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Molecular structural differences by position can be crucial in developing promising materials for device
applications. We synthesized four regioisomeric symmetric bicarbazoles (BCzPh) with distinct dihedral
angle twists using oxidative C—C coupling or transition-metal catalyzed Suzuki coupling methods. The
structural differences in connectivity manifested in fine-tuning of the photophysical, thermal, and
electrochemical properties of the materials, as well as the device performance. Particularly, understanding
the balance between the resonance and conjugation effects seems crucial for manipulation of triplet energy
levels. Our findings indicate that bicarbazoles with greater twist angles exhibit larger singlet—triplet/HOMO-
LUMO energy gaps, and improved power and luminance efficiencies, benefiting phosphorescent organic
light-emitting diode (PhOLED) devices. The external quantum efficiencies of PNOLEDs were over 23.4% and
23.9% for BCzPh-based devices B and D, with device C reaching a maximum brightness of 203490 cd m~2,
followed by device A at 96953 cd m™2. Notably, all BCzPh compounds served as excellent host materials,
demonstrating stable, high-purity green-color emission in devices that turned on at voltages as low as 2.2 V.

Received 6th October 2024,
Accepted 26th May 2025

DOI: 10.1039/d4ma01003e

rsc.li/materials-advances

Open Access Article. Published on 03 June 2025. Downloaded on 6/13/2026 9:47:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1. Introduction

Phosphorescent OLEDs (PhOLEDs) have garnered immense
attention due to their potential to achieve nearly 100% internal
quantum efficiency (IQE) by efficiently harnessing both singlet
and triplet excitons.”” The development of high-triplet-energy
organic host materials with suitable energy levels is crucial for
ensuring optimal charge balance, exciton confinement, and
efficient energy transfer to dopants.>* While various mole-
cular hosts, including bipolar (donor-acceptor) and non-
polar systems, have been extensively explored for their structure-
property relationships,”** these studies have often lacked a sys-
tematic approach to molecular design and optimization.
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Positional isomerism has recently emerged as a powerful yet
underutilized strategy for fine-tuning the electronic and optical
properties of organic semiconductors, thereby enhancing
optoelectronic device performance.”™® Several studies with
positional isomers have demonstrated that subtle variations
in linkage positions can yield promising molecular candi-
dates with high OLED efficiencies,"""*""” tunable solid-state
packing,?** tailored emission characteristics,'>?%?* ultralong
organic phosphorescence,"”>>*® highly efficient perovskite
solar cells,'®'®*” etc. For instance, Poriel et al. demonstrated
how variations in phenyl linkages (ortho, meta, and para) and
steric congestion between spirobifluorene (SBF) units dictate
the electrochemical and optical properties of regioisomeric SBF
dimers, revealing distinct optical and electronic characteristics
for each positional isomer.®”**%?° These studies underscore
the profound impact of regioisomeric control on molecular
properties, reinforcing the need for systematic investigations
into positional effects across different molecular scaffolds for
developing efficient devices.

Among various organic semiconductors, carbazole-based
host materials have gained prominence due to their high triplet
energy (Er > 2.95 eV), efficient hole transport, superior charge
carrier mobility, and exceptional thermal, morphological,
chemical, and photochemical stability.>**® Their synthetic
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Fig. 1 Unipolar and bipolar bicarbazole (BCz) host designs reported previously.

versatility, stable radical cations, and favourable electronic bonds—remain limited (Fig. 1).>*%*¢™*® These bicarbazole
properties further enhance their potential in optoelectronic architectures, depending on the connectivity of two carbazole
applications.>*?°*> Although extensive studies have explored units, provide a versatile platform for optimizing charge trans-
carbazole functionalization at the 2,7- and 3,6-positions, aswell ~port and triplet energy levels. Notably, 3,3’-bicarbazole (BCz,
as at the nitrogen atom, systematic studies correlating the Fig. 1a) exhibits a small singlet-triplet energy gap (AEsy = 0.46
structure and properties of bicarbazole (BCz) derivatives— eV) and a high triplet energy (Er = 2.8 eV),*® making it a
comprising two carbazole units linked vie C-C or C-N promising candidate for PhOLED applications. While CBP
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(4,4'-bis(9-carbazolyl)-2,2’-biphenyl, Ex = 2.6 eV; Fig. 1a) is
widely employed as a green phosphor host,”*? its relatively
low Er can lead to reverse energy transfer from blue-emitting
guests to hosts. In contrast, mCP (1,3-bis(9-carbazolyl)-benzene,
Er ~ 3.00 eV; Fig. 1a) offers a higher E;, making it more
suitable for blue PhOLEDs.>**"® Diverse dipolar structural
modifications of BCz, mCP and CBP through (i) substituents on
nitrogen,® ™ (ii) reactive carbon center(s),*>** and (iii) con-
nectivity (symmetrical/unsymmetrical) differences and spacer
linkages®”%*°>~% were explored, besides N-N bridged bicarba-
zoles reported recently (Fig. 1b).**”%"" Despite these advances,
regioisomeric effects in unipolar symmetric bicarbazoles
remain largely unexplored, particularly in relation to charge
transport and exciton management.

In this work, we systematically investigate four regioiso-
meric bicarbazole derivatives—1,1’-BCzPh, 2,2’-BCzPh, 3,3'-
BCzPh, and 4,4’-BCzPh—where C-C bonds symmetrically link
two carbazole units, leading to distinct molecular architectures
(Chart 1). Although these isomers share the same molecular
formula, variations in connectivity induce varying degrees of
dihedral angles, n-conjugation, and resonance effects. Notably,
3,3’-BCzPh exhibits strong resonance due to para-para nitrogen
connectivity, while 2,2’-BCzPh, with meta-meta nitrogen posi-
tioning, limits conjugation. The steric constraints in 1,1’-BCzPh
and 4,4'-BCzPh result in greater twist angles, restricting
extended conjugation and modifying their electronic proper-
ties. Moreover, 1,1’-BCzPh alone instils through-space conjuga-
tion between the N-phenyl and carbazole rings. These struc-
tural differences significantly influence electronic structure/
properties, mesomeric effects, and triplet energy levels,
making them ideal candidates for systematic study.”””> We
present a comprehensive structure-property analysis, integrat-
ing experimental and DFT studies to correlate molecular
conformation with electronic, thermal, and photophysical
properties. Furthermore, we evaluate their performance as host
materials in green PhOLEDs, where notable differences emerge
in luminescence and external quantum efficiencies (EQE).

View Article Online

Paper

Remarkably, n-extended 3,3’-BCzPh exhibited the highest lumi-
nescence (203490 cd m~?), while 2,2’-BCzPh and 4,4’-BCzPh
achieved high EQEs of 23.4% and 23.9%, respectively—outper-
forming other isomers and conventional CBP-based hosts.
These findings underscore the critical role of regioisomerism
in tailoring material properties and advancing next-generation
PhOLED design and applications.

2. Results and discussion

2.1. Synthesis and characterization

The positional isomers of bicarbazole (1,1’-BCzPh, 2,2’-BCzPh,
3,3’-BCzPh, and 4,4’-BCzPh, Chart 1) were synthesized from
their respective carbazole derivatives (please refer to pages
S4-S6, ESIt). In particular, 3,3’-BCzPh was synthesized from
N-phenylcarbazole using our metal-free oxidative coupling
reaction.”*”> The other regioisomers—1,1’-BCzPh, 2,2’-BCzPh,
and 4,4’-BCzPh—were synthesized starting from the corres-
ponding bromocarbazole derivatives via a transition metal-
catalyzed Suzuki cross-coupling reaction.”® The synthesis of
bicarbazoles typically involves the following steps: (i) N-
arylation of 9H-carbazole using a copper catalyst,””*"” (ii)
borylation of bromocarbazole with a boronate ester reagent in
the presence of palladium or via lithium-halogen exchange,”>”*
and (iii) Suzuki coupling between the appropriate bromocarbazole
and carbazole boronate ester using a palladium catalyst. The
synthesized symmetric bicarbazole isomers (BCz) were thoroughly
characterized by spectroscopic (NMR and IR) and spectrometric
(HRMS) analyses (Fig. S1-S3 and pages S3-S10, ESIt). Their
structures were further confirmed by X-ray crystallography (Fig.
S4-S6 and pages S11-S14, ESIt).

2.2. Structural properties

The X-ray structure analysis of 1,1’-BCzPh (CCDC 2361782,
triclinic, P1; Z = 2; Fig. 2a and Fig. S4, Table S1, ESIf) and
4,4’-BCzPh (CCDC 2361783, orthorhombic, Pbca; Z = 8; Fig. 2d

QO QO
“"

1,1'-BCzPh

2,2'- BCzPh

Large twist

Resonance by nitrogens
Through-bond conjugation
Through-space conjugation

3,3'-BCzPh 4,4'- BCzPh

Large twist

Resonance by nitrogens
Through-bond conjugation
Through-space conjugation

Chart1 Regioisomeric symmetric bicarbazole (BCzPh) emissive host materials investigated for PAOLED applications in this report and their molecular
features. The ortho, meta and para relationships between the C-C and C-N bonds are highlighted.
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Fig. 2 The X-ray molecular structure (top row) and unit cell packing diagram (bottom row) of (a) 1,1-BCzPh, (b) 2,2'-BCzPh, (c) 3,3'-BCzPh,>® and
(d) 4,4'-BCzPh. The dihedral angle (0, °) between the carbazole planes is indicated and the hydrogen atoms are removed for clarity.

and Fig. S6, Table S3, ESIf), revealed a non-planar, highly
twisted geometry, in contrast to 2,2’-BCzPh (CCDC 2361784,
monoclinic, P21/c; Z = 4; Fig. 2b and Fig. S5, Table S2, ESIT) and
3,3'-BCzPh (CCDC 1579239; Fig. 2¢),”® which likely results from
greater steric repulsion between the N-aryl and carbazole rings
in 1,1’-BCzPh, and between the carbazole rings in 4,4’-BCzPh,
compared to the steric hindrance caused by hydrogens in 2,2’
BCzPh and 3,3’-BCzPh. Consequently, the dihedral angles (6)
between the mean planes of the two carbazole rings were found
to follow the order: 78.1° > 71.5° > 28.4° for 4,4’-BCzPh, 1,1'-
BCzPh, and 2,2'-BCzPh, respectively (Fig. 2). This twist trend is
comparable to analogous spirobiflorene (SBF) dimers.®”»*2%2°
Besides, the new C-C bond length between the two carbazole
rings in BCzPhs was measured to be ca. 1.486 A, 1.490 A,
1.496 A for 1,1-BCzPh, 2,2’-BCzPh, and 4,4-BCzPh, respec-
tively. Previous report’*”’® has measured a torsion angle and
C-C bond length of 0.77° and 1.491 A, respectively, for 3,3’
BCzPh. It is worth noting that substituents can significantly

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

modify these solid-state structural parameters.”*”® However,

the C-C bond length measures suggest varying degrees of
resonance in these systems, depending on their connectivity
(steric inhibition of resonance), which aligns with the observed
twist trend. Molecular packing analyses of the highly twisted
1,1'-BCzPh, 4,4’-BCzPh, and the relatively planar 2,2’-BCzPh
reveal that their solid-state arrangement is primarily driven by
weak C-H---m or/and m-m stacking interactions. Both 2,2'-
BCzPh and 3,3’-BCzPh exhibited staggered arrangements of
(bi)carbazoles, with the 2,2’-BCzPh stacking face-to-face in the
same direction, while 3,3’-BCzPh adopted a slip-stacked
arrangement in opposite directions.”® These highly planar
structures and such packing configurations are advantageous
for improving thermal stability and facilitating charge trans-
port. In contrast, 1,1’-BCzPh and 4,4’-BCzPh lacked continuous
carbazole-carbazole interactions, resulting in looser packing
arrangements. Such twisted aryl systems are of great interest in
inducing an amorphous character, which is crucial for

Mater. Adv,, 2025, 6, 4456-4470 | 4459
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Fig. 3 Cyclic voltammograms of BCzPhs (1.0 mM) recorded in dichlor-
omethane using TBAPF¢ (0.1 M) as the supporting electrolyte.

0.0

generating morphologically stable, pin-hole-free thin films
during OLED fabrication, enhancing efficient recombination
and device stability.”®®" In contrast, more planar carbazole
structures may function as efficient charge-transport systems.

2.3. Electrochemical properties

To understand the redox behavior, the cyclic voltammograms of
the BCzs were recorded in dichloromethane solution
(1.0 mM) using tetrabutylammonium hexafluorophosphate as
the supporting electrolyte (Fig. 3 and Fig. S7, pages S15 and
S16, ESIT). The BCzs display multiple (more than one electron)
oxidation potentials, which are ascribed to the oxidation
of two carbazole moieties connected distinctly. Their first
oxidation potential increases in the order: 3,3’-BCzPh <
1,1-BCzPh < 2,2/-BCzPh < 4,4'-BCzPh, indicating the influ-
ence of conjugation/mesomerism and variations in twist angles
across these systems (Fig. 3 and Fig. S7, ESIf); mesomeric
effects appear to dominate over m-conjugation in this context,
highlighting the electron-rich nature of bicarbazole. The high-
est occupied molecular orbital (HOMO) energy levels (eV) of the
BCzPhs were calculated from the onset oxidation potentials
(Eox) derived from differential pulse voltammograms (DPV),

Table 1 Optical, electrochemical and thermal characteristics of BCzPhs

View Article Online

Paper

using the relation Eyomo = Eox + 4.8 €V against Fc/Fc'. The
lowest unoccupied molecular orbital (LUMO) energy values (eV)
were obtained from the optical energy gap values (Eg, solution)
and the corresponding HOMO energy values, using Eyymo =
Enomo t Eg (in eV). The oxidation and reduction onset values,
along with the corresponding HOMO (—5.45 eV to 5.64 eV) and
LUMO (—2.32 eV to —2.18 eV) energy values, are summarized
in Table 1 and Table S4 (ESIf). Notably, 3,3’-BCzPh®*”® and
2,2"-BCzPh exhibit elevated HOMO energy levels compared
to twisted 1,1’-BCzPh and 4,4’-BCzPh, likely due to extended
n-conjugation and resonance in the former and steric inhibi-
tion of the same effects in the latter due to twisting. The HOMO
energy level in 4,4’-BCzPh, closely resembling that of simple N-
phenylcarbazole (—5.64 €V),”® suggests a lack of significant
resonance and conjugation effects. This similarity implies that
the extended electronic communication between the carbazole
units is hindered, resulting in limited conjugation across the
molecule. Overall, the HOMO energy values (—5.45 eV to
—5.64 eV) observed for these bicarbazoles are comparable to
that of CDBP®*® and CBP,*' however lower than SBF dimers
picturing nitrogen’s role here.>”%%29

2.4. Thermal properties

To evaluate the functional utility of BCzPhs in PhOLED appli-
cations, their thermal stabilities were assessed through ther-
mogravimetry (TGA) and differential scanning calorimetry
(DSC) under a nitrogen gas atmosphere. The scans (Fig. 4 and
Fig. S8, pages S16 and S17, ESIt) and data in Table 1 reveal that
all BCzPhs exhibit high thermal stabilities, with decomposition
temperatures (T, at 5% weight loss) exceeding 280 °C. Specifi-
cally, 2,2’-BCzPh has a Ty of 329 °C, higher than 4,4’-BCzPh
(291 °C) and 1,1’-BCzPh (281 °C). This is probably linked to the
relatively planar molecular structure of 2,2’-BCzPh and 3,3’
BCzPh, which promotes closer packing in the solid state.
Fortunately, the thermal decomposition temperature of these
BCzPh compounds align with their twist angle: the smaller the
twist angle, the higher the thermal decomposition, and vice
versa. Notably, the thermal stability of BCzPhs is comparable to
that of other bicarbazole-based derivatives (oCBP,*> BCzl,
BCz2, and BCz3%) reported previously in the literature. The
high thermal stability is attributed to the bicarbazole core,
which increases the overall molecular size. Furthermore, the
complete mass loss beyond T4, with no residual material,

Wavelength® (nm)

Molecule Jonset Jabs e of (%) ES (eV) Egomo’ (€V) Epumo’ (eV) Ta/Tw? (°C)
1,1-BCzPh 366 332, 347 363 60 3.39 —5.56 —2.22 281/—
2,2/-BCzPh 378 325, 349 390 76 3.28 —5.60 —2.32 329/234
3,3'-BCzPh’’ 379 310, 361 406 21 3.27 —5.45 —2.18 366/205
4,4'-BCzPh 373 330, 344 382 59 3.32 —5.64 —2.32 291/204

“ Measured in dichloromethane solution at room temperature. bEg, the optical energy gap is estimated from the threshold of the UV-vis
absorption spectra using the relationship, E; = 1240//onset- ¢ HOMO and LUMO energy levels are calculated from the onset of the first oxidation
potential and the optical energy gap from the absorption spectra. ¢ Quantum yield was measured in dichloromethane solution at room
temperature with the reference of 9,10-diphenylanthracene. ¢ Ty: decomposition temperature, Tp,: melting point.
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Fig. 4 (a) Thermal stability curves of the BCzPhs, recorded under a nitrogen gas atmosphere at a heating rate of 20 °C min~%. (b) DSC traces of the

heating and cooling cycles of BCzPhs under nitrogen gas atmosphere at a scan rate of 10 °C min™.

suggests that BCzPhs are promising candidates for fabricating
devices under the vacuum-deposition method.

The DSC scans for most BCzPhs (Fig. 4) reveal a sharp
endothermic melting transition (Ty,) in the first heating cycle,
except for 1,1’-BCzPh, which showed no thermal transitions (up
to 250 °C). Specifically, a melting transition was observed for
2,2'-BCzPh at 234 °C and 4,4’-BCzPh at 204 °C, alongside glass
transitions (Tg) at ca. 175 and 160 °C, respectively (Fig. S8, ESIT).
These T, values are significantly higher than the simple uni-
polar bicarbazole (C-N or C-C based) systems known in the
literature®®'~®3 In comparison, previously reported 3,3’-BCzPh
exhibits a T4 of 366 °C and T, of 205 °C, higher than the less-
twisted counterpart 2,2’-BCzPh.®*”> The good thermal and
amorphous properties of BCzPhs suggest they can offer
enhanced morphological stability and uniform film-forming
ability during vacuum deposition, making them suitable for
device fabrication.

—1,1-BCzPh
—2,2-BCzPh
—3,3-BCzPh
——4,4'-BCzPh

Normalized Absorbance

300 400
Wavelength, nm

1

2.5. Optical properties in solution

The optical properties of isomeric 1,1’-BCzPh, 2,2’-BCzPh, 3,3'-
BCzPh, and 4,4’-BCzPh were evaluated using UV-vis absorption
and fluorescence spectroscopy in dilute dichloromethane solu-
tions (ca. 107> M) at room temperature (Fig. 5 and Fig. S9, pages
S17-S19, ESIf). The summarized results of all BCzPhs are
gathered in Table 1 and Table S5 (ESIt). The BCzPhs revealed
absorption bands tailing near the visible region up to ca.
380 nm, in contrast to simple carbazole (Cz).>>** The red-
shifted absorption in BCzPhs, when compared to simple Cz,
is attributed to extended m-conjugation resulting from the
establishment of a new C-C bond between the two carbazole
rings. The absorption spectral profile for the twisted 1,1’-BCzPh
and 4,4’-BCzPh is similar, exhibiting clear vibronic bands,
likely due to sterically restricted carbazole rotations. However,
2,2'-BCzPh showed broader absorption bands with no vibronic
features and a red-shift relative to 3,3’-BCzPh. The optical

—1,1-BCzPh
—2,2'-BCzPh
—3,3'-BCzPh
—4,4'-BCzPh

Normalized Emission Intensity

400 500
Wavelength, nm

Fig. 5 Normalized UV-vis absorption (left) and emission (right) spectra of isomeric BCzPhs in dichloromethane (ca. 107> M).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy gap (E,) for BCzPhs, estimated from the onset of the
absorption spectrum, ranged from 3.27 to 3.39 eV, which is
smaller than that of analogous SBF dimers, emphasizing the
resonance contribution of nitrogen atoms.®”?*$2° The highly
twisted 1,1’-BCzPh exhibited the largest energy gap, followed by
the relatively less twisted isomers (i.e., 4,4'-BCzPh > 2,2'-
BCzPh > 3,3'-BCzPh). Supportively, this trend in E, values is
comparable to the theoretically derived ones; the electron
density in the HOMO and LUMO was localized on the bicarba-
zole unit (Fig. S10 and Table S6, page S20, ESIT).

The emission spectra of BCzPhs (recorded at Aey. = 325 nm)
presented characteristic vibronic patterns, typical of Cz, ran-
ging from 350 to 450 nm.>>** Both 3,3’-BCzPh and 2,2’-BCzPh
exhibited a red-shifted emission maxima compared to their
regioisomeric counterparts 1,1’-BCzPh and 4,4’-BCzPh, respec-
tively (Fig. 5, Table 1 and Fig. S9, Table S5, ESIt). In other
words, the more planar BCz structures displayed emission near
the visible region, while the twisted structures emitted in the
UV region. The fluorescence quantum yields (¢¢) measured in
dichloromethane were in the range ca. 0.21-0.76 (Table 1 and
Table S5, ESIt), with 2,2’-BCzPh exhibiting the highest value
(0.76). The severe steric interactions between carbazole planes
in the twisted BCz structures likely increase overall rigidity,
promoting radiative energy loss and resulting in high ¢ss, as
seen in 1,1-BCzPh and 4,4’-BCzPh (¢, ca. 0.60). In sharp
contrast, the relatively less-twisted 3,3’-BCzPh and 2,2’-BCzPh
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likely permit free-rotation along the bridging C-C bonds, facil-
itating non-radiative decay and reducing their PLQYs. Interest-
ingly, 2,2’-BCzPh exhibits a ca. 3-fold increase in PLQY
compared to 3,3’-BCzPh, though the origin of this difference
remains unclear. However, it may be discerned from the fact
that the increment in PLQY (up to 62%) of 3,3’-BCzPh when
mixed with FlIrpic dopant emitter, suggesting a possible non-
radiative decay pathway in 3,3’-BCzPh.®* The optical properties
of BCzPhs are consistent with those reported for BCz
analogs.>*%

2.6. Photophysical properties in thin films

To replicate device-like conditions, the fluorescence and phos-
phorescence emission spectra were also examined in the thin-
film state (ca. 60 nm) and in 77 K glassy matrices, respectively.
The complete spectrum and associated data are presented in
Fig. 6 and Table 2, respectively. When comparing the fluores-
cence spectrum of all synthesized compounds, it becomes clear
that the 1,1’-BCzPh film displays apparent vibronic features
and a broader spectral profile, resembling the solution phase
behavior. The full-width at half-maximum (FWHM) values for
1,1’-BCzPh, 2,2’-BCzPh, 3,3’-BCzPh, and 4,4’-BCzPh were esti-
mated as 73, 53, 48, and 42 nm, respectively. The positioning of
the two carbazole entities in BCzPhs significantly impacts their
spectral profiles in both solution and film phases. The
increased molecular symmetry and restricted molecular motion
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Fig. 6 Fluorescence (blue line, thin-film) and phosphorescence (orange line, in 2-MeTHF at 77 K) spectra of (a) 1,1'-BCzPh; (b) 2,2’-BCzPh; (c) 3,3'-

BCzPh; and (d) 4,4'-BCzPh.
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Table 2 Photophysical properties of BCzPhs
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Molecule Fluorescence” Apeax (nm) Phosphorescence” /e, (nm) S:° (eV) T,% (eV)
1,1-BCzPh 353 (sh), 374, 395, 422 (sh) 493, 525, 564 (sh) 3.46 2.78
2,2/-BCzPh 382 (sh), 403, 426 (sh) 505, 540, 583, 635 (sh) 3.27 2.54
3,3’-BCzPh 395, 411, 433 (sh) 451, 481, 510 (sh) 3.36 2.87%
4,4'-BCzPh 390, 403 (sh) 583, 509, 548 (sh) 3.33 2.73

“ Fluorescence spectrum measured in neat films. © Phosphorescence spectrum measured in 2-MeTHF at 77 K. © Estimated from the fluorescence

onset. ¢ Estimated from the phosphorescence onset.

in 1,1’-BCzPh probably contribute to clear vibronic features,
reflecting enhanced rigidity.

The singlet energies (S,) of the thin film samples did not
fully match the calculated values derived from solution, which
might result from the molecular packing effects and film
morphology. Similarly, the triplet energies (T,), determined
from the onset of the phosphorescence spectrum, were found
to be 2.78, 2.54, 2.87,% and 2.73 eV for 1,1’-BCzPh, 2,2’-BCzPh,
3,3/-BCzPh, and 4,4’-BCzPh, respectively. Although the more
twisted BCzPh isomers (1,1’-BCzPh and 4,4’-BCzPh) generally
exhibited higher triplet and singlet energy levels, 3,3'-BCzPh
surprisingly exhibited the highest triplet energy in the series.
This suggests that factors beyond molecular twisting, such as
enhanced resonance effects, significantly contribute to the
elevation of excited-state energy levels. Resonance and conjuga-
tion effects were both found to effectively elevate the singlet
and triplet energy levels in 3,3’-BCzPh, likely due to improved n-
orbital overlap and charge delocalization. On the other hand,
2,2'-BCzPh, which primarily benefits from conjugation but
lacks substantial resonance stabilization, showed the lowest
energy levels among the four isomers. The T; energy values
of these isomers are comparable to unipolar bicarbazoles
like mCP,*> CBP,*" or oCDBP,** although lower than 3-(9-
carbazolyl)carbazoles®® and SBF isomers.®”>*%? Because effi-
cient energy transfer in green phosphorescent OLEDs requires
host materials with triplet energy levels typically above 2.5 eV,
these results indicate that triplet energy levels can be effectively
fine-tuned by engineering the twist angles via C-C coupling (in
contrast to C-N coupling), which significantly impacts the
molecular conformation and m-n interactions. Therefore, the
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BCz-based compounds investigated here demonstrate strong
potential as host materials for green phosphorescent emitters.

2.7. Film morphology and carrier transport properties

We conducted the atomic force microscopy (AFM) measure-
ments of the thin film samples fabricated on the glass substrate
to assess whether the twisted aryl system could form amor-
phous, morphologically stable, and pinhole-free films for OLED
applications. The results indicated that all four samples using
synthesized BCzPh-based compounds could exhibit smooth
morphologies, as shown in Fig. S11 (ESIt). The average rough-
ness values, ranging from 1 to 2 nm, suggest that these
materials have the potential to serve as ideal host materials.

The charge mobility of host materials significantly impacts
electroluminescence (EL) performance in OLEDs and warrants
careful consideration during device design. To evaluate the
hole transport capabilities of the synthesized compounds, we
fabricated single-carrier devices and conducted space-charge-
limited current (SCLC) measurements.®® The architecture of the
hole-only devices (HOD) was set to ITO (120 nm)/MoO; (5 nm)/
TAPC (10 nm)/BCzPh (150 nm)/MoO; (10 nm)/Al (120 nm).
Here, MoO; functions as the hole injection and electron block-
ing layer, while TAPC served as the hole transport layer. The
electron-only devices (EOD) adopted the following architecture:
ITO (120 nm)/CN-T2T (10 nm)/BCzPh (150 nm)/CN-T2T
(10 nm)/CN-T2T:Li,CO3; 10 wt% (5 nm)/Al (120 nm), where
CN-T2T and CN-T2T:Li,CO; acted as the hole blocking layer
and the electron transport/injection layer, respectively.

Fig. 7(a) displays the J-V curves for the hole-only devices
incorporating the synthesized BCzPh-based compounds. Given

b
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(a) Current density—voltage (J-V) curves of the hole-only devices and (b) comparative field dependence mobility of BCzPh-based compounds.
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the comparable HOMO/LUMO energy levels of the target com-
pounds, the outcome of the current density primarily reflects
their charge transport capabilities. For the hole-only devices,
the current density follows the trend 3,3’-BCzPh > 2,2’-BCzPh >
1,1-BCzPh > 4,4’-BCzPh. In sharp contrast, the electron-
only devices presented ultra-low current density values, indicat-
ing that these compounds could primarily transport holes.
Hole mobilities were calculated based on the SCLC theory,
presuming the evaporated organic solid films possess an
inherently disordered morphology. The corresponding formula
for carrier mobility is provided in the ESIf (page S28). A
comparison of field-dependent hole mobility among the
BCzPh-based compounds is illustrated in Fig. 7(b). The trend
in hole mobility values at a field of 0.25 MV cm™ ' mirrored the
current density trend, with values of (u(1,1-BCzPh) = 1.6 X
107* em® V! s, u(2,2-BCzPh) = 4.6 x 107" em®> V' 57,
1(3,3"-BCzPh) = 8.5 x 10> em® V™' s, and u(4,4'-BCzPh) =
1.9 x 10> em® V' s7%). The hole mobility values of the first
three compounds are comparable to those of commonly
used hole transport materials,*>®” enabling efficient hole injec-
tion from the HTL to the emitting layer (EML) without sig-
nificant deceleration. The connectivity and twist angle variation
in the BCzPh series significantly alter the electronic commu-
nication, as revealed by the correlatable trends in current
density/hole-mobility. These results, in alignment with the

3 F Hole-only
NA10 - .
E E 1,1'-BCzPh:B3PyMPM —=—
o I 2,2-BCzPh:B3PyMPM —o—
<10 E  3,3-BCzPh:B3PyMPM —*—
E E 4,4'-BCzPh:B3PyMPM
= r
210" |
(%] F
S . r
a10° |
E E
F 2 N
£10° & r,;;’,'..' i
3 b- bR L
10-7 N Lol . P P | "
10 10° 10’

Voltage (V)

—_
(2]
~—

Electron-only

-
o
w

~10'f
e E 1,1-BCzPh:B3PyMPM —o—
2 ' E— 2,2'-BCzPh:B3PyMPM —o0— /
< 10" [ 3,3-BCzPh:B3PyMPM
E [ 4,4-BCzPh:B3PYMPM
210" |
a10° |
- F
g .
E10° o ;,OJ%RWXME#"W i
= E
o Z 5& o] ‘EI
10‘7 L |||.|.I L o0l 1
10" 10° 10’
Voltage (V)

Fig. 8

View Article Online

Paper

X-ray packing arrangement, suggest that well-designed
devices, combined with this new set of BCz-based synthetic
compounds, can achieve satisfactory electroluminescent (EL)
performance.

To further understand the carrier transport capabilities of
the EML, we fabricated HOD and EOD using the synthesized
compounds blended with B3PyMPM in a 1:1 ratio, as shown in
Fig. 8. The hole transport properties of the blended samples
closely mirrored those of the pure synthesized compounds (cf.
Fig. 7 and 8(a), (b)). The current density in the blended hole-
only devices followed the trend 3,3'-BCzPh > 2,2’-BCzPh >
1,1’-BCzPh > 4,4’-BCzPh. This trend was also reflected in hole
mobility values at an electric field of 0.25 MV em ™', with values
of (1(1,1-BCzPh) = 2.3 x 10~% em® V" 577, p(2,2"-BCzPh) = 5.4 x
10°% em® V' s p(3,3-BCzPh) = 2.2 x 107 * em® V' 57,
and u(4,4’-BCzPh) = 1.7 x 10" ¢ em® V! s7'). Interestingly, the
hole mobility values for the blended hole-only devices were
lower than those of pure hole-only devices, suggesting that the
addition of B3PyMPM influences the morphology of the EML,
thereby reducing hole transport capabilities. In sharp contrast,
the current density of the blended electron-only devices was
significantly higher than that of the pure electron-only devices
(Fig. 8(c) and (d)), demonstrating the enhanced electron trans-
port ability achieved by incorporating the electron transport
material into the EML. The current density in the blended
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(a) Current density—voltage (J-V) curves of the hole-only devices; (b) comparative field dependence hole mobility of BCzPh:B3PyMPM-based

samples; (c) current density—voltage (J-V) curves of the electron-only devices; (d) comparative field dependence electron mobility of BCzPh:B3PyMPM-

based samples.
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electron-only devices followed the trend 2,2’-BCzPh > 4,4'-
BCzPh > 1,1’-BCzPh > 3,3’-BCzPh, which was consistent
with the electron mobility values at a field of 0.25 MV cm™ %
(1(1,1’-BCzPh) = 2.7 x 10" ° em®> V™' s, u(2,2-BCzPh) = 1.8 x
10 em® V' s u(3,3- BCzPh) =2.0x 10 °em*>Vv s, and
1(4,4-BCzPh) = 1.2 x 107> em”® V' s71). Notably, the reported
electron mobility of B3PyMPM is ca. 1.5 x 107> cm® V"
which aligns closely with the electron mobility of the blended
devices, except for the 4,4’-BCzPh case. Clearly, the electron
transport capability of the blended sample was significantly
mitigated by 4,4’-BCzPh. Overall, these results indicate that the
blended samples function as bipolar host systems, enabling
easier-to-achieve carrier balance in the devices, improving their
overall performance.

2.8. OLED device performance

To evaluate the performance of bicarbazole-based host materi-
als in the EL devices, we incorporated the highly efficient green-
emitting Ir(ppy); (Er = 2.4 eV) as the emitter. The selected
BCzPh compounds possess only hole transport capabilities.
Therefore, we designed an EML using a co-host system that
blends two materials with complementary carrier transport
properties. For the electron transport part of the EML, we chose
B3PyMPM, a material with a wide triplet energy band gap and
suitable electron transport capability. We constructed the EML
of the devices by including the synthesized compounds and
B3PyMPM in a 1:1 (wt/wt) blending ratio. Furthermore, the
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Fig. 9
host systems; (c) energy level alignment diagram of the used materials.
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HOMO energy levels of the synthesized BCzPh compounds
align closely with those of 1,1-bis[(di-4-tolylamino)phenyl]-
cyclohexane (TAPC), thus obviating the need for a conventional
step-wise HTL design in green-emitting devices.®® The energy
barrier at the interface between HTL and EML is minimal,
facilitating hole injection into the EML. On the electron trans-
port side, to address the energy barrier between ETL and EML,
B3PyMPM was selected for the ETL, positioned between the
EML and the lithium fluoride (LiF)-electron injection layer
(EIL). This straightforward configuration enables effective exci-
ton confinement and efficient carrier transport within the
device. Furthermore, considering the slightly different carrier
transport capabilities and energy gaps of the target com-
pounds, we carefully adjusted the device architectures
and the thicknesses of each layer to optimize EL efficiency.
Consequently, the green-emitting OLEDs were fabricated
using the following architecture: indium tin oxide (ITO)
(120 nm)/TAPC (30 nm)/host doped with 8 wt% Ir(ppy)s
(25 nm)/B3PyMPM (50 nm)/LiF (1.5 nm)/Al (150 nm), with
ITO and aluminum, functioning as the anode and cathode,
respectively. The host materials in the EML were assigned as
follows: 1,1-BCzPh:B3PyMPM (1:1) for Device A, 2,2'-
BCzPh: B3PyMPM (1:1) for Device B, 3,3'-BCzPh:B3PyMPM
(1:1) for Device C, and 4,4’-BCzPh:B3PyMPM (1:1) for
Device D. Fig. 9 provides the materials used, schematic archi-
tectures, and energy level diagrams of the fabricated green-
emitting OLEDs.

Cathode

55 556 5,60

(a) Schematic illustration of materials used in OLEDs; (b) schematic illustration of green phosphorescent OLED device structures with different
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characteristics; (d) external quantum efficiency (EQE) vs. luminance plot; (e) luminance efficiency vs. luminance plot; (f) power efficiency vs. luminance
plot for devices A, B, C, and D. (The blended ratio of the co-host is BCzPh: B3PyMPM = 1:1)

Fig. 10 presents the EL characteristics of the devices, and
Table 3 provides the corresponding numerical data. As shown
in Fig. 10(a), the EL spectra of all devices, recorded at a
luminance of 1000 cd m ™2, exhibit pure Ir(ppy); emission. No
emissions from the host or the carrier transport materials were
detected, implying efficient energy transfer from the co-host to
the guest in each green-emitting device, as well as effective
exciton confinement within the EML.%° Moreover, variations in
optical path differences among the examined devices arose
from the diverse positions of exciton formation regions within
the EML, leading to minor discrepancies in the spectral profiles
that occur in the longer wavelength regions.’® Fig. 10(b) pre-
sents the current density-voltage (/-V) curves for the devices.

4466 | Mater. Adv., 2025, 6, 4456-4470

The current density of devices follows the trend A > D >
C > B. For example, at an operating voltage of 6 V, the
respective current density values for devices A, B, C, and D
are 73.0, 1.5, 12.8, and 23.4 mA cm 2, respectively. This trend is
inconsistent from the behavior observed in the blended carrier-
only devices discussed earlier. Device A, employing a 1,1'-
BCzPh:B3PyMPM EML, demonstrated the most balanced car-
rier transport mobility, favoring a balanced charge transport
condition and minimizing the number of trapped carriers
within the EML. However, the current densities of the other
devices did not directly align with the carrier mobility results,
likely due to the influence of additional emissive dopants
within the EML. The luminance-voltage (L-V) characteristics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EL characteristics of Ir(ppy)s-based OLEDs with different EML systems

Device A B C D
BCzPh: B3PyMPM (1:1) 1,1'-BCzPh 2,2"-BCzPh 3,3'-BCzPh 4,4'-BCzPh
External quantum efficiency (%) “ 20.1 23.4 20.1 23.9
b 19.9 22.9 20.0 22.7
Luminance efficiency (cd A™") “ 70.5 81.0 69.6 83.1
b 69.8 79.4 69.1 79.0
Power efficiency (Im W) “ 91.9 108.6 82.1 108.8
b 81.9 66.5 74.1 87.6
Von (V) ¢ 2.22 2.22 2.23 2.25
Jmax (D) d 516.5 519.0 520.0 513.0
Max. luminance (cd m2) [V] 96953 [9.4] 92593 [11.8] 203 494 [10.6] 80158 [10.4]
CIE 1931 coordinates (x,y) b (0.34, 0.60) (0.36, 0.60) (0.35, 0.60) (0.34, 0.61)
d (0.34, 0.60) (0.35, 0.60) (0.35, 0.60) (0.33, 0.61)
-2 ¢

¢ Maximum efficiency. ® Recorded at 10% cd m™2

of the devices are depicted in Fig. 10(c). All tested devices
exhibited a low turn-on voltage of approximately 2.2-2.3 V. A
similar turn-on voltage may be attributed to the combined
effects of current density and efficiency across the devices.
Notably, device C, featuring 3,3’-BCzPh, achieved an impressive
maximum luminance exceeding 200000 cd m™>, highlighting
its potential for diverse practical applications.

Fig. 10(d)—(f) respectively show the external quantum effi-
ciency, luminance efficiency, and power efficiency versus lumi-
nance for the tested devices (A-D). The corresponding
maximum efficiencies of devices A, B, C, and D reached
20.1% (70.5 cd A~ " and 91.9 Im W), 23.4% (81.0 cd A" and
108.6 Im W), 20.1% (69.6 cd A" and 82.1 Im W™ "), and 23.9%
(83.1 cd A" and 108.8 Im W 1). Essentially, devices using host
materials based on BCzPh demonstrated a maximum efficiency
surpassing 20% (Table 3), suggesting the ease of achieving
carrier balance despite differing carrier transport capabilities.
Devices B and D, in particular, exhibited superior efficiency,
indicating that both 2,2’-BCzPh and 4,4’-BCzPh with B3PyMPM
effectively create superior carrier balance conditions in the
EML. At a higher practical luminance of 100 cd m™?, the
efficiency of device B remained at 22.9% (79.4 cd A™' and
66.5 Im W), while device D sustained an efficiency of 22.7%
(79.0 cd A" and 87.6 Im W™ ). Thus, the EQE values of devices
B and D showed efficiency drops of 2.1% and 5.0% from
their respective peak values compared to those recorded at
100 cd m~2. This indicates that the mitigated efficiency roll-off
can be attributed to the extended exciton formation zone and
stable carrier balance in these co-host systems, which minimize
triplet-triplet annihilation (TTA).”" In general, incorporating
2,2’-BCzPh and 4,4’-BCzPh (devices B and D, respectively) with
B3PyMPM as the co-host EML yielded strong EL performance,
underscoring the effectiveness of our molecular structure and
device designs for achieving efficient green PhOLEDs. It is
important to note that 2,2’-BCzPh, 1,1-BCzPh, and 4,4’-
BCzPh have not been investigated as hosts in green PhOLEDs,
in contrast to the well-known 3,3’-BCzPh. The performance
observed here for regioisomeric BCzPh-based unipolar host
materials are exemplary when compared to those already
reported (see Table S10 for comparison, page S31, ESIf). For

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

Turn-on voltage measurement at 1 cd m

~2, 4 Recorded at 10° c¢d m™2.

instance, the hosts 3,3’-BCzPh and mCP with dopant emitter
FlIrpic produced blue-light emission with maximum external
efficiencies of 16.4 and 13.8%, respectively.®® Pure-hydrocarbon
hosts 1,1’-(SBF), and 3,3’-(SBF), with FlIrpic emitter yielded
blue emitting PhOLED with external quantum efficiencies
20.1% and 11.4%, respectively.”®>%® Bipolar host material
CBP with Ir(ppy); and BCzs with Ir(ppy).(acac), resulted in
green emission with external quantum efficiencies 17.10%%
and 14.6-16.8%,”° respectively. Correlating the twist angle with
electronic, carrier transport and device performance character-
istics (Fig. S12, ESIf) clearly reveals that the extended r-
conjugation in 3,3’-BCzPh contributes to improved hole mobi-
lity and outstanding luminance. Meanwhile, connectivity- or
steric-inhibited resonance in 2,2’-BCzPh and 4,4’-BCzPh yield
excellent luminance, power, and external quantum efficiencies.
If one looks at higher brightness levels of 5000 cd m™>, the
efficiency roll-off behavior showed a difference. The efficiency
roll-off values evaluated from the peak to the luminance of
5000 cd m™? are as follows: 29.9% for device A, 28.1% for device
B, 7.5% for device C, and 36.9% for device D. The significantly
reduced efficiency roll-off for device C (with 3,3’-BCzPh) illus-
trates the advantage of balanced carrier transport, relaxing
exciton quenching. The notably higher maximum luminance
in device C further demonstrates superior carrier transport
capabilities of 3,3’-BCzPh. This design insight is crucial for
developing successful next-generation molecular materials.

3. Conclusions

In conclusion, we successfully synthesized regioisomeric
bicarbazoles (BCzPhs) with varying degrees of twist using
oxidative/transition-metal catalyzed Suzuki coupling methods.
The connectivity differences between the isomers imparted
significant structural modifications that can be correlated to
variations in photophysical, thermal, and electrochemical prop-
erties, as well as in device performance data. Resonance and
conjugation effects operate in BCzs mutually contribute to
altering the triplet energy levels. Notably, increasing the
twist angle between the carbazole planes resulted in larger
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singlet-triplet/ HOMO-LUMO energy gaps, leading to improved
power and luminance efficiencies. Despite these differences,
external quantum efficiencies were comparable across devices
(A and C, and B and D), with devices B and D with BCzPh
having meta-meta nitrogens realizing outstanding external
quantum efficiencies up to 23.9%. Device C exhibited excep-
tional maximum brightness, followed closely by device A, both
with BCzPh having para-para nitrogens. These results suggest
that connectivity differences play a pivotal role in determining
device performance. All BCzPh compounds demonstrated
excellent performance as host materials, delivering stable,
high-purity green emission in devices that turned on at voltages
as low as 2.2-2.3 V.

4. Experimental section

All detailed experimental procedures for the synthesis, OLED
device fabrication and characterization of this work are in the
ESLt

Data availability

The data (detailed synthetic procedure and characterization,
structural characterization details, theoretical calculations,
spectroscopic, electrochemical and thermal, and device fabri-
cation and performance details) supporting this article is
available in ESLf} Crystallographic data for 1,1’-BCzPh (CCDC
no. 2361782), 2,2’-BCzPh (CCDC no. 2361784), and 4,4’-BCzPh
(CCDC no. 2361783) can be obtained from ESIL.¥
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