied by the CIE coordinates of (0.60, 0.38).
Notably, the hyperuorescent polymers reveal stable EL
spectra at different driving voltages. As shown in Fig. 5, upon
increasing the voltage from 4 V to 8 V, the EL spectra of BP05,
GP10 and RP15 almost remained unchanged, with CIE varia-
tions less than (�0.01, �0.01).

The current density (J) – voltage (V) – luminance (L) charac-
teristics for the solution-processed OLEDs are shown in Fig. 4c–
e and S10–S12.† The devices show low turn-on voltages (Von) of
2.8–3.2 V at a luminance of 1 cd m�2, indicating smooth carrier
13088 | Chem. Sci., 2021, 12, 13083–13091
injection from adjacent layers to hyperuorescent polymers.
Moreover, Vons are independent of emitter contents of poly-
mers, suggesting that energy transfer from the TSCT polymer to
emitter, rather than direct charge trapping by the emitter, plays
a dominant role in exciton formation under electrical excita-
tion.51 This observation is consistent with energy level align-
ment for TSCT polymers and emitters. As shown in Fig. 4a, the
HOMO levels of PhPe and NTTPA are lower than those of the
corresponding TSCT polymers (BP-H and RP-H), while the
LUMO level of TBPAD is higher than that of GP-H. That is,
energy levels of emitters are not located in the gap between the
HOMO and LUMO of TSCT polymers, which can avoid charge
trapping by emitters.57 The absence of direct charge trapping by
the emitter is crucial for hyperuorescence because the direct
formation of excitons (including 75% triplet excitons) on uo-
rescent emitters, which is an exciton loss pathway, can be
avoided.18

The dependence of device efficiency on luminance for the
polymers is shown in Fig. 4f–h, and summarized in Table 1. The
blue polymer BP02 containing 0.2 mol% PhPe emitter reveals
the maximum LE of 24.4 cd A�1 and maximum EQE of 13.5%,
which are enhanced to 26.6 cd A�1 and 14.6% respectively as the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EL spectra for solution-processed OLEDs based on BP05, GP10
and RP15 at different driving voltages.

Table 1 EL performance of solution-processed OLEDs based on hyperfl

Polymers Von
a (V)

LEb (cd A�1)

Maximum valu
cd m�2

Blue BP02 3.2 24.4/23.0/17.0
BP05 3.2 26.6/25.2/19.0
BP10 3.2 23.3/22.8/16.0
Ctrl-BP05 3.6 5.7/5.4/2.7

Green GP05 2.8 61.2/61.2/55.0
GP10 2.8 66.5/66.5/60.3
GP15 2.8 62.3/62.0/55.1
Ctrl-GP10 3.2 13.1/11.8/5.2

Red RP05 3.0 20.7/20.0/13.0
RP10 3.0 18.0/15.1/8.9
RP15 3.0 10.6/9.4/5.0
Ctrl-RP15 3.8 2.3/1.1/—

a Voltage at 1 cd m�2. b Luminous efficiency. c External quantum efficien

© 2021 The Author(s). Published by the Royal Society of Chemistry

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

5:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
emitter content increased to 0.5 mol% for BP05. Further
increasing the emitter content to 1.0 mol%, however, leads to
lower device efficiency with a maximum LE/EQE of 23.3 cd A�1/
12.2%. For green and red hyperuorescent polymers, the opti-
mized device efficiencies are obtained at emitter contents of
1.0 mol% (GP10) and 1.5 mol% (RP15) respectively. In partic-
ular, GP10 exhibits a remarkable maximum LE of 66.5 cd A�1

and EQE of 19.2%. Meanwhile, the efficiency roll-off for GP10 at
high luminance is small, with LE/EQE remained at 66.5 cd A�1/
19.2% at 100 cd m�2, and 60.3 cd A�1/17.4% at 1000 cd m�2.
RP15 reveals a maximum LE/EQE of 10.6 cd A�1/10.3%, which
decreased to 9.4 cd A�1/9.2% and 5.0 cd A�1/4.8% at luminance
values of 100 and 1000 cd m�2 respectively. It is worth noting
that the efficiencies of hyperuorescent polymers are much
superior to those of control uorescent polymers based on the
conventional uorescence emission mechanism. For instance,
the maximum EQE of GP10 (19.2%) is 5.3 fold higher than that
of Ctrl-GP10 (3.6%). Similarly, the EQEs of BP05 and RP15 are
enhanced by 4.1–4.9 folds relative to their corresponding
control uorescent polymers (Ctrl-BP05 and Ctrl-RP15). The
much higher EQEs of hyperuorescent polymers are in accor-
dance with their capability to utilize triplet exciton through
a rapid RISC process. In general, the EQE for an OLED is
expressed as

EQE ¼ IQE � hout ¼ g � hST � hPL � hout (5)

where hout is the light out-coupling efficiency, g is the charge
balance factor (ideally g ¼ 1), hST is the fraction of radiative
excitons and hPL is the photoluminescence quantum yield
(PLQY) of the emissive lm. The hST values of hyperuorescent
polymers are 59.5–70.4% for BP02� BP10, 85.9–93.7% for GP05
� GP15 and 54.2–64.4% for RP05 � RP15 assuming a hout of
25% (ref. 58) (Table S8†). These values are much higher than
those of control uorescent polymers (hST ¼ 12.9–17.3%), con-
rming the contribution of triplet excitons for radiative decay in
hyperuorescent polymers.
uorescent polymers and control fluorescent polymers

EQEc (%)

Lmax
d (cd m�2) CIEe (x,y)

e/@100 cd m�2/@1000

13.5/13.0/9.4 5860 0.16, 0.23
14.6/13.9/10.5 6367 0.16, 0.24
12.2/11.9/8.3 6379 0.16, 0.25
3.0/2.9/1.4 1879 0.18, 0.25
18.2/18.2/16.3 14 280 0.34, 0.58
19.2/19.2/17.4 16 061 0.34, 0.59
17.6/17.5/15.6 16 408 0.34, 0.59
3.6/3.3/1.4 1337 0.30, 0.59
8.8/8.4/5.4 8858 0.50, 0.48
9.6/8.1/4.8 6373 0.54, 0.44
10.3/9.2/4.8 4603 0.60, 0.38
2.0/1.0/— 330 0.56, 0.34

cy. d Maximum luminance. e CIE coordinates at 6 V.
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3. Conclusion

Hyperuorescent polymers have been developed by incorpo-
rating through-space charge transfer polystyrenes as sensitizers
and uorescent chromophores as emitters in one macromole-
cule for achieving efficient full-color electroluminescence by
a solution process. The TSCT polystyrene sensitizers play a role
in harvesting triplet excitons by converting them into singlet
excitons via a rapid RISC process and then transferring energy
to uorescent emitters. By tuning the emission wavelength of
TSCT polymer sensitizers to overlap the absorption of uores-
cent emitters with different bandgaps, efficient FRET from the
sensitizer to emitter can be achieved. Solution-processed
OLEDs based on hyperuorescent polymers exhibit full-color
emissions covering blue, green and red regions, as well as
high maximum EQEs of 10.3–19.2% that are much superior to
those of control uorescent polymers having no TSCT polymer
sensitizers (EQE: 2.0–3.6%). This work sheds light on the
potential of hyperuorescent polymers for overcoming the
internal quantum efficiency limitation of classical uorescent
polymers under electrical excitation, and provides an approach
to develop high-efficiency solution-processed OLEDs based on
pure organic materials.
4. Experimental section
4.1 Synthesis of the polymers

The polymers were synthesized by free radical polymerization
using azodiisobutyronitrile (AIBN) as the radical initiator and
THF as the solvent. Specically, the vinyl-functionalized acri-
dan, triazine and emitter-containing monomers and AIBN
(2 mol% of the total amount of monomers) were dissolved in
THF with a total concentration of�0.3 g mL�1, which were then
stirred at 50 �C for 48 hours under an argon atmosphere. Aer
cooling to room temperature, the mixture was precipitated into
cold acetone and methanol subsequently. The mixture was
ltered and dried under vacuum to give the desired polymers in
yields of 63–74% (see the ESI†).
4.2 Fabrication and characterization of solution-processed
white organic light-emitting diodes

Glass substrates coated with indium tin oxide (ITO) (15 U per
square) were cleaned by ultrasound in acetone, isopropanol and
water, which were then treated by ultraviolet-ozone for 25
minutes. Subsequently PEDOT:PSS (Clevious P Al4083) was
spin-coated on the substrate to form the hole-injection layer
with a thickness of 40 nm, which was then dried at 120 �C for
45 min. Aer the substrate was transferred to a N2-lled glove
box, solution of the hyperuorescent polymer dissolved in
chlorobenzene (10 mg L�1) was spin-coated with a thickness of
40 nm. Aer annealing the polymer lm at 100 �C for 30 min,
the substrate was transferred to a vacuum chamber with pres-
sure less than 4 � 10�4 Pa. TSPO1 and TmPyPB were then
successively evaporated on top of the polymer lm with thick-
nesses of 8 nm and 42 nm respectively. Finally, LiF (1 nm) and
Al (100 nm) were deposited for use as a cathode through
13090 | Chem. Sci., 2021, 12, 13083–13091
a shadow mask with an emissive area of 3.5 � 4.0 mm2. The J–
V–L characteristics of the device were measured under an
ambient atmosphere at room temperature using a Keithley
2400/2000 source meter equipped with a calibrated silicon
photodiode. The electroluminescence spectra and CIE coordi-
nates were tested with a PR650 spectra colorimeter.
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