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ABSTRACT: Four new blue light-emitting materials based on benzo[1,2-d:4,5- e S E
d'Ibisoxazole (BBO) have been synthesized, characterized, and fabricated into organic T » O
light-emitting diode (OLED) devices. Using a combination of theoretical and O *

experimental methods, we investigated the effect of conjugation by comparing bulky
alkyl groups and planar aromatic groups along the 2,6-axis. Two of these molecules,
PB2Cz and PB3Cz, are cross-conjugated cruciform-type BBOs with phenyl and @
carbazole groups along the 2,6 and 4,8 axes, respectively. The other two molecules,

AB2Cz and AB3Cz, have extended conjugation via the carbazole groups along the 4,8- \
axis and bulky adamantyl groups along the 2,6-axis. Concurrently, we explored the
effect of regioisomerism on optoelectronic and device properties arising from attaching
carbazole at the 2- (2Cz) or 3- (3Cz) position along the 4,8-axis. The materials’
geometric and electronic properties were predicted using time-dependent density
functional theory (TD-DFT) calculations at the mPW3PBE/SV level. The molecules’
photoluminescent properties were measured in solution and film states. The BBO molecules were used as dopants in mixed host/
guest OLED devices, producing teal to deep blue emission. Specifically, the AB2Cz and AB3Cz, with adamantyl on the 2,6-axis,
exhibit blue to deep-blue emissions of 414—422 nm (CIE, < 0.20, CIE, < 0.10). In comparison, PB2Cz and PB3Cz have slightly
longer emission wavelengths of 472—476 nm (CIE, < 0.16, CIE, < 0. 28) and high brightness of 2700—3500 cdm ™. The BBOs with
2Cz resulted in more efficient devices with EQEs of ~2.8—3. 2%, while the 3Cz BBOs had EQEs of ~1.1—1.5%. This work provides
insight into designing efficient, purely organic blue-fluorescent OLED materials based on the BBO moiety.

2,6-axis

1. INTRODUCTION making blue-fluorescent emitters highly sought after.”!™>*

Research in organic emissive materials has surged over the last Applications of prompt fluorescence OLEDs also include

few decades due to their vast applications in organic light- organic pumping lasers that do not have high probabilities of

emitting diode (OLED) display technology, lighting, bioimag- electrical losses via triplet and polaron production at high
ing, wearable electronics, and sensing.' ® Compared to charge density.”>*’

conventional LEDs, OLEDs have the advantages of flexibility, Organic materials are promising because their optoelectronic
lightweight, biocompatibility, low cost of production, and a properties can be tuned through chemical synthesis. In
wide variety of synthetic possibilities.””” The Commission addition, purely organic materials avoid using expensive rare,
Internationale de L’Eclairage (CIE) and the National Tele- heavy metals such as those in phosphorescent OLEDs.
vision System Committee (NTSC) define the color gamut However, spin statistics restrict direct fluorescence’s internal

using red, blue, and green light as the average human eye
perceives. Red and green emitters have been well explored,
with several recent examples showcasing excellent optoelec-
. . 10-16 . )
tronic properties. However, developing efficient and
stable blue-emitting materials for OLED technology remains
challenging due to their high emission energies and low
outcoupling efficiencies, and losses due to surface g)lasmons,
1 . . 172
waveguides, and substrates when in devices. Specific
applications of OLEDs, such as in visible light communica-
tions, necessitate the faster response of fluorescent OLEDs,

quantum efficiencies (IQEs) from the singlet state (S;) to
25%.”® One way to overcome the theoretical IQE is via
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Figure 1. (top) Schematic of BBO template; (bottom) molecular structures of the 4 BBO molecules in this work.

Table 1. Computed Structural and Optoelectronic Properties of the BBOs Conducted at the MPW3PBE/SV Level in
Chloroform as a Solution Where f is the Oscillator Strength of Each System

HOMO (eV) LUMO (eV) E, (V)
AB2Cz 572 -2.67 3.05
AB3Cz —5.42 —2.40 3.02
PB2Cz —5.75 261 272
PB3Cz —5.47 —2.47 2.58

dihedral angles

Agbs (nm) f 2,6 4,8
407 1.6726 155°
411 1.3274 156°
456 0.9143 179° 154°
481 0.6348 180° 153°

reversible intersystem crossing (rISC) between the S; and T,
states leading to thermally activated delayed fluorescence
(TADF).”™** For efficient TADF to occur, the AE(r 3
should be < kT, which populates the T1 state. Thereafter,
electrons can be transferred from the excited T, to the S,
(when the Egir; < 02 eV), thereby increasing the Sl
population from 25 to 100% and consequently overcoming the
5% external quantum efficiency (EQE) barrier of prompt
fluorescence. TADEF, however, is slower than direct fluo-
rescence and depends on a material with efficient charge
transfer (CT) abilities and a high potential for triplet exciton
quenching due to the long lifetimes.””** Deep-blue and blue-
fluorescent organic emitters, such as those based on anthracene
and pyrene derivatives, have also shown improved internal
efficiencies beyond 25% by harnessing triplet—triplet annihi-
lation (TTA) and their efficient spin—orbit coupling.”> >’
Our group has shown that the benzo[1,2-d:4,5-d’ |bisoxazole
(BBO) ring system is a versatile molecular template for
designing new materials, and we have successfully tuned their
optoelectronic properties by varying the groups attached at the
2,4,6, and 8 positions.38_40 Besides the ease of synthetic
scalability, several BBOs have shown excellent fluorescent
properties, high color purity, and thermal stability. We have
previously designed deep blue and near UV light-emitting BBO
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cruciforms with ¥4~ 417 nm; CIEE, < 0.10.*"** These
molecules had EQEs of <1% and were theoretically limited to
maximum efficiencies of 5% when considering their out-
coupling and charge recombination losses.””*> Few highly
efficient, purely organic deep-blue and blue-emitting molecules
have been successfully fabricated into devices.**~*°

In this work, we have synthesized and characterized four
novel BBO-based molecules functionalized by adamantane or
phenyl along the 2,6-axis and carbazole along the 4,8-axis.
Adamantane is a rigid, nonconjugated molecule that has been
explored in hole transport materials for TADF OLEDs, and
only a few examples exist of adamantane-based emitters.”’ ™"
Carbazole has been widely used in emissive materials because
it acts as a donor in donor—acceptor molecules.”* >* Two of
these molecules are based on the “cruciform” motif, where
phenyl groups extend the conjugation along the 2,6-axis and
N-octyl carbazole moieties extend it along the 4,8-axis.”> The
other two are referred to as “linear” BBOs, where the 2,6-axis is
functionalized with bulky, nonconjugated adamantyl groups,
and the 4,8-axis is functionalized with N-octyl carbazole groups
(Figure 1). Using this series of 4 BBO molecules, we studied
(i) the effect of alkyl versus aryl groups on the 2,6-axis and (ii)
the impact of regioisomerism (by attaching the carbazole
through the 2- or 3- position on the hydrocarbon backbone)

https://doi.org/10.1021/acs.chemmater.3c02109
Chem. Mater. 2024, 36, 4945—4954
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Figure 2. (a) MOs showing electron delocalization in the BBO molecules and the HOMO, LUMO, and E,. (b) Potential conjugation pathways for
the 2Cz linker (top) and the 3Cz linker (bottom). R = adamantyl or phenyl group.

Scheme 1. General Synthesis of the ABCz and PBCz Molecules
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on the optoelectronic properties. We have analyzed the
structure—property relationships of these molecules via
photophysical, thermal, electrochemical, and computational
investigations. These molecules showed promising solution
state emissions, thermal stability deep-blue electrolumines-
cence. Further, the design motif provides insight into the
impact of the BBO structure and its electronic properties.

2. DENSITY FUNCTIONAL THEORY (DFT)

We used DFT calculations to aid our molecular selection and
design and provide insight into their geometric and
optoelectronic properties. In particular, we frequency-opti-
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mized the ground geometries of the four BBOs (Figure 1),
followed by an excited state generation using TD-DFT at the
mPW3PBE/SV level (see Supporting Information for details
on the computational methods), a functional basis set
previously benchmarked by our group.41’56 Table 1 summa-
rizes the computationally derived properties in chloroform
through the conductor polarizable calculation model (CPCM),
which shows the closest correlation to the experimental data;
see Supporting Information for a comparison of the
experimental and theoretical data in the gas phase and in
chloroform. The geometric trends indicated very little
difference between the carbazole linkage and the identity of

https://doi.org/10.1021/acs.chemmater.3c02109
Chem. Mater. 2024, 36, 4945—4954
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Table 2. Experimental Measurements of Electrochemical and Photophysical Properties

solution® thin film”
Dem £ x 10* ) Aabs Nemis Aemis (doped @ EXT  EX HOMOEC* LUMO
BBO Aws (nm)  (nm) M'em™) (%) 7(ns) (am) (nm) film) (nm) (%)  (eV) (eV) (0x°™%) (eV) (eV)
AB2Cz 354 414, 9.9 71 L1l 371 435 414 35 292 3.00 —57(1.3) 27
438
AB3Cz 367 410, 6.6 62 1.01 358 433 422 28 2.99 3.09 -5.4 (1.0) -2.31
430
PB2Cz 327, 361 452 12.6 49 1.80 337 511 478 22 2.59 2.79 -5.5 (1.1) -2.71
PB3Cz 302, 342, 472 122 53 3.52 346 518 475 26 2.56 2.72 -5.4 (1.0) —2.58

357
“Measured in 1 X 107° M CHCI, solution. “Measured after spin-casting on a quartz plate (* measured after drop casting on Pt electrode).
HOMO = —4.8 + (EOXBBO - EOXFC); LUMO; EgOPT = 1240/ Aypep thin film. EgOPT” from Tauc Plot ((aho)'™ « ho — E; where ho is photon

= E;’PT” + HOMO

energy, E, is the energy gap, n = 2 and is the power factor of transition mode), ¢ = photoluminescent quantum yield; 7 = lifetime.
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Figure 3. Absorbance (left) and emission (right) data for each BBOs in 1 uM CHCI, solution.

the 2,6 aryl group. Therefore, all optoelectronic properties of the LUMO levels are delocalized mostly along the 4,8-axis and
these systems are due only to these variations and not to steric the oxazole rings in the BBO core. The energy gaps (Eg) of the
effects. ABCz-type molecules are wider (3.01—3.05 eV) than those of
Our computations show that the highest occupied molecular the PBCz BBOs (2.55—2.72 €V). Moreover, the ABCz BBOs
orbital (HOMO) levels for the AB2Cz and PB2Cz molecules are potentially more suitable for use as deep blue-emitting
are very similar (—5.72 and —5.75 eV, respectively) and OLEDs (2.8—3.1 eV), while the PBCz BBOs emit at lower
considerably lower than those of the AB3Cz and PB3Cz energies as predicted.
systems (—5.42 and —5.47 eV, respectively). These results
demonstrate the significant impact the carbazole linkage

position (2- or 3-) has on the HOMO levels. Additionally, 3. SYNTHESIS

the frontier molecular orbital diagrams for HOMO of the 2Cz The four BBOs are synthesized using a tandem approach: a
BBOs are distributed evenly along the entire length of the 4,8- condensation reaction to introduce the substituents along the
axis. In contrast, in the 3Cz BBO, there is a slight localization 2,6-axis, followed by a cross-coupling reaction to attach the
on the terminal benzene of the linked carbazole group (Figure carbazole substituents at the 4,8-axis (Scheme 1). The

2a). We hypothesized that changing the connection from the
2- to the 3- position results in two different conjugation
pathways: 2Cz only has carbon atoms, whereas 3Cz has a
nitrogen atom in it as illustrated in the resonance structures

(Figure 2b).

dibromo-diamino-hydroquinone is then converted to the 2,6-
adamantyl or 2,6-phenyl BBO via an acid-chloride condensa-
tion. The respective 2,6-functionalized, 4,8-dibrominated
BBOs are then subjected to Suzuki coupling reaction

We also consider the difference in properties when conditions with the 2- or 3-borylated carbazoles to produce

substituting the 2,6-axis with an alkyl (adamantyl) or aryl the final molecules in moderate yields of 40—68%. All 4

(phenyl) group. In the PBCz BBOs, the phenyl substitution molecules shovged high thermal stability with T, of 412 °C for
along the 2,6-axis provides another pathway for conjugation. AB2Cgz, 387.5 °C for AB3Cz, 412.3 °C for PB2Cz, and 384.4

This leads to greater separation of the HOMO and lowest °C for PB3Cz, and all BBOs had melting points >300 °C.

occupied molecular orbital (LUMO) levels and increased Details of each conversion and their characterizations can be
potential for intramolecular CT (Figure 2a). As the adamantyl found in Section 6.2. Synthesis details of the precursor
groups do not provide an avenue for extending conjugation, molecules can be found in the Supporting Information.
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Figure 4. Energy diagram of all the device layers (left) and detailed band energies of the host—guest active layer (right). (Note — The HOMO/
LUMO energies of the layers are based on those found on the website for Ossila Ltd.)

4. RESULTS AND DISCUSSION

4.1. Electrochemical Properties. The experimental
electrochemical properties are included in Table 2. We used
a combination of electrochemical and optical measurements to
determine the HOMO, LUMO, and E,. We determined the
HOMO levels from electrochemical measurements, and the E,
was calculated optical measurements (from the onset of
absorption in the film and from Tauc plots). We then
calculated the LUMO levels from LUMO = E;, + HOMO
(Table 2). The experimental HOMO levels range from —5.3 to
—5.7 eV with the same trend as that seen in the computational
data, where the 2Cz BBOs had slightly deeper HOMO levels
than the 3Cz BBOs. The experimental and theoretical HOMO
levels almost match for ABCz, while the predicted HOMO
levels of PBCz are 0.15—0.25 eV lower than those measured.

4.2. Photophysical/Steady-State Optical Properties.
The experimental optical properties are summarized in Table
2. The solution data were measured in dilute chloroform (1 X
107 M) and the thin film data on a quartz plate (Figures 3 and
S8, respectively). Upon examination of the absorption curves,
it is seen that the ABCz BBOs in solution and film have single
peaks due to only the 7#—n* CT bands. The PBCz BBOs,
however, show lower energy #/—z* CT bands and n-z* CT
bands, resulting in 2—3 strong peaks. This finding is attributed
to the 7—z intermolecular interactions between the 2,6-phenyl
moieties. As spin-cast thin films, ABCz and PBCz materials
show broad featureless peaks and bathochromic shifts of 4—10
nm in the A, likely due to increased m—7 stacking in the
absence of solvent. While the solution absorption data for the
ABCz molecules only has one absorption peak, there is a
strong emission peak (4.,) at approximately 412 nm and a
small “shoulder” signal at 430—440 nm. PB2Cz and PB3Cz
have A, of 452 and 472 nm, respectively, due to their 7—x
interactions. The A, for ABCz in thin film is red-shifted by
approximately 25 nm relative to the solution spectra. Similarly,
the A, of PBCz is also red-shifted in thin film states, albeit to a
much larger extent (20—60 nm) due to the planarity along the
2,6-axis leading to aggregation and large Stokes shifts (Figure
S8). PB2Cz is red-shifted by 59 nm and PB3Cz by 46 nm, and
both thin film emissions are broad, indicating a loss of resolved
transitions. We also compared the PL data of each of the
doped BBO:s in the host (see Section 4.3 for device details) in
the film state and found they have very similar emission profile
shapes to the neat film state (Figure S8). The doped films,
however, had narrower profiles and were less red-shifted when
compared to solution emission peaks. This would be due to
the lower concentration, leading to less aggregation than the
neat film data. Additionally, we found emission peaks for only
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the BBO dopants, indicating there is no competing emission by
the host materials.

The ESPT is 2.92 and 2.99 eV (when calculated from the
onset of absorption) and 3.00 and 3.09 eV (when estimated
from the Tauc plot) for AB2Cz and AB3Cz, respectively,
which is suitable for use as deep-blue emitters. These
measurements differed from the computational values by
0.13—-0.21 eV (AB2Cz) and 0.02—0.11 eV (AB3Cz). The
EgOPT is 2.59 and 2.69 eV (when calculated from the onset of
absorption) and 2.79 and 2.72 eV (when estimated from the
Tauc plot) for PB2Cz and PB3Cz, respectively, indicating that
their emissions would be at lower energies and, as such, they
would be unlikely to produce a deep blue color.

All molecules exhibit significantly high photoluminescence
quantum yields (PLQY) in solution, with the ABCz BBOs
showing slightly higher PLQYs of 60—72% compared to PBCz
(approximately 50%). The PBCz molecules have higher levels
of intramolecular CT, as evidenced by their red-shifted broad
absorption profiles and narrow E,, which is known to lower
PLQYs. We explored these materials for thermally assisted
delayed fluorescence. However, these systems have very short
lifetimes in the nanosecond time scale, indicating they produce
prompt fluorescent materials. The PBCz molecules show
marginally longer lifetimes which could be due to the better
separation of the FMOs along the 2,6 and 4,8 axes leading to
increased intramolecular CT.

On comparing the absorption and solution data in dilute
toluene (1 pM), we found very slight differences in the A,
peaks (A = 2—8 nm) and similar profiles as those in
chloroform (Figure S9). As the data for the ABCz BBOs do
not show any notable changes between chloroform and
toluene, the excited state transitions are due to locally excited
(LE) states vs CT states. This trend is further supported by the
ns lifetimes for the BBOs.

4.3. Device Properties and Discussion. Since the BBOs
all showed promising A, in solution and film states, high
PLQYs, and high thermal stability (T, > 350 °C, Figures S5
and $6), they were incorporated as dopants in OLEDs. We
have previously reported that using a host—guest configuration
for our devices™ as an appropriate selection of the host can
suppress aggregation and improve CT between molecular
species.”’ > Furthermore, we utilized a mixed host system
comprising 3,5-bis(3-(carbazol-9-yl)phenyl)pyridine
(35DCzPPy) and tris(4-carbazoyl-9-ylphenyl)amine (TCTA).
We found that by incorporating TCTA, an electron/hole-
blocking material, into the active layer, our devices showed
better charge recombination and improved brightness and
EQEs.""*°" We used PEDOT:PSS as the hole transport
material and 1,3,5-Tris(3-pyridyl-3-phenyl)benzene

https://doi.org/10.1021/acs.chemmater.3c02109
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Table 3. Summary of Device Properties for Each of the 4 BBOs”

BBO Von (V) drive voltage Vigo (V) Jonux (mAm™2) L, (cdm™)
AB2Cz 5.0 6.5 187.1 581
AB3Cz 5.0 7.5 416.7 294
PB2Cz 4.5 6.5 319.1 2758
PB3Cz 3.5 5.0 413.3 3281

W

EL = electroluminescence.

CE,, (cdA™) PE_, (ImW™') EQE,., (%) 1 (am) CIE 1931 (xy)
2.02 0.75 2.78 422.6 0.19, 0.08
0.77 0.37 1.16 4143 0.17, 0.08
3.61 1.89 3.19 476.8 0.15, 0.27
222 1.15 1.38 473.6 0.16, 0.28

on = turn-on voltage, ] = current density, L = brightness, CE = current efficiency, PE = power efficiency, EQE = external quantum efficiency, and
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Figure 5. (a) Normalized EL spectra at 100 cdm ™ brightness, (b) JVL curves, (c) CIE 1931 coordinates, and (d) photos of pixels of the BBOs.

(TmPyPb) as the corresponding electron transport material
(Figure 4). We also tested a variety of single hosts, including
poly(9-vinylcarbazole) (PVK), 1,3-Bis(N-carbazolyl)benzene
(mCP), 3,3’-Di(9H-carbazol-9-yl)-1,1’-biphenyl (mCBP),
4,4'-Bis(N-carbazolyl)-1,1"-biphenyl (CBP) and TCTA as
well as mixed host system of TCTA and 2,6-bis(3-(carbazol-
9-yl)phenyl)pyridine (2,6DCzPPy) and found low brightness
(10—1500 cd/m?) and EQEs (<0.5%) for the resulting devices.
Details of the architecture and the fabrication can be found in
Section 6.3.

The device properties for each of the BBO dopants (5%)
can be found in Table 3. We investigated several concen-
trations of the AB3Cz dopant ranging from 2 to 10% and
found 5% to be the most efficient (Table S1). The turn-on
voltage for the ABCz molecules is expectedly higher but still at

4950

reasonably low voltages of S V. In contrast, the PBCz
molecules have lower turn-on voltages of 3.5—4.5 V. We see a
significant difference in the brightness between the materials,
with the PBCz BBOs displaying brightness of 6—10 times
higher than their ABCz analogs (Figure S). This trend is
attributed to the fact that the sensor in the luminance meter is
calibrated to match the spectral luminous efficiency of the
human eye, which is less sensitive to deep blue colors.
Fluorescent emitters are limited to 5% EQEs when we factor
in the spin statistics, outcoupling efficiencies, and recombina-
tion losses. Interestingly, the EQEs for AB2Cz and PB2Cz
(2.78 and 3.19%, respectively) are much higher than those for
AB3Cz and PB3Cz (1.16 and 1.38%, respectively). The
devices showed EQF’s + 0.05—0.1% and +100 cd/m? for the
brightness. This finding indicates that the 2-linked carbazole
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has higher charge recombination efficiencies than the 3-linked
carbazole, likely resulting from better HOMO-level alignment
with the hosts (see Figure 4). In comparison, the 3Cz
molecules could be trapping the charges, thereby lowering
charge recombination.”~** We also found the EL spectra to be
in good relation with the PL spectra (Figure S8).

Each of the devices described was synthesized via the
solution processing method and as such do show some
instabilities. We do consider the device performances of these
materials to be exciting with respect to their color purity,
EQEs, and brightness. However, we believe they could further
be improved by employing advanced deposition techniques
(such as chemical vapor deposition), which we aim to do in
future research.

5. CONCLUSIONS

This work shows that we can modulate the emission color and
device efficiency of BBO-based OLEDs by varying the
functional groups attached along the 2,6 and 4,8 axes. The
ABCz materials had a single conjugation pathway, and the
PBCz molecules had two conjugation pathways, resulting in
deep blue and teal emissions, respectively. Interestingly, the
two regioisomers, 2Cz- and 3Cz-, resulted in different device
efficiencies. The optoelectronic measurements were predicted
through computation and verified experimentally. Additionally,
we have successfully synthesized and fabricated 2 deep-blue,
fluorescent devices based on adamantyl functionalization of the
2,6-axis, with AB2Cz and AB3Cz showing impressively deep-
blue coordinates CIE, of 0.08. Moreover, we have synthesized
and fabricated 2 bright teal-blue devices resulting from the
extended conjugation provided by phenyls on the 2,6-axis of
the BBO core. Our hypothesis that shallow HOMO levels of 3-
linked carbazole BBOs create an injection barrier was verified
in the lower EQEs of the AB3Cz and PB3Cz (1.15%).
Conversely, the 2Cz BBOs had a better alignment of the
HOMO levels with the host materials and showed significantly
higher EQEs of 2.7—3.2% EQEs, indicating they underwent
better charge recombination. These results improve our
understanding of the structure—function relationships of
substituted BBOs and further prove the versatility of the
BBO core as a template for fluorescent emitters.

6. EXPERIMENTAL SECTION

6.1. General Methods. Details of the materials, instrumentation
and analytical techniques, computational methods, and detailed
synthetic procedures of the precursor molecules can be found in
the Supporting Information.

6.2. General Cross-Coupling Procedure for the ABCz and
PBCz Molecules via Suzuki Reaction. The substituted benzobi-
soxazole monomers 7 or 8 (0.25 mmol) and the corresponding
boronic ester monomers 3 or 6 (0.625 mmol) were dissolved in
toluene (degassed) and added to a 3-necked RBF purged with argon
and fitted with a reflux condenser. One drop of Aliquot 336
(surfactant) was added to this mixture, followed by 2 M sodium
carbonate (6 mL, 12 mmol). This was then deoxygenated for 30 min
by pumping argon through the solution. Then the freshly prepared
PEPPSI-iPr catalyst (0.0125 mmol) was added, and the reaction was
kept at reflux for 36 h under argon. The reaction mixture was then
diluted with chloroform and DI water. The aqueous layers were
extracted thrice with chloroform (3 X 20 mL). The combined organic
layers were washed sequentially with 1 M HCI (2 X 25 mL), DI water
(2 x 25 mL), and brine (1 X 30 mL) and then dried with magnesium
sulfate. The solvent was removed, and the product mixture was
concentrated under pressure, and then the residue was purified by
column chromatography with silica gel (gradient hexanes to 50/50 v/

4951

v hexanes/dichloromethane). The combined eluents were concen-
trated under pressure, dissolved in 1.5—5 mL of chloroform, and
precipitated into cold methanol (—78 °C). The resulting powder was
then passed through a second column by dry packing with silica,
following the 50/50 v/v gradient, and then precipitated in methanol
to yield the corresponding small molecules and used without further
purification.

6.2.1. 2,6-Di(adamantan-1-yl)-4,8-bis(9-octyl-9H-carbazol-2-yl)-
benzo[1,2-d:4,5-d’']bis(oxazole) (AB2Cz). Monomers 3 and 7 were
coupled via Suzuki cross-coupling to yield AB2Cz as a white powder
(98 mg, 40% yield). '"H NMR (400 MHz CDCL;) 6 8.63 (2H, s), 8.31
(2H, d,J =4 Hz), 827 (2H, d, ] = 4 Hz), 8.15 (2H, d, ] = 4 Hz), 7.48
(4H, m), 7.27 (2H, m, mixed with the CDCI3 reference peak), 4.42
(4H, t, ] = 4,8 Hz), 2.31 (12H, s), 2.16 (6H, m), 2.04 (4H, p, ] = 4,8
Hz), 1.87 (12H, s), 1.46 (4H, m), 1.35 (4H, m), 1.23 (12H, m), 0.83
(6H, t, ] = 4,8 Hz), '*C NMR (500 MHz, CDCl;) § 173.25, 146.16,
141.48, 140.67, 137.24, 130.46, 125.85, 122.93, 122.65, 121.15,
120.69, 12031, 118.87, 114.57, 111.13, 108.78, 77.16, 43.51, 40.59,
36.74, 36.53, 32.03, 29.72, 29.49, 29.42, 28.24, 27.74, 22.78, 14.21.
HRMS (ESI) calculated for C4gH-,sN,O, 983.6203 [M + H]*; found
983.6226.

Note: Oy at 8.31 and 8.27 are close doublets leading to roofing.

6.2.2. 2,6-Di(adamantan-1-yl)-4,8-bis(9-octyl-9H-carbazol-3-yl)-
benzo[1,2-d:4,5-d’']bis(oxazole) (AB3Cz). Monomers 6 and 7 were
coupled via Suzuki cross-coupling to yield AB3Cz as a white powder
(136 mg, 55% yield). '"H NMR (400 MHz, CDCL,) § 9.22 (2H, s),
8.60 (2H, d, ] = 4 Hz), 8.22 (2H, d, ] = 4 Hz), 7.62 (2H, d, ] = 8 Hz),
7.51 (2H, t, ] = 4,8 Hz), 7.46 (2H, d, ] = 8 Hz, overlapping with peaks
at 7.51), 7.28 (2H, t, ] = 4,8 Hz, mixed with CDCI, reference peak),
4.38 (4Hyt, J = 4, 8 Hz) 2.31-2.26 (12H, m), 1.93 (4H, m), 1.85—
1.81 (16H, m), 1.55 (4H, m), 1.42 (4H, m) 1.36 (4H, m), 1.30—1.24
(12H,m) 0.87 (6H, t, ] = 4,8 Hz) *C NMR (500 MHz, CDCl;) §
173.06, 14596, 141.03, 14021, 13691, 128.15, 125.73, 124.06,
123.57, 123.18, 122.46, 120.52, 119.06, 113.91, 108.96, 108.78, 77.41,
77.16, 77.16, 76.91, 43.39, 40.53, 40.32, 40.22, 40.20, 36.86, 36.77,
36.65, 36.51, 31.97, 29.58, 29.37, 29.24, 28.27, 28.14, 28.03, 27.53,
22.78, 14.23. HRMS (ESI) calculated for C4gH-sN,O, 983.6203 [M +
H]*; found 983.6245.

6.2.3. 4,8-Bis(9-octyl-9H-carbazol-2-yl)-2,6-diphenylbenzo[1,2-
d:4,5-d']bis(oxazole) (PB2Cz). Monomers 3 and 8 were coupled via
Suzuki cross-coupling to yield PB2Cz as a yellow powder (147 mg,
68% yield). "H NMR (400 MHz, CDCl,) § 8.59 (2H, s), 8.35 (6H, d,
J=4Hz),831 (2H, d, ] = 4 Hz), 8.16 (2H, d, ] = 8 Hz), 7.50 (10H,
m), 729 (2H, t, ] = 4,8 Hz), 444 (4H,t, ] = 4,8 Hz), 1.96 (4H, p, ] =
8 Hz), 1.52—1.45 (4H, m), 1.41-1.31 (4H, m), 1.28—1.17 (12H, m),
0.80 (6H, t, ] = 4,8 Hz) *C NMR (500 MHz, CDCL;) § 163.45,
146.50, 141.30, 140.50, 138.52, 131.32, 129.76, 128.74, 127.60,
127.32, 125.81, 122.76, 121.12, 120.59, 120.22, 118.82, 115.05,
111.00, 108.68, 77.26, 77.00, 76.75, 43.27, 31.85, 29.56, 29.26, 29.24,
27.50, 22.59, 14.04. HRMS (ESI) calculated for CqHssN,O,
867.4638 [M + H]*; found 867.4666.

6.2.4. 4,8-Bis(9-octyl-9H-carbazol-3-yl)-2,6-diphenylbenzo[1,2-
d:4,5-d']bis(oxazole) (PB3Cz). Monomers 6 and 8 were coupled via
Suzuki cross-coupling to yield PB3Cz as a yellow powder (133 mg,
61% yield). "H NMR (400 MHz, CDCl;) 6 9.21 (2H, s), 8.60 (2H, d,
] = 8 Hz), 8.40 (4H, m), 829 (2H, d, ] = 4 Hz), 7.66 2H, d, ] = 4
Hz), 7.56—7.51 (8H, m), 7.49 (2H, d, ] = 8 Hz), 7.31 (2H, t, ] = 4,8
Hz), 440 (4H,t, ] = 4,8 Hz), 1.98 (4H, ] = 4,8 Hz), 1.50—1.44 (4H,
m) 1.44—1.36 (4H, m) 1.32—1.27 (12H, m), 0.89 (6H, t, ] = 4,8 Hz)
BC NMR (500 MHz, CDCL) § 163.59, 146.62, 141.09, 140.42,
138.51, 131.43, 129.13, 128.99, 128.31, 12824, 127.89, 127.65,
125.89, 123.51, 12349, 123.34, 122.61, 120.72, 119.16, 114.75,
110.15, 109.04, 108.91, 77.41, 77.36, 77.16, 77.16, 76.91, 43.42, 31.99,
29.60, 29.39, 29.26, 27.55, 22.79, 14.25. HRMS (ESI) calculated for
CeoHsN,O, 867.4638 [M + H]*; found 867.4605.

6.3. Device Fabrication. All the OLED devices were fabricated
on prepatterned ITO (100 nm)/glass substrates with 20 Q sq~*
resistance (Ossila, Ltd.). They were first cleaned by sonicating in
various solutions in the following order: Mucasol, water (2Xx),
acetone, and isopropanol, and then dried in an oven for at least 1 h.
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The substrates were subjected to 25 min of UV-ozone curing. Next,
PEDOT:PSS (Ossila Al 4083) was spin-coated onto each substrate
(3500 rpm, 2 min), followed by annealing at 120 °C for 30 min under
a nitrogen atmosphere, producing an approx—35 nm layer. The
active layer (conc. = 10 mgmL™") comprised a mixed host system (1:1
ratio of 35DCzPPy:TCTA) and 5% w/w dopant dissolved in
chlorobenzene. The prepared solutions were allowed to stir at 50
°C overnight and filtered before solution processing. The active layer
was spin-coated on top of the PEDOT:PSS at 2000 rpm for 20 s and
then annealed at 180 °C for 60 min. The substrates were then
transferred to a thermal evaporator, where TmPyPB (30 nm; 0.5 A
s7!), LiF (1 nm; 0.1 A s7'), and Al (100 nm; 2 A s7!) were
sequentially evaporated at 107 Torr. Finally, the substrates were
coated with epoxy, secured with a glass coverslip, and then cured at
365 nm for 25 min to perform measurements in ambient conditions.
The electrical properties of the OLEDs were characterized using an
Ossila Ltd. Lifetime System, and the electroluminescence was
recorded using a Konica Minolta LS-160 luminance meter. The
electroluminescent spectra were recorded using an Ocean Insight
HR2000+ ES spectrometer, calibrated using a HL-3-plus light source.
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