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1. Introduction

Organic light-emitting diode (OLED) technology has become
the backbone of display technology after undergoing rapid
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Solution-processable hole-transporting materials (HTMs) are key functional materials for high-throughput and
inexpensive fabrication of high-efficiency organic light-emitting diodes (OLEDs). Herein, we have successfully
synthesized a novel series of phenothiazine and phenoxazine substituted fluorene core-based HTMs, ie. 10-
hexyl-3-[2,7-di(naphthalen-1-yl)-fluoren-9-ylmethylenelphenoxazine DNFPhe, 10-hexyl-3-[2,7-di(4-
(diphenylamino)-phenyl)fluoren-9-ylmethylene]phenoxazine ~ DDPFPhe,  10-hexyl-3-[2,7-di(4-fluorophenyl)-
fluoren-9-ylmethylenelphenoxazine  DFPFPhe,  10-hexyl-3-(2,7-diphenylfluoren-9-ylmethylene)phenoxazine
DPFPhe, 10-hexyl-3-[2,7-di(4-(diphenylamino)phenyl)fluoren-9-ylmethylenelphenothiazine DDPPFPh, and 10-
hexyl-3-[2,7-di(naphthalen-1-yl)fluoren-9-ylmethylenelphenothiazine DNFPh, and incorporated them in
solution-processed phosphorescent and thermally activated delayed fluorescence (TADF) OLEDs. The
synthesized HTMs exhibit superior solubility in organic solvents and display nanotextured surface morphologies.
These HTMs possess high hole-mobilities as compared to a conventional HTM, N,N’-bis(naphthalen-1-yl)-N,N’-
bis(phenyl)-benzidine (NPB). By incorporating a phosphorescent bis(4-phenylthieno(3,2-c]pyridinato-N,C2’)
(acetylacetonate) iridium(lll) (PO-01) yellow emitter, we demonstrate an improvement in maximum power
efficacy (PEmay) from 416 to 454 Im W™ current efficacy from 39.8 to 50.6 cd A% external-quantum
efficiency (EQEmay) from 12.9 to 19.6%, maximum brightness (Lma) from 15200 to 19400 cd m™2 and a
lifetime (LTso) from 151 to 465 h at 1000 cd m™2 initial luminance of a phosphorescent OLED by substituting
the conventional HTM, NPB, with DDPPFPh. Additionally, the 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile
(4CzIPN) green TADF emitter-based OLED displays the enhancement in PE,x from 42.5 to 69.1 Im WL, CEpnax
from 54.1 to 78.0 cd A%, EQEpay from 20.1 to 27.2%, Liax from 12900 to 44 200 cd m~2 and LTso from 195
to 590 h at an initial brightness of 1000 cd m~2 by replacing NPB with DDPPFPh. Based on these findings, the
reported solution-processable HTMs appear to be promising candidates for high-efficiency OLEDs.

adoption by major technological companies such as Apple,
Samsung and Google."™ 1t is expected to be the mainstay
technology of the display industry for at least the next
decade.®® OLED technology is also increasing its presence in
the lighting industry with applications in a diverse field from
lighting panels to being used as high-end automotive
taillights."*™* However, the devices are fabricated using a
thermal evaporation process which makes the process overall
quite expensive with numerous disadvantages such as high-
power consumption, restrictions in scalability, decreased
throughput, high rate of material consumption, complex color
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patterning process and non-uniform film deposition for large
area fabrication while maintaining an enhanced resolution in
pixels.”™” This also delays the further commercialization and
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adoption of the OLED technology due to the high costs involved.
The adoption of solution-processable fabrication processes can
mitigate this problem by providing an inexpensive pathway for
the fabrication of large-area efficient devices with a much higher
utilization rate of materials."®'® Incorporation of superior organic
hole transport materials (HTMs) is a significant avenue that can
allow the fabrication of high-efficiency OLED devices.”® They play a
crucial role in aiding stepwise charge transfer by decreasing the
energy barriers thus allowing effective recombination in the emis-
sive layer while decreasing recombination losses at the
interfaces.”’ > Organic HTMs generally consist of small molecules
or polymers which show a conducting nature. They exhibit superior
hole mobility while being able to form morphologically stable
films.'®***” The triplet energy of the HTMs should be higher than
the emitters for effective confinement of triplet excitons as well as to
ensure a low energy barrier to ensure the passage of holes from the
anode to the emissive layer.”® Some other properties include a high
glass transition temperature and low tendency for crystallization
even at high temperatures.>*°

Considering the above-mentioned properties, researchers
have synthesized and incorporated arylamine-based, amine-
based, carbazole-based and carbazole-arylamine hybrid-based
HTMs. N,N'-Diphenyl-N,N'-bis(1-naphthyl){1,1’-biphenyl)-4,4’diamine
(NPB) and 1,1-bis((di4-tolylamino)phenyl)-cyclohexane (TAPC) are some
of the majorly used HTMs belonging to the arylamine class.***" Some
major amine-based HTMs commercially used are 4,4’ ,4"-tris[(3-methyl-
phenyl)phenylamino)]triphenylamine (MTDATA), 4,4’4"-tris(N-3-
methylphenyl-N-phenylamino)triphenylamine (m-MTDATA) and
4,4’ 4"tris(diphenylamino)triphenylamine (TDATA) generally known
for their high glass transition temperature.*** The carbazole-aryla-
mine hybrid-based HTMs consist of 1,3-bis(N-carbazolyl)benzene
(mCP), 3,6-bis(4-vinylphenyl)}-9-ethylcarbazole (VPEC) and 4,4'4"-
tris(carbazol-9-yl)triphenylamine (TCTA).****® Although all these mole-
cules have shown good device performance in the thermal
evaporation process, some of their device performances have
been poor in the solution process due to poor film formation,
being morphologically less stable and due to crystallization of
the film at room temperature.’” The amine and carbazole-
based HTM synthesis and purification process is difficult as
well as expensive which limits its commercialisation potential.
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Due to the relatively low intrinsic hole mobility shown by the
films, they are required to be doped by p-type materials to
enhance their mobility.*®*? Thus, there has been an increas-
ing need to create a new class of HTMs with a cheaper
synthesis process that can achieve a high-efficiency solution-
processable device.

One of the strategies in designing a high-performance hole
transport material involves the introduction of fluorene into
the donor (D) and acceptor (A) units of these small molecules.
This allows for the downshift of energy levels without having to
forego the optical bandgap due to the electronegative nature of
fluorene.*®*" The thin film morphology also shows improve-
ment due to the enhancement of non-covalent interaction and
intermolecular aggregation of H-F and C~F.**> The small size of
the fluorine atoms leads to lower steric hindrance while allow-
ing greater planarity to allow better charge transport.”*** How-
ever, fluorination can contribute to low solubility in organic
solvents and show increased aggregation in a thin-film
state.*>*® This requires careful optimization of the degree of
fluorination to achieve high-performance devices.

In this report, we have successfully synthesized a novel
series of phenothiazine and phenoxazine substituted fluorene
core-based HTMs. We have incorporated the above synthesized
HTMs in phosphorescent bis(4-phenylthieno[3,2-c]pyridinato-
N,C2') (acetylacetonate) iridium(m) (PO-01) yellow emitter
based devices where the best device showed an improvement
in power (PE) from 31.3 to 41.4 Im W', current efficacy (CE)
from 35.0 to 48.2 cd A" and external-quantum efficiency (EQE)
of 11.3 from 18.7%, at 100 cd m > when it was used in place of
the conventional HTM NPB. We also fabricated 2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile (4CzIPN) green TADF emitter-
based OLED devices with the best device displaying an
enhancement in PE from 29.4 to 53.2 Im W, CE from 48.4
to 71.6 cd A™', and EQE from 18.1 to 25.0%, at 100 cd m 2. The
synthesized HTMs show good solubility and nanotextured sur-
face morphology. This allows the films to enhance the perfor-
mance not only electrically by providing a cascaded charge
transfer route but also optically by allowing an inner scattering
medium for light extraction leading it to further contribute to
the enhancement of external quantum efficiency.*’
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Scheme 1 Synthesis of phenothiazine and phenoxazine substituted fluorene derivatives.
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Fig. 1 Chemical structures and theoretically optimized molecular geometries of DNFPhe,
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2. Results and discussions
2.1. Synthesis

The synthesis of the diarylfluorene-based compound was carried
out following the synthetic route as shown in Scheme 1. 10-
Hexylphenoxazine (3) and 10-hexylphenothiazine (4) were prepared
from 10H-phenoxazine (1) or 10H-phenothiazine (2), respectively, by
alkylation reaction with 1-bromohexane under basic conditions. The
alkylated products 3 and 4 were then converted into aldehydes: 3-
formyl-10-hexylphenoxazine (5) and 3-formyl-10-hexylphenothiazine
(6) by Vilsmeier formylation reaction. The key starting materials: 10-
hexyl-3-(2,7-dibromofluoren-9-ylmethylene)phenoxazine (7) and 10-
hexyl-3-(2,7-dibromofluoren-9-ylmethylene)phenothiazine (8) were
then prepared by reactions of the aldehydes 5 and 6 with an excess
of 2,7-dibromofluorene. Objective electroactive materials: 10-hexyl-3-
(2,7-diarylfluoren-9-ylmethylene)phenoxazines (9-12) and 10-hexyl-3-
(2,7-diarylfluoren-9-ylmethylene) phenothiazines (13-14) were finally
synthesized from the dibromo-derivatives 7 or 8 using the Suzuky
procedure by using, correspondingly, excess of naphthalene-1-
boronic  acid, 4-(diphenylamino)phenylboronic  acid, 4-
fluorophenylboronic acid or phenylboronic acid. The newly synthe-
sized derivatives were identified via mass spectrometry, FT-IR and
NMR spectroscopy. The data were found to be in good agreement
with the proposed structures.

2.2. Theoretical calculations

To establish the relationship between electronic structure, and
the electrochemical and photophysical properties of the synthe-
sized compounds, the ground state geometries were optimized
using the hybrid functional B3LYP along with a 6-311G (d,p)
basis set in Gaussian09 software.’® All the calculations were
carried out in solvent phase (THF) using a polarizable conti-
nuum model.*® The spatial distributions of HOMOs and
LUMOs of all the compounds are shown in Fig. 1. Due to the
twist between phenoxazine (D) and fluorene (A) units, the
highest occupied molecular orbital (HOMO) was mostly loca-
lised on the phenoxazine unit with very limited spread over the
fluorene unit, as shown in Fig. 1. This confirms that the
phenoxazine rings are not in the same plane with the fluorene

View Article Online
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unit and thus these compounds must have limited =n-
conjugation along the molecular backbone. The separated
HOMO and LUMO within the same molecule confirm that all
the molecules possess donor-acceptor properties in their archi-
tecture. But the situation is different for DNFPh in which the
LUMO is located on the fluorene unit and HOMO is spread over
the triphenylamine and fluorene unit. The shifting of HOMO
from phenoxazine to triphenylamine ( i.e DNFPh) may be due
to the strong donor ability and extent of conjugation of the
triphenylamine with the fluorene ring. The computational
results are consistent with the experimental results (Table 1).
Since the singlet and triplet energy levels are crucial factors for
device performance, these energy levels are calculated using the
time-dependent DFT (TD-DFT) with the same level of theoretical
method using Tamm-Dancoff approximation (TDA) for the triplet
states to avoid the triplet instability. The computed excitation
energies are vertical, since the excited state geometries are not
optimized. Although the optimized excited states ought to provide
a better estimation for the transition energies, the vertical approx-
imations enable us to calculate the oscillator strengths for the
excitations directly. The calculated energy values of the singlet states
(S1) for DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and
DNFPh are 2.51, 2.52, 2.50, 2.52, 2.59 and 2.63, respectively and
the energies of the triplet (T1) states are 1.97, 1.98, 1.97, 2.00, 2.25,
and2.11 eV for DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh,
and DNFPh, respectively.

The T; values of DDPPFPh, and DNFPh are higher
than that of DNFPhe, DDPFPhe, DFPFPhe, and DPFPhe. These
high T, levels could suppress reversed exciton energy transfer
from the guest to the host in the emitting layer and thus,
enabled an efficient exciton capture in the emitting dopants.
The theoretical UV-vis spectrum in the solvent phase is repre-
sented in Fig. S1-S6 (ESIf). The high-intensity peak in the
theoretical UV-vis spectrum appears at 493, 491, 494, 491, 477
and 470 nm for DNFPhe, DDPFPhe, DFPFPhe, DPFPhe,
DDPPFPh, and DNFPh respectively. These are attributed to
the charge transfer phenomenon between donor (D) and
acceptor (A) moieties.

Table1 Photophysical, thermal, theoretical, and electrochemical characteristics of the novel phenothiazine and phenoxazine substituted fluorene core

hole-transporting materials

davs® e’ dmS Tw® T T{  HOMO/LUMO®! HOMO/LUMO"  EJE,’ EJE.’ Ef o
Comp. (nm) (nm) (nm) (°C) (°C) (°C) (—eV) (—ev) (—ev) (—ev) (ev) (em*v'sh
DNFPhe 404 527 548  — 91 357  5.03/2.17 5.32/2.27 2.51/1.97  2.67/2.59 3.07 4.9 x 107°
DDPFPhe 386 513 538 184 93 353 5.03/2.15 5.32/2.25 2.52/1.98  2.74/2.58 321 5.7 x 10°
DFPFPhe 402 517 557 158 64 382 5.06/2.20 5.38/2.30 2.50/1.97  2.72/2.57 3.08 4.5 x 107°
DPFPhe 403 513 552 144 53 384  5.04/2.16 5.35/2.26 2.52/2.00  2.71/2.56 3.07 6.7 x 10°
DDPPFPh 337 515 537 231 107 391  5.16/2.16 5.84/2.16 2.59/2.25  2.70/2.69 3.68 5.7 x 10>
DNFPh 367 503 540  — 93 373 5.21/2.19 5.57/2.19 2.63/2.10  2.67/2.66 3.38 8.1 x 107°

d

“ Absorbance peaks. ? Photoluminescence (PL) spectra peak measured at room temperature. © PL spectra peak measured at 77 K. “ Melting

temperature. ¢ Glass transition temperature. Decomposmon temperature. ¢ HOMO and LUMO were calculated via DFT. ” The redox potential

obtained using a cyclic Voltammetry (CV) technique gives HOMO and LUMO. The potentlal to semi-oxidation (EY);) from (Ep; + Ep,)/2-0.48 has been

computed, where 0.48 is correctly estimated as the value of ferrocenium/ferrocene (Fc'/Fc) has been included in the internal standard. Then the

energy from the HOMO = —(E7), +4.8) was found. The LUMO energy level was calculated by removmg the %ap from the HOMO, [Erumo = —Enomo +
g] Calculated triplet (E) and singlet (E) energy by DFT.” Measured triplet (E) and singlet (E) energy. © Measured optical band-gap (E,) energy.
" Measured hole-mobility (u,) with the time-of-flight technique.
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Fig. 2 Normalized ultraviolet-visible (UV-vis) absorption and photoluminescence (PL) spectra in tetrahydrofuran solution at room temperature, and
phosphorescence (PL@77 K) spectra in tetrahydrofuran solution at 77 K for DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and DNFPh.

2.3. Photophysical and electrochemical properties

The ultraviolet-visible (UV-vis) spectra and photoluminescence
spectra of the compounds DNFPhe, DDPFPhe, DFPFPhe,
DPFPhe, DDPPFPh, and DNFPh were measured by dissolving
these in tetrahydrofuran at room temperature, as shown in
Fig. 2. We also measured same spectra in the solid state of
newly synthesized HTMs, as shown in Fig. S7 (ESIT). It can be
observed that the solid-state films of the newly synthesized
HTMs displayed the same tendency in the UV/PL spectra as
shown by the solution phase, although the difference is small.
The optical band-gap energies were calculated from the edge of
the absorption spectra, exhibiting values of 3.07, 3.21, 3.08,

This journal is © The Royal Society of Chemistry 2022

3.07, 3.68, and 3.38 eV for the compounds DNFPhe, DDPFPhe,
DFPFPhe, DPFPhe, DDPPFPh, and DNFPh, respectively. The
triplet-energies were estimated from the first triplet peak of the
low-temperature PL spectra, which was measured at 77 K in
cryogenic medium (liquid nitrogen). The compounds DDPPFPh
and DNFPh exhibited high triplet-energies of 2.69 and 2.66 eV,
respectively, while the compounds DNFPhe, DDPFPhe,
DFPFPhe, and DPFPhe displayed triplet-energies of 2.59, 2.58,
2.57, and 2.56 eV, respectively. All the photophysical properties
are summarized in Table 1. The compounds DDPPFPh and
DNFPh displayed higher triplet-energies as compared to the
other compounds, DNFPhe, DDPFPhe, DFPFPhe, and DPFPhe,

J. Mater. Chem. C, 2022, 10, 3593-3608 | 3597
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Fig. 3 DSC curves of compound DDPPFPh. Heating rate: 10 °C min~%.

which may be attributed to their extended conjugation in
molecular structure, while the other compounds exhibited an
interrupted conjugation long chain. As reported by Woon et al.,
the triplet energy would decrease with the increase in effective
conjugation length.>® As shown in Fig. S8 (ESI), the electro-
chemical properties of these phenothiazine and phenoxazine
substituted fluorene cored HTMs, ie. DNFPhe, DDPFPhe,
DFPFPhe, DPFPhe, DDPPFPh, and DNFPh, were estimated by
cyclic voltammetry (CV). The highest occupied molecular orbi-
tal (HOMO) energy levels of DNFPhe, DDPFPhe, DFPFPhe,
DPFPhe, DDPPFPh, and DNFPh were calculated to be 5.32,
5.32, 5.38, 5.35, 5.84, and 5.57 eV respectively, using oxidation
potential, while the lowest occupied molecular orbital (LUMO)
energy-levels were estimated to be 2.27, 2.25, 2.30, 2.26, 2.16,
and 2.19 eV for the compounds DNFPhe, DDPFPhe, DFPFPhe,
DPFPhe, DDPPFPh, and DNFPh, respectively, from the HOMO
energy-levels and optical bandgap energies, which were calcu-
lated from the absorption spectra, as shown in Table 1.
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2.4. Thermal and morphological properties

The behaviour under heating of the synthesized objective
materials DNFPhe-DNFPh was studied by DSC and TGA under
a nitrogen atmosphere. The results are presented in Table 1. It
was established that the derivatives demonstrate very high
thermal stability. The temperatures of 5% weight loss for the
materials corresponded to 357 °C for DNFPhe, 353 °C for
DDPFPhe, 382 °C for DFPFPhe, 384 °C for DPFPhe, 391 °C for
DDPPFPh and 373 °C for DNFPh as confirmed by TGA with a
heating rate of 10 °C min '. The compounds DNFPhe and
DDPPFPh were obtained after synthesis as amorphous materi-
als with high glass transition temperatures as confirmed by
DSC. When samples of the materials DNFPhe and DDPPFPh
were heated during the DSC experiment, glass transitions were
observed correspondingly at 91 °C for DNFPhe and at 107 °C for
DDPPFPh, and no peaks due to crystallization and melting
appeared during the further heating and cooling scans. Other
derivatives (DDPFPhe, DFPFPhe, DPFPhe and DNFPh) were
obtained as crystalline materials after the synthesis as con-
firmed by DSC, however, they could be converted to amorphous
materials by cooling their melted samples. The values of glass
transition temperatures (T,) of the derivatives are summarized
in Table 1.

DSC thermo-grams of the compound DDPPFPh are shown in
Fig. 3 as an example. When the crystalline sample of DDPPFPh
was heated, the endothermic peak due to the melting of the
crystals was observed at 231 °C. When the melted sample was
cooled down, it formed an amorphous material. During the
second heating of the sample, only the glass transition was
observed at 107 °C and on further heating, no peaks due to
crystallization and melting appeared. The high thermal stabi-
lities and rather high glass transition temperatures of the
objective materials demonstrate their greater potential for the
preparation of thin, thermally stable amorphous layers for
OLED devices.>

The surface morphology of the active layers deposited
on HTMs plays a crucial role in deciding the performance of

24
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Fig. 4 (a) Average roughness and (b) root mean square (RMS) roughness of the novel HTM thin-films, i.e. DNFPhe, DDPFPhe, DFPFPhe, DPFPhe,
DDPPFPh, DNFPh, and NPB, prepared on PEDOT:PSS thin-film. It can be observed that all HTMs show a lower mean average roughness as compared to
NPB. Phenothiazine based HTMs display a lower average roughness, while phenoxazine based HTMs show a higher average roughness as compared to

NPB.>2
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Fig. 5 Electric field dependencies of the hole drift mobilities (u) in the
charge-transport  layers of the hole transporting materials
DNFPhe—DNFPh.

high-efficiency OLEDs. The surface morphologies of the spin-
casted thin films of the HTMs were observed using atomic force
microscopy (AFM) by scanning a 10 x 10 um® surface area, as

(@) .-
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shown in Fig. S9 (ESIt). The resultant root mean square surface
roughness values of the organic materials DNFPhe, DDPFPhe,
DFPFPhe, DPFPhe, DDPPFPh, DNFPh, and NPB are 1.1, 1.3, 1.5,
1.8,1.9, 2.1, and 2.2 nm, respectively, as shown in Fig. 4. All the
spin-casted thin films of the HTMs display smooth surface
topographies without any defects and crystallization. As shown
in Fig. S10 (ESIY), phenoxazine and phenothiazine-based HTMs
exhibit nanotextures on the surfaces, while NPB displays planer
surfaces. The nanotexture surface of these HTMs plays a role of
inner scattering medium for extracting light-out from the
device to further increase the external quantum efficiency.

2.5. Charge carrier transport properties

The hole-mobility (up,) of the newly synthesized organic materi-
als DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and
DNFPh was measured using the xerographic time of flight
technique (XTOF) .>* The u, was calculated by using the
formula of u, = d*/(V-11), where d represents the layer thickness
of the materials, V is the applied voltage, and iy is the carrier
transport time. Fig. 5 displays the u, measured for the fluorene
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Fig. 6 The energy-level diagram of the solution-processed (a) yellow phosphorescent and (b) green TADF OLED devices comprising the spin-coated
thin-films of seven different HTMs: NPB, DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and DNFPh.
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cored based HTMs, which has shown u;, as a function of the
square root of electric field (E/?). The transient photocurrent
curves are shown in Fig. S11 (ESIt). The p;, of organic materials
DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and DNFPh
are 4.9 x 1073, 5.7 x 1072, 4.5 x 1073, 6.7 x 1072, 5.7 x 1073,
and 8.1 x 107* cm® V' s, respectively, which are shown in
Table 1.

2.6. Electroluminescent properties

To investigate the hole-injection and transport properties of the
newly synthesized HTMs, we have fabricated a device using a
conventional phosphorescent yellow emitter with the following
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configuration: ITO (125 nm)/PEDOT:PSS (35 nm)/HTMs/
CBP:12.5 wt% PO-01(20 nm)/TPBi (45 nm)/Al (100 nm) and also
a device with a conventional TADF green emitter with the
following device configuration ITO (125 nm)/PEDOT:PSS
(35 nm)/HTMs/CBP:5 wt% 4CzIPN (20 nm)/TPBi (45 nm)/Al
(100 nm). The schematic energy-level diagrams of the studied
yellow phosphorescent and green TADF OLED devices are
shown in Fig. 6. The well-known phosphorescent yellow and
TADF green emitters, PO-01 and 4CzIPN, respectively, were
selected as the emissive materials due to their suitable
HOMO-LUMO levels, band gap energies, and triplet energies,
as compared with the CBP host. Control devices were also
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Fig. 7 Effects of different HTMs on the (a) current density vs. voltage, (b) luminance vs. voltage, (c) power efficacy vs. luminance, (d) current efficacy vs.
luminance, (e) EL spectra of the phosphorescent OLED devices, and (f) normalized luminance vs. an operational lifetime of solution-processed yellow

phosphorescent OLEDs having HTLs of NPB, DDPFPhe or DDPPFPh.
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Table 2 Summarized electroluminescent properties of yellow phosphorescent OLEDs with different hole-transporting materials
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Operation voltage (V)

Power efficacy (Im W™ ")

Current efficacy (cd A™")

HTLs @ 100 cd m~?/1000 cd m~?/10000 cd m~*/maximum values EQE (%) CIE @100 ¢cd m™> Ly (cd m™?)
NPB 3.5/4.3/6.8/3.0 31.3/20.4/4.6/41.6 35.0/27.5/9.9/39.8 11.3/8.7/3.1/12.9  (0.52, 0.48) 15202
TAPC 3.5/4.3/7.2/3.0 31.3/10.3/7.9/35.3 34.8/13.1/8.8/33.7 12.5/9.5/2.7/12.5  (0.52, 0.48) 10700
o-NPD 3.6/4.4/7.1/3 25.5/15.6/3.2/34.2 28.8/21.9/7.1/32.9 9.3/6.9/2.2/10.7  (0.52, 0.48) 12506
DNFPhe  3.5/4.3/6.5/3.0 32.2/21.4/5.7/42.8 35.9/28.8/11.7/41.0 11.7/9.1/3.6/13.3  (0.52, 0.48) 16632
DDPFPhe  3.7/4.4/6.5/3.5 36.4/21.6/6.8/39.7 42.6/30.3/14.0/44.2 16.5/11.6/5.2/17.2  (0.51, 0.48) 17345
DFPFPhe  3.4/4.1/6.2/3.0 31.8/21.2/6.8/37.2 33.8/27.8/13.5/35.8 13.1/10.6/5.0/13.9  (0.52, 0.48) 18627
DPFPhe  3.5/4.3/6.5/3.0 33.8/22.3/5.9/44.8 37.8/30/12.1/42.9 12.3/9.5/3.7/13.9  (0.52, 0.48) 16258
DDPPFPh  3.7/4.4/6.4/3.5 41.4/24.3/7.7/45.4 48.2/33.8/15.6/50.6 18.7/12.9/5.8/19.6  (0.51, 0.48) 19409
DNFPh  3.7/4.4/6.4/3.5 39.4/23.2/7.4/43.0 46/32.5/15.0/47.9 17.8/12.4/5.6/18.6  (0.51, 0.48) 18382

fabricated with the most widely used commercial HTMs NPB
and o-NPD that have the same device structure for comparing
the attained results. The positive charge carriers enter into the
device from the anode, injecting by PEDOT:PSS HOMO and
transfer through the HOMO level of HTMs. At the same time,
negative charge carriers inject into the device from the cathode
injecting by LiF and transfer through the LUMO levels of TPBi.
After reaching into the emissive layer, these charge carriers
generate excitons and recombine in the emissive zone. Effective
LUMO levels of the HTMs help to block the electron into the
emissive layer, providing enhancement in performance. The
fabrication process of yellow phosphorescent OLEDs includes
the spin-coating of a solution of PEDOT:PSS on precleaned ITO
to form a hole-injection layer and spin-coating of the different
hole-transporting materials solution to deposit the hole-
transport layer, as shown in Fig. 6(a). This was followed by
deposition of a premixed host CBP and phosphorescent emitter
PO-01 to form a phosphorescent emissive layer via solution
processing followed by a gradual thermal annealing process.
Formerly, the deposition of the electron-transporting layer
TPBi, the electron-injection layer LiF and the cathode Al was
carried out by thermal-evaporation in a thermal evaporator with
a base vacuum pressure of less than 4 x 10 ® Torr. For
comparative analysis, we also fabricated a control device with
the conventional HTL of TAPC. As shown in Fig. 6(b), the green
TADF OLED also contains PEDOT:PSS as the HIL, phenothia-
zine and phenoxazine substituted fluorene cored materials as
the HTL and a green TADF emissive layer prepared by mixing
CBP with 4CzIPN. Finally, the electron-transport layer, electron
injection layer and cathode were formed by thermal evapora-
tion of TPBi, LiF and Al, respectively.

2.6.1. Phosphorescent OLED. The electroluminescence
properties of yellow phosphorescent OLED are shown in
Fig. 7 and their corresponding values are summarized in
Table 2. The current density-voltage curves of different HTM
based yellow phosphorescent OLEDs are presented in Fig. 7(a).
We observed that the device with phenothiazine and phenox-
azine substituted fluorene cored materials displays a higher
current density as compared with NPB based devices. A com-
parable trend is observed in the luminance-voltage character-
istics of these material-based yellow devices, as shown in
Fig. 7(b). All six material-based OLED devices display higher
power efficacies as compared to the conventional NPB based

This journal is © The Royal Society of Chemistry 2022

HTL, as displayed in Fig. 7(c). All the devices with newly
synthesized HTMs display the same trend in current efficacy-
voltage curves, as demonstrated in Fig. 7(d).

The control OLED device with HTM NPB displays a PE, CE
and EQE of 31.3 Im W™, 35.0 cd A~ and 11.3%, respectively, at
100 cd m~? along with a maximum brightness of 15200 cd m ™2,
respectively. In addition, the phenothiazine substituted fluor-
ene cored HTM DDPPFPh and DNFPh based yellow phosphor-
escent OLED devices exhibit a PE of 41.4 and 39.4 Im W' at the
same brightness, which is nearly 32.3 and 25.9% higher than
that of the conventional HTM, NPB, based device. Additionally,
these material-based devices exhibit a brightness of 19400 and
18300 cd m™?, respectively, which is 27.6 and 20.4%, respec-
tively, higher than those of the conventional HTM NPB based
device. At a brightness of 1000 cd m ™2, the PE, CE and EQE of
the phenothiazine substituted fluorene cored HTM DDPPFPh
based yellow phosphorescent OLED device are noticeably
enhanced from 20.4 Im W%, 27.5 ¢d A™' and 8.7% to
24.3 Im W, 33.8 cd A" and 9.5%, respectively, as shown in
Fig. 7.

In addition, the phenoxazine HTM DNFPhe, DFPFPhe, and
DPFPhe based OLED devices display a PEqa, of 42.8 Im W'
(CEmax 0f 41.0 cd A" and EQE 4, 0f 13.3), PEja 0f 37.2 ImW !
(CEmax of 35.8 cd A™' and EQEp,, of 13.9%), and PEg., of
44.8 Im W' (CEpay of 42.9 cd A" and EQEp. of 13.9%),
respectively, which are 3% (17.1 and 3.1%), 18.8% (2.3 and
7.8%) and 43.1% (22.6 and 7.8%) higher than the NPB based
device. Moreover, these material-containing devices showed the
brightness of 16600, 18600, and 16200 cd m 2. The higher
performance of the phenoxazine and phenothiazine based
devices is due to the following factors: (i) effective electron
and exciton confinement within the emissive layer due to their
shallower LUMO energy levels, particularly at high brightness
or voltages, (ii) smooth surface morphologies of phenoxazine
and phenothiazine based materials assisting in preventing any
undesirable current-leakage during device measurement, (iii)
comparatively high hole mobilities, (iv) perfect energy-level
alignment of host and guest facilitating efficient hole-
injection into the emissive layer, and (v) efficient high-triplet
energies. The OLED devices with different newly synthesized
HTMs display an EL emission spectra peak at 565 nm, as shown
in Fig. 7(e). The operational lifetime of (LT5,) showing when the
luminance drops to half of the primary luminance (L,), of the
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Fig. 8 Effects of different HTMs on the (a) current density vs. voltage (b) luminance vs. voltage, (c) power efficacy vs. luminance, (d) current efficacy vs.
luminance, (e) EL spectra of the phosphorescent OLED devices, and (f) normalized luminance vs. an operational lifetime of solution-processed green

TADF OLEDs having HTLs, NPB, DDPFPhe and DDPPFPh.

phosphorescent OLEDs, was controlled by operating the
devices under a steady current with variable initial brightness
at room temperature. The effects of HTMs namely NPB,
DDPFPhe and DDPPFPh on the device lifetime is shown in
Fig. 7(f). The phenothiazine substituted fluorene cored HTM
DDPPFPh displays a lifetime of 11.7 h at the initial brightness
of 10000 cd m™~2, while the conventional HTM NPB based
device shows a lifetime of 3.8 h at the same initial brightness.
Moreover, the LTs, of the phenothiazine-based device, at the
initial luminance of 1000 cd m ™2, can be generalized to 465 h,
which is higher than that of a conventional HTM NPB based

3602 | J Mater. Chem. C, 2022, 10, 3593-3608

device (151 h). Additionally, the phenoxazine based HTM
DDPFPhe exhibits the LTs, lifetime of 262 h at an initial
luminance of 1000 cd m™?, which is also higher than that of
conventional HTM, NPB based OLEDs. These superior lifetime
values may be attributed to the higher thermal stability of the
newly synthesized materials as compared to the typical HTM,
NPB.

2.6.2. TADF OLED. The electroluminescent properties of
typical carbazole based 4CzIPN green TADF devices fabricated
with newly synthesized HTMs are displayed in Fig. 8
and summarized in Table 3. Fig. 8(a-d) demonstrate the

This journal is © The Royal Society of Chemistry 2022
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Table 3 Summarized electroluminescent properties of green TADF OLEDs with different hole-transporting materials
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Operation voltage (V)

Power efficacy (Im W™ ')  Current efficacy (cd A™")

HTLs @ 100 cd m~?/1000 cd m~?/10 000 cd m~?/maximum values EQE (%) CIE @100 ¢cd m ™ Ly (cd m™?)
NPB 5.2/6.5/7.5/4.0 29.4/21.7/12.3/42.5 48.4/45.0/29.2/54.1 18.1/17.0/11.6/20.1  (0.27, 0.55) 12905
TAPC 5.2/6.5/7.5/4.0 29.3/21.6/12.2/42.4 48.3/44.8/29.1/53.9 13.0/12.2/8.3/14.5  (0.27, 0.55) 12 865
o-NPD 5.2/6.5/7.5/3.9 33.6/24.1/13.2/48.4 55.2/50.1/31.6/61.4 20.6/18.8/12.4/24.6  (0.26, 0.55) 13805
DNFPhe  5.3/6.5/7.6/4.0 29.8/21.8/9.9/48.3 49.6/45.4/23.9/61.6 18.5/17.0/9.3/22.9  (0.27, 0.55) 12550
DDPFPhe  4.7/6.2/7.6/4.0 41.9/29.9/18.9/52.3 61.5/58.9/45.7/66.6 22.2/21.3/16.7/24.2  (0.28, 0.57) 28015
DFPFPhe  4.9/6.5/7.8/4.0 34.4/17.6/12.7/47.5 53.5/37.1/31.4/60.6 16.8/11.7/10.0/19.1  (0.28, 0.57) 21530
DPFPhe  4.9/6.5/7.8/4.0 34.5/17.8/12.8/47.8 53.8/37.2/31.5/60.9 25.2/17.5/15.0/28.6  (0.28, 0.57) 22230
DDPPFPh  4.2/5.5/7.0/3.6 53.2/36.3/22.5/69.1 71.6/64.0/50.0/78.0 25.0/22.4/17.6/27.2  (0.29, 0.58) 44278
DNFPh  4.7/6.4/7.6/4.0 47/25.5/18.4/62.1 70.6/51.4/44.6/79.1 25.5/18.6/16.3/28.6  (0.28, 0.57) 28899

current-density-voltage, luminance-voltage,

power efficacy-

HTMs can successfully bind and confine the excitons inside the

luminance, and current efficacy-luminance properties of green
TADF OLEDs fabricated with different newly synthesized
HTMs. The conventional NPB based control device exhibits a
PE of 29.4 Im W', CE of 48.4 cd A", EQE of 18.1% at
100 cd m~? having a maximum brightness of 12900 cd m™?,
while the phenothiazine derivative-based (DDPPFPh) device
displays a PE of 53.2 Im W', CE of 71.6 cd A", and EQE of
25% at the same brightness with a maximum luminance of
44300 cd m 2, which are 80.9, 47.9, 38.1, and 243% higher as
compared to the NPB based device. Moreover, the improvement
in CE from 45.0 to 64.0 cd A™, PE from 21.7 to 36.3 Im W™,
and EQE from 17.0 to 22.4% at 1000 cd m~? was noticed. As
shown in Fig. 8, the DDPFPhe incorporating device exhibits a
PEjax Of 52.3 Im W', CEpax of 66.6 cd A™" and EQEp.x of
24.2% having a Ly, of 28000 cd m™ 2. The reason why the
DDPPFPh based device displayed the highest efficiencies
among all seven investigated HTMs may be attributed to the
high hole-mobility, suitable HOMO and LUMO energy levels,
and adequately high triplet-energy.

The phenothiazine substituted fluorene cored materials,
DDPPFPh and DNFPh, exhibited higher hole mobilities of
5.7 x 10%and 8.1 x 10> cm® V' s~ ', which are much higher
than those of the conventional HTM NPB counterpart. The
DDPPFPh favours efficient hole-injection into the emissive
layer and shows the improved brightness out of all devices.
Moreover, the device architecture with DDPPFPh and DNFPh
displays energy-barriers of 0.94 and 0.67 eV for holes to inject
from PEDOT:PSS and of —0.04 and 0.23 eV to the 4CzIPN guest,
respectively. Meanwhile, the DFPFPhe based device has an
energy barrier of 0.48 eV for holes to inject from PEDOT:PSS
to HTM and 0.42 eV additional energy barriers for holes to
enter from the HTM to guest 4CzIPN. The improved perfor-
mance may be attributed to higher hole-mobilities and reduced
hole-injection barriers between the HIL and HTL as well as
between the HTL and EML.***® The phenothiazine substituted
fluorene cored materials displayed a higher performance as
compared to phenoxazine substituted fluorene cored materials.
The reason why the devices show performance enhancement is
due to their higher triplet energy (Er) values, having deep
HOMO levels and high hole-mobilities, as shown in Table 1.°
Furthermore, we observed that all the HTMs exhibit a higher Ey
(2.56-2.69 eV) than that of CBP (2.55 eV). The newly synthesized

This journal is © The Royal Society of Chemistry 2022

emissive zone and provide brighter emissions along with high
efficiencies as compared with the available HTMs.””>° We have
shown the energy-transfer mechanism in Fig. S12 (ESIY).
Fig. 8(e) shows the EL spectra of the TADF OLED devices that
were composed at 1000 cd m~>. We also observed that the
devices become more stable with the incorporation of phe-
nothiazine and phenoxazine substituted fluorene derivatives as
novel HTMs. Fig. 8(f) displays the effect of newly synthesized
HTMs on the TADF OLED device lifetime. The DDPPFPh based
TADF OLED exhibits a lifetime of 14.9 h, while other HTMs NPB
and DDPFPhe display the lifetime of 4.9 and 7.9 h at an initial
brightness of 10 000 cd m ™2, respectively. We also observed an
extrapolated lifetime at 1000 cd m™? for these HTMs, NPB,
DDPFPhe and DDPPFPh based devices to be 195, 315, and
590 h, respectively. At 100 cd m~2, these HTM, NPB, DDPFPhe
and DDPPFPh based TADF devices display 7765, 12 520, and
23 615 h, respectively. The thermal degradation temperature of
the HTMs plays a major role in lifetime estimation, which may
lead to higher LTs, under electrical excitation.®*™®> Hence, it is
very important to measure the degradation mechanism of
phenothiazine and phenoxazine substituted fluorene cored
HTMs. As shown in Table S1 (ESIt), we also compared our
results with previous reports and found that these materials
showed better performance. Our results indicate that the life-
time of solution-processed phosphorescent and TADF OLEDs
can be improved further by modifying the molecular structure
of phenothiazine and phenoxazine substituted fluorene core-
based HTMs. These materials will open a path toward the
fabrication of high-efficiency and stable OLEDs for display
and lighting applications.

3. Conclusion

To summarize, we have designed and synthesized a series of
phenothiazine and phenoxazine substituted fluorene cored
HTMs, DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and
DNFPh, for high-efficiency phosphorescent and TADF OLED
devices. These six organic HTMs displayed superior solution-
processability in conventional organic solvents resulting in a
smooth thin-film morphology, which possibly led to improved
thermal stability. Moreover, these HTMs exhibited higher hole
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mobilities as compared to the typical commercial counterpart
NPB. The OLED devices with these HTMs displayed higher
device efficiencies than that of the NPB based device. A yellow
phosphorescent OLED device exhibited an enhancement of 31,
37.7, 65.5 and 208%, in PE,.,, CEpax, EQEnay, and lifetime,
respectively, when the conventional NPB was replaced with
DDPPFPh as the HTL. The green TADF OLED displayed a PE,,«
of 69.1 Im W, a CEpax of 78.0 cd A™", an EQE . Of 27.2%,
and a lifetime of 590 h showing an enhancement of 62.5, 44.2,
35.3, and 202%, respectively, as compared with the NPB based
OLED. This enhancement in device performance is attributed
to thte smooth surface topography, the rational hole transport-
ing ability, high triplet-energies, and effective electron-
confinement which helps in generating more excitons in the
emissive zone. The present phenothiazine substituted fluorene
derivatives could be possible solution-processable amorphous
HTMs for fabricating highly efficient OLED devices. These
results are expected to open a path for the field experts to
design and synthesize novel materials toward the realization of
stable and highly efficient OLEDs for solid-state lighting and
display applications.

4. Experimental

4.1. Synthesis details and spectral data

10H-Phenoxazine (1), 10H-phenothiazine (2), 1-bromohexane,
2,7-dibromofluorene, naphthalene-1-boronic acid, 4-(diphenyl-
amino)phenylboronic acid, 4-fluorophenylboronic acid, phenyl-
boronic acid, bis(triphenylphosphine)palladium(II) dichloride
(Pd(PPhy;),Cl,), KOH, 40% NaOH solution, tetra-n-butylammonium
hydrogen sulfate (TBAHS), tetra-n-butylammonium bromide
(TBABr), potassium carbonate (K,CO;), phosphorus trichloride
(POCl;) and dimethylformamide (DMF) were purchased from
Aldrich and used as received. 10-Hexylphenoxazine (3) and 10-
hexylphenothiazine (4) were prepared from 10H-phenoxazine (1) or
10H-phenothiazine (2) by alkylation reaction with 1-bromohexane
according to the procedure outlined in the literature.*® 3-Formyl-10-
hexylphenoxazine (5) and 3-formyl-10-hexylphenothiazine (6) were
obtained by Vilsmeier-Haack formylation reaction of the 10-
hexylphenoxazine (3) or 10-hexylphenothiazine (4) according
to the described procedure.** 10-Hexyl-3-(2,7-dibromofluoren-9-
ylmethylene)phenoxazine (7) was prepared by the reaction
of 3-formyl-10-hexylphenoxazine (5) with an excess of 2,7-
dibromofluorene. The aldehyde 5 (1.0 g, 3.39 mmol) and 2,7-
dibromofluorene (1.3 g, 4.07 mmol) were dissolved in toluene
(10 ml) at 100 °C. Then 0.55 g (1.71 mmol) of TBABr and 40%
NaOH (10 ml) were added into the solution. The resulting
mixture was stirred at 100 °C for 10 min. At the end, the
reaction mixture was quenched with ice water and extracted
with chloroform. The organic solvent was evaporated using a
rota-evaporator and the crude solid was purified by silica gel
column chromatography using a mixture of tetrahydrofuran
and hexane (vol. ratio 1:100) as an eluent. Yield: 1.3 g (64%) of
red amorphous product. MS (APCI +, 20 V): 603.28 ([M + H],
100%). "H NMR (400 MHz, DMSO, §): 8.17 (s, 1H, CH), 7.98 (s,
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1H, Ar), 7.93-7.80 (m, 3H, Ar), 7.62-7.51 (m, 2H, Ar), 7.15 (d,
1H, J = 8.4 Hz, A), 6.95-6.67 (m, 6H, Ar), 3.63 (t, 2H, J = 7.6 Hz,
NCH,), 1.67-1.53 (m, 2H, NCH,CH,), 1.48-1.38 (t, 2H,
NCH,CH,CH,), 1.38-1.27 (m, 4H, NCH,CH,CH,CH,CH,)
0.88 (t, 3H, J = 6.8 Hz, CH;).
10-Hexyl-3-(2,7-dibromofluoren-9-ylmethylene)phenothiazine (8)
was prepared by the reaction of 3-formyl-10-hexylphenothiazine (6)
with an excess of 2,7-dibromofluorene. The aldehyde 6 (2.0 g,
6.43 mmol) and 2,7-dibromofluorene (2.5 g, 7.72 mmol) were
dissolved in toluene (20 ml) at 100 °C. Then 1.04 g (3.23 mmol)
of TBABr and 40% NaOH (10 ml) were added into the solution.
The resulting mixture was stirred at 100 ° C for 15 min. At the
end, the reaction mixture was quenched with ice water and
extracted with chloroform. The organic solvent was evaporated
using a rota-evaporator and the crude solid was purified by
silica gel column chromatography using a mixture of tetrahy-
drofuran and hexane (vol. ratio 1:100) as an eluent. Yield:
3.0 g (76%) of red amorphous product. MS (APCI +, 20 V):
616.02 ([M + H], 100%). "H NMR (400 MHz, DMSO, §): 8.14 (s,
1H, CH), 7.91 (s, 1H, Ar), 7.87-7.75 (m, 3H, Ar), 7.60-7.31 (m,
4H, Ar), 7.28-6.89 (m, 5H, Ar), 3.90 (t, 2H, J = 6.8 Hz, NCH,),
1.77-1.62 (m, 2H, NCH,CH,), 1.45-1.33 (m, 2H, NCH,CH,CH.,),
1.32-1.20 (m, 4H, NCH,CH,CH,CH,CH,), 0.81 (t, 3H, J =
6.8 Hz, CH;).
10-Hexyl-3{2,7-di(naphthalen-1-yl)fluoren-9-ylmethylene[pheno-
xazine (DNFPhe) (9). 0.3 g (0.5 mmol) of 10-hexyl-3-(2,7-
dibromofluoren-9-ylmethylene)phenoxazine (7), 0.26 g (1.5 mmol)
of naphthalene-1-boronic acid, 0.014 g (0.02 mmol) of PdCl,(PPhj),
and 0.14 g (2.5 mmol) of powdered KOH were stirred in 8 ml of
THF containing degassed water (1 ml) at 80 °C under nitrogen for
1 h. After TLC control the reaction mixture was cooled and
quenched by the addition of ice water. The product was extracted
with chloroform. The combined extract was dried over anhydrous
Na,SO,. The crude product was purified by silica gel column
chromatography using a mixture of tetrahydrofuran and hexane
(vol. ratio 1:9) as an eluent. Yield: 0.3 g of red amorphous product
(79%). MS (APCI*, 20 V): 781.07 (M + Nal, 100%). 'H NMR
(400 MHz, DMSO, 6): 8.13-7.85 (m, 10H, CH, Ar), 7.80 (s, 1 H,
Ar), 7.68-7.43 (m, 10H, Ar), 7.28-7.19 (m, 1H, Ar), 6.91 (s, 1H, Ar),
6.85-6.75 (m, 1H, Ar), 6.70-6.52 (m, 4H, Ar), 3.49 (t, 2H, J = 8.4 Hz,
NCH,), 1.39-1.25 (m, 4H, NCH,CH,CH,), 1.25-1.16 (m, 4H,
NCH,CH,CH,CH,CH,), 0.84 (t, 3H, J = 6.8 Hz, CH;). *C NMR
(400 MHz, CDCl;, J): 149.03, 148.93, 146.47, 145.05, 144.72, 144.61,
144.31, 143.65, 141.40, 138.83, 138.88, 138.39, 137.20, 136.33,
136.28, 135.86, 133.48, 132.18, 131.82, 131.19, 130.72, 128.95,
126.46, 123.78, 120.93, 120.44, 117.38, 116.79, 36.20, 26.34, 25.96,
27.36, 19.11. FT-IR (KBr), em ' 3045, 2924, 2852, 2620, 2080, 1982,
1813, 1742, 1623, 1587, 1489, 1415, 1381, 1272, 1132, 1080, 1045
938, 862, 799, 775, 736.
10-Hexyl-3-2,7-di(4-(diphenylamino)phenyl)fluoren-9-ylmethyl-
ene]phenoxazine (DDPFPhe) (10). 0.3 g (0.5 mmol) of 10-hexyl-3-
(2,7-dibromofluoren-9-ylmethylene)phenoxazine  (7), 0.43 g
(1.5 mmol) of naphthalene-1-boronic acid, 0.014 g (0.02 mmol) of
PdCl,(PPh;), and 0.14 g (2.5 mmol) of powdered KOH were stirred
in 10 ml of THF containing degassed water (1 ml) at 80 °C under
nitrogen for 1 h. After TLC control the reaction mixture was cooled
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and quenched by the addition of ice water. The product was
extracted with chloroform. The combined extract was dried over
anhydrous Na,SO,. The crude product was purified by silica gel
column chromatography using a mixture of tetrahydrofuran and
hexane (vol. ratio 1:20) as an eluent. Yield: 0.4 g of yellow crystals
(85%). M.p.: 184 °C (DSC). MS (APCI", 20 V): 930.43 (M + H], 100%).
'H NMR (400 MHz, DMSO, ): 8.23 (s, 1H, CH), 8.11 (s, 1H, Ar),
8.01-7.85 (m, 3H, Ar), 7.80-7.45 (m, 6H, Ar), 7.43-7.17 (m, 9H, Ar),
7.16-6.75 (m, 19H, Ar), 6.73-6.48 (m, 3H, Ar), 3.60 (t, 2H, J = 7.2 Hz,
NCH,), 1.56-1.43 (m, 2H, NCH,CH,), 1.40-1.31 (m, 2H,
NCH,CH,CH,), 1.28-1.2 (m, 4H, NCH,CH,CH,CH,CH,), 0.83
(t, 3H, J = 6.8 Hz, CH;). >)C NMR (400 MHz, CDCl;, 6): 147.55,
147.39, 134.95, 130.09, 130.05, 127.90, 124.68, 124.57, 124.53,
122.72, 122.82, 119.99, 119.05, 31.55, 22.61, 21.34, 14.39. FT-IR
(KBr), cm ™ ':3045, 2952, 2924, 2853, 2324, 2116, 1996, 1812, 1623,
1587, 1489, 1462, 1380, 1271, 1186, 1132, 1080, 1043, 888, 824, 799,
775, 737.
10-Hexyl-3-{2,7-di(4-fluorophenyl)fluoren-9-ylmethylene]pheno-
xazine (DFPFPhe) (11). 0.3 g (0.5 mmol) of 10-hexyl-3-(2,7-
dibromofluoren-9-ylmethylene)phenoxazine (7), 0.21 g (1.5 mmol)
of 4-fluorophenylboronic acid, 0.014 g (0.02 mmol) of PAClL,(PPhs),
and 0.14 g (2.5 mmol) of powdered KOH were stirred in 10 ml of
THF containing degassed water (1 ml) at 80 °C under nitrogen for
1 h. After TLC control the reaction mixture was cooled and
quenched by the addition of ice water. The product was extracted
with chloroform. The combined extract was dried over anhydrous
Na,SO,. The crude product was purified by silica gel column
chromatography using a mixture of tetrahydrofuran and hexane
(vol. ratio 1:20) as an eluent. Yield: 0.25 g of yellow crystals (79%).
M.p.: 158 °C (DSC). MS (APCI', 20 V): 632.52 ([M + H], 100%).
'H NMR (400 MHz, DMSO, d): 8.25 (s, 1H, CH), 8.14 (s, 1H, Ar),
8.01-7.81 (m, 5H, Ar), 7.73-7.55 (m, 4H, Ar), 7.40-7.09 (m, 5H, Ar),
7.04 (s, 1H, Ar), 6.97-6.71 (m, 5H, Ar), 3.63 (t, 2H, J = 6.8 Hz, NCH,),
1.61-1.52 (m, 2H, NCH,CH,), 1.47-1.38 (m, 2H, NCH,CH,CH,),
1.36-1.24 (m, 4H, NCH,CH,CH,CH,CH,), 0.87 (t, 3H, J = 6.8 Hz,
CH,). *C NMR (400 MHz, DMSO, d): 144.56, 144.28, 140.83, 138.65,
137.38, 134.28, 134.04, 132.71, 129.22, 129.14, 128.90, 128.82,
128.76, 127.44, 126.75, 124.82, 121.86, 120.90, 116.03, 115.68,
112.86, 31.60, 26.22, 24.80, 22.61, 14.34. FT-IR (KBr), cm ™ ':3062,
2956, 2925, 2854, 2324, 2081, 1983, 1888, 1760, 1623, 1587, 1513,
1490, 1461, 1382, 1273, 1229, 1157, 1139, 1043, 1013, 890, 840, 803,
778, 741.
10-Hexyl-3-(2,7-diphenylfluoren-9-ylmethylene)phenoxazine
(DPFPhe) (12). 0.3 g (0.5 mmol) of 10-hexyl-3-(2,7-
dibromofluoren-9-ylmethylene)phenoxazine  (7), 0.5 g
(1.5 mmol) of phenylboronic acid, 0.014 g (0.02 mmol) of
PdCl,(PPh;), and 0.14 g (2.5 mmol) of powdered KOH were
stirred in 8 ml of THF containing degassed water (1 ml) at 80 °C
under nitrogen for 1 h. After TLC control the reaction mixture
was cooled and quenched by the addition of ice water. The
product was extracted with chloroform. The combined extract
was dried over anhydrous Na,SO,. The crude product was
purified by silica gel column chromatography using a mixture
of tetrahydrofuran and hexane (vol. ratio 1:50) as an eluent.
Yield: 0.2 g of yellow crystals (68%). M.p.: 144 °C (DSC). MS
(APCI', 20 V): 596.57 ([M + H], 100%). "H NMR (400 MHz,
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DMSO, d): 8.28 (s, 1H, CH), 8.20 (s, 1H, Ar), 8.05-7.92 (m, 3H,
Ar), 7.88-7.79 (m, 2H, Ar), 7.77-7.47 (m, 6H, Ar), 7.45-7.22
(m, 5H, Ar), 7.08 (m, 1H, Ar), 6.97-6.70 (m, 5H, Ar), 3.65 (t, 2H,
J = 7.6 Hz, NCH,), 1.64-1.57 (m, 2H, NCH,CH,), 1.49-1.40 (m,
2H, NCH,CH,CH,), 1.38-1.26 (m, 4H, NCH,CH,CH,CH,CH,),
0.88 (t, 3H, J = 6.8 Hz, CH;). *C NMR (400 MHz, DMSO, §):
145.38, 144.76, 140.68, 139.95, 139.14, 137.36, 134.94, 130.68,
129.70, 129.39, 128.33, 127.78, 127.24, 126.85, 123.84, 123.41,
1.26, 120.98, 116.51, 116.20, 47.09, 31.27, 26.56, 26.25, 22.52,
14.28. FT-IR (KBr), em™*:3072, 3060, 2953, 2924, 2853, 2622,
2224, 2116, 1983, 1888, 1742, 1652, 1588, 1515, 1492, 1460,
1415, 1382, 1280, 1230, 1134, 1043, 1028, 998, 882, 862, 821,
759, 738.
10-Hexyl-3-[2,7-di(naphthalen-1-yl)fluoren-9-ylmethylene]pheno-
thiazine (DNFPh) (13). 0.3 g (0.5 mmol) of 10-hexyl-3(2,7-
dibromofluoren-9-ylmethylene)phenothiazine (8), 0.25 g (1.5 mmol)
of naphthalene-1-boronic acid, 0.014 g (0.02 mmol) of PdCl,(PPhj),
and 0.14 g (2.5 mmol) of powdered KOH were stirred in 8 ml of THF
containing degassed water (1 ml) at 80 °C under nitrogen for 1 h.
After TLC control the reaction mixture was cooled and quenched by
the addition of ice water. The product was extracted with chloro-
form. The combined extract was dried over anhydrous Na,SO,. The
crude product was purified by silica gel column chromatography
using a mixture of tetrahydrofuran and hexane (vol. ratio 1:50) as
an eluent. Yield: 0.32 g of yellow amorphous material (92%). MS
(APCI', 20 V): 712.55 ([M + H], 100%). "H NMR (400 MHz, DMSO, 3):
8.17-7.84 (m, 11H, CH, Ar), 8.70-7.35 (m, 12H, Ar), 7.24-7.04 (m,
2H, Ar), 7.01-6.86 (m, 3H, Ar), 3.73 (t, 2H, J = 6.4 Hz, NCH,), 1.52-
1.41 (m, 2H, NCH,CH,), 1.31-1.16 (t, 2H, NCH,CH,CH,), 1.15-0.96
(m, 4H, NCH,CH,CH,CH,CH,), 0.72 (t, 3H, J = 7.2 Hz, CHj). *C
NMR (400 MHz, DMSO, §): 145.07, 144.52, 140.28, 140.24, 139.97,
139.88, 137.54, 134.67, 134.01, 131.09, 130.45, 130.36, 129.77,
128.84, 128.14, 127.61, 127.43, 127.09, 126.44, 126.05, 125.73,
123.94, 123.24, 123.13, 120.91, 116.34, 47.09, 31.12, 26.34, 26.08,
22.41, 14.19. FT-IR (KBr), cm ™ ':3055, 2952, 2924, 2853, 2324, 2115,
1995, 1733, 1626, 1592, 1574, 1493, 1461, 1415, 1384, 1275, 1174,
1076, 892, 820, 748, 730.
10-Hexyl-3-[2,7-di(4-(diphenylamino)phenyl)fluoren-9-ylmethy-
lene]phenothiazine DDPPFPh (14). 0.3 g (0.5 mmol) of 10-hexyl-3-
(2,7-dibromofluoren-9-ylmethylene)phenothiazine (8), 0.42 g
(1.5 mmol) of 4-(diphenylamino)phenylboronic acid, 0.014 g
(0.02 mmol) of PdCl,(PPh;), and 0.14 g (2.5 mmol) of powdered
KOH were stirred in 10 ml of THF containing degassed water (1 ml)
at 80 °C under nitrogen for 1 h. After TLC control the reaction
mixture was cooled and quenched by the addition of ice water. The
product was extracted with chloroform. The combined extract was
dried over anhydrous Na,SO,. The crude product was purified by
silica gel column chromatography using a mixture of tetrahydro-
furan and hexane (vol. ratio 1:20) as an eluent. Yield: 0.3 g of
yellow crystals (65%). M.p.: 231 °C (DSC). MS (APCI", 20 V): 946.53
(M + H], 100%). "H NMR (400 MHz, CDCl, 6): 7.97 (s, 1H, CH),
7.87 (s, 1H, Ar), 7.72-7.38 (m, 8H, Ar), 7.35-7.04 (m, 18H, Ar), 7.03—
6.92 (m, 9H, Ar), 6.91-6.65 (m, 5H, Ar), 3.85 (t, 2H, J = 6.8 Hz,
NCH,), 1.81-1.65 (m, 2H, NCH,CH,), 1.40-1.27 (m, 2H,
NCH,CH,CH,), 1.25-1.18 (m, 4H, NCH,CH,CH,CH,CH,), 0.77
(t, 3H, J = 7.2 Hz, CH;). *C NMR (400 MHz, CDCl;, d): 147.80,
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147.20, 134.85, 129.37, 129.30, 129.25, 127.80, 127.40, 124.40,
124.06, 123.98, 122.92, 122.82, 119.99, 119.86, 31.40, 26.63, 22.60,
14.01. FT-IR (KBr), cm™': 3061, 3031, 2953, 2925, 2854, 2325, 2115,
1996, 1790, 1731, 1627, 1588, 1512, 1491, 1462, 1411, 1384, 1315,
1275, 1173, 1134, 1076, 1028, 892, 820, 748, 730.

4.2. Materials and characterizations

In this research work, we have utilised pre-patterned indium
tin oxide (ITO) glass substrates having a sheet resistance of
15 Q O, which were purchased from Shine Materials Tech-
nology, Co. Ltd, Taiwan. The aqueous solution of bifunctional
material, ie. poly(3,4-ethylene-dioxythiophene)-poly-(styrene
sulfonate) (PEDOT:PSS) (UR-AI4083), was bought from Uni-
region Biotech, Taiwan. The phenothiazine and phenoxazine
substituted fluorene cored novel hole-transport materials, i.e.
DNFPhe, DDPFPhe, DFPFPhe, DPFPhe, DDPPFPh, and DNFPh,
were synthesized in our laboratory. The primary materials, i.e.
10H-phenoxazine (1), 10H-phenothiazine (2), 1-bromohexane,
2,7-dibromofluorene, naphthalene-1-boronic acid, 4-(dipheny-
lamino)phenylboronic acid, 4-fluorophenylboronic acid, phe-
nylboronic acid, bis(triphenylphosphine)palladium()
dichloride (Pd(PPh;),Cl,), KOH, 40% NaOH solution, tetra-n-
butylammonium  hydrogen sulfate (TBAHS), tetra-n-
butylammonium bromide (TBABr), potassium carbonate
(K,CO3), phosphorus trichloride (POCl;) and dimethylforma-
mide (DMF), were bought from Aldrich and used as received for
the synthesis of these novel materials. The organic materials
utilised in this research work, ie. 4,4’-Bis(N-carbazolyl)-1,1'-
biphenyl (CBP) as a host, iridium(u)bis(4-phenylthieno[3,2-
c]pyridinato-N,C2’) acetylacetonate (PO-01) as a phosphores-
cent yellow emitter, 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalo-
nitrile (4CzIPN) as a TADF green emitter, 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBi) as an electron-
transport material, and lithium fluoride (LiF) as an electron-
injection material, were bought from Shine Materials Technol-
ogy Co. Ltd, Taiwan. Moreover, aluminium ingots (Al) were
incorporated as the cathode material, which was purchased
from Show Chemicals, Japan.

Bruker Avance III (400 MHz) apparatus was used for record-
ing "H and "*C nuclear magnetic resonance (NMR) spectra. The
data are provided as chemical shifts (3) in ppm against
trimethylsilane. A Waters ZQ 2000 mass spectrometer was
utilized for recording the mass spectra.

The thermal properties of these novel materials were estab-
lished with Thermo-gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) on a TGAQ50 apparatus and Bruker
Reflex II thermos-system, respectively. The TGA and DSC curves
were measured in a nitrogen atmosphere at a heating rate of
10 °C min~'. The photophysical properties, ie. ultraviolet-
visible (UV-vis) spectrum, photoluminescence (PL) spectra at
room temperature, and photoluminescence (PL) spectra at
77 K, of these materials dissolved as 1 mg ml~* concentration
into solvent, were observed with a Shimadzu UV-2450, Perkin
Elmer LS55 and Hitachi F-7000 fluorescence spectrophot-
ometer with a delay time of 6.31 ms instruments, respectively.
The UV-vis spectra edge wavelength was used to measure the
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optical bandgap energy. The excitation wavelength and scan
rates were 350 nm and 10 nm minute ", respectively, during
the PL spectra measurement at room temperature. The triplet
energy has been determined from the phosphorescence spec-
tra. The surface morphology was measured by atomic force
microscopy using a Bruker’s scanning probe microscope. The
samples for the AFM measurement were prepared by spin-
coating HTMs on PEDOT:PSS deposited ITO substrates. The
electrochemical analysis of these novel materials was carried
out with a cyclic voltammetry (CV) set-up mounted with a
computer. The electrochemical system consisted of three elec-
trodes including a glassy carbon electrode as a working point, a
platinum rod as an auxiliary electrode, and a silver/silver
chloride rod as the reference electrode. The electrochemical
analysis was carried out with a CH-instruments CH1604A
potentiostat at room temperature under a nitrogen environ-
ment in dichloromethane (DCM) using 0.1 M tetrabutylammo-
nium perchlorate (Bu,NClO,) as the auxiliary electrolyte
material.

4.3. Device fabrication and characterizations

The schematic energy-level diagram of studied phosphorescent
and TADF OLED devices is shown in Fig. 6. These devices were
fabricated with the following device configurations: ITO
(125 nm)/PEDOT:PSS (35 nm)/HTMs/CBP:12.5 wt% PO-01
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm) and ITO
(125 nm)/PEDOT:PSS (35 nm)/HTMs/CBP:5 wt% 4CzIPN
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).

Initially, for the phosphorescent yellow OLED, the aqueous
solution of PEDOT:PSS was spin-coated at 4000 rpm for 20 s to
deposit as a hole-injection layer on a precleaned ITO anode,
which was sputtered on the glass substrates. Then, the pre-
pared substrates were kept on a hot plate for heating PED-
OT:PSS thin-film for 30 min at 100 °C. Then, the solution of
newly synthesized HTMs was prepared by mixing 4 mg ml~" in
tetrahydrofuran at room temperature with stirring for 0.5 h
before spin-coating. The resulting solution was then spin-
coated at 2500 rpm for 20 s under nitrogen and the samples
were kept on the hot plate at 60 °C for 30 min. After that, the
premixed host-guest solution was spin-coated at 2700 rpm for
20 s and the resultant film was gradually annealed in a vacuum
chamber. This was followed by the deposition of an electron-
transporting layer TPBi, an electron-injection layer LiF, and a
cathode Al, by thermal evaporation in a chamber with a vacuum
level of 4 x 107° Torr.

For thermally activated delayed fluorescence green OLED, a
solution of PEDOT:PSS was spin-coated on pre-cleaned ITO sput-
tered glass substrates to form a 35 nm thin film and kept on the hot
plate at 100 °C for 30 min. Subsequently, the solution of newly
synthesized HTMs was spin-coated on the PEDOT:PSS coated
substrates and annealed on a hot plate for 30 min at 100 °C.
Afterwards, a 20 nm emissive layer (5 wt% 4CzIPN doped in the CBP
host) was deposited on the annealed HTMs via the solution process
and the resultant film was annealed in a vacuum. Subsequently, a
40 nm electron-transport layer of TPBi, a 1 nm electron-injection
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layer of LiF, and a 100 nm cathode Al were deposited using the
thermal evaporation process.

After device fabrication, these devices were kept in a small
vacuum chamber and used one by one for testing. The current-
voltage-luminance ( J-V-L) characteristics were measured with
a computer mounted electrometer, ie. a Keithley source
measurement unit (CS-2400). After that, the Photo Research
PR-655 spectrum scan and CS100A luminance meter were
utilised to measure CIE chromatic coordinates, EL spectra,
and luminance. The brightness of all the devices was measured
in forward directions. Moreover, the device measurements were
obtained in an artificial dark room.

To estimate the performance of OLED devices, external
quantum efficiency (EQE) is a key parameter and can be
calculated using the following equation: EQE = ®p;, x 7 X
Ns/T X Nout, Where Ppr, 7, fs/1, and #o,e denote the photolumi-
nescence quantum yield (PLQY) of the emitters, the balance of
charge carriers in the emissive zone, radiative exciton utiliza-
tion efficiency, and light outcoupling efficiency, respectively. vy
is 100% for balanced carriers and 7,y is 20% for planer devices
fabricated with organic layers.
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