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In an effort to design deep-blue light emitting materials for use in OLEDs, the optical and electronic
properties of a series of tetraaryloenzobis[1,2-d:4,5-d']loxazole (BBO) cruciforms were evaluated using
density functional theory (DFT) and time-dependent DFT (TD-DFT). Of the nine possible combinations
of phenyl-, furan-2-yl-, and thiophen-2-yl-substituted BBO cruciforms, five were predicted to have ideal
optical and electronic properties for use in blue-light emitting diodes. These five cruciforms were
synthesized and then characterized electrochemically and spectroscopically. Additionally, they were
solution-processed into functional organic light-emitting diodes (OLED). Several of the OLEDs exhibited
deep-blue EL (g, < 452 nm; CIE, < 0.12) with maximum luminance efficacies reaching 0.39 Im wt
and maximum current efficiencies of 0.59 cd A™%. A comparison of identical device architectures
showed that heterocycles such as furan and thiophene helped improve device efficiencies with only a
minor red-shift of the electroluminescence (EL). Although these BBO cruciforms produced the desired
deep-blue emission their modest performance in host—guest OLEDs demonstrates the incorporation of
heterocycles onto the BBO cruciform motif is detrimental to the fluroescence quantum yield. These
results add to the knowledge base on structure—property relationships that will inform the design of bet-
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Introduction

In the past four decades, the escalation of organic semi-
conductor (OSC) research has led to the discovery of numerous
materials with properties suitable for use in applications such
as photovoltaics,"™ electrochromics,>® and organic light-
emitting diodes (OLED)s.” ™ As a result, these OSCs can be
used to replace the expensive, sometimes toxic, inorganic
materials currently used in modern technology. The semi-
conducting properties of OSC is a result of the extensive
delocalization of the m-electrons within these materials. One
positive aspect of OSC is that the opto-electronic properties
can be fine-tuned via structural modification for specific
applications. As a result, understanding the relationship
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between and OSCs structure and it’s properties is imperative
for developing a useful material.

Recently, there has been renewed interest in OLEDs due to the
advent of new display and lighting applications. OLEDs have
several advantages over conventional inorganic LEDs. For example,
OLED displays can be fabricated via solution-processing
techniques like inkjet printing, eliminating the need for thermal
evaporation of various layers. This enables the facile production of
large area devices with lower fabrication costs."> OLEDs can
convert up to 100% of injected charges into photons, maximizing
light output while minimizing the amount of energy wasted as
thermal radiation."® Furthermore, unlike inorganic LEDs, OLEDs
do not require the use of backlighting and thus can achieve
the high contrast ratio that is considered in the industry as
“true-black”."* As a result of these advantages, OLEDs are currently
being used in cell phones and displays.™

While OLEDs have a bright future for use in consumer
applications, their operational lifetimes impede the wide-spread
commercial-utility of this technology. It is common for blue-
emissive materials to degrade an order of magnitude faster than
both the red and green emissive materials.'® This is due to several
factors including the greater amount of heat generated by
blue-fluorescent OLEDs and the high S; energy level of the blue
fluorescent materials (~ 3.0 eV). This is higher than the C-P bond

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 General structure of benzobis[l,2-d:4,5-d"loxazole cruciforms
with aryl substituents used in the study.

2,6-axis

energy and equal to the energy of the C-N bond favoring bond
homolysis.'>'® As most display and lighting technologies rely
on a combination of different colors to produce a gamut of
detectable chromaticities, the degradation of one component
renders the device unusable. While there have been some recent
breakthroughs, such as the development of hyperfluorescent
OLEDs,"”'® the development of electrochemically stable deep-
blue OLEDs remains challenge.

Our group has focused on the development of novel organic
semiconductors based on benzobis[1,2-d;4,5-d'Joxazole (BBOs)
cruciforms and their application in organic electronics.'® >
These materials are comprised of four aryl-substituents along
the central benzene ring (4,8-(2,6-position/axis)), Fig. 1.>***
This arrangement creates spatially segregated frontier molecular
orbitals (FMOs), facilitating the nearly independent tuning of
the HOMO and LUMO levels, respectively using aromatic
substitution.”*2® Using steric hindrance, the HOMO and LUMO
energies can be further altered for better alignment between
various charge-transport layers without altering the optical band
gap (EgP).”' These substituents can be further functionalized
with alkyl-chains to increase their solubility for solution-
processing capabilities. Materials based on this heterocycle are
also known to have high thermal decomposition temperatures
and excellent oxidative stability.>”>° While the tunable nature of
cruciforms makes them exciting candidates for use in a myriad
of technologies,>*>® the BBO moiety shows great promise for use
in OLED application.*'® Previously, we reported a series of BBO
cruciforms bearing phenyl- and fluoren-2-yl-substituents, which
displayed deep-blue emission with maximum luminance effi-
ciencies as high as ~2 c¢d A~' and Commission Internationale
de L’Eclairage (CIE) coordinates of (0.15 < x < 0.17,0.05 <y <
0.11).%

To improve upon the cruciform design motif, we have
designed a series of nine BBO cruciforms bearing all possible
pairings using phenyl-, furan-2-yl-, or thiophene-2-yl-substituents
at the two axes. Benzenoid compounds have been shown to
produce wide-band gap materials. OSCs incorporating the hetero-
cycle furan have been shown to be highly fluorescent materials.*”
Whereas, thiophene-containing materials are known to exhibit
high electrochemical stabilities and good charge-transport proper-
ties for a variety of electronic technologies.*>*' While benzene and
thiophene-containing BBOs have been synthesized, these materials

© 2022 The Author(s). Published by the Royal Society of Chemistry
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have not been investigated in active OLED devices. Herein, we
report the theoretical and experimental findings of a series of BBO
cruciforms and their performance in solution-processed OLEDs.

Results and discussion
Computational predictions

To identify the most promising candidates (those with Eg** greater
than 2.80 eV), density functional theory (DFT) and time-
dependent DFT (TD-DFT) computations were performed at the
mPW3PBE/SV level.”" All simulated spectra can be found in the
supplemental information section along with detailed excited
state analyses. The calculated electronic energy levels, FMOs
assigned with percentage of electron location, and ground state
dihedral angles are collated in Table 1. A discussion of calculated
LUMO energies is not included due to the variability in theoretical
modelling of electron affinity.**

The structure-property study began with an examination of
the HOMO level. The two lowest HOMO levels were PP and TP
both of which were the only two which possessed non-planar
structures with an out-of-plane contortion along the 4,8-axis of
26.2° and 23.0°, respectively. The lack of planarity in these two
cruciforms produced levels that were > 0.09 eV lower than the
third lowest lying HOMO exhibited by FP. Overall, placement of
the phenyl ring along the 4,8-axis produced the lowest levels
likely due to the strong aromaticity of the benzene. Additionally,
substitutions along the 4,8-axis produced HOMO levels differences
of 0.37 eV (PP, PF, PT), 0.28 eV (FP, FF, FT) and 0.35 eV (TP, TF, TT)
thereby suggesting that the HOMO level may be tuned utilizing this
axis. Irrespective of the aryl group identity at the 4,8-axis, the
HOMO level was most stabilized by a phenyl ring followed by
thiophenyl and finally furanyl with differences ranging from 0.03 to
0.12 eV which indicates that changes along the 2,6-axis do not
significantly impact the HOMO level. Finally, in all cases the
electron density for the HOMO was localized along the 4,8-axis
with PF and PP demonstrating the largest percentage of localization
at 95.8% (Fig. 2).

Compounds bearing thiophene at the 4,8-positions have an
average HOMO of —5.63 eV while those with furan are slightly
increased to approximately —5.55 eV. Since all cruciforms
without benzene rings at the 4,8-axis are predicted to be

Table 1 Theoretical electronic energies, electron density localization and
geometric predictions of the investigated BBOs in the ground-state

Localization (%)

Energy Levels (eV) HOMO LUMO Dihedral Angles (°)

BBO HOMO  EJ™ 48 2,6 4,8 26 48 2,6

PP —5.94 3.17 84.4 15.6 28.8 71.2 153.8 176.9
PF —5.57 2.83 95.8 4.2 39.1 60.9 180.0 180.0
PT —-5.64 2.79 95.8 4.2 48.8 51.2 180.0 180.0
FP —5.82 2.96 81.4 18.6 28.4 71.6 180.0 180.0
FF —5.53 2.78 92.0 8.0 29.7 70.3 180.0 180.0
FT —-5.61 2.74 929 7.1 44.8 55.2 180.0 180.0
TP —-5.91 2.97 73.8 26.2 18.1 819 157.0 178.2
TF —5.56 2.66 91.6 84 20.5 79.5 180.0 180.0
T —5.64 2.63 92,5 7.5 32.1 67.9 180.0 180.0
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Fig. 2 FMOs of the nine computationally studied systems. Compound
names are listed bottom right of each structure. Percentages in red
correspond to the total electron density that lies along the 4,8-axis while
that in blue quantifies the 2,6-axis.

completely planar, this indicates the energy differences are
solely due to aryl-substituent identity. Thus, the slight increase
in energy for cruciforms with furan at the 4,8-axis is most likely
due to the decreased aromaticity of the furan unit.

Based on the calculated band gap (EgP") there were several
promising deep-blue emissive candidates. Of the nine cruciforms,
those bearing benzene rings produced the largest Eg™. Three
cruciforms (PP, TP, and FP) had band gaps ranging from 2.96-
3.17 eV. Moreover, the simulated UV-Vis spectra for these
compounds all show very little tailing in the visible spectrum,
further supporting their classification as potential deep-blue
emitters. Two other compounds, PT and PF, were found to exhibit
Eg” values close to the lower limit of blue-emitters (2.79-2.83 eV)
with minor absorption in the visible spectrum. Although their
structural isomers show more promise as deep-blue dopants,
these BBOs were also included in the study to investigate
structure-property relationships. The other cruciforms had
smaller EgP* (2.78-2.63 eV), thereby red-shifting the absorbance
profiles. Thus, TT, TF, TF, and FF were omitted as synthetic
targets.

Synthesis

The synthetic pathways for the functional arenes are shown in
the ESI.f All five BBOs were synthesized using a tandem

3844 | Mater. Adv, 2022, 3, 3842-3852
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approach: a condensation reaction to introduce aryl substituents
along the 2,6-axis followed by a cross-coupling reaction to attach
substituents at the 4,8-axis. The formation of the final BBOs is
outlined in Scheme 1. First, 2,5-diamino-3,6-dibromo-p-
hydroquinone was condensed with either the benzoic acid to
form 26P48Br or orthoesters to form 26F48Br, and 26T48Br.
The benzene substituent was coupled along 4,8-axis using
traditional Suzuki-Miyaura cross-coupling conditions, providing
compounds FP, TP, and PP in good yields. The furan and
thiophene units were attached to the 4,8-positions using Stille
cross-coupling techniques, yielding PF and PT in good yields.
Upon purification, all compounds were found to be moderately
soluble in chloroform and characterized by 'H and '*C NMR
spectroscopy, HR-MS (ESI), thermogravimetric analysis (TGA),
and melting point determination.

Electronic and optical properties

The experimental electronic and optical properties of all synthe-
sized compounds were investigated using cyclic voltammetry,
UV-Vis spectroscopy, and photoluminescence spectroscopy in
solution and thin film. All pertinent data can be found in
Table 2. The electrochemical oxidation potentials (Fig. S25-
S29, ESIt) were used to calculate the HOMO energy while the
LUMO level was found by adding the onset of absorbance to the
HOMO level. The HOMO levels of each material range from
—5.74 to —5.25 eV while the LUMO energies range from —2.68 to
—2.52 eV. It was observed that when the phenyl substituents are
placed through the 4,8-axis, the HOMO energy was lowered when
compared to the placement of electron-rich substituents, such as
furan and thiophene. Moreover, the solution-state voltammo-
grams indicate good stability of most BBOs as seen by the
reproducibility of three consecutive redox cycles. However, PF a
exhibits slight change with each sequential redox cycle, indicating
this material exhibits the highest level of instability of the set.
The experimental UV-Vis results show very good correlation
to the theoretical model, see ESI.{ Due to the limited solubility
of these compounds, all five BBOs were able to be dissolved in
either toluene or chloroform as 0.01 gL~ equimolar solutions.
The peak maxima for each BBO show very little difference
(<6 nm) between the two solvent media (see ESIt), suggesting
that all 5 BBOs exhibit more locally excited (LE) character
between the ground and excited states. In chloroform, there
is a distinct pattern between aryl-substitution and absorbance
profiles, Fig. 3. The spectrum for PP exhibits a peak maximum
centred at 354 nm with small spectral features contributing to the
peak breadth (~345 nm and 376 nm) When the 2,6-axis sub-
stituent is changed to either furan or thiophene, the absorbance
profile undergoes a bathochromic shift of 17 nm and 28 nm for
FP and TP, respectively. For both compounds, the low energy
transitions occur between ~325 to ~415 nm which is ideal for
deep-blue OLED dopants. As thin films, the peak maximum for FP
is red-shifted by 9 nm while TP is shifted by 8 nm due to n-n
stacking interactions. When the aryl substituents along the 4,8-
axis of PP are switched to furan or thiophene (PF and PT), the
absorbance profiles experience a bathochromic shift. Cruciform
PF is shifted by 23 nm while PT shifts by 28 nm due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electronic and spectral properties of the five BBOs

@—BF‘IN

Pd(PPh)s

(63%

ocdao

(72%

K,COs

Q

Electronic Optical
Solution State Solid State

HOMO“ LUMO? EP*“ &7 (10%) 28m ¢ [CF] 2&m. ° [Tol] Lifetime/ &% jem e
BBO (eV) (ev) (eV) (M em™) 22 ¢ [CF] (nm) (nm) (nm) (ns) (%) 425 ¢ (nm) (nm)®
PP —5.74 -2.60 3.14 7.0 291, 354 422, 406 427, 408 1.96 44 299, 362 445
PF —5.25 —2.52  2.73 5.1 371, 355, 321, 303 478*, 453 494, 472 1.94 22 388, 300 546
PT -528 —255 273 5.4 407, 377, 359, 330, 318 479,451 472, 445 2.20 26 418, 380, 365, 334, 277 569*, 544
FP —5.65 -2.59 3.06 6.4 390, 371, 356 440, 413  459*, 430, 410 1.38 60 402, 380, 364, 301 489, 461*
TP 565 —2.68 297 6.2 402, 382, 365, 306 456,432  471%, 444, 421 NA 45 414, 390, 372, 309, 266 458

“ HOMO values were determined from onset of oxidation using cyclic Voltammetry and compared to a ferrocene standard. ” LUMO = HOMO + E"pt

¢ Optical band gaps determined from onset of absorbance in solution. ¢

Experimental absorptlon coefficients were calculated from peak max1ma at

concentrations of 0.01 g ™", 0.005 g L™ ", and 0.0017 g L™ ". ° Bold values indicate peak of maximum absorbance/emission. Values with * following
indicate spectral shoulders. [ Acquired i 1n chloroform. ¢ Found in chloroform.

chalcogens. Both BBOs also exhibit a broad series of low-energy
transitions at ~385 to ~460 nm demonstrating that even dis-
persed in solution, these compounds start to absorb in the visible
spectrum. Moreover, when compounds PF and PT are cast as thin
films, the absorbance profile becomes quite broad, thus losing the
resolution between observable transitions.

The photoluminescence (PL) spectra were measured in
CHCI; to determine emission profiles and quantum yields for
each BBO (Fig. 3; Table 2). Since a host-guest active layer is

© 2022 The Author(s). Published by the Royal Society of Chemistry

used in the OLED devices for this study, the neat film data,
available in the ESI,i will not be discussed. In solution, PP
exhibited two emission peaks at 406 and 422 nm with a
quantum yield of 44%. Switching the 2,6-substituent to furan
(FP) provides a slight hypsochromic shift in emission by 8§ nm
whereas the thiophene substituent (TP) bathochromically shifts
the PL spectra by 10 nm. Interestingly, the substitution of furan
increases the quantum yield of the compound to 60% while the
use of thiophene kept the quantum yield relatively constant

Mater. Adv.,, 2022, 3, 3842-3852 | 3845
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Fig. 3 UV-Vis spectra (top) and photoluminescence (bottom) of the five
BBOs in chloroform (0.01 g L.

(45%) when compared to PP (44%). FP, TP and PP are in a
suitable range of emission for deep-blue OLEDs. As hypothe-
sized, changes to the 4,8-aryl substituent (PF and PT) produced
more cyan emission where the furan variant exhibits a PL
maximum red-shift of 31 nm while the thiophene counterpart
shows a comparable shift of 29 nm. Moreover, this conjugation
pattern considerably lowers the PL quantum yields (22-26%)
compared to that of PP.

We next investigated the radiative lifetimes of the five BBOs
to assess their photoluminescent behaviour. Excluding TP
which was unable to be measured, the BBOs emit light under
2.30 ns, further supporting the hypothesized LE character of
the materials and suggesting traditional fluorophore behaviour
as OLED emitters. While PF and PT are believed to be less than
ideal as deep-blue dopants, these materials were used in OLED
devices to elucidate the structure-property trends when com-
pared to their counterparts FP and TP.

OLED device properties

The device characteristics of each BBO were evaluated as
dopants in a mixed-host matrix. The host-guest architecture

3846 | Mater. Adv, 2022, 3, 3842-3852
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has proven to be a beneficial motif for small molecule-based
OLEDs. The mixed host strategy was employed to reduce the
energetic barrier from PEDOT:PSS to the active layer by inte-
grating in common hole transport layer (HTL) material, 4,4',4"-
tris(N-carbazolyl)triphenylamine (TCTA). By blending this
material into the active layer, better positive charge injection
into the A electrode occurs and is met with better
recombination.”®** The device configuration for all studies
was as follows: ITO (100 nm)/PEDOT:PSS (35 nm)/5% BBO,
1:1 26DCzPPY : TCTA/TmPyPB (35 nm)/LiF (1 nm)/Al (100 nm).
The electroluminescence (EL) spectra, external quantum effi-
ciencies (EQE), and energy level diagram for all compounds
used are illustrated in Fig. 4. Photoluminescence spectra of the
active layers are displayed in the ESI} (Fig. S26, ESIt)

Each cruciform exhibited EL that closely matched their
solid-state PL spectra corresponding to the same active layer
composition. Compounds PF and PT exhibited the most red-
shifted EL with peak maxima at 487 nm and 476 nm, respectively,
producing sea-green emission. The EL for the for isomers hypso-
chromically shifted to 442 and 451 for FP and TP, respectively.
Resulting from the large Eg™, cruciform PP had the bluest EL with
a peak maxima of 434 nm. Of the five BBOs, compounds FP, TP
and PP all exhibited CIE, components around 0.15 and CIE,
components < 0.12, making them ideal candidates for deep-blue
dopants.**™>°

We next examined the device parameters to determine the
performance of each BBO. The device efficiencies/outputs are
shown in Table 3. All compounds exhibited low turn-on voltages
(measured at 1 cd m™?), ranging between 3.3-4.0 V, while driving
voltages (100 cd m~?) were found between 4.4-5.1 V. We attribute
the low driving voltages to the mixed-host system and donor/
acceptor units of each BBO, allowing good injection of positive
and negative charges into the active layer. The maximum
achievable luminance (L,.x) for PP and FP were comparable at
~530 cd m~? whereas TP had more than twice the luminance
(1288 cd m™?). While blue emission was not obtained for PF and
PT, compounds with thiophene substituents did significantly
enhance each OLED’s Ly, The placement of aryl substituents
also provides a moderate luminance enhancement. For example,
compared to TP, the isomer PT had a Ly, value of 1572 ¢d m 2.
The same effect is noted between the isomers FP and PF. All five
compounds produce luminance levels suitable for display tech-
nology but do exhibit complications with regards to stability.
Compounds PP, PT and PF all show irreversible device
degradation after surpassing the potential corresponding to L.
However, by exchanging the location of aryl substituents, com-
pounds TP and FP show an overall enhanced stability. These
results are interesting as they could indicate an important struc-
ture-property trend: the 4,8-axis controls the brightness of the
device while the 2,6-axis extends the stability.

The device efficiencies for all BBO dopants showed results
comparable to other small molecule, BBO-based OLEDs.*?
Compound PP was found to exhibit the lowest current
efficiency (CE) and luminous efficacy (LE) of all emissive BBOs
with an overall EQE of 0.37%. Our previous hypothesis stated
this compound exhibited poor device performance in part due

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Device properties of the BBO-based OLEDs. Bold values indicate maximum emission peak. Vg, = voltage at 1 cd m~2. Vio0 = driving voltage at

100 cd m™2. CEyq0 = current efficiency at 100 cd m™2. PE;o = luminous efficacy at 100 cd m~

2

BBO /*" (nm) CIE (X, ) Von (V) Vioo (V) Lmax (cd M) CEqoo (cd A™") CEppax (cd A™") PE1gp (Im W ') PEpgay (Im W) EQEpmay (%) RMS (nm)

PP 434, 419 0.16, 0.06 3.3 4.5 552.6 0.23
PT 476 0.17, 0.33 3.7 4.5 1572 0.32
TP 451, 433 0.15, 0.12 3.6 4.4 1288 0.33
PF 487 0.19, 0.36 4.0 5.1 784.4 0.32
FP 442,420 0.15, 0.08 3.5 4.4 532.2 0.37

to the planarity of the cruciform, causing luminescent quenching
during device operation.” However, comparing this data to obser-
vations for TP refutes this claim. Specifically, TP experiences
nearly equivalent torsion about the 2,6- and 4,8-dihedral angles
as PP and has higher CE and LE. Furthermore, compound FP,
whose ground-state geometry is calculated to be completely planar
experiences one of the highest CE/LE outputs with the highest
EQE of 0.53%. Even reversing the axis, PF and PT all exhibit
higher CE and LE values when compared to PP with EQEs of
0.21% and 0.29%, respectively. Therefore, we believe the reason
PP can undergo EL in this study is due to the mixed-host system,
while the poor efficiencies are due to the lack of aryl substituents
which allow for more effective hole-transport to the dopant, such
as thiophene and furan. However, the efficiencies of each device
are overall poor and thus, it is evident that improvements must be
made by altering fabrication conditions or utilizing new hosts.
To determine if the device performance was inhibited due to
morphological constraints, each active layer was measured
using atomic force microscopy (AFM). All AFM images are
shown in Fig. S23 (ESIt) and roughness values are collated in
Table 3. It is evident that the host-guest system employed using the
mixed-host matrix provides excellent thin-films. The roughness for
all active layers is <4 A, suggesting that the morphological
contributions towards poor device performance are negligible
and that the issues could be due to factors at the molecular level.
One possible explanation for the low CE/LE outputs could be due to
the triplet state (T;) of each BBO cruciform. If a drastic energetic
difference between the singlet (S;) and Ty levels exists, this could
result in the accumulation of charge-traps in the active layer.
To assess this claim, preliminary DFT calculations show that the
energy difference between the S; and T, states are between 0.94-

© 2022 The Author(s). Published by the Royal Society of Chemistry

0.23 0.16 0.16 0.37 0.333
0.59 0.22 0.35 0.29 0.322
0.40 0.24 0.28 0.38 0.394
0.36 0.20 0.21 0.21 0.339
0.42 0.26 0.39 0.53 0.353

1.09 eV (ESIt), supporting the hypothesis. Therefore, a more
detailed degradation study of these materials is required to see
what chemical or fabrication parameters can be altered to improve
device performance and efficiencies.

Conclusions

Guided by DFT predictions, we successfully identified a series
of BBO cruciforms with deep-blue emissive character for
OLEDs. The five candidates were synthesized in a few steps
and solution-processed into functional devices for evaluation.
The experimental opto-electronic properties closely matched
DFT outputs and the results will be used to help improve the
computational model for future predictions. Of the five-
candidates, compounds PP and FP all exhibited deep-blue
emission (CIE, < 0.08) and luminance output useful for display
technology. However, the lifetimes and efficiencies for the
OLED devices were too low for practical usage. These experi-
mental results indicate that we have the potential to control
device stability and brightness through aryl-substitution at a
specific BBO axis. The solution-processed active layer formed
excellent thin-films, suggesting improvements should be made
at the molecular level. Thus, our results affirms that BBO
cruciforms are useful building blocks for the development of blue
light-emitting materials, whose efficiencies can be enhanced
through the inclusion of electron-rich heterocycles. Further
studies into the photophysical properties and degradation
analysis will improve the design of our BBOs, increasing the
device efficiencies and lifetimes. With this information, potential
of incorporating the structure of the deep-blue materials into

Mater. Adv., 2022, 3, 3842-3852 | 3847
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polymeric backbones could produce emissive polymers with
mechanical properties suited for foldable technology.

Experimental
Computational methodology

All computations were performed using Gaussian 09 using the
Comet supercomputer cluster provided by the San Diego Super-
computing Center through the Extreme Science and Engineer-
ing Discovery Environment (XSEDE). Compounds were then
analysed through GaussView 6 GUI interface program package.
Electronic ground state geometries were optimized using den-
sity functional theory (DFT) employing a mPW3PBE functional
and an SV basis set verified through a frequency calculation.
The first 15 excited states were generated through time depen-
dent density functional theory (TD-DFT) applied to the opti-
mized ground state for each oligomer. The HOMO, LUMO,
band gap, FMOs, and UV-Vis simulations were generated from
these excited computations.

Materials and methods

4,8-Dibromo-2,6-diethylbenzobisoxazole,"” and 2,5-diamino-
hyroquinone bishydrochloride®" were synthesized according
to literature procedures. THF was dried using an Innovative
Technologies solvent purification system. All other chemical
reagents were purchased from commercial sources and used
without further purification unless otherwise noted. All column
chromatography described was performed using a Teledyne
CombiFlash® Rf+ system with solvents as specified. Nuclear
magnetic resonance (NMR) experiments were carried out in
CDCI; at 500 MHz (*H) AND 125 MHz (*3C). In all spectra,
chemical shifts are given in 0 relative to residual protonated
solvent peak, CHCl; (7.26 ppm, 'H; 77.16 ppm, **C). Coupling
constants are reported in hertz (Hz). High-resolution mass
spectra were recorded on a double-focusing magnetic sector
mass spectrometer using ESI. Melting Points were determined
using a MelTemp II apparatus equipped with thermometer. The
electrochemical properties of the BBOs were investigated by
cyclic voltammetry (CV) using a platinum working electrode in
dichloromethane (solution) and acetonitrile (film), with 0.1 M
Bu,NPF, as the electrolyte and an Ag/Ag' reference electrode.
The onsets were referenced to Fe/Fe'. All UV-Vis and fluores-
cence spectra were obtained using quartz cuvettes with a
10 mm path length in CHCI; or as spin-casted thin-films on
a quartz slide (filtered 5 mg mL ™" solution in CHCI; spun at
1500 RPM). Active layer fluorescence spectra were obtained
using quartz slides filtered from 10 mg mL ' solution in
chlorobenzene spun at 2000 RPM. UV-vis spectra were collected
on a Shimadzu UV-1800 UV spectrophotometer. Photolumines-
cence spectra and absolute solution fluorescence quantum
yields were obtained using a Varian Cary Eclipse Fluorimeter.
Quantum yields were obtained with a HORIBA spectrophot-
ometer Nanolog FL3-2iHR equipped with a Quanta-phi inte-
grating sphere, respectively. The chloroform solution time-
resolved fluorescence data for all the samples were collected
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at 298 K on a time-correlated single-photon counting Edin-
burgh LifeSpec II and analyzed with the F980 software. A
NanoLED of 405 nm was used as excitation source.

Synthesis of precursors

2-Hexylfuran (F1). This compound was prepared according
to previous literature.>” Product is a colorless oil (89%, 60 mmol
scale). '"H NMR (500 MHz, CDCl;) § 7.31 (d, J = 1.9 Hz, 1H),
6.29 (dd, J = 1.9, 3.1 Hz, 1H), 5.99 (d, J = 3.1 Hz, 1H), 2.64 (t, ] =
7.6 Hz, 2H), 1.66 (quintet, J = 7.5 Hz, 2H), 1.41-1.28 (m, 6H),
0.92 (t, ] = 6.7 Hz, 3H).

2-Hexylthiophene (T1). This compound was prepared analogously
to compound F1. After purification with a hexanes column, the
oil was subjected to distillation (Kugelrohr; 103 °C) to give a
colorless oil. (65%, 75 mmol scale) "H NMR (500 MHz, CDCl;) §
7.13 (dd, J = 4.9, 1.4 Hz, 1H), 6.95 (dd, J = 4.9, 3.3 Hz, 1H), 6.81
(m, 1H), 2.86 (t, ] = 7.7 Hz, 2H), 1.72 (quintet, J = 7.5 Hz, 2H),
1.46-1.30 (m, 6H), 0.94 (t, J = 5.9 Hz, 3H).

5-Iodo-2-hexylfuran (F2). This compound was prepared
according to previous literature.’” slightly yellow oil (62%,
40 mmol scale). '"H NMR (500 MHz, CDCl;) § 6.41 (d, J =
3.2 Hz, 1H), 5.92 (d, J = 3.2 Hz, 1H), 2.65 (t, J = 7.7 Hz, 2H),
1.62 (quintet, J = 7.4 Hz, 3H), 1.39-1.25 (m, 11H), 0.90 (t, J =
6.8 Hz, 6H).

5-Iodo-2-hexylthiophene (T2). This compound was prepared
according to previous literature.>® slightly yellow oil (83%,
50 mmol scale). "H NMR (500 MHz, CDCl;) 6 7.05 (d, J =
3.5 Hz, 1H), 6.49 (d, J = 3.5 Hz, 1H), 2.81 (t, J = 7.6 Hz, 2H),
1.65 (quintet, J = 7.5 Hz, 2H), 1.42-1.25 (m, 6H), 0.91 (t, J =
6.9 Hz, 3H).

2-Hexyl-5-(trimethylstannyl)furan (F3). This compound was
prepared according to previous literature and used without
further purification or identification.’” Orange oil.

2-Hexyl-5-(trimethylstannyl)thiophene (T3). This compound
was prepared analogously to compound F3 and used without
further purification or identification. Orange oil.

2-Hexyl-5-(triethoxymethyl)furan (F4). To an oven dried, N,
filled round bottom flask equipped with stir bar was added
1.22 g (50 mmol) of magnesium turnings. The solid was purged
with N, twice before the addition of a small iodine crystal.
These solids were stirred at 50 °C for 1 hour. After cooling to
room temperature, 50 mL of anhydrous diethyl ether was added
via cannula along with 4.6 mL (50 mmol) of 2-chloropropane.
This suspension was fitted with a condenser and stirred at
35 °C for 1 hour, or until minimum magnesium was noticed.
Upon cooling to room temperature, 5.56 g (20 mmol) of F2 was
added through the top of the condenser and the solution was
refluxed for 20 hours to produce a cloudy yellow-grey suspen-
sion. After cooling to room temperature, 6.3 mL (30 mmol) of
tetraethylorthocarbonate was added through the top of the
condenser and solution was returned to reflux for an addition
20 hours. Suspension becomes a milky-orange color after the
reflux period ends. This solution is poured into ice-cold, conc.
aqueous NH,4Cl] and extracted with diethyl ether. The organic
layer is separated and washed with distilled water once, dried
over sodium sulfate, and concentrated. Distillation was
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performed using a Kugelrohr at 85 °C to remove excess tetra-
ethylorthocarbonate and other volatiles to produce an orange
oil as the final product. This oil was used without further
purification. (79%). "H NMR (500 MHz, CDCl;) 6 6.39 (d, 1H),
5.89 (d, 1H), 3.41 (q, 6H), 2.58 (t, 2H), 1.59 (quintet, 2H), 1.32-
1.22 (m, 6H), 1.14 (t, 9H), 0.84 (t, 3H).
2-Hexyl-5-(triethoxymethyl)thiophene (T4). This product was
prepared analogously to compound F4 using compound T2 as
aryl halide. Orange oil (85%, 20 mmol scale). '"H NMR
(500 MHz, CDCl;) 6 6.95 (d, J = 3.6 Hz, 1H), 6.61 (d, J =
3.6 Hz, 1H), 3.43 (q, J = 7.1 Hz, 6H), 2.74 (t, J = 7.1 Hz, 2H),
1.64 (quintet, J = 7.4 Hz, 2H), 1.36-1.25 (m, 6H), 1.17 (t, J =
7.1 Hz, 9H), 0.86 (t, ] = 6.9 Hz 3H).
2-(4-(tert-Butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(P1). To an oven-dried RBF was added 4-tert-butylbromobenzene
(10 mmol) and anhydrous THF (~30 mL). The solution was
brought to —78 °C for the dropwise addition of n-butyllithium
(1.3 mol eq.). The anion stirred for 45-60 minutes at —78 °C
before addition of iPr-BPIN (1.5 mol eq). Upon addition, the
solution was stirred overnight, slowly approaching room tem-
perature. The solution was quenched with water and extracted
with ethyl acetate. The organic layer was separated, washed twice
with distilled water, and dried over Na,SO,. Concentration of
crude product yielded a viscous oil which was purified using
column chromatography (hexanes). Product is a crystalline,
white, low-melting solid. (94%) "H NMR (500 MHz, CDCl,)
6 7.79 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 8.3 Hz, 2H), 1.35 (s, 12H),
1.35 (s, 9H).
4-(tert-Butyl)benzoic acid (P2). An oven-dried round bottom
flask equipped with stir bar and 35 mmol of magnesium
turnings was cooled under vacuum and purged with N, three
times. A catalytic amount of iodine was added to the flask and
the turnings were stirred for 1 hour at 50 °C for activation.
The flask was cooled to room temperature before the addition
of anhydrous THF (100 mL). Next, 30 mmol of 4-tert-
butylbromobenzene was added dropwise to the flask and
allowed to stir for two hours. Afterwards, the solution was
brought to —78 °C and was bubbled with CO,. Once bubbling
started, the solution was removed from the dry-ice/acetone bath
and allowed to return to room temperature (~1 hour). Upon
completion, the solution was poured into 6 M HCI for 2 hours
of stirring. The precipitate which formed was dissolved in
DCM, separated from the aqueous layer, washed with water
twice, and dried over Na,SO,. Concentration of organic layer
and drying in vacuum oven provides pure product as a white
crystalline solid which needed no further purification (82%).
'H NMR (500 MHz, CDCl;)  12.85 (bs, 1H), 8.08 (d, J = 8.5 Hz,
2H), 7.51 (d, J = 8.5 Hz, 2H), 1.37 (s, 9H).
4,8-Dibromo-2,6-bis(4-(tert-butyl)phenyl)benzo[1,2-d:4,5-d’]
bis(oxazole) (26P48Br). This product was prepared according to
previous literature procedures using benzoic acid P2.** Compound
was used without further purification or identification. (33%)
4,8-Dibromo-2,6-bis(5-hexylfuran-2-yl)benzo[1,2-d:4,5-d'|bis
(oxazole) (26F48Br). To an oven dried, N, filled round bottom
flask equipped with stir bar was added F4 (3 mol eq), an. THF,
and an. DMAc. The solution was degassed with N, for appx.
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25 minutes. Afterwards, Yb(OTf); (5 mol%) was added to the
flask and the solution was then brought to 40 °C. Br-DAHQ
(1 mol eq) is added portion-wise to the solution over a period of
5 minutes. Solution is heated to 60 °C for 24 hours. After
cooling to room temperature, the solution is poured into
MeOH, filtered and dried to provide the product. Pale yellow
solid (77%). 'H NMR (500 MHz, CDCl;) 6 7.36 (d, J = 3.5, 2H),
6.26 (d, J = 3.5 Hz, 2H), 2.79 (t, J = 7.6, 4H), 1.75 (quintet, J =
7.6 Hz, 4H), 1.44-1.28 (m, 12H), 0.94-0.88 (m, 6H). *C (126
MHz, CDCl;) 6 162.42, 156.65, 146.32, 139.78, 139.31, 117.65,
108.28, 91.37, 31.47, 28.85, 28.39, 27.72, 22.53, 14.03.

4,8-Dibromo-2,6-bis(5-hexylthiophen-2-yl)benzo[1,2-d:4,5-d']
bis(oxazole) (26T48Br). This compound was prepared analo-
gously to compound 26F48Br using T2. (56%). 'H NMR
(500 MHz, CDCl;) 6 7.85 (d, J = 3.8 Hz, 2H), 6.88 (d, J =
3.8 Hz, 2H), 2.90 (t, J = 7.6 Hz, 4H), 1.74 (quintet, J = 7.6 Hz,
4H), 1.46-1.28 (m, 12H), 0.90 (t, ] = 7.2 Hz, 6H). “°C (125 MHz,
CDCl;) 6 160.39, 153.71, 146.49, 139.41, 131.55, 125.84, 125.49,
90.95, 31.49, 31.35, 30.44, 28.69, 22.53, 14.04.

General Suzuki-Miyaura cross-coupling conditions

All equivalence/mole percentage values are in reference to the
starting BBO. To a condenser-fitted flask, equipped with stir
bar, was added the starting BBO, 3 mol eq of 9, and 5 mol% of
PEPPSI-iPr. The flask was purged with argon three times before
the addition of 2 M K,CO; (30 mol eq.) and toluene. The
solution was degassed with argon for 15 minutes and allowed
to reflux overnight at 120 °C. Upon cooling, the solution was
diluted with chloroform, washed with DI water, and separated
from the aqueous layer. The organic layer was dried over
Na,S0, and filtered into a flask with silica. Removal of solvent
facilitated the formation of solid-load product necessary for
column chromatography (hexanes:CHCI; gradient) to purifying
the products. Below are the physical characteristics, percent
yields, and characterization data for all compounds using this
method:

2,4,6,8-Tetrakis(4-(tert-butyl)phenyl)benzo[1,2-d:4,5-d' Tbis(oxazole)
(PP). Shiny-white solid. (61%). TGAsq,: 438 °C.M.P.: > 240 °C.
'H NMR (500 MHz, CDCl,) 6 8.41, (d, ] = 8.4 Hz, 4H), 8.28 (d, J =
8.4 Hz, 4H), 7.68 (d, J = 8.5 Hz, 4H), 7.56 (d, J = 8.3 Hz, 4H), 1.46
(s, 18H), 1.39 (s, 18H). **C (126 MHz, CDCl;) § 163.7, 155.0,
151.1, 146.3, 138.3, 129.9, 129.8, 127.6, 125.8, 125.6, 124.5,
113.8, 35.1. 34.8, 31.4, 31.2. HRMS (ESI) m/z: [M + H]" calc’d
for C,sHs,N,0, : 689.4107; found: 689.4094.

4,8-Bis(4-(tert-butyl)phenyl)-2,6-bis(5-hexylfuran-2-yl)benzo
[1,2-d:4,5-d']bis(oxazole) (FP). Shiny, off-white solid (with slight
pale-green hue) (63%). TGAso,: 340 °C.M.P.: > 240 °C. 'H NMR
(500 MHz, CDCl;) 6 8.27 (d, J = 8.1 Hz, 4H), 7.64 (d, J = 8.1 Hz,
4H), 7.23 (d, J = 3.4 Hz, 2H), 6.21 (d, J = 3.4 Hz, 2H), 2.78 (t, ] =
7.7 Hz, 4H), 1.75 (quintet, J = 7.6 Hz, 4H), 1.46-1.30 (m, 30H),
0.94 (t, J = 6.3 Hz, 6H). ">C NMR (126 MHz, CDCl;) § 161.15,
156.21, 151.05, 145.75, 140.82, 137.96, 129.81, 129.43, 125.60,
115.84, 113.91, 107.72, 77.25, 77.00, 76.74, 34.77, 31.51, 31.36,
28.87, 28.33, 27.69, 22.55, 14.06. HRMS (ESI) m/z: [M + H]"
calc’d for C,gH57N,0,:725.4318; found: 725.4323.
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4,8-Bis(4-(tert-butyl)phenyl)-2,6-bis(5-hexylthiophen-2-yl)benzo
[1,2-d:4,5-d']bis(oxazole) (TP). Shiny, off-white solid (with slight
pale-green hue) (72%). TGAsq,: 375 °C.M.P.: > 240 °C. 'H NMR
(500 MHz, CDCl,) 4 8.32 (d, ] = 8.5 Hz, 4H), 7.79 (d, J = 3.8 Hz, 2H),
7.64 (d, J = 8.5 Hz, 4H), 6.86 (d, J = 3.8 Hz, 2H), 2.89 (t, ] = 7.6 Hz,
4H), 1.75 (quintet, J = 7.5 Hz, 4H), 1.44 (s, 24H), 1.37-1.30 (m, 8H),
0.90 (t, J = 7.1 Hz, 6H). *C NMR (126 MHz, CDCl;) § 159.65,
151.95, 151.02, 146.00, 138.13, 130.12, 129.81, 129.61, 126.94,
125.55, 125.47, 113.41, 77.25, 77.00, 76.74, 34.78, 31.52, 31.48,
31.37, 30.42, 28.73, 22.55, 14.05. HRMS (ESI) m/z: [M + H]' calc’d
for C,5Hs,N,0,S, : 757.3861; found: 757.3862.

General Stille cross-coupling conditions

All equivalence/mole percentage values are in reference to the
starting BBO. To a condenser-fitted flask equipped with stir bar
was added the starting BBO, 2.5 mol% of Pd,(dba);, and
10 mol% of tri(o-tolyl)phosphine. The flask was purged with
argon three times before the addition of corresponding organotin
reagent (3 mol eq) and toluene. The solution was degassed with
argon for 15 minutes and allowed to reflux overnight at 120 °C.
Upon cooling, the solution was diluted with chloroform and
stirred in a 1: 1 mixture of silica gel:K,CO; for at least 30 minutes.
The solids were removed via vacuum filtration and washed with
excess chloroform. To the solution was added fresh silica gel.
Removal of solvent facilitated the formation of solid-load product
necessary for column chromatography (hexanes:CHCl; gradient)
to purifying the products. Below are the physical characteristics,
percent yields, and characterization data for all compounds using
this method:

4,8-Bis(5-hexylfuran-2-yl)-2,6-bis(4-(tert-butyl)phenyl)benzo
[1,2-d:4,5-d'|bis(oxazole) (PF). Vibrant yellow solid. (61%).
TGAso,: 350 °C.M.P.: 200-208 °C. *H NMR (500 MHz, CDCl;) &
8.33 (d, J = 8.1 Hz, 4H), 7.62 (d, J = 3.3 Hz, 2H), 7.58 (d, J =
8.1 Hz, 4H), 6.31 (d, J = 3.3 Hz, 2H), 2.90 (t, ] = 7.6 Hz, 4H), 1.91
(quintet, = 7.7 Hz, 4H), 1.54 (quintet, J = 7.1, 6.4 Hz, 4H), 1.46-
1.35 (m, 26H), 0.93 (t, J = 6.9 Hz, 6H). >*C NMR (126 MHz,
CDCl;) 6 163.92, 157.37, 154.90, 145.97, 143.67, 135.90, 127.55,
125.78, 124.62, 113.15, 107.41, 104.34, 77.24, 76.99, 76.73,
35.08, 31.81, 31.18, 29.08, 28.52, 28.03, 22.62, 14.17. HRMS
(ESI) m/z: [M + H]" cale’d for CygHs;N,04: 725.4318; found:
725.4301.

4,8-Bis(5-hexylthiophen-2-yl)-2,6-bis(4-(tert-butyl)phenyl)benzo
[1,2-d:4,5-d']bis(oxazole) (PT). Golden yellow solid. (63%). TGAsq:
360 °C.M.P.: 218-220 °C. "H NMR (500 MHz, CDCl;) 6 8.37-8.33
(m, 6H), 7.61 (d, J = 8.5 Hz, 4H), 6.97 (d, J = 3.6 Hz, 2H), 2.97 (t,] =
7.6 Hz, 4H), 1.82 (quintet, J = 7.6 Hz, 4H), 1.51-1.45 (m, 4H), 1.43-
1.34 (m, 28H), 0.95-0.91 (t, J = 7.0 Hz, 6H). "*C NMR (126 MHz,
CDCl,) 6 163.30, 154.99, 147.96, 144.37, 136.53, 131.97, 128.82,
127.66, 125.86, 124.65, 124.42, 107.80, 35.10, 31.75, 31.66, 31.20,
30.26, 28.93, 22.66, 14.13. HRMS (ESI) m/z: [M + H]' calc’d for
C4sHs,N,0,S,: 757.3861; found: 757.3876.

Device fabrication and characterization

OLED devices were fabricated on pre-patterned ITO (100 nm)/
glass substrates with 20 Q sq ' resistance (Ossila, Ltd.).
Substrates were cleaned by sonicating in Mucasol, water (2x),
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acetone, isopropanol and finally dried in an oven for at least
one hour. Substrates were then subject to 15 minutes of
UV-ozone curing to aide in hole-injection. Next, PEDOT:PSS
(Heraeus Clevios P VP Al 4083) was spin-coated onto each sub-
strate (3500 RPM, 2 minutes) followed by annealing at 120 °C for
20 minutes under a nitrogen atmosphere, producing an appx.
35 nm layer. The active layer solution (conc.. 9 mg mL ™)
composed of a mixed-host system (with 5% w/w dopant) dissolved
in chlorobenzene. The host matrix was a 1:1 ratio of
26DCzPPY:TCTA. Solutions were allowed to stir at 50 °C for at
least one hour and filtered prior to solution processing. The active
layer was spin-coated on top of the PEDOT:PSS at 4000 RPM for
15 seconds and then annealed at 120 °C for 10 minutes.
Substrates were then transferred to a thermal evaporator where
TmPyPB (30 nm; 0.5 A s™%), LiF (1 nm; 0.1 A s™%), and Al (100 nmy;
2 A s7") were sequentially evaporated at 10~° Torr. Finally,
substrates were coated with a UV-curing epoxy and glass coverslip
and cured at 365 nm for 25 minutes to perform measurements
in ambient conditions. OLED electrical properties were character-
ized using an Ossila Ltd. Lifetime System. Electroluminescence
was recorded using a Konica Minolta LS-160 luminance meter
and electroluminescent spectra were recorded using an Ocean
Insight HR2000+ ES spectrometer, calibrated using a HL-3-plus
light source. Tapping-mode AFM measurements were made using
a Bruker Dimension 3000 microscope.
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