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To enhance organic light emitting diode (OLED) performance,
host materials with high triplet energies are crucial for confining
excitons, despite increasing driving voltages due to the singlet-
triplet energy gap. We synthesized sulfonylbis(4,1-
phenylene)bis(3,6-disubstituted-9H-carbazole) derivatives as do-
nor-acceptor-donor host materials, namely compounds 3, 5 and
7, with varying fluorination levels. These compounds show
moderate singlet-triplet energy splitting and molecular dipole
moments, allowing for fine-tuning of hole-transport mobilities,
deeper frontier orbital energies, and a red shift in singlet
emission while maintaining high triplet energy levels. These
adjustments impact a range of physical, electronic and optical

properties. The materials exhibit exceptional thermal stability,
with decomposition starting above 400 °C and glass transition
temperatures over 130 °C. Used with the green TADF emitter
DACT-II, these hosts enable reverse intersystem crossing rates
between 7.43×104 s� 1 and 1.77×105 s� 1. While OLEDs using mCP
as a reference host achieve a maximum quantum efficiency of
18.5%, those with host 5 show lower efficiency roll-off, leading
to higher external quantum efficiency at brightness levels
above 2000 cd/m2 without colour shift. The reduced roll-off in
devices with host 5 compared to mCP is attributed to effective
Förster and Dexter energy transfers to DACT-II at high currents,
enhancing light emission pathways.

1. Introduction

In recent years, there have been significant advancements in
thermally activated delayed fluorescence (TADF) emitters. Such
purely organic emitters can harvest triplet excitons via reverse
intersystem crossing and hold significant potential in terms of
high efficiency, affordability, and environmental friendliness.[1–4]

Most high-performance TADF emitters are dispersed into host
matrices thereby minimizing interactions between dopants.

However, the development of suitable hosts for TADF emitters
has been overlooked. The efficiency of TADF emitters heavily
relies on the properties of the host used; including host triplet
energy (T1), polarity, and the energy matching of frontier energy
levels with adjacent layers in an organic light emitting diode
(OLED) device.[5–8] To maximize the performance of a TADF
emitter within a host in an OLED device, a high T1 energy is
essential. Electron or hole-transport materials, such as N,N’-
dicarbazolyl-4,4’-biphenyl (CBP), 1,3-bis(carbazolyl)benzene
(mCP), or bis(2-(di(phenyl)phosphino)-phenyl)ether oxide (DPE-
PO), are commonly used as hosts for TADF emitters.[9–11] These
hosts have been shown to achieve high external quantum
efficiencies (EQE) exceeding 20%. However, unipolar charge-
transporting hosts can lead to high driving voltages and
substantial efficiency roll-off, particularly when blue and green
TADF emitters are used. These emitters require a high T1 host,
which is accompanied by an even higher S1. This requires a
deeper HOMO (highest occupied molecular orbitals) for elec-
tron-transporting hosts and shallower LUMO (lowest unoccu-
pied molecular orbitals) for hole-transporting hosts. This can
cause a mismatch in the frontier energy levels with the adjacent
charge transporting layers, leading to an increased in device
operation voltages and efficiency roll-off.[12–14] It has been shown
that balanced charge recombination can reduce the singlet-
triplet and triplet-triplet annihilation in TADF OLEDs.[15,16] A host
that exhibits a small singlet-triplet splitting (ΔEST) can maintain
a high T1 while keeping the S1 low enough to achieve an
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efficient charge carrier injection. Typically, a small ΔEST is
associated with charge transfer (CT) states that arise from
spatially separated donor and acceptor units. This is particularly
true when a non-doped TADF emissive layer is used resulting in
remarkably high efficiency roll-off.[17–19] Nevertheless, Zhang
et al. have synthesized a new host with ~EST as small as 0.14 eV
demonstrating that efficiency roll-off can be reduced compared
to CBP as the host. Other researchers have also attempted to
use hosts with a small ~EST, paired with TADF emitters only
achieved a moderate success.[20,21] However, a host with a small
ΔEST can create a strong dipole field, leading to host dipole
field-induced quenching.[22–24] To generate strongly bound
excitons, the TADF emitters need to be surrounded by host
molecules with low dipole moments. This is particularly crucial
at high voltage to reduce efficiency roll-off. Ideally, a host
should have a moderate ΔEST of around 0.3 eV. However, most
hosts used in TADF-based devices have larger ΔEST values. For
example, mCP and DPEPO have ΔEST exceeding 0.5 eV. There
are two potential mechanisms for exciton formation within an
emissive layer (EML). In the first mechanism, excitons form on
the host molecules and subsequently transfer their energy to
the TADF emitters through the Förster or/and Dexter mecha-
nisms while in the second mechanism, electrons and holes
directly recombine on the TADF emitters to form excitons.[25] At
low driving voltage, the second mechanism is the dominant
process. At high driving voltage, excitons can also form in a
host with a moderate ΔEST. If the host is designed such that
there is a significant overlap between the CT absorption band
of TADF emitter and the host‘s emission, Förster resonance
energy transfer of singlet excitons from the host to the emitters
can be facilitated, supporting high brightness and low-
efficiency roll-off in the device.

To design such a host, a donor and acceptor configuration
with partial separation of the frontier orbitals while ensuring
high T1 energy would be ideal. In this work, a series of new
compounds, possessing moderate ΔEST were designed and
synthesized. The strength of the molecular dipole moment is
modified by functionalizing the C-3 and C-6 positions of the
carbazoles either by the introduction of fluorine atoms, tert-
butyl groups or both. Good charge transport ability, along with
moderate frontier energy levels that match the adjacent trans-
port layers enabling efficient charge recombination on the host
are demonstrated. Carbazole moieties with fluorine at the
position C-3 and tert-butyl group at the position C-6 yield the
lowest efficiency roll-off, but not when both positions are
functionalized with tert-butyl groups. This indicates the signifi-
cance of both Förster and Dexter energy transfers in minimizing
efficiency roll-off at high brightness levels

Experimental Section

Materials

All chemicals were used as purchased unless otherwise stated.
Carbazole was recrystallized from toluene whereas technical grade
n-hexane was distilled prior to use. Thin layer chromatography was
conducted on TLC silica gel 60 F254 (aluminum plate). The adsorbent

used for column chromatography was silica gel 60 (pore size 60 Å,
230–400 mesh particle size, 40–63 μm particle size). Celite® 545
with particle size 0.02–0.1 mm was used as a filtration medium. 1H,
13C, and 19F NMR spectra were recorded using either FT-NMR ECX
400 (JEOL) or FT-NMR ECX 500 (JEOL) in deuterated solvent; either
CDCl3 or DMSO-d6. Tetramethylsilane (TMS) or solvent residual
peaks were used as reference. 13C and 19F spectra were recorded
with proton decoupling. Chemical shifts (δ) were reported in ppm
whereas coupling constants (J) were reported in Hertz (Hz).
Multiplicity of the peaks in NMR was reported as follows; s= singlet,
br s=broad singlet, d=doublet, dd=doublet of doublet, t= triplet,
td= triplet of doublets. High resolution mass spectrometry (HRMS)
was recorded using JMS-T100LP AccuTOF LC-plus. For mass
measurement of compound 2, 4, 4-(tert-butyl)-N-(4-
fluorophenyl)aniline, and bis(4-fluorophenyl)amine, their diluted
methanol solutions contain 0.1% v/v trifluoroacetic acid to enhance
ionization. On the other hand, for compounds 3, 5, 6, and 7, their
methanolic solutions were spiked with sodium tetrachloroaurate(III)
to assist ionization.[26] UV-Vis absorption of solutions was recorded
on the Cary 60 UV-Vis Spectrophotometer. Photoluminescence (PL)
spectra were recorded on the Cary Eclipse Fluorescence Spectro-
photometer. Both UV-Vis absorption and PL emission spectra were
recorded at room temperature. Absolute photoluminescence
quantum yields under air at room temperature were determined by
utilizing the integrating sphere method with a Hamamatsu
Photonics C9920-02 absolute photoluminescence quantum yields
measurement system. Low temperature fluorescence (FL) and low
temperature phosphorescence (Ph) decay profiles were measured
by using a HORIBA Jobin Yvon FluoroCube lifetime spectrofluor-
ometer equipped with HORIBA NanoLED-370 and analyzed using
DAS6 FL decay analysis software. Cyclic Voltammetry was carried
out with ALS Electrochemical Analyzer Model 600 C using a Pt disk,
Pt wire, and Ag/Ag+ electrode as the working, counter, and
reference electrodes, respectively. Differential scanning calorimetry
(DSC) was performed with a Rigaku Thermo plus EVO2. The X-ray
intensity data were measured at 100 K using a Rigaku/Oxford
Diffraction XtaLAB synergy diffractometer (Dualflex, AtlasS2),
equipped with CuKα radiation (λ=1.54178 Å). A 100% data
completeness at θ=67.7° was collected, and the data underwent
thorough reduction, including absorption correction, using
CrysAlisPro.[27] The structure was solved by dual space direct
methods with ShelXT,[28] and subsequent refinement, incorporating
anisotropic displacement parameters and C-bound H atoms within
the riding model approximation, was performed on F2.[29] The
weighting scheme represented by w=1/[ σ2(Fo

2)+ (aP)2+bP], P=

(Fo
2+2Fc

2)/3 was introduced toward the end of refinement. The
molecular structure diagram was generated using ORTEP for
Windows[30] with 50% displacement ellipsoids, and additional data
analysis was conducted with PLATON.[31]

Computation

The calculation was performed using Terachem 1.93[32,33] software
and a Graphic Processing Unit server that had 64 GB RAM installed
to support eight Tesla K10 graphic cards at the Universiti Malaya
Data Intensive Computing Centre (DICC). The results were visual-
ized using Visual Molecular Dynamics (VMD) software.[34] Density
functional theory (DFT) using range-separated hybrid functional LC-
ωPBEh was used to obtain the ground state molecular geometry at
def2-svp basis set. ω was tuned using the golden ratio algorithm
under polarizable continuum model (PCM) with a dielectric
constant of 2.38 corresponding to toluene and solvent radius of
3.48 Å. The dipole moment of such molecules was obtained. To
investigate the H · · · F hydrogen bonding interactions in solid bulk,
molecular dynamics (MD) simulations were performed using
GROMACS 2021.2,[35] with GROMOS 54a7 forcefield. The initial
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topologies for molecules 3, 5, 7, and DACT-II were generated using
the Automated Topology Builder 3.0.[36] 80 DACT-II molecules were
randomly distributed in an empty cubic box (dimensions
10×10×10 nm3), with the remaining space filled with the host
molecules. This system was then equilibrated at a constant temper-
ature (300 K) and volume for 0.1 ns, followed by energy minimiza-
tion. This filling and equilibration process was iterated until no
additional molecules could be inserted into the simulation box.
Intermolecular distances, defined as the shortest distance between
the centres of two molecules, were determined using a k-d search
algorithm.

2. Results and Discussion

2.1. Synthesis and Characterization

Sulfonylbis(4,1-phenylene)bis(3,6-disubstituted-9H-carbazole)
derivatives 3, 5 and 7 were synthesized according to Scheme 1
shown below. Compound 2 was prepared via Friedel Crafts
alkylation of carbazole according to the procedure reported by
Zainal, et al.[37] whereas compounds 4, and 6 were synthesized
according to the previously reported procedure by Nurul et al.
.[38] Details of the preparation of the compounds 2, 4, and 6 are
reported in the supplementary information. Compounds 5, and
7 are new compounds and were synthesized via nucleophilic
aromatic substitution similar to the methods described by
Adachi et al. in the synthesis of compound 3.[39] 1H NMR spectra
for all compounds 3, 5, and 7 show two doublet signals around
7.8 and 8.2 ppm with the integration values equivalent to 4H

each. The two peaks correspond to the para-substituted
benzene ring of the acceptor moiety. 1H NMR spectrum of
compound 3 shows one singlet peak at 1.46 ppm with the
integration value equivalent to 36H to represent four tert-butyl
groups that are attached at C-3 and C-6 positions of the
carbazole moiety, whereas 1H NMR of compound 5 shows one
singlet peak at 1.44 ppm with the integration value equivalent
to 18H which represents two tert-butyl groups that are attached
at the position C-3 of the carbazole moiety.The 19F NMR
spectrum of compound 5 displays a single singlet peak at
� 122.34 ppm, indicative of the two fluorine atoms bonded to
the C-6 positions on the carbazole moieties, whereas, for
compound 7, one singlet peak appearing at � 122.08 ppm
which represents the four F atoms attached at the positions C-3
and C-6 of the carbazole motifs. The fact that the tert-butyl
groups for the compounds 3 and 5 appear as a singlet peak on
1H NMR and the F atom for compounds 5 and 7 also appears as
a singlet peak on 19F NMR, indicates that all three compounds
are symmetrical.

The refined molecular structure of the compounds 3 and 7
are as illustrated in the Figure 1 and Figure 2, respectively. As
displayed in the Figure 1a, thermal ellipsoidal plot of the
molecule 3 with atomic labelling, unlabelled atoms are related
to the symmetry operation: x, 3/2-y, z. This is due to the planar
nature of the sulfonyl functional group lying on the crystallo-
graphic mirror plane. Hence, leading to identical dihedral
twisting at both D-A bonding sites. The torsion angle through
the C7-N1-C4-C3 bonding is 47.4°. The molecular assemble in
the crystal of the compound 3 (Figure 1b) presenting the Van

Scheme 1. Synthesis of compounds 3, 5, and 7 via nucleophilic aromatic substitution reaction.

Figure 1. (a) The molecular structure of 3 showing atom labelling scheme and (b) its packing behaviour.
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der Waal forces holding the molecules together with intermo-
lecular distance of 5.72 Å. Moreover, for compound 7, the
crystal structure can be seen the Figure 2a. Unlike the molecule
3, the refined structure of compound 7 indicates the lack of
crystallographic mirror plane, consequently leading the mole-
cule to be asymmetric. The lack of symmetry is ascribed to the
weak intermolecular interactions of the compound 7 as shown
in the Figure 2b. The molecules were held together through
π(C27-C28, C33-C36) · · ·π(C9-C10, C15-C18) interaction with
intermolecular distance of 3.67 Å. The molecule 7 also demon-
strates intermolecular C� H· · · F interaction with an interacting
distance of 2.67 Å. The C� H· · · F interaction can be observed
between the C33-H33 and F1 atoms. The combination of these
two interactions resulted in the formation of an intricate
supramolecular 2D motif (Figure 2d). Since the compound 7
lacks of the symmetry plane lying on the sulfone functionality,
it has two dihedral angles at both D-A connection sites. The
degrees of the dihedral twisting are � 44.7° and � 46.9° at the
C7-N1-C4-C5 and C25-N2-C22-C23 bonding, respectively. Crystal
data, structural refinement, and key geometric parameters of 3
and 7 are included in the supplementary information (Table S1
and Table S2). Regrettably, for the compound 5, the crystals
obtained were not suitable for structure determination. Deposi-
tion Number of 2337973 (for 5) and 2337974 (for 7) contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.

2.2. Frontier Orbitals

To deepen our understanding of the excited states, we
performed electronic structure calculations. The optimized
geometries of these molecules are shown in Figure 3 using

density functional theory (DFT) at optimally tuned ω*pbeh
functional. We find that the dihedral angles between the donor
and acceptor are 51.6°, 51.9° and 54.1° for 3, 5 and 7,
respectively. This is smaller than conventional donor-acceptor
TADF where the dihedral angle ranges between 70°–80°. The
LUMOs of all the molecules are located at the 9,9’-
sulfonylbis(4,1-phenylene) core while the HOMOs is predom-
inantly located at the carbazole moieties. There is no complete
separation of the frontier orbitals (HOMO and LUMO), as there
is a finite electron distribution at 9,9’-sulfonylbis(4,1-phenylene)
core within the HOMO level. The lone pair of the electrons in
fluorine and the tert-butyl groups are involved in the effective
conjugation of the carbazoles through mesomeric effect and
hyperconjugation.[38]

Closer examination of the energy levels of these molecules
using time-dependent density functional theory (TD-DFT) yield
numerous triplet energy levels between T1 and S1 with some of
them being nearly degenerate with the S1 level (Table S3). The
T1 energies for the three compounds remain relatively constant,
increasing slightly with increasing fluorination. However, the S1

energies are elevated with the increasing numbers of fluorine
atoms at the C-3 and C-6 positions of the carbazoles. The lowest
singlet levels for these three compounds are in near resonance
with higher triplet energy levels. For example, in 3 ΔES1-T6 is
calculated to be 0.03 eV. The ~ES1-T6 values for 5 and 7 are
0.07 eV and 0.15 eV, respectively. The presence of numerous
low-lying triplet energy levels might facilitate hot exciton
reverse intersystem crossing.[40] The decomposition of the
lowest singlet states into the contribution of frontier orbitals
indicated that the transition is not dominated by the HOMO to
LUMO transition but a mixture of other transition states. For
example, in 3, the S1 is composed of HOMO to LUMO and
HOMO-1 to LUMO+1 transition with coefficient of transition of
0.677 and 0.140, respectively. The contribution of orbital
transitions for S1 and T1 transitions for 3, 5 and 7 are visualized

Figure 2. (a) The molecular structure of 7 showing atomic labelling scheme. (b) 1D supramolecular motif constructed by π-π interaction and (c) the C� H· · · F
intermolecular interaction. (d) A view of the compound 7 formed by the π-π (purple dash line) and C� H· · · F (orange dash line) interactions.
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in Figure S20. It is noticeably clear that T1 and S1 transitions are
of different origin with T1 exhibiting significant triplet locally
excited states (3LE). This resulted in a wider ΔES1-T1 and hence
these molecules are not suitable to be used as conventional
TADF emitters. Despite molecule 3 not having any fluorine
atoms, it still shows significant polarity, with a dipole moment
of 5.48 Debye. The dipole vector is directed towards the 9,9’-
sulfonylbis(4,1-phenylene) moiety along the symmetrical ar-
rangement of the compound, as illustrated in the Figure S21.
Functionalization with four fluorine atoms at C-3 and C-6
positions of the carbazole moieties significantly lowers the
dipole moment to 1.41 Debye. This suggests that the presence
of fluorine atoms reduces the ability of the carbazole groups to
donate electrons, yet the overall direction of the dipole vector
remains nearly the same. In contrast, when only two fluorine
atoms are incorporated, in molecule 5, there is a notable
change in the orientation of dipoles, shifting by almost 90
degrees, as indicated in Figure S21b. This change results in a
dipole moment of 4.97 Debye, with the vector now pointing
towards the introduced fluorine atoms. The probability density
distributions of the intermolecular distances is measured from
the geometrical centre of the molecules, as determined by the
k-d search algorithm, exhibit Gaussian-like profiles (Figure S22).
The mean intermolecular distances are (0.609�0.206) nm,
(0.589�0.203) nm, and (0.547�0.172) nm for 3, 5, and 7,
respectively. This indicates that sample 7 is more densely
packed compared to samples 3 and 5. By analysing the shortest
distance from fluorine atoms to adjacent atoms and setting a
cutoff of 3 Å, we can identify interactions between fluorine
atoms and their neighbouring atoms. With 3 Å as the threshold,
it is observed that all the fluorine atoms form CH · · · F bonding
with the nearest neighbouring molecule with selected molec-
ular pairs shown in Figure S23.

2.3. Electrochemical and Thermal Properties

To study the thermal transitions of the synthesized compounds,
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were conducted. The compounds exhibit high
5% weight loss temperatures (Td), exceeding 400 °C (Figure 4a).
The Td values of compounds 3, 5, and 7 are of 409 °C, 446 °C,
and 416 °C, respectively. From the DSC measurements, the
temperatures of the morphological transitions such as the glass
transition temperatures (Tg), melting points (Tmp), and crystal-
lization temperatures (TCr) were obtained. Compound 3, 5, and
7 (refer to Figure 4(b)–(d)) exhibit glass forming properties with
elevated Tg values of 178 °C, 147 °C, and 133 °C, respectively. We
did not manage to identify TCr, of compound 5. It showed two
Tmp values which may suggest polymorphism phenomenon.[41]

The data obtained from TGA and DSC measurements are
summarized in the Table 1. Notably, compound 5, exhibited the
highest 5% weight loss temperature and the second-highest
glass-transition temperature.

2.4. Photophysical Properties

To investigate the photophysical properties of 3, 5 and 7, UV-
Vis absorption and PL, FL, and Ph emission spectra were
obtained. To understand the effect of fluorination on the donor,
the photophysical properties of the materials in cyclohexane
are examined. Fluorination at C-3 and C-6 positions of
carbazoles has been shown to red-shift the absorption and PL
spectra as result of the mesomeric effect that increases its
effective conjugations.[38] However, 5 is blue-shifted with
respect to 3 with onset of absorption of 3.34 eV and 3.40 eV,
respectively with 7 being the most blue-shifted with the onset

Figure 3. Frontier orbitals and the corresponding HOMO, LUMO, lowest singlet and triplet energy levels of (a) 3, (b) 5 and (c) 7.
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of absorption of 3.43 eV as shown in Figure 5. The PL spectra
also followed the same trends with all three molecules
exhibiting vibronic progression, especially for 7 which exhibits a
distinct and the most intense 0–0 vibronic peak. Based on this
information, 7 exhibited a strong singlet local character (1LE)
compared with 5 while 3 is most likely consisted of a mixture of
1LE and singlet charge transfer state (1CT) in cyclohexane. The
materials showed a significant π!π* transition below 350 nm.
Weak absorption from charge transfer characteristics is not
observed in cyclohexane.

All the molecules exhibit bathochromic shift with increasing
polarity of the solvent transforming from 1LE character to a
more 1CT character as shown in Figure 6. For 3, the onset of
wavelength is 375.6 nm in cyclohexane while in acetonitrile it is
red-shifted to 401.4 nm. Similarly, for 7, the onset wavelength is
348.6 nm and 386.3 nm in cyclohexane and acetonitrile,
respectively. The dependence of the onset-wavelength with
different solvents can be found in Table S2. The extent of the
red-shift, of the onset of PL spectrum after changing the solvent
from cyclohexane to acetonitrile, is the smallest for the
solutions of compound 7 (~0.35 eV), while for the solutions of
compounds 5 and 3, it is of 0.39 eV. The absorption spectra of
the solution exhibit red shifts as the solvent polarity increases.
The absorption spectra appear at the longer wavelengths and
become more pronounced. This indicates the dominant

Figure 4. (a) TGA curves of 3, 5 and 7 (dashed lines represent 5% weight loss temperature) and DSC curves of (b) 3, (c) 5, and (d) 7.

Table 1. Electrochemical, thermal and photophysical parameters of 3, 5,
and 7.

Parameters Sample 3 5 7

Eox
onsetE

ox
onset

vs Fc, eV
Solution � 1.528 � 1.522 � 1.487

IPCV,
[a]

eV
5.609 5.747 5.856

EACV,
[b]

eV
3.273 3.279 3.313

Tg, °C[c] Powder 178 147 133

Td
onset, °C[d] 409 446 416

λabs
max, nm Toluene 355 350 346

λPL
max, nm 393 400 408

FWHM, nm 56.6 60.7 57.1

PLQY(%) Toluene 93.2 99.2 65.4

ES1, eV Me-THF at 77 K 3.48 3.55 3.60

ET1, eV 3.10 3.09 3.09

ΔEST, eV 0.38 0.46 0.51

[a] 42 [b]

( is onset oxidation
potential vs the Fc/Fc+; =1240/λedge, λedge is the onset wavelength of
absorption spectrum of the dilute cyclohexane solution. [c] Tg – glass-
transition temperature taken from 2nd heating scan, [d] Td

onset is the
temperature of onset of weight loss (20 °C/min, nitrogen atmosphere).
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absorption of 1CT states. Similarly, the emission spectra become
Gaussian-like in acetonitrile. The T1 energies are relatively
constant with different functionalization of the carbazole
moieties. This is possible when T1 is local in character (3LE). The
singlet energies are 3.48 eV, 3.55 eV and 3.60 eV for 3, 5 and 7,
respectively as measured in Me-THF at 77 K. The singlet-triplet
splitting between the lowest singlet and triplet levels (~ES1-T1)
are 0.38, 0.46 and 0.51 eV while the triplet energies are 3.10 eV,
for 3 and 3.09 eV for both 5 and 7(Figure S24). The measured S1

and T1 are remarkably close to the predicted theoretical values
within an error of 0.1 eV. Experimentally, ~ES1-T1 values show an
increasing trend with increasing fluorination, implying that
fluorination decreases the electron donating ability of the
carbazole moieties that act as donors. Despite its large ~ES1-T1,
3, 5 and 7 exhibit substantial PL intensity difference in degassed
and aerated solutions with a ratio of 1.80, 1.98, 1.73 for 3, 5 and
7, respectively, excited at 320 nm (Figure S25). However, there
is no delayed fluorescence detected using time-resolved photo-
luminescence spectroscopy with prompt fluorescence lifetimes
of 6.18, 6.75 and 7.14 ns, respectively in Zeonex (Figure S26).
There is no rapid rise time in the nanosecond regime that could
originate from hot exciton reverse intersystem crossing.
Recently, it has been shown that a multi-resonance-TADF
molecule showed no delayed fluorescence despite its small

ΔEST. Instead, the increased in the intensity of PL emission is
predominantly due to the reduction of singlet quenching by
dissolved oxygen.[36] Hence, we suspect that the artifact could
have originated from the same impact of singlet quenching by
dissolved oxygen[43–45] and caution must be taken when
interpreting such results.[46,47]

The introduction of tert-butyl groups can suppress π-π
stacking[37,48] while the presence of fluorine atoms at both C-3
and C-6 positions can enhance intramolecular interactions[49,50]

between hydrogen atoms which are abundant in the carbazoles
resulting in a stronger aggregation. Such aggregation is present
despite dispersion of 7 at 1 wt% in Zeonex, as revealed by
time-resolved fluorescence mapping (Figure S27) where the
aggregation is indicated by the shifting of the peak prompt
fluorescence from 420 to 550 nm. Surprisingly, from the time-
resolved fluorescence mapping the introduction of the tert-
butyl group at the position C-3 and fluorine in the other
position C-6 seem to suppress such aggregation more effec-
tively than the tert-butyl groups at both C-3 and C-6 positions
of the carbazole.

2.5. Charge Injecting and Charge Transporting Properties

In order to study the ability of injecting of holes and electrons
of the compounds in a film, we recorded photoelectron
emission (PE) spectra for vacuum-deposited films of 3, 5 and 7
(Figure 7a). The ionization potentials (IPPE) of the compounds
were collected in Table 2 by identifying the intersection points
between the fit lines of the linear part of PE spectra with the
baseline. The baseline expressed the photocurrent (i) equalled
zero, as shown in Figure 7a. The IPPE values demonstrate that
materials 3, 5, and 7 necessitate distinctly different minimum
energies for the generation of a positive charge carriers.
Fluorination allows tuning of IPPE of sulfonylbis(4,1-
phenylene)bis(3,6-disubstituted-9H-carbazole) derivatives from
5.01 eV for 3 to 5.56 eV for 5 and to 5.93 eV for 7 as more
fluorine deepens the IPPE. A similar trend was obtained for
electron affinities (EAPE) of the compounds (Table 2). The lowest
energy barrier for electron-injection from the cathode is
expected for 7 since it has higher EAPE of 2.49 eV.

Figure 5. Absorption and photoluminescence spectra the solutions of of 3, 5
and 7 in cyclohexane exhibiting blue-shifts with increasing number of
fluorine atoms attached to carbazole moieties.

Table 2. Electrochemical, thermal and photophysical parameters of 3, 5 and 7.

Parameters Data Source 3 5 7

IP
PE, eV PE spectra 5.01 5.56 5.93

Eg
opt, eV Abs spectra (MHC) 3.36 3.43 3.44

EA
PE, eV EAPE

A ¼ IPEP � Eopt
g 1.65 2.13 2.49

μh, cm
2 V� 1 s� 1 TOF 3.24×10� 5[a] 1.35×10� 6[b] 1.72×10� 4[c]

μe, cm
2 V� 1 s� 1 Fitting by

m ¼ m0e
b
ffiffi
E
p
ð Þ

– – 2.9×10� 5[c]

μ0h, cm
2 V� 1 s� 1 2.34×10� 6 2.16×10� 9 1.94×10� 5

μ0e, cm
2 V� 1 s� 1[a] – – 1.4×10� 7

βh, (cm V� 1)1/2 3.2×10� 3 5.65×10� 3 1.59×10� 3

βe, (cm V� 1)1/2 – – 3.9×10� 3

[a] at E of 0.69×106 Vcm-1, [b] at E of 1.3×106 Vcm-1, and [c] at E of 1.86×106 Vcm-1.
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The activation of electron transport is achieved through the
utilization of the fluorination approach. Thus, compound 7
demonstrates bipolar transport achieving hole and electron
mobilities (μh and μe) of 1.72×10� 4 and 2.9×10� 5 cm2 V� 1 s� 1 at
an electric field (E) of 1.86×106 Vcm-1, respectively (Figure 7b).
Transit times (ttr) for electrons and holes in 7 were well
observed from the corresponding TOF photocurrent carrier
transients at different negative voltages at the ITO electrode.
Due to well-observed plateaus and short tails at TOF signals,
electron transport of 7 is low-dispersive. On the other hand, the
dispersion of hole transport in the compounds is more notable.
This can be observed in the Figure 7d and Figure S28. We used
the equation (1) to calculate hole mobility (μh,e) values taking

the films’ thicknesses (d) as determined by Profilm 3D. We
analysed the experimental electric field dependences of hole
and electron mobilities of 3, 5 and 7 according to the Poole-
Frenkel type mobility of organic semiconductors using the
equation (2). The zero field mobilities (μ0h,0e) and field depend-
ence parameters (βh,e) were collected in Table 2. The charge-
transport properties of sulfonylbis(4,1-phenylene)bis(3,6-disub-
stituted-9H-carbazole) derivatives are strongly affected by
fluorination, as shown by TOF measurements. The introduction
of fluorine atoms results in the enhancement of the delocaliza-
tion of the HOMO within molecule 7 compared to molecule 3,
through the mesomeric effect. Furthermore, the intermolecular
distance is far shorter in case of 7 and hence enabling a more

Figure 6. UV-Vis absorption spectra the solutions of 3 (a), 5 (c), and 7 (e) and PL emission spectra of the solutions of 3 (b), (d) 5 (d), and 7 (f) in various solvents
of the different polarity.
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effective π-π stacking compared to that of 3. This improves the
electronic coupling between neighbouring molecules, resulting
in increased hole mobilities. As a result, very different electro-
luminescence (EL) properties of TADF OLEDs based on the same
emitter 9-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-N,N,N’,N’-tet-
raphenyl-9H-carbazole-3,6-diamine (DACT-II) doped in 3, 5 and
7 as the host were obtained as discussed in the following
section.

mh ¼
d2

Vttr
(1)

mh;e ¼ m0h ;0e
e bh;e

ffiffi
E
p

ð Þ (2)

2.6. Hosting Properties

It is widely known that the efficiency of emission of TADF
emitters is sensitive to the nature of the hosts used. Four
different hosts namely 3, 5, 7 and mCP as the control host, with
DACT-II as the TADF emitter at 10 wt% concentration were
used to quantify the photoluminescence quantum yields (PLQY)
at 320 nm excitation wavelength (Figure S29). All the hosts
have high triplet energies to prevent triplet excitons loss from
lack of confinement. DACT-ll in mCP has the highest PLQY at

40.3% followed by 5, 7, and, 3 which are 33.5%, 32.3%, and,
29.4%, respectively. All of them have similar emission spectra. A
significant difference between PLQY efficiencies of DACT-II in
mCP and the rest of the hosts indicates the presence of extra
loss channels arising from aggregation of the hosts. When
excited at 320 nm, not only DACT-II is excited but also the host
too due to the overlapping of the host absorption (Figure S30).
Energy transfer via Förster and/or Dexter from excited hosts can
happen. Molecule 7 has no bulky group attached. Hence, Dexter
transfer will not be inhibited compared to 3 which has the
bulky tert-butyl groups. Thus, 3 appeared to have a lower PLQY
efficiency. The efficiency roll-off is higher when the carbazole
donors are functionalized with tert-butyl groups (3) than when
only one is functionalized with fluorine and the other with tert-
butyl group (5). This is because Dexter energy transfer is
potentially suppressed in 3 but still allowed in 5 providing more
channels for effective hot exciton energy transfer to the
emitters. The overlap of the DACT-ll absorption spectrum and
host emission spectra can indicate a potential energy transfer
between the host-guest systems (Figure 8a). To further validate
such potential, the PL spectra of mCP, 3, 5 and 7 are normalized
with unit area and plotted with the DACT-II absorption
spectrum. To obtain a meaningful comparative quantification,
the overlap integral, JH/E as defined below is calculated.

Figure 7. Data of tested vacuum-deposited layers; a) PE spectra, b) electric field dependences of hole and electron mobilities, c) time-of-flight (TOF)
photocurrent carrier transients for electrons of 7, and d) TOF photocurrent transients for holes of 3.
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JH=E ¼
Z ∞

0
f D lð ÞeA lð Þl4dl (3)

where f D lð Þ is the emission of the donor (host) and eA lð Þ is the
absorption of acceptor (DACT-II) in arbitrary unit. The JH/E values
of 6.85×105, 6.78×105 6.70×105, 5.72×105 nm5 are obtained for 5,
3, 7 and mCP respectively in order of decreasing JH/E values.
Overlapping spectra suggest that if excitons are formed in such
hosts, energy transfer to the DACT-II emitter can happen,
opening another channel of light emission that could lead to
better device efficiency, particularly for host 5, which has the
highest JH/E.

For the estimation of the hosting effects of the hosts on
TADF efficiency of DACT-II, PL decay curve of the emitters (10
wt%) in different hosts (3,5,7 and mCP) were recorded at room
temperature (Figure 8b). The results of these measurements are
used to calculate the rates of reverse intersystem crossing (kRISC)
of the DACT-II using previously published methods.[51] The
details of the calculations and additional data (e.g. prompt
lifetime (τPF), delayed fluorescence (τDF), rate of prompt (kPF) and
delayed fluorescence (kDF), and intersystem crossing rates (kISC)
are listed in Table S3 and Figure S31. The prompt fluorescence
can be fitted with biexponential decay where the average
prompt lifetime being calculated from the amplitude-weighted
average of the two lifetimes. The kRISC of DACT-II in different
hosts are 2.80×104 s� 1, 6.19×104 s� 1, 3.15×104 s� 1, 1.50×105 s� 1

for 3, 5, 7, and mCP, respectively. It is expected that mCP
should have a higher efficiency than 5 in a device. However,
since 5 has a larger JH/E value, its efficiency at high current
density might be higher than mCP.

2.7. Fabrication and Characterization of OLEDs

Owning to the high triplet energy, lack of reverse intersystem
crossing (RISC) and high hole mobility, the studied compounds
can be used as polar hosts for the TADF emitters of OLED
devices. EL properties of the compounds were investigated

using device structure of ITO/MoO3/NPB (40 nm)/TCTA(4 nm)/
EML (24 nm)/TSPO1 (4 nm)/TPBi (40 nm)/LiF/Al. The EML con-
sists of DACT-II doped in a host at 10 wt% concentration, where
the host can be either 3, 7, 5 or mCP. Apart from the EML, all
functional layers of the devices are identical, as they were
deposited simultaneously across all the devices This method-
ology was employed to isolate and demonstrate the impact of
the different substituents of carbazole moieties (fluorine atoms
and/or tert-butyl groups) on OLED performance. The device
structures, energy diagram and chemical structures of the
organic materials are shown in Figure 9a and 9b. In this
architecture, molybdenum trioxide (MoO3) was used as a hole
injection material, N,N’-di (1-naphthyl)-N,N’-diphenyl-(1,1’-bi-
phenyl)-4,4’-diamine (NPB) as a hole-transporting material,
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) as an electron-blocking
material, 1,3-bis(N-carbazolyl)benzene (mCP) (T1 = 2.91 eV) as a
reference host and exciton blocking compound, diphenylphos-
phine oxide-4-(triphenylsilyl)phenyl (TSPO1), 2,2’,2’’-(1,3,5-ben-
zine-triyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) as an elec-
tron-transporting material, and the layer of lithium fluoride (LiF)
as an electron injection layer. The device characteristics such as
current density–voltage–luminance (J–V–L) characteristics, EQE
versus current density curves, current/power efficiency versus
brightness, and EL spectra are presented in Figure 9c-f. The key
parameters are summarized in Table 3.

Compound 7 is ambipolar, whereas 3, 5 and mCP are hole
transporting in nature. Hence, DACT-II acts as electron-capture
centre in 3, 5, and mCP hosts. Electrons captured by DACT-II in
7 can be detrapped since the difference in LUMO between
DACT-II and host 7 is relatively small. This can result in higher
turn-on voltage and reduced current efficiency. All the
fabricated devices exhibited unstructured bright green emission
with EL peaks (λEL) at 498–525 nm at 9 V and EL spectra with full
width half maximum (FWHM) of 100–93 nm. Due to the high
polarity of host 5 and the polarity-sensitive CT emission of
DACT-II, redshift was observed in EL spectrum of OLED
containing host 5 relative to that of device with host 7.

Figure 8. a) Absorption spectrum of DACT-ll and mCP, 3, 5, and 7 PL spectra, b) prompt and delayed fluorescence of the hosts with data summarized in
Table S3.
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The fabricated device exhibited low efficiency roll-off at
high brightness above 1000 cdm-2. For example, 5, reached a
maximum EQE of 16.3% at, 3500 cdm� 2 while the reference
host mCP reached a maximum EQE of 18.5% at 400 cdm� 2 and
dropped by 30% at 3500 cdm� 2 (~EQE 11.1%). 5 and 3 can
reach a maximum brightness of 15 000 cdm� 2 and 24
000 cdm� 2 respectively compared with 4000 cdm� 2 for mCP
host. This behaviour could be explained by the well-balanced
electron and hole currents within the host and the optimal

device architecture used. These results show that high-triplet-
energy hosts of 3 and 5 are ideal for the fabrication of efficient
TADF OLEDs resulting in low efficiency roll-off at brightness
beyond 1000 cdm-2. Figure S32 depicts the EQE versus bright-
ness for 3, 5, 7 and mCP hosts. The maximum EQEs are reduced
by 12.4%, 2%, 35% and 24% for 3, 5, 7 and mCP hosts,
repectively at 4000 cdm-2. Bezvikonnyi et al. previously demon-
strated diphenylsulfone-based hosts show strong efficiency roll-

Figure 9. (a) Equilibrium energy diagram of OLEDs and (b) molecular structure of the functional OLED materials (c) current efficiency versus brightness (d) EQE
versus current efficiency (e) Current density versus voltage and (f) normalized spectra recorded at 7 V of OLEDs containing the different hosts and DACT-II as
an emitter.

Table 3. Summary of Device Performance.

Light Emitting
Layer

λ,[a]
nm

VON,
[b]

V
Brightness max, cd/m2 CEMAX,

cd/A
PEMAX,
lm/W

EQEMAX,
%

CIE[c]

x, y

3 :DACT-II 520 3 24220 44.2 21.6 13.7 0.286, 0.576

7 :DACT-II 497 6.2 4040 4.5 1.5 1.4 0.227, 0.379

5 :DACT-II 524 3.9 14600 53.3 23.3 16.3 0.300, 0.582

mCP :DACT-II 517 4.8 4310 57.3 24.8 18.5 0.255, 0.537

[a] Wavelength of the peak of EL spectrum at 7 V, [b] Turn-on voltage at a luminance of 10 cdm-2, [c] Commission Internationale de I’Eclairage (CIE) 1931 color
coordinates at 7 V.
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off partly because of the lack of sufficient overlapping between
such hosts and the 4CzIPN emitter.[52]

The reduced efficiency drop at high brightness of 3 and 5
hosts are related to greater PL overlapping of the host with the
absorption of DACT-II as shown in Figure 8(a). It is widely
known that the efficiency of emission of TADF emitters is
sensitive to the nature of the hosts used. To evaluate the device
stability, EL spectra were recorded at different voltages (Fig-
ure S33). Very stable EL spectra were observed under the
different driving voltages. The peaks of DACT-II emission
spectra change depending on the host with 7 being bluish
(497 nm) while with 3 (520 nm) and 5 (524 nm) being greenish
comparable to mCP (517 nm) (Figure 9f). These results indicate
a blue shift of as much as 0.11 eV between EL spectra of
compounds 7 and 3. However, the PL of DACT-II molecular
dispersed into these hosts (Figure S34a) does not exhibit any
similarly significant blue shift. The EL spectrum of OLED
containing compound 7 is significantly broadened in the blue
region and to lesser extent in the red region. This is evidenced
by the fitting of two Gaussian peaks (Figure S14b). It is also
noteworthy that compound 7 exhibits an electron affinity of
2.49 eV, enabling barrier-free injection of electrons from the
layer of TSPO1. In contrast, the highest ionization potential of
5.93 eV does not facilitate barrier-free injection of holes,
indicating it is less suitable. Furthermore, compound 7 demon-
strates bipolar charge transport, with electron mobility of
2.9×10� 5 cm2V-1s-1 and a hole mobility of 2.9×10� 5 cm2V-1s-1 at
electric field of 1.86×10� 6 Vcm-1 (Table 2). Therefore, we antici-
pate that the charge recombination zone could be positioned
close to the TCTA/EML interface, especially at low voltages.
Under applied voltages, electrons might be transported to the
layer of NPB, due to the close values of electron affinities of
NPB (2.4 eV), TCTA (2.4 eV), and 7 (2.49 eV). Consequently, the
high-energy shoulder in the EL spectra of OLEDs based on
compound 7 can be ascribed to the emission from hole-
transporting layers, leading to the blue-shifted emission. In
contrast, compounds 3 and 5 facilitate charge recombination
within the EMLs, resulting in the pure emission of DACT-II and
altering the energy alignment, which reduces efficiency of
devices containing host 7.. The 3LE state of DACT-II is located at
2.7 eV.[53] The different polarity of hosts 7 and 3 does not
significantly alter the 1CT state of DACT-II. The CIE coordinates
of fabricated devices were also rather stable under various
driving voltages. The CIEx color coordinates of the fabricated
devices are measured to be in the range of 0.23–0.30 and CIEy

color coordinates are in the range of 0.38–0.58.

3. Conclusions

We have developed donor-acceptor-donor hosts for OLEDs,
which are functionalized with varying amounts of fluorine
atoms attached to the carbazole units. The compounds
demonstrate exceptionally high triplet energies exceeding
3.0 eV and moderate singlet-triplet energy differences. They
also possess high melting temperatures and the temperatures
of 5% weight loss which exceed 400 °C, They exhibit tuneable

photophysical and hole-transporting properties, rendering
them well-suited as hosts for TADF emitters in OLEDs. The
device with the host having tert-butyl groups and fluorine
atoms attached to the carbazole moieties exhibits very low
efficiency roll-off at elevated luminance levels, achieving a peak
external quantum efficiency (EQE) of 16.3% at 3500 cdm-2and
maintaining EQE of 13.2% at a high luminance of 10,000 cdm-2.
The low-efficiency roll-off at high brightness can be partially
ascribed to Förster and Dexter energy transfer from the excitons
formed at the host under high current densities. Our research
indicates that a host with moderate singlet-triplet splitting,
tuned hole-transporting characteristics and high overlap of the
fluorescence and absorption spectra of the host and emitter
could be a strategic choice for the development of high-
efficiency TADF OLEDs with reduced efficiency roll-off.
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