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Anilino-carbazole-based D—mw—D’'—m—-D blue light
material coordinated exciplex for achieving white
light dynamic regulation

Xiaoling Xie,?® Junfeng Wang,® Haocheng Zhao,® Zhenrui Gao,” Lei Yan,®
Yuling Wu @2 *® and Yangin Miao (2 *°

An exciplex white light system that can simplify the structure of a device has become an important driving
force for the industrialization of white organic light-emitting devices (WOLEDs). Two D—-m—-D’-mt—D-type
blue light materials, CzPAF-DPA and CzPAF-DF, based on a core aniline-based carbazole and 9,9-
dibutylfluorene as a = bridge with two peripheral donors with varying degrees of conjugation were
successfully synthesized by Buchwald—Hartwig amination. Both materials emit blue light and are
thermally stable, with thermal decomposition temperatures (T4) of 408 and 418 °C, respectively. The
electroluminescence (EL) spectra of both CzPAF-DPA and CzPAF-DF represented broad-band emission
with two primary emission peaks. The shorter-wavelength peaks located at 424/428 nm correspond to
the intrinsic emission peak of blue light materials, while the longer-wavelength peaks at 496/500 nm are
ascribed to an exciplex generated at the interface between the light-emitting layer and the electron
transport layer (ETL). By adjusting the thickness of the light-emitting layer, CzPAF-DPA, a controllable
transition from warm white light to cold white light emission was achieved in single-molecule devices
fabricated by both vacuum evaporation deposition and wet spin-coating. This research provides a crucial
theoretical basis for developing blue light devices compatible with multi-process techniques, and
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1 Introduction

White organic light-emitting devices (WOLEDs), as a new
generation of solid-state lighting technology, have shown great
application prospects in the fields of healthy lighting and full-
color displays. Their advantages, such as planar light emis-
sion characteristics, flexible and bendable design, low driving
voltage and environmental friendliness, make them highly
promising for future development.' Achieving efficient and
stable WOLEDs relies on the coordinated action of multiple
luminescent components.” Currently, mainstream technical
routes include two main categories: first, a multi-layered lumi-
nescent stack structure realizes white light by vertically
stacking red, green, and blue primary color luminescent layers;
second, single-layer luminescence is achieved by a co-doping
system, where multiple fluorescent or phosphorescent dyes
are doped in a single host material.®> Although the two afore-
mentioned schemes have achieved commercial application,
they still face challenges, including complex structures, severe
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promoting a method for the practical application of OLEDs in printed displays.

degradation in efficiency, and insufficient chromatic stability.
Furthermore, traditional fluorescent or phosphorescent
hybrid systems are limited by the high cost of precious metals
and the instability of blue light materials, while all-fluorescent
systems based on three primary colors face the challenge of
low utilization rates of triplet excitons.* In particular, the
dependence of traditional WOLEDs on deep-blue light mate-
rials creates a fundamental contradiction between efficiency
and lifetime.”

In recent years, exciplex-based white light systems have
emerged as a promising third approach to address the afore-
mentioned contradictions. These systems can cover the entire
visible light spectrum through complementary color lumines-
cence, and do not rely on precious metals for the exciton
regulation process. An exciplex is a transient complex arising
from a charge-transfer (CT) state formed at the interface of two
different molecules in the excited state. Its broad-spectrum
emission, characterized by a full width at half maximum
(FWHM) greater than 150 nm, is attributed to the unique energy
level structure of its CT state.® This phenomenon enables
a simpler device structure, while providing multiple advantages
in exciton utilization, spectral regulation and cost reduction,
serving as an important driving force for the industrialization of
WOLEDs. From the perspective of healthy lighting, exciplex-
based white light devices have an inherent advantage in
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reducing blue light hazard. Compared to conventional LEDs,
the electroluminescent (EL) spectra of these devices exhibit
a substantially lower intensity of the high-energy blue light
component in the range 400-430 nm.” The mCP:pTPOTZ?
system reported by Xu Hui's research group completely avoids
the deep-blue light band during white light emission, main-
taining a stable color temperature of around 3000 K. This
characteristic not only meets general lighting requirements but
also significantly reduces the risk of retinal photochemical
damage, thereby providing a material basis for eye-friendly
lighting.”

In addition, exciplex-based white light devices have been
successfully applied in both vacuum evaporation and wet spin-
coating processes. The mCP:PO-T2T" type exciplex system
deposited by a vacuum process can strongly confine the carrier
recombination region within the interface at the nanoscale by
precisely controlling the thickness of the luminescent layer,
thereby increasing the proportion of exciplex emission to over
70%. In the solution-processed device, white light emission
with a high color rendering index (CRI) of 85 was achieved
through a blended interface formed between the polymer blue
light material F8BT"* and the metal oxide electron transfer layer
(ETL) composed of ZnO nanoparticles. This was accomplished
even with a nominal thickness of 20 nm, as the effective exciplex
region diffused to a depth of 15 nm due to solvent-induced
molecular miscibility.*?

The performance of devices is highly dependent on the
fabrication process, which is a critical variable determining the
outcome. Therefore, we designed a type of luminescent material
with exceptional compatibility for both vacuum evaporation
and solution processing. This material can form an exciplex to
achieve single-molecule white light emission, offering unpar-
alleled versatility.

In this work, an aniline-based carbazole derivative, N-(4-
aniline) carbazole (CzPAF), with unique rigidity and electron-
donating properties, is selected as the core to design two
completely symmetrical D-w-D'-w-D-type blue light small-
molecule luminescent materials, CzZPAF-DPA and CzPAF-DF,
based on 9,9-dioctylfluorene with better solubility as a
bridge and peripheral groups with different degrees of
conjugation. The optimized structures indicate that both
molecules form a vertical spatial configuration between their
peripheral substituent groups and the fluorene unit, which can
reduce -7 stacking between molecules and improve lumi-
nescence properties. In non-doped evaporated devices, both
materials exhibited exciplexes at 500 nm at the interface
between the light-emitting layer (EML) and the electron
transport layer (ETL).**** Furthermore, by adjusting the thick-
ness of the light-emitting layer CzPAF-DPA, a controllable
transition from single-molecule warm white light to cold
white light emission was achieved in both evaporation-
deposited and wet spin-coated devices. This research provides
a crucial theoretical basis for the development of multi-process
compatible blue light devices, and promotes the practical
application of OLED technology in the field of printed
displays.™
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2 Results and discussion
2.1 Synthesis and characterization

We targeted the synthesis of CzZPAF-DPA and CzPAF-DF (Fig. 1)
by linking CzPAF-Br with different peripheral groups of varying
degrees of conjugation, 4,4’-dimethoxydiphenylamine and N-(4-
methoxyphenyl)-9,9-dimethyl-9H-fluoren-2-amine, as donors
through Buchwald-Hartwig amination. Both products were
purified and recrystallized, and the structures and purities of
the intermediates and both target products were characterized
using "H NMR, "*C NMR and are displayed in SIL

2.2 Photophysical property and thermal stability

As shown in Fig. 2, the photophysical properties of CZPAF-DPA
and CzPAF-DF were investigated with UV-vis spectra and PL
spectra in different states of dilute solution and thin film."® The
corresponding data are summarized in Table 1. The maximum
absorption peaks of CZPAF-DPA and CzPAF-DF in dilute toluene
solution were at 397 and 403 nm, respectively, which were
attributed mainly to the intramolecular n-m* transition, and
their corresponding maximum emission peaks were at 420 and
425 nm. The slight redshift of 5 nm observed in the emission
peak of CzPAF-DF, compared to CzPAF-DPA, is likely attributed
to the extended conjugation provided by its peripheral m-
ethylfluorene groups compared to that of methoxybenzene. In
the thin-film state (Fig. 2b), the UV-vis absorption spectra of
both materials exhibited similar photophysical properties,
remaining fairly consistent with those in solution, accompanied
by a redshift of only 3 nm. Their PL spectra located at 430 and
432 nm in the blue light band were also slightly redshifted,
arising from the enhancement of the intermolecular
interactions.””™ In comparison, the emission spectra of CzPAF-
DF exhibited minimal change between solution and film,
probably due to the increased steric hindrance caused by the
larger peripheral group methylfluorene. In addition, CzZPAF-DF
also showed a higher fluorescence quantum yield (@p) of 69.0%
in toluene solution compared to that for CZPAF-DPA of 61.3%,
which was determined by fluorenyl groups with high fluores-
cence quantum efficiency. The thermal stability of the two
materials, CZPAF-DPA and CzPAF-DF (Fig. 2c), under a nitrogen
atmosphere was revealed by TGA analysis, with 5% weight loss
decomposition temperatures (T4) of 408 and 418 °C, respec-
tively, which are favorable for the preparation of OLED devices.
Their glass transition temperatures (T,) in DSC are 76 and 93 °C,
respectively.® The better thermal stability of CzPAF-DF is
attributed to the extended conjugation structure of 9,9-di-
methylfluorene compared to methoxybenzene, which enhances
the molecular rigidity. To further confirm the excited-state
nature of the compounds, the solvatochromic properties of
CzPAF-DPA and CzPAF-DF in various solvents with different
polarities were examined. The UV absorption spectra of CzPAF-
DPA and CzPAF-DF remain unchanged in solvents of varying
polarity (Fig. 2d and g). Thus, their PL spectra (Fig. 2e and h)
show a bathochromic shift with successively increased polarity
from low-polarity n-hexane (f = 0.0012) to high-polarity aceto-
nitrile (f = 0.305). The redshift of 19 nm for CzPAF-DPA is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of CzPAF-DPA and CzPAF-DF.

greater than that for CZPAF-DF with the narrowest spectral shift
of 13 nm, showing that CzPAF-DPA is dominated by CT state
character, while CzZPAF-DF behaves with a more locally excited
(LE) state character.”* The transient PL decay spectra of CzPAF-
DPA and CzPAF-DF neat films were measured to provide deep
insight into the excited-state properties. Both compounds

View Article Online
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CzPAF-DF

3.83 and 0.30/2.45 ns, respectively (Fig. 2f), manifesting the two
radiative decay pathways. This suggests that their emission
originates primarily from the LE state character, accompanied
by a smaller proportion of CT character, which is also consistent
with the solvation effect.”

Afterwards, we tested the electrochemical properties of
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Fig.2 UV-vis spectra and PL spectra of CZPAF-DPA and CzPAF-DF in toluene solution (1 x 107> M) (a) and thin film (b); TGA and DSC (c) curves;

UV-vis spectra and PL spectra of CzPAF-DPA (d and e) and CzPAF-DF (g
correlation of the Stokes shift as a function of solvent polarity.
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and h) in different polar solvents; (f) transient PL decay spectra; (i) fitted
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Table 1 The physical properties of CzPAF-DPA and CzPAF-DF
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}\abs,sol Apl,sol Aabs,ﬁ[m Apl,ﬁlm
Compounds Ta/Ty [°C] [nm] [nm] [nm] [nm] Eg [eV] Dy, (%) HOMO/LUMO [eV]
CzPAF-DPA 408/76 397 420 400 430 2.89 61.3 —5.36/—2.47
CzPAF-DF 418/93 403 425 406 432 2.87 69.0 —5.43/-2.56

workstation under a nitrogen atmosphere at room temperature,
and cyclic voltammetry curves (CV curves) of the two materials
were obtained, as shown in Fig. S9; the corresponding data are
summarized in Table 1. The oxidation potentials E,, of CZPAF-
DPA and CzPAF-DF were 0.86 V and 0.93 V, respectively; the
HOMO of CzPAF-DPA was —5.36 eV and that of CzPAF-DF was
—5.43 eV, according to eqn (S2). Based on the absorption side-
bands at 429 nm and 432 nm in the UV absorption spectra for
CzPAF-DPA and CzPAF-DF in solution in Fig. 2, the CZPAF-DPA
and CzPAF-DF band gaps, E, = 2.89 eV and E, = 2.87 eV, were
calculated from eqn (S1). Then, using the HOMO energy levels
and optical band gap E, of CzPAF-DPA and CzPAF-DF, we can
obtain the LUMO energy levels of CZPAF-DPA and CzPAF-DF as
—2.47 eV and —2.56 eV, respectively, and the degree of conju-
gation of CZPAF-DF increases with respect to that of CZPAF-DPA,
so that its HOMO and LUMO change, and the molecular degree
of conjugation changes the chemical properties of the material.

2.3 Molecular ground and excited-state simulation
calculations

To further investigate the optimized molecular geometrical
structure and frontier orbital electron distributions of CzPAF-
DPA and CzPAF-DF, their theoretical calculations were executed
by density-functional theory (DFT) using the Gaussian 09
program on the 6-31G(d) basis group using the B3LYP algo-
rithm. As shown in Fig. 3a, CzZPAF-DPA has a three-dimensional
stereo-configuration with three faces formed by the central N
atom at a dihedral angle of about 120°, which is similar to that
for CzPAF-DF with a identical dihedral angle (Fig. 3c). The
peripheral substituents in both materials produce a perpendic-
ular spatial configuration relative to the m-bridge fluorene.*
The distorted molecular configuration reduces the intermolec-
ular -7 stacking, which is favorable for luminescence prop-
erties. Meanwhile, the lowest unoccupied molecular orbital
(LUMO) energy levels of CzZPAF-DPA and CzPAF-DF are observed
to be mainly distributed on the fluorene group, with minimal
distribution on the other parts. The corresponding highest
occupied molecular orbital (HOMO) energy levels are mainly
localized on molecular fragments other than the carbazole unit,
while the HOMO and LUMO produce partial overlap at the -
bridge fluorene, accompanied by partial spatial separation
between the donor and acceptor groups.

To deepen understanding of the excited states, the electron-
leap features of the excited single states (S;-S,,) and the triplet
states (T;-T,) of CzPAF-DPA and CzPAF-DF were analyzed by
simulating the natural transition orbitals (NTOs) with electron-
and hole-orbital in a NOT pair, as shown in Fig. 3(b and d). In
single states, the hole and electron distributions of CZPAF-DPA
and CzPAF-DF exhibit similar characteristics.”* The separation

41474 | RSC Adv, 2025, 15, 41471-41478

of hole and electron distributions of CzPAF-DPA in the S; state
shows a charge-transfer (CT) state character with completely
separated holes and electrons, while CzZPAF-DF in the S; state
presents a locally excited (LE) state character with fully over-
lapping holes and electrons. Furthermore, the S; state energy
for CzPAF-DF of 2.31 eV is slightly lower than that for CzPAF-
DPA of 2.41 eV, resulting in a slight redshift of the PL emission
spectrum. In the S, state, the holes of both CzPAF-DPA and
CzPAF-DF are distributed mainly on the peripheral groups of
one side and 7 bridges, whereas the electrons of both molecules
are distributed only on the 7 bridges, in which the partial
overlap exhibits a weak hybrid local and charge-transfer (HLCT)
state character from hole to electron. The triplet states of
CzPAF-DPA remain fairly consistent from hole to electron to
exhibit an LE state characteristic, indicating a completely
different distribution character from those in the correspond-
ing singlet states, which is conducive to the radiative exciton
transition and the improved exciton utilization. For CzZPAF-DF,
we replaced methylfluorene in the peripheral group to extend
the conjugation, resulting in a partial overlap from hole to
electron.*

2.4 Electroluminescent properties

To test the electroluminescence (EL) performance of both blue
light-emitting materials, we designed and prepared three-layer
structured non-doped devices as ITO/MpO; (3 nm)/NPB (40
nm)/TCTA (10 nm)/CzPAF-DPA (Device I) and CzPAF-DF (Device
II) (30 nm)/TPBi (40 nm)/LiF (1 nm)/AL (120 nm), as shown in
Fig. 4a. In this device, ITO was used as the anode; TCTA (4,4'4'-
tris(N-carbazolyl)-triphenylamine) as the hole-transporting layer
(HTL); TPBi (1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene) as
the electron-transporting layer (ETL) and hole-blocking layer;
and LiF/Al as the cathode. The key properties of these devices
are summarized in Table S1.

The EL spectra of CZPAF-DPA and CzPAF-DF (Fig. 4b and c) at
different voltages both showed two emission peaks around 425
and 500 nm. Compared with their PL spectra, the narrow blue
light emission peaks near 425 nm for CZPAF-DPA and CzPAF-DF
should originate from the monomer emission of the lumines-
cent molecule. The wider green light emission peaks at 600 nm
appear only in the EL spectra, which might be attributed to the
generation of an exciplex between the light-emitting layer and
the ETL (TPBi). The significant differences in LUMO energy level
between the two molecules and TPBi (0.47 eV and 0.14 eV,
respectively) create substantial energy barriers for electron
injection into the light-emitting layer. This forces electrons to
accumulate at the interface, leading to exciplex formation. The
exciplex emission peaks of both CzPAF-DPA and CzPAF-DF were
observed with higher initial intensity, which gradually

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CzPAF-DPA and CzPAF-DF.

decreased with increasing driving voltage. This quenching of
exciplex emission occurred while the intensity of blue light
remained constant.*® This is because the injection rates of
electrons and holes are relatively low at low voltages, which
facilitates the formation of balanced charge carriers at the
interface between the light-emitting layer and the electron
transport layer, which is conducive to efficient exciplex gener-
ation. As the voltage increases, enhanced carrier injection
allows more holes and electrons to overcome the potential
barrier between the interfaces and enter the light-emitting layer,
resulting in decreased carrier concentration at the interface and
the weakened emission peak of the exciplex. Although the
generation of the exciplex has a great impact on the EL spectra,
the intrinsic luminescence peaks of CZPAF-DPA and CzPAF-DF
are similar to those of the thin-film luminescence peaks, with
a slight blueshift of =5 nm, which is attributed to the larger
distorted steric hindrance, which effectively suppresses the
intermolecular m-m stacking by introducing a larger core
structure, CzPAF. In order to confirm that the exciplex is
generated by the light-emitting layer and the electron transport
layer, we selected CzPAF-DPA with a high intensity of the exci-
plex as an example to investigate the PL spectra after doping it
with the electron transport material TPBi (Fig. S10), and the
emission peak observed at 500 nm confirms the above results.””
Broad-spectrum green light and blue light can be combined to

© 2025 The Author(s). Published by the Royal Society of Chemistry

produce white light. Nevertheless, white light could not be
achieved due to the insufficient intensity of the exciplex for
CzPAF-DPA in Fig. 4b. According to the formation mechanism
of the exciplex, reducing the thickness of the luminescent layer
can regulate the emission intensity of the exciplex, thereby
achieving white light emission. Therefore, based on the above
characteristics, we fabricated light-emitting
devices with the same structure and luminescent layers of 20
and 10 nm, respectively. It can be clearly seen from Fig. 4d and e
that the intensity of the exciplex peaks gradually increases as
the thickness of the luminescent layer decreases, and the EL
spectra can be controllably regulated from warm white light to
cold white light under the action of an electric field when the
thickness of the luminescent layer is reduced to 10 nm. This is
because the diffusion distance of excitons in thicker EMLSs
between the luminescent layer and the electron transfer layer is
limited, resulting in lower luminescence intensity for the
generated exciplex.”® When the EML is very thin, excitons
generated at any position within the EML are extremely close to
the ETL interface, which makes the exciton energy more likely
to be transferred to the molecular pairs at the interface, thereby
promoting the formation and luminescence of an exciplex.
Hence, a thin EML can shorten the distance of energy transfer,
thereby improving the efficiency of energy transfer.

luminescent
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Fig.4 (a) Device energy levelstructure, EL spectra of CzPAF-DPA (b, 30 nm), CzPAF-DF (c, 30 nm), CzPAF-DPA (d, 20 nm) and CzPAF-DPA (e, 10

nm) at different voltages.

Large-area flexible lighting is the future trend. Hence, we
fabricated devices based on CzPAF-DPA using wet spin-coating
by varying the concentration of EML to achieve large-area
lighting in future commercial applications due to the pres-
ence of 9,9-dioctyloxyfluorene. The device structure is ITO/
PEDOT:PSS/TPD/EML/TPBI (50 nm)/LIF (1 nm)/Al (120 nm).
We set the concentration of the EML luminescent layer as A -
20mgmL ™", B-30mgmL~",C-40 mg mL~ ", D-50 mgmL ",

41476 | RSC Adv, 2025, 15, 41471-41478

respectively. As shown in Fig. 5, the EL spectra with different
concentrations for the luminescent layer all produced an
emission peak for the exciplex at 500 nm. These results further
confirm the electric-field-induced interfacial interaction
between the luminescent layer and the electron transport layer
TPBi. Simultaneously, the intensity of the exciplex emission
peak increases with the thickness of the light-emitting layer,
which is opposite to the EL spectral trend in the evaporated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EL spectra of CzZPAF-DPA-based devices: (a) EML (20 mg mL™?),

devices.” This is because the solvent residue effect in the spin-
coating process promotes intermolecular miscibility at the
interface, increasing the emission intensity of the excited
complex by a factor of nearly two, and causing a slight redshift
in the spectrum. In the thinner light-emitting layer, the injec-
tion of electrons and holes usually occurs near the interface
between the electron transport layer and the light-emitting
layer, resulting in carrier recombination within a highly
confined region. When the light-emitting layer becomes
thicker, electrons and holes have more space to transport and
diffuse. This is because the solvent remains longer, forming
a wider mixing zone at the interface. As a result, they are no
longer pinned at the injection interface and can penetrate
deeper into the bulk of the light-emitting layer, where they
encounter each other, enhancing the luminescence intensity.
This significantly expands the effective spatial range for elec-
tron-hole encounters and exciplex formation. Furthermore, the
emission peak of the luminescent layer itself at 425 nm di-
sappeared when the luminescent layer was 50 mg mL ™", which
may be due to the increase in carrier migration distance due to
the increase in the thickness of the luminescent layer and the
significant decrease in carrier complexation efficiency, leading
to the disappearance of the blue light emission.*® Fortunately,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(b) EML (30 mg mL™%), (c) EML (40 mg mL™Y), (d) EML (50 mg mL™).

a CzPAF-DPA device based on 20 mg mL™" solution concentra-
tion similarly achieved dynamic control from warm white light
to cool white light, while the blue light itself also maintained
relatively high intensity. In brief, the above results demonstrate
that the exciplex emission intensity can be modulated by
adjusting the thickness of the light-emitting layer, thereby
enabling precise regulation over the overall emission color.

3 Conclusions

Two D-m-D'-m-D-type blue light materials, CZPAF-DPA and
CzPAF-DF, based on a core aniline-based carbazole and 9,9-di-
butylfluorene as a w bridge with two peripheral donors with
different degrees of conjugation, were successfully synthesized
by Buchwald-Hartwig amination. Both materials exhibit blue
light emission and good thermal stability with thermal
decomposition temperatures (74) of 408 and 418 °C, respec-
tively. The electroluminescence spectra of CzPAF-DPA and
CzPAF-DF both represented broad-band emission with two
main emission peaks located at 424/428 nm for the intrinsic
emission peak of blue light materials, and 496/500 nm for the
exciplex generated at the interface between the light-emitting
layer and the electron transport layer. By varying the EML
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thickness, we achieved dynamically tunable white light emis-
sion from warm to cool color temperature in CzZPAF-DPA-based
devices fabricated by both processes of wet spin-coating and
vacuum evaporation. The generated exciplex achieves single-
molecule white light emission, and it shows significant poten-
tial for application in future flexible lighting and health-
conscious lighting scenarios.
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