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Highly efficient pure organic near-ultraviolet (NUV)
electro-fluorescent materials with high electron
mobility and improved hole mobilityf

Huayi Zhou,? Runze Wang,? Mizhen Sun,? Yannan Zhou,? Li Zhang,? Jingru Song,?
Qikun Sun,? Shi-Tong Zhang,*® Wenjun Yang {22 and Shanfeng Xue (2 *@

The lack of blue-emissive materials with high efficiency and excellent color purity commonly represents
a pivotal obstacle in the development of organic light-emitting diodes (OLEDs). In this work, two blue to
near-ultraviolet (NUV) donor—m—acceptor (D—-m—A) emitters based on a fluorene m-bridge, 9-PCZCFTZ
and 3-PCZCFTZ, are thus designed and synthesized, and non-doped devices derived from these two
materials exhibit electroluminescence (EL) emission peaks at 404 nm and 417 nm, respectively.
Interestingly, due to the specific stacking, a phenomenon appears in both materials in which the mobility of
the electron is much higher than that of the hole, prompting us to use host doping to increase the hole
mobilities, which ultimately leads to excellent OLED performances. As a result, the maximum external
quantum efficiency (EQE,y) values of 9-PCZCFTZ and 3-PCZCFTZ in the doped devices reach as high as
14.5% and 10.8% respectively. Notably, both OLEDs show high blue purity very close to the BT.2020 standard.

Introduction

In recent decades, organic light-emitting diodes (OLEDs) have
attracted increasing attention in the field of flat panel displays
due to their excellent performance and low cost." Commonly,
the emitter layer is regarded as a crucial part that restricts the
development of OLEDs; thus, outstanding OLED performances
are determined by the parameters of blue to near-ultraviolet
(NUV) materials, which can be seen as important indicators.
However, there are still few reports®” of high-efficiency blue-to-
NUV materials with a CIE coordinate (y) of less than 0.10 that
conform to the standard blue CIE coordinates of (0.131, 0.046) set
by International Telecommunication Union-
Radiocommunication (ITU-R) Sector Recommendation BT.2020
for Ultra High Definition Television (UHDTV).*"* Rationally
adjusting the excited state of materials is a very effective way to
obtain highly efficient emitters with high color purity. It is well
known that electrons and holes are bound together by electro-
static Coulomb forces to form localization (LE) state excitons or
charge-transfer (CT) state excitons. The LE state exhibits strong
confinement of the electron cloud, which promotes radiative

“Key Laboratory of Rubber-Plastics of the Ministry of Education, School of Polymer
Science & Engineering, Qingdao University of Science and Technology, Qingdao
266042, P. R. China. E-mail: sfxue@qust.edu.cn

*State Key Laboratory of Supramolecular Structure and Materials, Institute of
Theoretical Chemistry, College of Chemistry, Jilin University, Changchun 130012, P.
R. China. E-mail: stzhang@jlu.edu.cn

1 Electronic supplementary information (ESI) available. CCDC 2176493 and
2176856. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d4sc05625f

© 2024 The Author(s). Published by the Royal Society of Chemistry

transitions of photons to the ground state for luminescence. As
a result, molecules in the LE state typically possess high PLQY
and short-wavelength emission. However, molecules with purely
LE excited states are usually not conducive to the transfer of
triplet excitons to the singlet state for utilization, making it
difficult to achieve high exciton utilization efficiency (EUE)."*™*®
The charge-transfer (CT) excited state with weak binding energy
has proved to be of great significance in enhancing the EUE,
which is well known for thermally activated delayed fluorescence
(TADF) materials and their OLEDs.'*2° However, there is a fatal
drawback to the CT excited state, that is, the very small transition
orbit overlaps severely restrict its radiative transition, resulting in
poor PLQY. In light of this, the hybridized local and charge
transfer (HLCT) excited state has proved to be a fruitful solution
to the tradeoff between the simultaneous realization of high EUE
and PLQY. The HLCT excited state contains hybridized LE and
CT excited components, among which the LE component guar-
antees high luminescence efficiency and color purity, and the CT
component is responsible for high EUE.'*** However, the
molecular design of CT materials and early HLCT materials has
commonly consisted of a directly bonded donor and acceptor,**
which can easily form a twisted intermolecular charge-transfer
(TICT) state resulting in relatively lower exciton energy with
a wide photoluminescence (PL) spectrum. Therefore, in order to
obtain highly efficient blue-to-NUV fluorescent materials and
fluorescent OLEDs, further rational molecular design is needed.

In addition to high PLQY, high EUE and color purity, another
important issue that should be considered is carrier trans-
portation (including hole and electron mobilities: upole and
Helec, TESPectively). Recently, we found that a donor-mt-acceptor
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(D-7t-A) structure with fluorene as a 7w-bridge can be an effective
solution to the above demands for highly efficient blue-emissive
materials and OLEDs.”” A high EQE of 9.8% with fast and
balanced carrier mobilities of upole = 5.6 x 107> ecm? V- ' 57!
and fejee = 6.6 x 107° cm?® V' 577, respectively, were achieved
in this work. In addition, optimizing the device structure to
achieve balanced carrier mobility represents an effective
strategy for further enhancing the efficiency of OLED devices. It
is well known that the electron mobility of organic materials
tends to be much lower than that of holes,* making the device
design process highly demanding for the electron transporting
functional layer and rendering device design difficult. Further
work on the regulation of the electron mobility achieved a pejec
of 3.57 x 10* cm? V! s7! and an enhanced EQE of 11.1%.>
These data belong to the group of best results compared to
previous works on blue-emissive HLCT OLEDs, yet their light
color is still far from the demands for high-definition displays.
Therefore, further structural optimization efforts for molecules
and devices are needed to realize deep-blue or NUV emissive
materials with high OLED performance.

In this work, a new strategy to ameliorate the unbalanced
mobility using a doped device is carried out and found to
significantly promote the performance of blue materials. N-Phe-
nylcarbazole with different bonding positions was selected as the
donor (D), and triazole was utilized as the acceptor (A) to construct
novel D-A molecules. In detail, the D and A moieties are linked
indirectly by a fluorene bridge to construct the corresponding
asymmetric D--A type molecules 9-PCZCFTZ and 3-PCZCFTZ
(Scheme 1). Carbazole is generally seen as a weak or moderately
electron-donating unit with unique geometric and electronic
structures; carbazole units have been used as building blocks for
improving hole injection and transport properties.**** Triazole is
regarded as an electron-accepting unit and is widely used as
a building block to construct electron-transporting materials for
OLEDSs.***¢ Notably, the fluorene structure has demonstrated dual
functions, both enhancing hole mobility and effectively regu-
lating face-to-face molecular stacking; it has even been claimed to
play an important role in molecular stacking. As a result, both
molecules exhibit bright blue-to-NUV emission with electrolumi-
nescence (EL) emission peaks locating at 404 nm and 417 nm
respectively. Additionally, theoretical calculations indicate that
the construction of an HLCT state under suitable torsion in a D-
7-A structure enables high efficiency to be achieved. The EQE
values of both molecules are around 5%, which represents one of
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the best recorded results among non-doped UV OLEDs. Further-
more, the e values of the two molecules are 1.11 x 10~ and
2.33 x 107> em® V' 577, respectively, which are both superior to
their upoe values. Then, two doped devices were fabricated in
order to achieve a balance between carrier injection/transport,
and excellent results were obtained as expected. Significantly,
the EQE of 9-PCZCFTZ increased to 14.5% with a CIE coordinate
of (0.163, 0.045), which contributes to overcoming the afore-
mentioned obstacles, ie., the urgent need for improvement in
efficiency and color purity; moreover, these achievements prove
that it is undoubtably feasible to achieve balanced -carrier
mobilities by doping a hole-type host as an efficient strategy.

Results and discussion
Synthesis and molecular design

As mentioned above, carbazole derivatives are utilized as elec-
tron donors and triazoles are used as electron acceptors.
Generally, triazoles exhibit excellent electron accepting ability,
while benzene rings around the triazole give the molecule
a certain degree of distortion in order to avoid serious
quenching phenomena. As specific advantages, the high energy
of triazoles is also beneficial for the molecules to show blue
emission, and variation of the connection site in carbazole can
simultaneously alter the molecular distortion and regulate the
stacking of molecules, ultimately tuning the carrier transport
properties of the targeted molecules. The synthetic strategy and
data for 9-PCZCFTZ and 3-PCZCFTZ are illustrated in Scheme 1
and Fig. S1-S7.} Here, the alkyl group is bonded by fluorene
under the action of tetrabutylammonium bromide, while
connections between the phenyl-carbazole (PCZ), the fluorene
bridge and the triazoles (TZ) are simply achieved via a Suzuki
coupling reaction. The chemical structure was characterized
using NMR and high-resolution mass spectrometry (MS).

Theoretical calculations

To obtain a deeper understanding of the electronic structures of
two investigated molecules, their optimized molecular struc-
tures and the spatial distributions of their HOMOs and LUMOs
were calculated using density functional theory (DFT) and time-
dependent DFT (TDDFT). As illustrated in Fig. 1a, the twisting
angles of the two molecules are all relatively small, with the
exception of the larger angle between 4-benzene and the triazole
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Fig. 1
investigated molecules.

(68.36° for 9-PCZCFTZ, 67.88° for 3-PCZCFTZ), implying that
both of them exhibit effective w-conjugation, which benefits the
formation of large excited state oscillator strength and high
photoluminescent quantum yield (PLQY) values. Large overlaps
of electron clouds also existed in the S, — S; natural transition
orbits (NTOs) of the two materials, corresponding to their high
oscillator strengths. As shown in Fig. 1b, the highest occupied
molecular orbitals (HOMOs) of the two molecules are both
distributed on the donor and the fluorene bridge and, similarly,
their lowest unoccupied molecular orbitals (LUMOs) are
distributed on the fluorene bridge and the triazole unit. The
electron clouds of the HOMO and LUMO orbitals overlap on the
fluorene bridge in both compounds, and the frontier molecular
orbitals (FMOs) of the molecules exhibit characteristics of both
overlap and separation. These are typical features of the HLCT
mechanism, which are beneficial to realize high exciton utili-
zation and efficiency in practical devices. Furthermore, 9-
PCZCFTZ shows a larger overlap than 3-PCZCFTZ, providing
a smaller dipole moment.

Thermal stabilities and electrochemical properties

In order to explore the feasibility of utilizing the target mole-
cules for OLED fabrication, the thermal properties of 9-
PCZCFTZ and 3-PCZCFTZ were characterized. As shown in
Fig. S9 and Table S1,} the melting temperature (7,,) was found
to be 293 °C for 9-PCZCFTZ, while the glass-transition temper-
ature (Ty) of 3-PCZCFTZ seems to be above 130 °C; the decom-
position temperatures (Tq4) of the two materials are both above
450 °C, proving that it enables the formation of dense films for
the materials as organic light emitting layers in OLEDs without
diminishment of their properties under the high temperatures
of evaporation. The electrochemical properties of the
compounds were determined through cyclic voltammetry
(Fig. S10%), and subsequently, the HOMO and LUMO energy
levels of both compounds were calculated based on their
oxidation and reduction potentials. Specifically, 9-PCZCFTZ
exhibited a HOMO of —5.40 eV and a LUMO of —2.31 eV, while
3-PCZCFTZ displayed a HOMO of —5.31 eV and a LUMO of

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Geometries and structural formulas, (b) frontier orbital distributions, and (c) the S — S; natural transition orbits (NTOs) of the two

—2.31 eV. 9-PCZCFTZ demonstrated a slightly wider electro-
chemical bandgap (E, = 3.09 eV) compared to that observed for
3-PCZCFTZ (E, = 3.00 eV), which will result in bluer emission
for 9-PCZCFTZ.

Photophysical properties

The absorption and PL spectra of the two investigated molecules
are illustrated in Fig. 2 in two distinct states; one is at a concen-
tration of 10™° M in THF solution, and the other is in the film
state. The corresponding parameters are listed in Table 1. Both
the molecules show similar w-m* main absorption peaks, with
gradual red-shifts corresponding to their molecular m-conjugated
skeleton and reduction of the HOMO-LUMO energy gaps. The
absorption and PL spectra of the two molecules thus show totally
consistent red-shift trends. As an example, the PL peaks are
located at 427 nm and 444 nm for 9-PCZCFTZ and 3-PCZCFTZ in
the film state, respectively. However, the intramolecular charge
transfer (ICT) characteristic of 3-PCZCFTZ is stronger than that of
9-PCZCFTZ due to its enhanced degree of conjugation.

The solvatochromic effects of the two molecules also corre-
spond to their ascending CT characteristics. The red-shifts of 9-
PCZCFTZ and 3-PCZCFTZ are around 25 nm and 44 nm,
respectively (Fig. 2c), and varied with the distinct solvent polari-
ties from n-hexane to acetonitrile. We further estimated the
dipole moments of the excited state (u.) following the Lippert-
Mataga model, in which small dipole moments (u. = 6-7 D for
pure LE-state molecules) can be found in low-polarity solvents,
and oppositely, the dipole moments show great enhancements in
high-polarity solvents (u. = 23 D for pure CT-state molecules).
The two-section linear relations (Fig. 2d) indicate the co-existence
of LE and CT in both molecules; additionally, combining these
results with those obtained from the single-exponential fluores-
cence decay (Fig. S87), it can also be concluded that the mole-
cules exhibit typical HLCT characteristics.

Carrier mobilities and single crystal structures

Initially, we fabricated hole-only and electron-only separated
devices using the two materials to estimate their carrier

Chem. Sci., 2024, 15, 18601-18607 | 18603
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Fig.2 (a) Normalized UV-vis spectra in THF solution (10~> M) and neat film. (b) Normalized PL spectra in THF solution (107> M) and neat film. (c)
Normalized PL spectra in different solvents with increasing polarity and (d) linear correlation of the orientation polarization (f) of the solvent

media with the Stokes shift (v,—v;) for the two molecules.

mobilities (unole and elec) (Fig. 3 and Table S17). Indeed, the
two molecules show similar e values, 1.11 x 10> cm? V!
s~ for 9-PCZCFTZ and 2.33 x 10> cm” V' s ! for 3-PCZCFTZ,
which are more than an order of magnitude higher than their
Uhole values, which are 1.07 x 10 ®and 5.49 x 107" cm?* VvV~ 's™*
for 9-PCZCFTZ and 3-PCZCFTZ, respectively, indicating that 9-
PCZCFTZ has higher hole mobility and a more balanced carrier
mobility than 3-PCZCFTZ. Since m-stacking intermolecular
aggregation may cause significant impacts on the device
performance, their single-crystal structures were prepared in
order to explore the correlation between the mobility and
stacking mode. As shown in Fig. 4 (single crystal data are listed
in Table S21), the single-crystal structures of 9-PCZCFTZ and 3-
PCZCFTZ exhibit similar stacking patterns: PCZ stacks in a face-
to-face configuration, as does TZ, indicating that the electron

Table 1 Photophysical properties of the two molecules

and hole providers with similar ability will compete with each
other. Moreover, abundant C-H- - -7t interactions occurred in the
two molecules, which are beneficial for constructing different
hole or electron transport channels. Interestingly, for 9-
PCZCFTZ, the “donor-donor” interactions between two adja-
cent molecules were more abundant than in 3-PCZCFTZ,
providing a closer intermolecular interaction between the
“donor-donor” and “acceptor-acceptor” combinations. This
result provides a convincing explanation for the fact that 9-
PCZCFTZ shows higher and more balanced carrier mobilities.

Electroluminescence performances

In order to survey the electroluminescence properties, non-
-doped OLEDs based on two materials were further fabricated

Apr” [nm] . [%] ¢ [ns]
Molecules Hexane THF DCM Acetonitrile Film THF Film THF Film
9-PCZCFTZ 387 392 401 411 427 1.00 0.46 0.83 1.96
3-PCZCFTZ 392 417 428 436 444 0.99 0.60 0.98 2.81

¢ Jpr: maximum emission wavelength, concentration: 1075 M. ? @y, absolute fluorescence quantum efficiency. ¢ : fluorescence lifetime.
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LiF (1 nm)/AL (100 nm).

with a typical device structure of ITO/PEDOT:PSS (40 nm)/TCTA
(20 nm)/emissive materials (20 nm)/TPBi (30 nm)/LiF (1 nm)/Al
(100 nm) (where the emissive material was 9-PCZCFTZ in N1
and 3-PCZCFTZ in N2), which were characterized using their
cyclic-voltammetry (CV) curves and HOMO/LUMO energy levels
(Fig. S107). As shown in Fig. 5 and Table 2, the two molecules 9-
PCZCFTZ and 3-PCZCFTZ both exhibit bright NUV light
(404 nm and 417 nm), and their EQE,,, values are around 5%
with CIE coordinates of (0.160, 0.100) and (0.158, 0.135),
respectively, which seem to be ordinary efficiencies in the deep
blue to NUV range. The OLED performances indicate that no
significant difference was detected in the EQE values in the non-
doped devices, as the value of 9-PCZCFTZ is only slightly higher
than that of 3-PCZCFTZ, revealing that promoting the balance
between unole and peree represents an effective way to improve
EQE, especially in the case of 3-PCZCFTZ.

Doped OLEDs based on the two materials were then fabri-
cated with a device structure of ITO/PEDOT:PSS (40 nm)/NPB

(80 nm)/TCTA (20 nm)/emissive materials (20 nm)/TPBi (35
nm)/LiF (1 nm)/Al (100 nm) (where the emissive material was
1 wt% 9-PCZCFTZ:CBP in D1 and 1 wt% 3-PCZCFTZ: CBP in
D2), in which CBP was a hole-type host material to suppress the
molecular aggregation and improve the uyqe values. As shown
in Table 2 and Fig. S11,7 the doped devices exhibit much better
device performance with EQE,, values of 14.5% and 10.8% for
9-PCZCFTZ and 3-PCZCFTZ, respectively, which were almost 2
to 4 times those of their non-doped devices. Impressively, the
emission peaks of the doped devices were located at 390 nm and
398 nm with CIE coordinates of (0.163, 0.045) and (0.159, 0.051),
respectively; their performances were greatly improved,
benefiting from the fact that these two materials more easily
extract energy from the host materials in the doped device;
moreover, the physical dispersion leads to rearrangement on
them. Hence, 9-PCZCFTZ obtains a larger advantage, which can
be rapidly expanded, and higher device efficiency can be further
obtained as expected. In addition, the deep hole-transmission

8,491 - 8472

3.140. " 7=
3.511 3,472 8.491
a.440 ) 351

Fig. 4 Molecular stacking patterns and corresponding schematic diagrams of (a) 9-PCZCFTZ and (b) 3-PCZCFTZ.
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Table 2 Summary of the non-doped (N1, N2) and doped (D1, D2) OLED performances of the two materials

Emitter Von [V] EQEma’ [%)] CEpma’ [cd A™Y] PEma [Im W] Lmax’ [cd m™?] EI/ [nm] CIE (x, y)

N1 3.6 5.0 3.2 3.0 5386 404 0.160, 0.100
N2 2.8 4.8 6.1 6.5 11044 417 0.158, 0.135
D1 5.0 14.5 2.1 1.3 1423 390 0.162, 0.045
D2 4.6 10.8 2.7 1.7 2990 398 0.159, 0.051

“ Von: turn-on voltage at 1 cd m27 EQEa¢ maximum EQE. ¢ CE,,,: maximum current efficiency. 4 PE, 0 Maximum power efficiency. ¢ Lyax:

maximum luminance.’ EL: EL peak wavelength.

ability of CBP also provides faster hole transmission channels
for the two molecules. Remarkably, two-to-four-fold improve-
ments were attained for the EQE values in both molecules,
confirming that high device performance can be achieved by
tuning the mobilities in doped devices to obtain excellent EQE
with high color quality from the stacking mode in the single
crystal, which can be regarded as a potentially useful strategy for
producing highly efficient NUV OLEDs.

Conclusions

In conclusion, two blue-to-NUV D-m-A materials were designed
and synthesized using an innovative route. Their non-doped
OLEDs exhibit EL peaks in the range of 404-417 nm with
ordinary EQE values. Notably, the electron mobilities are higher
than the hole mobilities for both materials, benefiting from the
excellent electron transport capacities and small torsion of TZ.

18606 | Chem. Sci., 2024, 15, 18601-18607

In addition, the greater planarity of 9-PCZCFTZ contributes to
richer intermolecular forces, leading to more balanced carrier
mobility for 9-PCZCFTZ. However, the unbalanced -carrier
transport performance makes it hard to improve the efficiency.
This means, that despite the impact of energy transfer, the EQE
values of the two materials can be significantly improved in the
doped device, particularly for 9-PCZCFTZ, for which the EQE
increased from 5.0% to 14.5% by dispersing the guest material
into CBP, which has strong hole-transport ability. In summary,
the present work provides a clear explanation of a novel strategy
to achieve high efficiency in doped devices.
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