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Abstract   Existing strategies for single-molecule white light-emitting polymers, either embedding light-emitting units into the conjugated main

chain or attaching them to a non-conjugated main chain, cannot simultaneously achieve efficient charge transport and high-quality white light

emission. In this study, a series of conjugated polymers, PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5, or 10), bearing thermally activated delayed fluo-

rescence (TADF) green-emitting units in the main chain and red-emitting units in the side chain were designed and synthesized. The conjugated

backbone containing green units was synthesized via Suzuki polymerization, whereas the red TADF units were attached to the backbone via a

post-click  reaction.  The main-chain/side-chain  synergistic  effect  enables  PCFDF-DT-DNx to  exhibit  good charge-transporting ability  and facile

emission color tunability. The non-doped device using PCFDF-DT-DN10 as the emissive layer (EML) exhibited near-warm white light with CIE coor-

dinates of (0.41, 0.49), a maximum external quantum efficiency (EQEmax) of 1.58%, and a maximum luminance (Lmax) of 3169.2 cd·m–2. The doped

device based on PCFDF-DT-DN10 10 wt% in CBP achieved cool white light with CIE coordinates of (0.31, 0.42), an EQEmax of 3.96%, and a Lmax of

4050.9 cd·m–2. This strategy validates the feasibility of the design and offers a new route toward high-efficiency white-light-emitting polymers

with a facile synthesis and tunable emission colors.
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INTRODUCTION

White  organic  light-emitting  diodes  (WOLEDs)  have  broad  ap-
plication prospects in the fields of display and lighting owing to
their surface light source characteristics, high color rendering in-
dex  (CRI),  and  flexibility.[1−3] Thermally  activated  delayed  fluo-
rescence (TADF) materials featuring an extremely small singlet-
triplet  energy  gap  (ΔEST)  can  achieve  100%  exciton  utilization
through the reverse intersystem crossing (RISC)  process.  More-
over, they contain no noble metals and their emission colors are
easy to regulate, making them an ideal material system for con-

structing high-efficiency WOLEDs.[4−10] However, the synergistic
improvement  of  device  luminance,  efficiency,  and  stability,
while reducing preparation costs for large-scale manufacturing,
remains a key scientific and technological problem to be solved
urgently in this field.[11]

To achieve white-light  emission,  it  is  common to combine
red, green, and blue primary-color emitting units, or a pair of
complementary color-emitting units (e.g., blue/yellow), to ob-
tain  continuous  broad-spectrum  emission  through  incom-
plete  energy  transfer.[12−14] Traditional  multi-emissive-layer
structures and small-molecule blending systems impose strin-
gent  requirements  on  the  component  ratio,  energy  level
matching,  and  energy  transfer  processes.[15−18] Meanwhile,
they are  prone to  phase separation,  crystallization,  and poor
film stability.  In addition, these systems rely heavily on vacu-
um  evaporation,  which  does  not  meet  the  demand  for  low-
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cost  and  large-area  fabrication.[19−21] Benefiting  from  their
good  solubility,  excellent  film-forming  ability,  and  effective
suppression  of  phase  separation,  single-molecule  lumines-
cent  polymers  have  become  promising  candidates  for  con-
structing  solution-processed  high-efficiency  and  stable
WOLEDs.[11,22]

Existing  strategies  for  the  molecular  design  of  single-
molecule white light-emitting polymers (SMWLEPs) are main-
ly  divided  into  two  types.  The  first  strategy  is  to  covalently
embed  short-wavelength  (SW)  and  long-wavelength  (LW)
TADF units into a conjugated main chain (Chart 1a), using in-
complete energy transfer to achieve white-light emission. For
example, Wang et al.[23] embedded red and green TADF units
into a blue fluorescent polycarbazole main chain to obtain a
conjugated  polymer  PCzTx-Qx that  integrates  blue,  green,
and red emissions.  The device fabricated with PCzTx-Q0.1 as
the emitting layer achieved warm white light with CIE coordi-
nates  of  (0.55,  0.39)  and a  high maximum external  quantum
efficiency  (EQEmax)  of  23.9%,  fully  demonstrating  the  advan-
tage of the conjugated backbone in charge transport. Howev-
er,  multi-monomer  copolymerization  also  leads  to  the  com-
plex  synthesis  of  monomers  and  low  reproducibility  of  the
polymers.  The second strategy is  to attach TADF units of dif-
ferent wavelengths to the non-conjugated side chains (Chart
1b).  In  our  recent  work,[24] blue  DT  and  orange-red  TB  units
were attached to a non-conjugated main chain at different ra-
tios.  This  strategy  significantly  improved  the  solubility  and
side-chain  design  flexibility,  and  P3  successfully  achieved
white-light emission with CIE coordinates of (0.33, 0.40). Nev-
ertheless,  the non-conjugated main chain structure weakens
the  charge  transport  to  some  extent,  resulting  in  relatively
high  turn-on  voltages  (4.6–6.6  V)  and  low  luminance
(110–374  cd·m–2)  for  this  series  of  devices.  Collectively,  the
former  strategy  offers  excellent  charge  transport  but  suffers

from  complex  synthesis,  poor  solubility,  and  reproducibility,
whereas the latter provides flexible tunability but has insuffi-
cient charge transport ability.

To address this contradiction, our group recently proposed
a  new  strategy  that  combines  the  advantages  of  both  ap-
proaches (Chart 1c). A conjugated main chain was used to en-
sure  charge  transport,  while  red- and  green-emitting  units
were  flexibly  attached  to  the  side  chains  for  color  tuning.[25]

Based on this strategy, PCFTN-X, a TADF polymer, was synthe-
sized.  Non-doped  device  D3  fabricated  with  PCFTN-3  as  the
emitting  layer  exhibited  excellent  device  performance.  Its
turn-on  voltage  (Von)  was  only  3.4  V,  with  an  EQEmax of
10.23%,  a  current  efficiency  (CEmax)  of  20.14  cd·A–1,  and  a
maximum luminance (Lmax) of 3264 cd·m–2. Stable white-light
emission  with  CIE  coordinates  of  (0.34,  0.38)  was  achieved.
This verified the feasibility of the proposed strategy.

Inspired by this, the present study attempted to further op-
timize  the  molecular  structure  of  SMWLEP  (Chart  1d).  Be-
cause  white-light  emission requires  a  relatively  high content
of SW units, unlike the previous strategy where both red- and
green-emitting  units  were  attached  to  side  chains,  the  SW
green  units  DT  were  first  embedded  into  the  conjugated
main chain via Suzuki polycondensation. This approach effec-
tively  maintains  the  long-range  conjugated  structure  of  the
polymer,  further  improving the hole  and electron mobilities,
which contributes to a reduction in the driving voltage. It  al-
so  avoids  aggregation-caused  quenching  (ACQ)  resulting
from  high-density  side-chain  attachment,  thereby  achieving
stable green emission. Meanwhile, the LW red units DN are at-
tached  to  the  side  chain via a  post-click  reaction.  To  further
balance  the  emission  color  and  enhance  the  hole  transport
ability, an additional compound, mCP-Alkyne, which possess-
es  both  blue  fluorescence  and  hole  transport  functions,  was
introduced into the side chains. This enables precise and reg-
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Chart 1    Structural schematic diagrams of single-molecule white light-emitting polymers: (a) conjugated polymers, (b) non-conjugated polymers,
(c) side-chain synergistic conjugated polymers, and (d) main-chain/side-chain synergistic conjugated polymers.
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ular tuning of the emission color.  Based on this design,  a se-
ries  of “main-chain/side-chain  synergistic” TADF-conjugated
polymers, named PCFDF-DT-DNx (x=0, 0.25, 0.5,  1.5,  2.5,  5,  or
10)  were  synthesized.  Using  PCFDF-DT-DNx as  the  emitting
layer,  both  non-doped  and  doped  organic  light-emitting
diode  (OLED)  devices  were  successfully  fabricated via the
spin-coating method. The non-doped OLED device based on
PCFDF-DT-DN10 achieved  near-warm  white  light  emission
with  CIE  coordinates  of  (0.41,  0.49),  CRI  of  88.9, Von of  3.3  V,
Lmax of  3169.2  cd·m–2,  and  EQEmax of  1.58%.  In  addition,  a
doped OLED device based on the PCFDF-DT-DN10 10 wt% in
4,4′-bis(9H-carbazol-9-yl)biphenyl  (CBP)  achieved  cool  white
emission  with  CIE  coordinates  of  (0.31,  0.42).  Its  EQEmax is
3.96%, and Lmax reaches 4050.9 cd·m–2, showing a significant-
ly  improved  overall  device  performance.  This  design  over-
comes  both  the  difficulties  in  composition  control  and  solu-
bility  of  conjugated  main-chain  polymers  caused  by  multi-
monomer  copolymerization  and  the  deficiency  in  charge
transport  of  non-conjugated  side-chain  polymers,  while
achieving  broadband  emission  tuning.  The  resulting  poly-
mers  exhibited  good  thermal  stability  and  solution  process-
ability,  confirming the feasibility of this strategy and offering
a  new  design  concept  for  high-performance,  solution-pro-
cessed WOLEDs.

EXPERIMENTAL

Materials
All chemical reagents were purchased from commercial sources
and  used  without  further  purification,  unless  otherwise  speci-
fied.  The  organic  solvents  required  for  the  chemical  synthesis
were purified using standard methods prior to use.

Synthesis
As  illustrated  in Scheme  1,  the  green  TADF  functional  com-
pound  DT-Br  was  used  as  the  dibrominated  functional
monomer.[25] The  equimolar  DT-Br  and  3,6-dibromocarbazole
(3,6-Cz-Br)  were  copolymerized  with  the  fluorene-based  di-
boronate monomer F-BO via Suzuki polycondensation to afford
the  precursor  polymer  backbone  PCFDF-Br.  Subsequent  azida-
tion  of  PCFDF-Br  yielded  the  azide-functionalized  conjugated
backbone  PCFDF-N3.  Furthermore,  according  to  our  previous
work,  the  alkynyl-terminated  red  TADF  functional  compound
DN-Alkyne  and  the  host  functional  compound  mCP-Alkyne
were  synthesized.  The  synthetic  procedures  for  PCFDF-N3,  DT-
Br, DN-Alkyne, and mCP-Alkyne are depicted in Schemes S1–S4
(in the electronic supplementary information, ESI), respectively.

Synthesis of target polymers PCFDF-DT-DNx (x=0, 0.25, 0.5,
1.5, 2.5, 5 or 10). As outlined in Scheme 1, the target polymers
were synthesized via a sequential  azide-Alkyne click reaction
between  PCFDF-N3 and  the  functionalized  compounds  DN-
Alkyne  and  mCP-Alkyne.  Specifically,  DN-Alkyne  was  first  in-
troduced;  upon  its  complete  consumption,  mCP-Alkyne  was
subsequently added. The progress of the reaction was moni-
tored using thin-layer chromatography (TLC). The molar ratio
of  DN-Alkyne to mCP-Alkyne was fixed at x/(50 − x),  and the
resulting  polymers  were  designated  as  PCFDF-DT-DNx (x=0,
0.25,  0.5,  1.5,  2.5,  5,  or  10),  where x denotes  the  molar  per-
centage  of  the  DN-Alkyne  relative  to  the  total  alkynyl-func-
tionalized compounds employed. To ensure full conversion of

the  azido  groups  in  PCFDF-N3,  the  azide-to-Alkyne  molar  ra-
tio was maintained at 1:1.5, corresponding to a 50% excess of
the  mCP-Alkyne.  Upon  completion  of  the  reaction,  1,4,7,10-
tetraazacyclododecane  was  introduced  to  chelate  and  re-
move  residual  copper  ions.  The  crude  products  were  subse-
quently  purified  by  sequential  Soxhlet  extraction  using
methanol and diethyl ether for 36 h each. The final products
were  obtained  as  yellow-green  solid  powders  in  isolated
yields  ranging from 56% to 59%.  The detailed synthetic  pro-
cedures and characterization data are provided in ESI.

Instrumentation
1H nuclear magnetic resonance (1H-NMR) spectroscopy, electro-
spray  ionization mass  spectrometry  (ESI-MS),  Fourier  transform
infrared  (FTIR)  spectroscopy,  differential  scanning  calorimetry
(DSC), thermogravimetric analysis (TGA), X-ray diffraction (XRD),
ultraviolet-visible (UV-Vis) absorption spectroscopy, and photo-
luminescence  (PL)  spectroscopy  were  used  to  characterize  the
chemical structures and photophysical properties of all interme-
diates,  functional  monomers,  and  target  polymers.  Cyclic
voltammetry (CV) was used to measure electrochemical proper-
ties. Detailed information on the instrument parameters and ex-
perimental procedures is provided in ESI.

Device Fabrication and Measurement
The  structure  of  the  OLED  device  was  as  follows:  ITO/PEDOT:
PSS  (40  nm)/PVK:  Poly-TPD  (mass  ratio  4:1,  30  nm)/PCFDF-DT-
DNx (20 nm)/TmPyPB (40 nm)/CsF (1.4 nm)/Al (50 nm). Detailed
information on the device fabrication process and performance
test methods is provided in ESI.

RESULTS AND DISCUSSION

Chemical Structures Characterization
Multiple characterization techniques, including 1H-NMR, MALDI-
TOF MS, ESI-MS, and FTIR, were employed to confirm the chemi-
cal  structures  of  the  intermediates,  functional  compounds,
monomers, and target polymers.

Fig.  1 shows  the  comparison  of 1H-NMR  spectra  of  mCP-
Alkyne,  DN-Alkyne,  PCFDF-N3,  and  PCFDF-DT-DNx in  CDCl3.
The 1H-NMR spectra of the other intermediates are shown in
Figs.  S1–S15  (in  ESI).  In  the  comparison  of 1H-NMR  spectra
among  mCP-Alkyne，DN-Alkyne,  PCFDF-N3 and  PCFDF-DT-
DN10 (Fig. 1A), the proton signal of the ―CH2― neighboring
to azide group at 3.25 ppm and the alkyne proton signals at
4.80  and  2.61  ppm  completely  disappeared.  Meanwhile,  the
characteristic  proton  peaks  (a–e)  attributed  to  mCP-Alkyne
and  DN-Alkyne  appeared,  providing  direct  and  strong  evi-
dence  for  the  successful  click  reaction.  In Fig.  1(B),  with  in-
creasing DN content in PCFDF-DT-DNx, the proton peaks (b, c,
d, and e) of the DN units gradually increased in intensity, de-
spite being less prominent because of the lower content. The
actual  molar  incorporation  ratios  of  DN  units  to  DT  units  in
PCFDF-DT-DNx were determined by 1H-NMR spectroscopy to
be 2.70/50, 4.85/50, and 10.12/50 for x=2.5, 5, and 10, respec-
tively,  which  closely  matched  the  corresponding  feed  ratios
of the DN-Alkyne and confirmed the efficient incorporation of
DN units  during the post-click  reaction (the detailed calcula-
tion  procedure  is  provided  in  ESI).  This  result  confirms  that
the  DN  content  in  the  polymers  can  be  precisely  tuned  by
varying  the  amount  of  DN-Alkyne  added  during  synthesis.
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Further  FTIR  analysis  (Figs.  S21  and  S22  in  ESI)  revealed  the
disappearance  of  the  characteristic  vibrational  bands  of  the
alkynyl (3297 and 2120 cm–1) and azido (2092 cm–1) groups in
the  spectra  of  PCFDF-DT-DNx.  Instead,  a  carbonyl  stretching
band at  1690 cm–1,  attributed to the DN unit,  was observed.
Gel  permeation  chromatography  (GPC)  was  used  to  deter-
mine  the  molecular  weights  and  molecular  weight  distribu-
tions  of  the  polymer  backbone  and  target  polymers.  Com-
pared  to  the Mn of  PCFDF-N3 (6.39  kDa),  the Mn values  of
PCFDF-DT-DN5 and PCFDF-DT-DN10 in PCFDF-DT-DNx exhibit-
ed a significant increase, being 8.91 and 8.82 kDa, respective-
ly. This increase, along with the structural characterization re-
sults  from 1H-NMR and FTIR,  confirms the successful  click re-
action and the effective attachment of functional units to the

polymer backbone. (Fig. S24 and Table S1 in ESI).

Solubility, Crystallinity and Thermal Stability
To clarify  the processing conditions for  spin-coating of  PCFDF-
DT-DNx,  PCFDF-DT-DN5 and  PCFDF-DT-DN10 were  selected  as
representative samples to test their solubility (concentration of
5 mg·mL–1; see the digital photograph in Fig. S25 in ESI) in com-
mon  organic  solvents.  PCFDF-DT-DNx could  dissolve  in  most
common organic solvents such as dichloromethane (DCM) and
tetrahydrofuran  (THF).  This  excellent  solubility  is  mainly  at-
tributed to the fluorene units in the polymer main chain and the
hexyl  groups  introduced  into  the  side  chains.  This  solubility
study  not  only  provides  a  clear  basis  for  the  selection  of  sol-
vents in the subsequent polymer purification process but, more
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Scheme 1    Synthetic routes of polymer backbone PCFDF-N3 and target polymers PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5 or 10).
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importantly, ensures that a homogeneous and stable precursor
solution can be obtained during polymer spin-coating film for-
mation,  laying a  key  technological  foundation for  the prepara-
tion of high-performance solution-processed WOLED devices.

In  addition,  the  crystalline  properties  of  PCFDF-DT-DNx
were  analyzed  using  XRD.  The  XRD  patterns  of  all  the  sam-

ples (Fig. S26 in ESI) exhibited typical amorphous characteris-
tics,  that  is,  only  broad  and  diffused “bread-like” peaks  were
observed,  without  distinct  crystalline  diffraction  peaks.  The
formation of this amorphous structure is mainly attributed to
the  random  orientation  of  the  polymer  main  chain  and  the
steric  hindrance  effects  caused  by  the  side  chains.  This  sug-

 

N N

O

N

N

NN

N

N

40

N
NN

N
NN

n10 50

H13C6 C6H13 C6H13

C6H13H13C6H13C6

N
O

O

N

O
N

N

O

CH2 C CH

−0.500.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5

Chemical shift (ppm)

Chemical shift (ppm)

mCP-Alkyne

DN-Alkyne

PCFDF-N3

PCFDF-DT-DN10

a
b

e
d

c

a, b c, d e

c, d

b

e
N

O

O

N
O

c d

be

a

a

—N3

CDCl3A

B

PCFDF-DT-DN0

PCFDF-DT-DN0.25

PCFDF-DT-DN0.5

PCFDF-DT-DN1.5

PCFDF-DT-DN2.5

PCFDF-DT-DN5

PCFDF-DT-DN10

c, d —N3a, b

−1.0−0.500.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
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gests that the attachment of the TADF chromophores to the
polymer backbone may reduce their crystallization tendency.
Benefiting  from  this  structural  feature,  the  polymers  can
achieve  higher  film  uniformity  and  morphological  stability
during  spin-coating  film  formation,  thereby  effectively  sup-
pressing  phase  separation  and  fluorescence  quenching  ef-
fects.  This characteristic is crucial for optimizing the prepara-
tion  process  and  improving  the  overall  performance  of
WOLED devices.

Finally,  the  thermal  stability  of  PCFDF-DT-DNx was  tested
using  TGA  and  DSC,  and  the  results  are  shown  in Fig.  2 and
summarized  in Table  1.  As  shown  in Fig.  2(a),  under  a  nitro-
gen  atmosphere  with  a  heating  rate  of  10  °C·min−1,  all  the
polymers exhibited thermal decomposition temperatures (Td)
exceeding  350  °C.  The  glass  transition  temperature  (Tg)  in-
creases  from  203.3  °C  for  PCFDF-DT-DN0 to  217.7  °C  for
PCFDF-DT-DN10 with increasing content of DN units (Fig. 2b),
reflecting  the  enhanced  polymer  rigidity  imparted  by  the
more  rigid  DN  units.  This  indicates  that  PCFDF-DT-DNx pos-
sesses  excellent  thermal  stability,  which  is  beneficial  for  the
fabrication of WOLEDs with high thermal stability.

Photophysical and Electrochemical Properties
Fig.  3 displays  the  UV-Vis  absorption  spectra  of  DT-Br,  DN-
Alkyne,  mCP-Alkyne,  PCFDF-N3,  and  PCFDF-DT-DNx (x=0,  0.25,
0.5,  1.5,  2.5,  5,  or  10) in chloroform solution and the solid thin-
film state. As shown in Fig. 3(a), PCFDF-DT-DNx exhibited signifi-

cant  absorption  peaks  at  276,  338,  and  369  nm  in  the  chloro-
form solution. Compared with PCFDF-N3,  the absorption peaks
at 276 and 338 nm are attributed to the π-π* transitions of  the
carbazole groups in the polymer backbone,  the mCP unit,  and
the acridine moiety of the DT unit, respectively. The peak at 369
nm was assigned to the n-π* transition of the conjugated struc-
ture in the main chain.[26,27] In addition, owing to the large inter-
molecular distance in solution and the relatively low grafting ra-
tio of the DN units, a weak absorption band from 420 nm to 575
nm  was  observed,  which  was  attributed  to  the  intramolecular
charge  transfer  (ICT)  from  the  donor  acridine  to  the  acceptor
naphthalimide in the DN unit.[28,29] Notably, the inset (enlarged
view)  shows  that  as  the  DN  content  increases,  the  ICT  absorp-
tion peak intensity at approximately 475 nm gradually increases,
confirming that  the red TADF units  DN have been successfully
grafted  into  the  polymer  backbone.  According  to  the  absorp-
tion  edge  of  the  UV-Vis  spectra,  the  optical  band  gap Eg of
PCFDF-DT-DNx was  calculated  to  be  in  the  range  of  2.95–2.98
eV.[30,31] Fig. 3(b) shows the UV-Vis spectra of the polymer films.
The overall  absorption profiles  are similar  to those of  the solu-
tion spectra. Notably, with increasing grafting ratio of DN units,
the ICT absorption at 325–450 nm gradually increased in a regu-
lar trend, and this variation was much more pronounced in the
film state. This behavior is closely related to molecular aggrega-
tion: tighter molecular packing in the solid film strengthens the
electronic  coupling  and  exciton  interactions  among  chro-
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Fig. 2    (a) TG curves and (b) DSC curves of PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5 or 10).

 

Table 1    Thermal, photophysical and electrochemical properties of PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5 or 10).
 

PCFDF-DT-DNx
Td a

(°C)
Tg b

(°C)
λabs 

c

(nm)
λPL d
(nm)

PLQY e
(%)

Eg f

(eV)
HOMO g

(eV)
LUMO h

(eV)

PCFDF-DT-DN0 399 203.3 273, 335, 365 522 8.97 2.98 –5.28 –2.30
PCFDF-DT-DN0.25 404 207.2 275, 336, 367 526 9.46 2.98 –5.26 –2.28
PCFDF-DT-DN0.5 396 209.8 274, 337, 368 526 9.57 2.98 –5.25 –2.27
PCFDF-DT-DN1.5 408 211.3 275, 337, 366 523 8.74 2.98 –5.24 –2.26
PCFDF-DT-DN2.5 410 212.9 276, 338, 369 522 7.81 2.98 –5.25 –2.27
PCFDF-DT-DN5 428 215.6 278, 339, 372 529 9.36 2.97 –5.25 –2.28
PCFDF-DT-DN10 427 217.7 279, 340, 373 546 7.31 2.98 –5.23 –2.25

a Decomposition  temperature  of  5%  weight  loss  detected  by  TGA; b Glass  transition  temperature  detected  by  DSC; c Maximum  absorption  wavelength  in
chloroform (0.1 mg·mL−1); d Maximum emission wavelength in neat films; e Photoluminescence quantum yield in the thin-film state; f Eg estimated from the
onset wavelengths (λonset) of the UV-Vis absorption spectra in chloroform (Eg = 1240/λonset); 

g HOMO energy levels estimated from the onset of the oxidation
curves (EHOMO = – (EOX + 4.4)); h LUMO energy levels calculated by the equation of LUMO = HOMO + Eg.
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mophores.  This  phenomenon  further  confirms  that  the  red
TADF  units  have  been  quantitatively  and  successfully  grafted
onto the polymer side chains. This not only provides a prerequi-
site  for  efficient  energy  transfer  between  green  and  red  TADF
units  but  also  offers  a  reliable  photophysical  basis  for  concen-
tration-dependent emission tuning and broadband white-light
emission.

In  addition,  the  thin  films  of  polymer  backbone  PCFDF-N3

and target polymers PCFDF-DT-DNx were irradiated under ul-
traviolet  (UV)  light  (digital  photos  are  shown  in  Fig.  S23  in
ESI).  It  can  be  clearly  observed  that  with  the  increase  of  the
proportion of red TADF units (x value) in the side chains, the
emission  color  of  the  films  gradually  red-shifted  from  green
to  yellow-green.  This  phenomenon  intuitively  reflects  the
successful  grafting  of  red  TADF  units  (from  absence  to  pres-
ence  and  from  low  to  high  content)  and  confirms  the  effec-
tive energy transfer  from the host  to the red-emitting guest.
Meanwhile, compared with the polymer backbone PCFDF-N3,
all the target polymer films exhibited a significant increase in
luminescence brightness.  This  result  indicates  that  the intro-
duction  of  mCP  host  units  in  the  side  chains  can  effectively
improve the hole transport ability and exciton recombination
efficiency  of  the  films,  thereby  enhancing  the  luminescence

brightness.[32] The  above  phenomena  not  only  further  con-
firm the success of  the click chemistry modification,  but also
fully  indicate  that  this  series  of  polymer  materials  has  great
potential in the preparation of high-brightness, solution-pro-
cessed WOLED devices.

Fig.  4 presents  the  PL  spectra  of  the  red  and  green  TADF
compounds  (DT-Br  and  DN-Alkyne),  mCP-Alkyne,  PCFDF-N3,
and  PCFDF-DT-DNx in  chloroform  solution  and  thin  films.  As
shown  in Fig.  4(a),  in  solution,  the  emission  peaks  of  DT-Br,
DN-Alkyne, and mCP-Alkyne were mainly located at 530, 662,
and 349 nm, respectively. For PCFDF-DT-DNx, the PL emission
peaks  were  mainly  at  416  and  589  nm  (λexc=350  nm).  Com-
pared with PCFDF-N3 and DT-Br, the incorporation of DT into
the polymer backbone resulted in a red shift of 59 nm for the
DT emission, while the peak at 416 nm was attributed to the
carbazole and fluorene moieties in the polymer backbone. By
comparing the emission peaks of PCFDF-N3, mCP-Alkyne, and
PCFDF-DT-DN0,  it  was  found that  after  mCP was  attached to
the side chain, its emission peak red-shifted by approximate-
ly 67 nm, while the emission peak of PCFDF-N3 also showed a
slight  red-shift  and  broadening.  In  addition,  compared  with
PCFDF-DT-DN0,  the  incorporation  of  DN  units  into  the  side
chains  led  to  a  slight  red  shift  and  broadening  of  the  emis-
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Fig. 3    UV-Vis absorption spectra of DT-Br, DN-Alkyne, mCP-Alkyne, PCFDF-N3 and PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5 or 10) in (a) chloroform
solution and (b) film state.
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Fig. 4    PL spectra of DT-Br, DN-Alkyne, mCP-Alkyne, PCFDF-N3 and PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5 or 10) in (a) chloroform solution and (b)
film state.
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sion  peaks  of  PCFDF-DT-DNx with  increasing  DN  content  (x
value).  However,  because  of  the  very  low  DN  content,  the
emission  peak  attributed  to  the  DN  units  in  PCFDF-DT-DNx
was not clearly observable in solution.[24] However, in the sol-
id thin-film state (Fig. 4b), all the polymers exhibited a single
broad  emission  peak  in  the  range  of  425–670  nm.  This  phe-
nomenon confirms that, under the tight molecular packing in
the film, the excitation energy of the main chain can be com-
pletely  captured  and  efficiently  converted  by  the  side-chain
mCP  and  DN  units.[33−35] More  importantly,  with  an  increase
in  the x value  (i.e.,  DN  unit  content),  the  emission  peak  of
PCFDF-DT-DNx in the film state showed a significant red shift
and  intensity  enhancement,  and  the  peak  shape  gradually
broadened,  covering  almost  the  entire  visible-light  region.
This  change  is  directly  attributed  to  the  film  aggregation  ef-
fect, which significantly promotes the electronic coupling be-
tween  chromophores  and  improves  the  efficiency  of  Förster
resonance energy transfer  (FRET).[36] Additionally,  the photo-
luminescence quantum yield (PLQY) of PCFDF-DT-DNx in oxy-
gen-free neat films was measured to be 8.97%, 9.46%, 9.57%,
8.74%,  7.81%,  9.36%,  and 7.31%,  respectively.  These spectral
changes  indicate  that  the  intermolecular  and  intramolecular
energy  transfer  processes  have  a  significant  impact  on  the
photophysical  properties  of  the  polymers,  laying  an  impor-
tant  photophysical  foundation  for  the  subsequent  continu-
ous  regulation  of  the  emission  color  and  even  white-light
emission.

To  further  elucidate  the  intermolecular  energy  transfer
mechanism  and  investigate  the  theoretical  basis  for  color
tuning and white light emission based on the red, green, and
blue  (RGB)  three-primary-color  system,  we  compared  the  PL
spectrum of PCFDF-DT-DN0 with the UV-Vis absorption spec-
trum  of  DN-lkyne.  PCFDF-DT-DN0 contains  the  green  TADF
units  (DT)  in  the  main  chain  and  the  blue  fluorescent  units
(mCP)  attached  to  the  side  chain  without  any  red-emitting
component.  As  shown  in Fig.  5,  the  UV-Vis  absorption  spec-
trum  of  DN-Alkyne  exhibits  distinct  absorption  peaks  in  the
range  of  380–562  nm,  which  partially  overlap  with  the  PL
spectrum  of  PCFDF-DT-DN0,  satisfying  the  spectral  overlap
condition  for  FRET.[37−39] This  mechanistic  verification  indi-
cates that  by further  introducing the DN units  into the poly-
mer  side chains  in  a  controllable  manner via click  chemistry,
the  blue,  green,  and  red  primary-color  emitting  centers  can
be  assembled  within  a  single  polymer  molecule.  This  estab-
lishes  a  cascade  energy  transfer  pathway  from  the  polymer
backbone, DT units, and mCP units to the DN units.[40] By pre-
cisely adjusting the molar ratios of the red-, green-, and blue-
emitting  units,  the  emission  intensities  of  each  channel  can
be balanced.  This  not only enables continuous tuning of  the
emission  chromaticity  over  a  wide  range,  but  also  achieves
broad-spectrum  white-light  emission  through  cooperative
color mixing of the three emissions. Thus, this work provides
a  solid  theoretical  and  experimental  foundation  for  the
molecular  design  of  SMWLEPs  based  on  the  three  primary
colors.[33,38]

To  verify  the  delayed  fluorescence  characteristics  of  the
polymers,  the  transient  PL  decay  spectra  of  non-doped
PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5, 5, or 10) thin films were
measured at 298 K under a nitrogen atmosphere, as depicted

in Fig.  S27 (in ESI).  All  the polymers exhibited bi-exponential
decay  kinetics,  with  two  distinct  lifetime  components  in  the
film state. The prompt fluorescence lifetime ranges from 8.90
ns to 11.24 ns, whereas the delayed fluorescence lifetime is in
the range of 1.16–2.37 μs. The detailed kinetic parameters are
summarized in Table S3 (in ESI). These results confirm that the
target polymers successfully inherited the intrinsic TADF char-
acteristics of the small-molecule precursors.[30,41]

To investigate the electrochemical properties of the target
polymers,  CV measurements  were  performed on the PCFDF-
DT-DNx film,  and  the  results  are  shown  in  Fig.  S28  (in  ESI).
With the increase in the value of x, the intensity of the oxida-
tion characteristic peak attributed to DN unit at 0.99 eV grad-
ually increases, while the peak attributed to mCP unit around
1.18 eV gradually decreases. Notably, the positions of the two
oxidation peaks do not show obvious shifts regardless of the
DN unit/mCP unit molar ratio, indicating that the target poly-
mers  successfully  inherit  the  electrochemical  properties  of
the  side-chain  units.  Moreover,  it  can  be  inferred  that  con-
necting the two TADF emissive  units  through non-conjugat-
ed alkyl  chains can greatly suppress their  interactions,  which
is  more  conducive  to  the  polymers  inheriting  the  electro-
chemical  properties  of  the  side-chain  small  molecules.[40,42]

The highest occupied molecular orbital (HOMO) energy level,
lowest  unoccupied  molecular  orbital  (LUMO)  energy  level,
and  optical  band  gap  of  the  polymers  were  calculated  from
the  UV-Vis  absorption  spectra  in  solution  and  the  onset  po-
tential  of  the  oxidation  peak  in  the  CV  curves.  According  to
the formula ELUMO = EHOMO + Eg,[30,31] the HOMO energy levels
of PCFDF-DT-DNx are distributed between –5.28 and –5.23 eV,
and the LUMO energy levels are in the range of –2.30 to –2.25
eV.  The  detailed  data  related  to  the  thermal,  photophysical,
and electrochemical properties of PCFDF-DT-DNx are summa-
rized in Table 1.

Electroluminescence Performance
To systematically evaluate the electroluminescence (EL) proper-
ties  of  the  PCFDF-DT-DNx,  the  non-doped  OLED  devices  were
fabricated by spin-coating PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5, 2.5,
5, or 10) as the emissive layer (EML), and the corresponding non-
doped  devices  were  named  as  ND-0,  ND-0.25,  ND-0.5,  ND-1.5,
ND-2.5, ND-5, and ND-10, respectively. The device structure and
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Fig.  5    PL  spectra  of  PCFDF-DT-DN0 and  UV-Vis  absorption
spectrum of DN-Alkyne in chloroform solution.
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energy-level diagram are shown in Fig. S29 (in ESI). The EL spec-
tra  of  the  devices,  CIE  coordinates  at  maximum  luminance,  EL
spectra of device ND-10 at 3–9 V, current efficiency-current den-
sity  curves,  current  density-voltage-luminance  (J-V-L)  curves,
and  external  quantum  efficiency  (EQE)-current  density  curves
are shown in Fig. 6. Detailed EL performance data all devices are
summarized in Table 2.

As  shown  in Fig.  6(a),  at  the  maximum  luminance,  the  EL
spectra  of  ND-0–ND-10  show  an  emission  peak  in  the  range
of  425–835  nm,  indicating  excellent  color  tunability  and
broad-spectrum emission potential. Except for ND-10, the de-
vices with lower DN content exhibited only a green emission
peak  that  continuously  red-shifted  from  522  nm  to  530  nm,
while  no  red  emission  peak  appeared.  The  spectral  shape  is
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Fig. 6    (a) Normalized EL spectra of device ND-0–ND-10; (b) The CIE coordinates at maximum brightness of ND-0–ND-10; (c) EL spectra of device
ND-10 at  operating voltages of  3–9 V;  (d)  Current  efficiency-current  density  curves of  device ND-0–ND-10;  (e)  Current  density-voltage-luminance
curves of device ND-0–ND-10; (f) EQE-current density curves of device ND-0–ND-10.
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similar to that of the PL emission peaks of the polymer films.
Although the EL spectra are generally similar in shape to the
PL  spectra,  some  differences  still  exist.  Specifically,  the  weak
shoulder  peak  at  416  nm,  which  is  assigned  to  the  intrinsic
emission  of  the  carbazole-fluorene  backbone,  is  present  in
the  PL  spectra  but  completely  disappears  in  the  EL  spectra.
This  difference is  primarily  attributable to the distinct excita-
tion mechanisms involved. In the PL process, uniform photon
excitation allows the polymer backbone to be independently
excited;  however,  incomplete  energy  transfer  results  in  the
persistence  of  a  shoulder  peak  originating  from  the  back-
bone itself.  In contrast,  in the EL process,  excitation relies on
charge injection and subsequent  recombination.  The charge
carriers are preferentially captured by the TADF units, leaving
the backbone nearly incapable of forming effective excitons.
As  a  consequence,  the  emission  peak  at  416  nm
vanishes.[43,44] Notably,  as  the  DN  content  increased,  the
emission  peak  gradually  red-shifted  and  broadened.  These
changes indicate an enhanced and complete energy transfer
efficiency  from  the  polymer  backbone,  DT  units,  and  mCP
units  to  the  DN  units.  However,  ND-10  shows  two  emission
peaks  at  522  and  579  nm,  which  are  assigned  to  mCP  units,
DT  units,  Cz-Br/F-BO-based  segments  and  the  DN  units,  re-
spectively.  Their  superposition  covers  almost  the  entire  visi-
ble region, indicating incomplete energy transfer from green
TADF units and blue fluorescence units to red TADF units.  In
addition,  the  EL  peak  intensity  at  522  nm  clearly  decreased,
whereas  a  distinct  EL  peak  appeared  at  579  nm.  This  phe-
nomenon suggests that by controlling the molar ratios of the
three emitting units (DN, DT, and mCP, corresponding to red,
green, and blue, respectively) to maintain incomplete energy
transfer,  the  emission  intensities  of  red,  green,  and  blue  can
be synergistically tuned. As a result (Fig. 6b and Table 2), the
CIE  coordinates  shifted  gradually  from  (0.32,  0.55)  to  (0.41,
0.49),  and  the  correlated  color  temperature  (CCT)  decreased
from 5763 K to 3920 K. This reflects a continuous color evolu-
tion  from  cold  green  to  yellowish  green,  and  then  to  near-
warm white, which is fully consistent with the movement tra-
jectory of the points in the CIE chromaticity diagram.

These results  indicate  that  by fixing the DT content  in  the
main chain and simply  adjusting the content  of  DN units  in-
troduced into  the  side  chains,  broad-range color  tuning and
even near-warm white emission can be achieved in a single-
molecule  polymer.  However,  standard  white-light  emission
has not been directly achieved. To investigate the reason, we
compared  our  work  with  the  recent  work  of  Wu et  al.[25] In
their  work,  they  attached  the  same  red- and  green-emitting

units  (DN  and  DT  units)  to  the  side  chains  and  successfully
achieved white-light  emission by  adjusting their  molar  ratio.
Combined  with  the  structural  features  of  PCFDF-DT-DNx
(Scheme 1) and the EL spectral (Fig. 6a) analysis in this work,
the main reasons for this are speculated as follows. After be-
ing embedded into the conjugated main chain, the green DT
units  form  a  strong  conjugated  extension  effect.  Although  a
blue  fluorescent  component  (mCP)  was  introduced  into  the
side chains, it failed to effectively suppress the red shift of the
green  emission  peak.  As  a  result,  PCFDF-DT-DN0 exhibited
green  emission  rather  than  the  expected  blue-green  emis-
sion.  After  further  introducing  the  red  DN  units,  the  energy
transfer preferentially proceeds toward the red channel, shift-
ing  the  overall  spectral  center  toward  longer  wavelengths.
Consequently,  the  emission  intensities  of  the  three  primary
colors  (red,  green,  and  blue)  deviated  from  the  ideal  white-
light balance. Therefore, synergistic optimization of the emis-
sion intensities of the three primary colors in the current sys-
tem  has  not  yet  been  achieved.  Further  optimization  of  the
main-chain conjugation length or the type and content of the
blue component is required to achieve a standard white-light
emission.

Furthermore,  to  evaluate  the  spectral  and  color  stabilities,
we  measured  the  EL  spectra  and  CIE  coordinates  of  devices
ND-0 to ND-10 under varying voltages (Fig.  6c;  Figs.  S30 and
S31 in ESI). For ND-10, the EL spectra (425–835 nm) remained
nearly unchanged at 3–8 V, but broadened significantly at 9 V
owing to  carrier  imbalance and thermal  effects.  Notably,  the
green emission at 522 nm (from mCP units,  DT units and Cz-
Br/F-BO-based segments)  increased with voltage.  According-
ly, the CIE coordinates shifted from (0.48, 0.48) at 4 V to (0.41,
0.49)  at  9  V,  indicating  an  orange-to-warm-white  transition
(ΔCIEx=0.07,  ΔCIEy=0.01).  This  voltage-dependent  color  shift
arises  from  the  different  charge  recombination  dynamics
among the green TADF, blue fluorescent, and red TADF units.
At  low  voltages,  blue-green-to-red  energy  transfer  domi-
nates, and the red units act as exciton traps, favoring hole in-
jection  into  the  DN  units  and  yielding  orange  emission.  At
higher  voltages,  increased  electron  flow  and  a  broader  re-
combination zone enhanced the green emission, shifting the
CIE coordinates toward warm white. These results agree well
with  the  EL  spectral  changes,  revealing  notable  color  varia-
tions  with  voltage.  To  better  understand  the  underlying  ori-
gins of this voltage-dependent color shift and to guide future
optimization,  we  further  analyze  the  possible  contributing
factors  below.  This  phenomenon  is  considered  to  originate
from four  main factors.  First,  the injection and transport  bal-

 

Table 2    EL performances of the non-doped OLED devices ND-0–ND-10.
 

Devices
Von a

(V)
λEL b

(nm)
Lmax c

(cd·m–2)
CEmax d

(cd·A–1)
EQEmax e

(%)
CIE f
(x, y)

CCT g
(K) CRI h

ND-0 3.2 522 3866.7 1.42 0.45 (0.32, 0.55) 5763.3 79.0
ND-0.25 3.6 524 3329.7 1.60 0.55 (0.33, 0.54) 5396.7 81.0
ND-0.5 3.6 525 2833.5 1.79 0.67 (0.35, 0.53) 5211.5 81.9
ND-1.5 3.5 527 4365.6 2.89 1.28 (0.36, 0.52) 5050.6 88.9
ND-2.5 3.3 529 3466.2 2.95 1.37 (0.37, 0.52) 4828.9 84.2
ND-5 3.0 530 3532.0 3.68 1.81 (0.38, 0.51) 4647.9 85.3

ND-10 3.3 522, 579 3169.2 3.11 1.58 (0.41, 0.49) 3920.8 88.9
a Turn-on  voltage  at  a  luminance  of  1  cd·m–2; b EL  emission  peak; c Maximum  luminance; d Maximum  current  efficiency; e Maximum  external  quantum
efficiency; f CIE coordinates at maximum luminance; g Color temperature at maximum luminance; h Color rendering index at maximum luminance.
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ance  of  holes  and  electrons  vary  with  applied  voltage,  caus-
ing  the  recombination  zone  to  migrate  within  the  emissive
layer  and  thus  altering  the  relative  excitation  weights  of  dif-
ferent  emitting  components.[45] Second,  the  enhanced  elec-
tric field may influence exciton dissociation and energy trans-
fer processes, leading to differential suppression especially of
the short-wavelength components.[46] Third, Joule heating at
higher voltages can induce subtle changes in molecular con-
formation  and  film  morphology,  which  in  turn  perturb  the
spectral output.[47,48] Fourth, the distinct carrier capture cross-
sections of each unit result in nonlinear responses to voltage,
ultimately  shifting  the  spectral  composition.[48] To  address
these  issues,  several  mitigation  strategies  are  proposed,  in-
cluding optimizing the host material and doping ratio to bal-
ance carrier transport, introducing hole/electron blocking lay-
ers  to  confine  the  recombination  zone  within  the  center  of
the emissive layer, and performing molecular modification on
the conjugated backbone to reduce the voltage sensitivity of
each component.

Figs. 6(d) and 6(f) show the current efficiency-current den-
sity  curves  and  external  quantum  efficiency  (EQE)-current
density curves of ND-0–ND-10, respectively.  The evolution of
EQE  with  the  current  density  (J)  showed  three  characteristic
regions. In the low-current-density region (J<1 mA·cm−2), the
EQE  increased  rapidly  with  increasing J,  owing  to  a  gradual
improvement in the charge carrier balance. In the plateau re-
gion  (1<J<100  mA·cm−2),  the  EQE  reached  its  maximum  val-
ue and remained relatively stable, signifying a highly efficient
charge recombination. Finally, in the high-current density re-
gion (J>100 mA·cm−2), the EQE decreased, primarily owing to
exciton quenching mechanisms such as triplet-triplet annihi-
lation (TTA) and Joule heating effects.[47] The J-V-L characteris-
tics thus provide a comprehensive means to evaluate charge
injection,  transport,  recombination  efficiency,  and  opera-
tional stability of the OLEDs. Notably, for PCFDF-DT-DNx (x=0,
0.25, 0.5, 1.5, 2.5, 5, or 10), increasing the molar ratio of DN to
DT from 0/50 to 5/50 and 10/50 shifted the J-V curves of the
corresponding devices toward lower voltages,  indicating en-
hanced charge injection and transport. This performance im-
provement is attributed to the synergistic effect of the conju-
gated  main  chain  (enhancing  hole  transport)  and  the  DN
units  (improving  electron  transport),  which  together  opti-
mize the exciton balance and promote efficient energy trans-
fer  in  the  emissive  layer.[49] As  shown  in Table  2,  both  CEmax

and EQEmax of ND-x (x=0, 0.25, 0.5, 1.5, 2.5, 5, or 10) gradually
increased  as  the  molar  ratio  of  DN  units  to  DT  units  of  the
PCFDF-DT-DNx EML changes from 0/50 to 10/50.  Among the
devices, ND-0 to ND-10, ND-5 exhibited the highest CEmax and
EQEmax. However, further increasing the DT/DN ratio to 10/50
led to slight decreases in CEmax and EQEmax for device ND-10.
This suggests that an excessive DN content induces ACQ, re-
sulting  in  reduced  device  efficiency.[50,51] If  the  DN  content
continues to increase, it is expected that both EQE and lumi-
nance will  decrease further, and the CIE coordinates will  also
shift significantly away from the white-light region. This phe-
nomenon is mainly attributed to the role of the DN unit as a
narrow-bandgap red emitter, which acts as an exciton trap in
the system. Excessively high DN content exacerbates non-ra-
diative loss processes such as concentration quenching, TTA,
and charge capture imbalance,  ultimately compromising the

device  efficiency  and  spectral  stability.[47,49,52−54] Therefore,
future  design  of  SMWLEPs  should  not  only  choose  efficient
long-wavelength  emitters  but  also  optimize  their  loading  to
boost the overall EL performance of WOLEDs.

Fig. 6(e) shows the current density-voltage-luminance (J-V-
L)  curves  of  ND-0–ND-10.  Combined  with  the  performance
data in Table 2, it can be seen that all the OLED devices based
on PCFDF-DT-DNx have a Von lower than 3.6 V.  This indicates
that  the  energy  levels  of  each  functional  layer  of  the  device
are  well  matched,  with  low  charge  injection  barriers.  Mean-
while, the Lmax of the device series ranges from 2833.5 cd·m–2

to  4365.6  cd·m–2,  demonstrating  good  luminous  perfor-
mance. This preliminarily confirms the good charge transport
ability  of  the  conjugated  polymer  backbone  and  the  signifi-
cant  advantage  of  TADF  luminescent  materials  in  improving
the  exciton  utilization  efficiency.  In  terms  of  the  overall  de-
vice  performance,  ND-5  exhibited  the  best  performance
among the non-doped devices. It has a Von of 3.0 V, a Lmax of
3532.0 cd·m–2, a CEmax of 3.68 cd·A–1, and an EQEmax of 1.81%.
Notably,  the  ND-10  device  achieved  warm  white  light  emis-
sion with the CIE coordinates of (0.41, 0.49), a CCT of 3920 K,
and a CRI of 88.9. Furthermore, it  has a Von of 3.3 V, a Lmax of
3169.2 cd·m–2,  and an EQEmax of  1.58%. It  shows good appli-
cation potential in solution-processed WOLEDs.

Furthermore,  our  devices  were  compared  with  previously
reported non-doped devices based on SMWLEPs, and the rel-
evant  data  are  summarized  in  Table  S4  (in  ESI).  Compared
with the reported devices, the ND-5 and ND-10 devices in this
work  exhibited  better  CRI.  Their Von, Lmax,  CEmax,  and  EQEmax

were  significantly  higher  than  those  of  PFSOTT0.05,
PFSOTT0.1,  and PDFC-DT97-TB3.[24,55,56] This indicates that the
conjugated main chain facilitates efficient hole transport and
suppresses  charge  accumulation.  However,  Wu et  al.[25] at-
tached the same red and green units (DN and DT) to the side
chains  and  successfully  achieved  white-light  emission  with
higher  CEmax and  EQEmax.  It  is  suggested  by  a  comparative
analysis  that,  in  our  work,  embedding  the  DT  units  into  the
conjugated main  chain  causes  a  red-shift  of  the  green emis-
sion owing to the conjugated extension effect,  and the blue
fluorescent  mCP  units  cannot  fully  balance  the  emission,  re-
sulting  in  near-warm  white  light.  Meanwhile,  the  energy
transfer  efficiency  is  weakened  by  the  increased  spatial  dis-
tance between the DT and DN units, and extra energy dissipa-
tion  is  added  by  the  introduction  of  the  blue  component,
leading to relatively lower CEmax and EQEmax. To better under-
stand  why  our  current  backbone  design  leads  to  lower  EQE,
we compared our polymer structure with that of Wu et al. The
main difference is  that Wu et al.’s  polymer contains only car-
bazole and fluorene units, whereas our polymer incorporates
an  additional  green  TADF  unit  (based  on  triazine  acridine)
along  with  the  carbazole  and  fluorene  backbone.  This  struc-
tural  difference  affects  device  performance  in  several  ways.
First,  the  donor-acceptor  nature  of  the  triazine-acridine  unit
creates ICT states.  These states may couple with the delocal-
ized excited states of the backbone. As a result, extra non-ra-
diative  decay  paths  are  introduced.[57] Second,  the  bulky  tri-
azine-acridine group increases molecular disorder. Moreover,
the  deep  LUMO  level  of  triazine  tends  to  form  trap  sites.
These  trap  sites  can  quench  excitons.[29,58] Third,  our  poly-
mers  have  PLQY  values  of  only  7.31%–9.57%.  This  is  much
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lower than that of Wu et al.’s material.[25] The low PLQY direct-
ly  limits  the  upper  bound  of  EQE.  Fourth,  the  imbalance  of
carrier  injection  and  transport  is  also  critical.[52] Perhaps  our
backbone  design  does  not  achieve  optimal  matching  be-
tween  holes  and  electrons.  Thus,  some  carriers  are  lost  be-
fore  recombination.  The  observed  CIE  coordinate  shift  with
voltage  also  confirms  the  migration  of  the  recombination
zone and the lack of carrier balance. These factors further re-
duce EQE. In summary, while the TADF unit is capable of har-
vesting  triplet  excitons,  its  incorporation  also  gives  rise  to
multiple exciton loss channels.  Consequently, the EQE of our
device  is  lower  than  that  of  the  simpler  carbazole  fluorene
backbone.  These findings offer  valuable guidance for  the fu-
ture  design  and  optimization  of  conjugated  polymers  incor-
porating TADF units.

To further evaluate their EL properties, the doped OLED de-
vices were fabricated using PCFDF-DT-DNx (x=0, 0.25, 0.5, 1.5,
2.5, 5 or 10) (10 wt%) in CBP as EML, respectively, and named
as D-0, D-0.25, D-0.5, D-1.5, D-2.5, D-5, and D-10. Their EL per-
formances are shown in Fig. 7 and summarized in Table 3.

Compared  with  the  non-doped  devices,  the  EL  perfor-
mance  of  the  doped  devices  was  significantly  enhanced.
Compared  with  ND-0,  the  performance  of  D-0  exhibits  the
most  significant  variation,  the  CEmax increases  from  1.42
cd·A–1 to 9.29 cd·A–1, the Lmax increases from 3866.7 cd·m–2 to
5973.6 cd·m–2, and the EQEmax increases from 0.45% to 4.79%.
Among  the  D-0.25–D-10  devices,  D-1.5  exhibited  the  best

performance,  with  a  CEmax of  8.00  cd·A–1,  a Lmax of  5435.1
cd·m–2,  and  an  EQEmax of  5.84%.  These  results  indicate  that
using CBP as the host material can enhance the charge trans-
port capacity in the emissive layer, inhibit the intermolecular
interactions in the thin film, and reduce the ACQ effect.[19,50,59]

The Von of  the  doped  devices  was  slightly  increased,  which
may  be  attributed  to  the  increased  hole  injection  barrier
caused by the introduction of CBP. As shown in Fig. 7(a), com-
pared  with  the  non-doped  devices,  the  EL  spectra  of  the
doped devices covered the entire visible range (400–800 nm).
The  peaks  were  slightly  broadened  and  exhibited  a  minor
blue  shift.  In  addition,  a  weak  emission  peak  appears  at  ap-
proximately  430  nm.  This  is  presumably  because  the  intro-
duction  of  CBP  leads  to  incomplete  absorption  of  the  emis-
sion from the main chain (green) or CBP itself (blue) to the red
TADF units.  In  addition,  as  the  DN content  in  PCFDF-DT-DNx
(x=0,  0.25,  0.5,  1.5,  2.5,  5,  or  10)  increased,  the  EL  spectra  of
the doped devices gradually  broadened,  and the CIE coordi-
nates shifted from the initial green light region (0.27, 0.47) of
D-0.25 to the cool white light region (0.31, 0.42) of D-10, indi-
cating  that  the  emission  color  shifted  from  green  to  cool
white.  Among  them,  the  D-10  device  has  the  emission  color
closest  to cool  white light,  but it  still  deviates from the stan-
dard  white  light  coordinate  (0.33,  0.33),  indicating  that  its
white light purity requires further optimization.

To further evaluate the color stability of the doped devices,
we compared the voltage-dependent CIE coordinates of ND-
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10 and D-10. As shown in Fig. S32 (in ESI), the coordinates of
ND-10 shift from (0.48, 0.48) at 4 V to (0.41, 0.49) at 9 V, show-
ing a significant change (Δx=0.07,  Δy=0.01).  In contrast,  D-10
only  changes  slightly  from  (0.33,  0.40)  to  (0.31,  0.42),  with
much  smaller  offsets  (Δx=0.02,  Δy=0.02).  This  indicates  that
the  incorporation  of  the  CBP  host  significantly  improves  the
color  stability.  This  improvement  can  be  attributed  to  the
ability  of  CBP,  as  a  wide-bandgap  host,  to  balance  carrier
transport  and  suppress  the  migration  of  the  recombination
zone,  thereby stabilizing the emission intensities  of  different
components.[59] Therefore,  the  proper  selection  of  the  host
material is of great importance for enhancing the spectral sta-
bility and color reliability of white OLEDs.

Although  the  non-doped  devices  based  on  the “main-
chain/side-chain synergy” strategy have achieved low turn-on
voltage,  high  luminance,  and  near-warm  white  emission,
there is still room for improvement. First, the CIE coordinates
deviate from the standard white point (0.33, 0.33). This devia-
tion  is  attributed  to  the  intrinsic  redshift  caused  by  incorpo-
rating green-emitting units into the main chain, or to the mis-
matched  energy  levels  among  the  three  primary-color  units
and the non-optimal feed ratio for white balance. Second, the
overall  electroluminescence  efficiency  is  lower  than  that  of
high-efficiency  TADF  copolymers,  doped  systems,  and  host-
guest  systems.  Studies  have  shown  that  small-molecule  or
sensitized systems can achieve an EQEmax of  more than 10%
or even 20%,[4,33,60] whereas our single-component polymers

suffer  from  aggregation  and  exciton  quenching,  resulting  in
relatively  low efficiency.  In  addition,  carrier  imbalance  under
operating  conditions  aggravates  non-radiative  recombina-
tion, further limiting the EQE improvement.[19,61]

To  promote  the  efficient  and  stable  development  of  non-
doped WOLEDs, the future optimization directions are as fol-
lows:  first,  we  will  develop  new  TADF  emitters  (either  three-
primary-color or complementary-color) with matched energy
levels to improve white-light purity and radiative recombina-
tion.  Second,  we  will  precisely  tune  the  molar  ratios  of  the
emitting units to determine the optimal loading of red-emit-
ting  units,  thereby  achieving efficient  exciton utilization  and
standard white emission.  Third,  we will  introduce a host ma-
terial with high carrier mobility and high exciton utilization to
optimize  the  energy-level  alignment  and  charge-transport
balance,  thus  suppressing quenching.  Our  group will  further
extend the conjugated main-chain structures and design new
single-component  TADF  white-light  polymers  with  novel
topologies.  We  will  also  explore  the  structure-property-de-
vice performance relationships, aiming to advance the appli-
cation of solution-processed WOLEDs in lighting and displays.

CONCLUSIONS

In  summary,  a  series  of  conjugated  polymers,  PCFDF-DT-DNx

(x=0,  0.25,  0.5,  1.5,  2.5,  5,  or  10),  with  a  synergistic  main-
chain/side-chain design was successfully  synthesized.  The con-
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Fig. 7    (a) Normalized EL spectra of device D-0–D-10; (b) The CIE coordinates at the maximum brightness of D-0–D-10; (c) EL spectra of device D-10
at  operating  voltages  of  3–9V;  (d)  Current  efficiency-current  density  curves  of  device  D-0–D-10;  (e)  Current  density-voltage-luminance  curves  of
device D-0–D-10; (f) EQE-current density curves of device D-0–D-10.
 

Table 3    EL performance of devices D-0–D-10 doped with CBP.
 

Devices
Von a

(V)
λEL b

(nm)
Lmax c

(cd·m–2)
CEmax d

(cd·A–1)
EQEmax e

(%)
PLQY f

(%)
CIE g

(x, y)
CCT h

(K)
CRI i

D-0 3.7 506 5973.6 9.29 4.79 17.73 (0.26, 0.48) 7400.6 76.9
D-0.25 4.0 507 5522.2 6.82 2.46 10.15 (0.27, 0.47) 6900.8 77.2
D-0.5 4.0 509 4730.6 7.20 2.30 13.30 (0.28, 0.47) 6905.0 78.9
D-1.5 4.0 511 5435.1 8.00 5.84 10.89 (0.28, 0.46) 6780.4 80.1
D-2.5 3.9 512 4018.4 7.79 3.71 13.28 (0.29, 0.45) 6882.3 82.6
D-5 3.6 515 4378.8 16.93 4.38 12.46 (0.30, 0.46) 6882.1 81.8

D-10 3.6 517 4050.9 9.26 3.96 7.76 (0.31, 0.42) 6386.0 84.7
a Turn-on  voltage  at  a  luminance  of  1  cd·m–2; b EL  emission  peak; c Maximum  luminance; d Maximum  current  efficiency; e Maximum  external  quantum
efficiency; f Photoluminescence quantum yield in the thin-film state; g CIE coordinates at maximum luminance; h Color temperature at maximum luminance; i

Color rendering index at maximum luminance.
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jugated  main  chain  containing  green  TADF  units  was  synthe-
sized via Suzuki polymerization, and the red TADF units were at-
tached to the side chain via a post-click reaction. This synthetic
strategy addresses the drawbacks of traditional copolymer sys-
tems,  such as  poorly  controlled composition,  complicated syn-
thesis,  and low reproducibility.  Moreover,  the  main-chain/side-
chain synergistic  effect  enables PCFDF-DT-DNx to exhibit  good
charge-transporting  ability  and  facile  emission  color  tunability.
Notably,  the  non-doped  device  based  on  PCFDF-DT-DN10

achieves  warm  white  emission  with  CIE  coordinates  of  (0.41,
0.49),  a Lmax of  3169.2  cd·m–2,  a Von of  3.3  V,  and  an  EQEmax of
1.58%. The CBP-doped device D-10 realized efficient cold white
emission, with EQEmax and Lmax increasing to 3.96% and 4050.9
cd·m–2, respectively. This work provides a new molecular design
concept for SMWLEPs, potentially advancing their practical use
in high-performance solution-processable WOLEDs.
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Main-chain/Side-chain Synergistic Thermally Activated Delayed Fluorescence Conjugated Polymers for
White Organic Light-emitting Diodes
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Employing a synergistic main-chain/side-chain molecular design, a conjugated polymer light-emitting material with ther-
mally activated delayed fluorescence (TADF) units incorporated in both the main chain and side chains was synthesized.
The conjugated main chain facilitates charge transport, and the side chains provide versatile color adjustability. Ultimate-
ly, both doped and undoped devices exhibited near-white emission with high brightness and low turn-on voltage.
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