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Highly efficient (EQE > 27%) Yellow OLEDs using
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Four bipolar host materials, with spiro[fluorene-9,9’-phenanthrene-10"-one] acceptors with nitrile
fragments and ortho, para-phenyl carbazole, and triphenylamine as donor fragments, namely MS-CN,
MS-OC, MS-PC, and MS-TPA, respectively, were designed, synthesized, and their photophysical and
electrochemical studies were investigated. All MS-host materials exhibited adequate energy gaps,
making them suitable candidates for use as host materials for green, yellow, and red phosphorescent
organic light-emitting diodes (OLEDs). We have also designed a series of OLED devices with three
different emitting layered architectures to explore their potential in electroluminescence applications.
Among the devices using MS-OC, the CN-T2T-blended cohost achieved the highest efficiency among
the tested yellow-emitting OLEDs, having a luminance efficiency of 80.0 cd A% power efficiency of
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DOI: 10.1039/d2tc05296b 113.0 Im W™, low turn-on voltage of 2.1 V, high maximum luminance of 142464 cd m~2, and peak EQE

of 27.1%. The maximum efficiency of the device is one of the highest values reported in the literature for
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1. Introduction

Organic light-emitting diodes (OLEDs) from transition-metal-
based phosphors with efficient triplet exciton harvesting can
achieve 100% internal quantum efficiency (IQE) through heavy-
atom-enhanced strong spin-orbit coupling, thus facilitating
extensive development in the fields of displays and solid-state
lighting devices."™ Regardless of the ongoing research and
achievements in high-performance phosphorescent OLEDs
(PhOLEDs), much room remains for the improvement of their
efficiency and brightness.* ™ Typically, the emitting layer
(EML) of PhOLEDs is configured with an emitter as a guest
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PO-01-based devices, demonstrating the high potential of our molecular design for host materials.

homogeneously dispersed in a suitable organic host material to
reduce the chances of triplet-triplet annihilation to enhance
the efficiency of the device."*™"® For maximum exciton harvest-
ing as phosphorescence emission, the host materials should
possess (i) large AEgr, (ii) higher lying singlet (S1) and triplet
levels (T1) than guest materials to have better Forster resonance
energy transfer (FRET) and Dexter energy transfer (DET),® (iii)
better energy level matching for efficient charge injection into
the guest molecules,"” and (iv) a high glass transition tempera-
ture (T,) and thermal decomposition temperature (Tg) to ensure
thermal stability."®' There is a high demand for excellent host
materials for efficient PHOLEDs with the above-mentioned
thermal stability and photophysical and electrochemical prop-
erties, which continues to be a challenging task.>*?!

In 2021, we reported MS-host materials (MSs) with a spiro-
[fluorene-9,9’-phenanthren-10"-one] moiety for high-efficiency
perovskite solar cells (PSCs) with a device architecture, ITO/
NiO,/MSs/perovskite/PCs;BM/BCP/Ag. MSs were utilized as the
interfacial layer, and the surface appearance of NiO, was
improved. The characteristics of NiO,/MSs on the perovskite
layer, quantified in terms of the photoluminescence (PL), were
better than those of bare-NiO, in terms of the hole-transport
ability and power conversion efficiency. The power efficiency
reached 20.34%, comparable to polycrystalline silicon solar
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cells (16%). The NiO,/MS-OC PSCs had good thermal stability
and retained the original power conversion efficiency of 93.16%
even after 370 days under argon (25 °C). Furthermore, MS host
exhibited suitable highest occupied molecular orbital (HOMO)
(ranging from —5.18 to —5.27 eV) and lowest unoccupied
molecular orbital (LUMO) (ranging from —1.94 to —2.98 eV)
energy levels, as well as high triplet energy levels with large
AEgr, indicating their potential as host materials.

In this study, we report four host materials, namely MSs,
based on spiro-[fluorene-9,9’-phenanthren-10’-one] moiety with
ortho-, para-phenyl carbazole, and triphenylamine as a donor
fragment (control nitrile fragment) satisfying the following
requirements: (i) suitable HOMO and LUMO energy levels as
well as triplet energies; (ii) adequate charge mobilities; (iii) low
cost (18-22 USD g ') and simple synthesis (three to five steps
for acquiring MS-host materials). The last point was the most
critical point we focused on for developing this series because
the cost determines the market acceptance of materials.
MS-host materials were constructed using spiro[fluorene-9,9'-
phenanthrene-10’-one] core configurations decorated with dif-
ferent donor moieties as follows: para-connected cyano groups
for MS-CN, para-connected triarylamine moieties for MS-TPA,
para-connected phenyl-carbazole moieties for MS-PC, and
ortho-connected phenyl-carbazole moieties for MS-OC. The
HOMO and LUMO energy levels of this series of target mole-
cules are in the ranges of —5.1 to —5.3 eV and —1.8 to —2.4 eV,
respectively. The adequate triplet energies (2.47-2.66 eV) of
these MSs allowed them to serve as ideal host materials for
phosphorescent emitters of green Ir(ppy)s, yellow PO-01, and
red Ir(piq),(acac). Furthermore, we fabricated three different
device architectures using different EML structures with MSs
materials designed to seek balanced electron-hole recombina-
tion. We used MS-host materials in three combinations with
phosphorescent dopants as EML layers in the OLED devices as
follows: a single EML based on a single host material (i.e., MSs
only) for the A series devices, a single EML with a blended host
(e, MSs mixed with 3’,3"/,3"""-(1,3,5-triazine-2,4,6-
triyl)tris(([1,10-biphenyl]-3-carbonitrile)) (CN-T2T) (1:1)) for
the B series devices, and double EMLs with a single host (i.e.,
TCTA) and a blended host (i.e., MSs mixed with CN-T2T (1:1))
for the C series devices. Overall, the external quantum effi-
ciency (EQE) of the B and C series devices using cohost EML
structures exceeded the A series device with the EML using a
single host material, which was attributed to the excellent
carrier balance in the B and C series devices. Significantly,
the spiro[fluorene-9,9-phenanthren-10-one] core was decorated
with phenyl-carbazole donor moieties in the ortho-orientation
(i.e., MS-OC), resulting in a densely packed structure according
to the single-crystal experiments. As indicated, organic light-
emitting diodes (OLEDs) adopting MS-OC as the host material
exhibited the best efficiency among the three device types,
regardless of the emitter employed. In the A series device with
a single host material structure, the maximum efficiency of the
MS-OC-based device with the yellow-emitting PO-01 achieved
22.5% (67.1 cd A~" and 81.1 Im W™ '). Moreover, the respective
peak efficiencies of 27.1% (80.0 cd A~" and 113.0 Im W™ ") and
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22.3% (78.2 cd A~' and 111.1 Im W~ ") were obtained for the
yellow- and green-emitting MS-OC devices in the B series. It is
worth mentioning that the yellow-emitting device’s perfor-
mance in the B series made an excellent breakthrough as
compared with the peak efficiencies of 25.3% (77.2 cd A™"
and 59.8 Im W) for a typical PO-01-based device.”> These
outcomes show that MSs could effectively regulate the carrier
balance via mixing with appropriate electron-transport materi-
als to realize highly efficient PhOLEDs, further underscoring
the great potential of this molecular design.

2. Results and discussion
2.1 Synthesis of MSs

The structures of MS-host materials are shown schematically in
Fig. 1 and their synthesis procedures are presented in Scheme
S1 (ESIT). The MSs contain two side substituents (cyano, aryl-
amine, and carbazole) at the core moiety of spiro[fluorene-9,9’-
phenanthren-10’-one]. For each of the MSs, the synthesis
was initiated using 2,7-dibromo-10’H-spiro[fluorene-9,9’-
phenanthren]-10"-one (1), yielding MS-CN through the cyana-
tion reduction with CuCN.>* The final products of MS-TPA,
MS-OC, and MS-PC were obtained via the Suzuki-Miyaura
coupling reactions with high yields (total yield 63-90%), and
were easily purifiable.”* Detailed descriptions of the synthesis
procedures and nuclear magnetic resonance (NMR) data
(Fig. S1-S3) are presented in the ESL

2.2 Photophysical properties

The ultraviolet-visible absorption, fluorescence, and phosphor-
escence emission spectra of all MSs were obtained in a toluene
solution, and the corresponding spectral profiles and numer-
ical data are shown in Fig. 2(a) and Table 1. MS-CN and MS-OC
exhibited higher energy absorption bands in the 280-340 nm
range, which were attributed to the high n-r* transitions of the
core moiety of spiro[fluorene-9,9’-phenanthren-10’-one] and
the weak red-shift absorption for MS-OC at 340 nm, owing to
the addition of ortho-phenyl-carbazole at the core moiety of

MS-PC

Fig. 1 Chemical structures of the studied MS-host materials.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Absorption spectra. (b) Fluorescence and phosphorescence spectra of MS-CN, MS-TPA, MS-PC, and MS-OC obtained in a toluene solution.

Table 1 Photophysical characteristics of the tested MSs compounds

Material Jabs (NM) HOMO" (eV) LUMO’ (eV) Flem‘ (nm) S,” (eV) Ph‘ (nm) T, (eV) QY? (%)
MS-CN 286, 298, 324 —5.12 —-1.81 345, 370, 383 (sh) 3.55 481, 520, 553 (sh) 2.63 43
MS-TPA 282, 300, 372 -5.30 —2.40 432 (sh), 455 3.07 533, 578 2.47 83
MS-0C 294, 324, 338 (sh)  —5.20 -1.81 376, 410, 430 (sh)  3.31 484, 520, 562 (sh)  2.66 94
MS-PC 293, 334 (sh), 343 -5.19 —2.08 418, 436 (sh) 3.14 511, 550, 595 (sh) 2.55 90

“ Estimated from the CV curve. ? Estimated from LUMO calculated by HOMO + Eq_, (Eo_, was determined from the onset of the UV-Visible spectra
in toluene). ¢ Estimated from the onset of the fluorescence and phosphorescence measured in toluene. ¢ Photoluminescence quantum yield of

5 weight percent PO-01 doped in MS-CN, MS-TPA, MS-PC, and MS-OC films.

spiro[fluorene-9,9’-phenanthren-10"-one]. In contrast, MS-TPA
and MS-PC showed major red-shifted broad absorption peaks
at 372 and 343 nm, respectively, owing to the addition of the
electron-donating triphenylamine and phenyl carbazole at the
para-position of the core moiety, which increased the coplanar-
ity and conjugation of the molecular backbone. MS-TPA exhib-
ited a more red-shifted absorption peak, which was mainly
attributed to the strong electron-donating nature of tripheny-
lamine, which destabilized the HOMO energy level as com-
pared with phenyl carbazole.

We also studied the PL properties of the prepared MSs in a
toluene solution, and the corresponding emission profiles and
spectral data are shown in Fig. 2(b) and Table 1. All of the
studied MSs showed broad and structured violet to deep-blue
fluorescence (S;) emission at ambient temperature. Among all
the studied host materials, MS-CN exhibited violet emission at
370 nm because of the strong electron-withdrawing dicyano
group substituted at the core moiety of spiro[fluorene-9,9'-
phenanthren-10"-one], while MS-OC exhibited a structured
emission maximum at 410 nm with a shoulder peak at
376 nm. On the other hand, MS-PC and MS-TPA showed broad
and red-shifted emission maxima at 455 and 418 nm, respec-
tively, owing to their strong electron-donating characteristics,
and the free rotation through the molecular backbone of
triphenylamine showed broad and red-shifted emission as
compared with phenyl carbazole. Moreover, all of the studied

This journal is © The Royal Society of Chemistry 2023

host materials showed highly structured phosphorescence (T;)
emission profiles in toluene solution at —77 K. The energy
levels were calculated based on the fluorescence (S;) and
phosphorescence (T;) emission onset data, and the resulting
values for the corresponding energy gaps are listed in Table 1.
The triplet energy gaps of these compounds imply that the
synthesized MSs are promising as host materials for phosphor-
escent OLEDs. On the other hand, thin-film samples of 5-
weight percent PO-01 doped in MSs materials were prepared
to determine the PL quantum yields (PLQYs). The PLQY values
of the doped film samples were evaluated as 0.43 (MS-CN), 0.83
(MS-TPA), 0.94 (MS-PC), and 0.90 (MS-OC). The high PLQY
values obtained in the last two samples revealed their potential
for electroluminescence (EL) applications.

2.3 Thermal stability and electrochemical properties

The thermal properties of the host materials were determined
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) at a heating rate of 10 °C min™"; the
spectra are shown in Fig. S4 and S5 (ESIT). MS-CN, MS-TPA, and
MS-PC all exhibited a flat line in their DSC spectra for the glass
transition temperature (T,), which was attributed to the poor
crystallinity and poor stacking interactions; this is supported by
the conclusions of our previously reported X-ray studies, except
for MS-OC (T, = 179 °C).>* The thermal decomposition tem-
peratures (T4) of MS-CN, MS-PC, MS-OC, and MS-TPA were 352,

J. Mater. Chem. C, 2023, 11, 3101-3111 | 3103
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396, 426, and 475 °C, respectively, as shown in Fig. S4 (ESIT).
This suggests that the studied host materials exhibit excellent
thermal stability, which is advantageous for OLED fabrication
by thermal vacuum deposition.

Cyclic voltammetry studies of all MS-host materials revealed
reversible oxidation curves, as shown in Fig. S6 (ESI{) and the
data summarized in Table 1. The onset of ICT transition bands
determined the zero-zero energy, and was used to further
calculate the LUMO energy level in Fig. 2(a). MS-TPA has the
smallest energy gap (2.9 eV), which is attributed to the strong
electron-donating moiety; this result is also consistent with the
UV-vis and PL data. MSs have low HOMO and high LUMO
levels, and the energy gap is between 2.9 and 3.39 eV in Fig. 3.
This indicated that all MSs are suitable as host materials for the
yellow emitter PO-01 and the red emitter Ir(piq),acac.

2.4 Computational analysis

To gain further insight into the properties of the optimized
structures, the electrostatic potential (ESP) map and the fron-
tier energy level information of MSs were obtained using time-
dependent density functional theory (TD-DFT) calculations,
using the B3LYP/6-31G(d) basis set in Gaussian 16 W; the
results are shown in Fig. S7, S8 (ESIt) and the numerical values
are listed in Table S1 (ESIt). As shown in Fig. S8 (ESIt), the
optimized structure of MSs exhibited structural conformations,
with a dihedral angle between the acceptor core and phenyl
spacer and donor fragment. MS-CN is a simple spiro-core
moiety with an electron-withdrawing nitrile group substituted
on a fluorene fragment and without a donor. The electrostatic
potential map shows that the positive ESP was localized on the
phenyl rings while negative ESP was localized on the electron-
withdrawing carbonyl and nitrile fragments. The calculated
frontier molecular orbitals suggested the inadequate separa-
tion of MS-CN with the HOMO (—6.83 eV) and LUMO (—2.70 eV)
energy levels. For MS-TPA, the predicted dihedral angle
between the central core of spiro[fluorene-9,9’-phenanthren-
10’-one] and donor triphenylamine was 38.0°, and the electro-
static potential (ESP) map revealed that the highly negative ESP
was concentrated on the carbonyl group, while positive ESP
values were confined to the fluorene-triphenyl amine donor
backbone. The HOMO (—5.07 eV) energy level was localized
over the fluorene-triphenyl amine donor backbone while
the LUMO (—2.08 eV) energy level was localized on the
phenanthrene-10’-one fragment. Similarly, for MS-PC, the
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Fig. 3 Energy levels for MSs and other materials used in OLED devices.
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predicted dihedral angle between the central core of spiro[fluo-
rine-9,9’-phenanthren-10’-one] and the phenyl-carbazolyl frag-
ment was 39.5°. The HOMO (—5.34 eV) energy level was
localized on the fluorene-phenyl-carbazolyl fragment while
the LUMO (—2.06 eV) energy level was localized on the
phenanthrene-10’-one fragment. The ESP map showed that
the positive ESP on the carbonyl group and positive ESP values
were localized on the fluorene-phenyl-carbazolyl donor back-
bone. In contrast, MS-OC exhibited a highly twisted molecular
structure with large dihedral angles for the central core of
spiro[fluorene-9,9’-phenanthren-10-one] and a  phenyl-
carbazolyl fragment, at 51.3°. The ESP map and frontier mole-
cular orbitals (HOMO = —5.14 eV and LUMO = —2.11 eV)
exhibited similar trends to MS-TPA and MS-PC.

2.5 Exciplex experiments

The four synthesized host materials were then used to fabricate
OLEDs to examine their EL applications. Because all the
studied compounds consisted of a single electron-deficient
core decorated with two electron-donating moieties, it was
expected that these compounds would possess a relatively weak
electron-transporting ability. Therefore, subsequent device
tests investigated the EML structures that were constructed
using pure synthesized compounds or a blended host consist-
ing of the synthesized compounds with an electron transport
material. Before the EL tests, we obtained the PL spectra of the
blended hosts to determine whether the mixtures exhibited
exciplex formation. Herein, we chose CN-T2T as the electron
transport part for the mixtures, owing to its adequate LUMO
level, wide triplet energy bandgap, and good electron transport
mobility.”® Since CN-T2T with a Y-shaped molecular structure
would increase the probability of producing physical intermo-
lecular interactions for the successful formation of an exciplex,
the fast-screening method was introduced to investigate the
exciplex formation by obtaining the PL spectra of the donor:-
acceptor (D:A) blends in a relatively high-polarity solvent.>®
Four D:A (1:1) mixed samples, MS-CN : CN-T2T, MS-TPA : CN-
T2T, MS-PC: CN-T2T, and MS-OC: CN-T2T, were prepared for
the fast-screening method. The mixed samples were initially
dissolved in tetrahydrofuran (THF), and then different quanti-
ties of deionized (DI) water were added to the solution to obtain
the colloidal suspension.”” Fig. 4(a) shows the PL spectra of CN-
T2T, the synthesized MSs, and the mixtures, in pure THF and
with 90% water added. Highly polar solutions can force the D/A
molecules to aggregate, thereby increasing the likelihood of
intermolecular interactions that stimulate exciplex formation.
On comparing the PL spectra of the mixtures with those of the
four synthesized molecules and CN-T2T dissolved in pure THF,
the spectral profiles of the mixtures were similar to those of the
synthesized molecules. When 90% DI water was added to THF,
the spectra of the four corresponding blends were red-shifted
as compared with those in pure THF. However, the red shift
was insignificant in all cases, indicating that an exciplex could
have been generated but was very weak.>® Furthermore, the
transient PL decays monitored at the emission peak were
measured to study the relaxation behavior of the mixtures in

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Normalized PL spectra of CN-T2T, the four synthesized materials and their mixtures in pure THF and with 90% water added. (b) Transient PL

profiles of the mixture samples for THF with 90% water added.

THF with 90% DI water added. Fig. 4(b) shows the excited-state
decay characteristics of the four blends measured at room
temperature. The formulas for the curve fitting and simulation
results are presented in Table S1 (ESIt). Although these
samples exhibited two-component decay profiles, both compo-
nents were on the nanosecond timescale, suggesting that the
excited state was dominated by fluorescence. We also made
blended samples by mixing CN-T2T and the synthesized MSs.
Samples A (MS-CN: CN-T2T, 1:1), B (MS-TPA: CN-T2T, 1:1), C
(MS-PC : CN-T2T, 1:1), and D (MS-OC : CN-T2T, 1: 1) were thin
film samples composed of donor:acceptor (D:A) blends.
Fig. S9 (ESIt) shows the PL spectra of the thin film samples.
Again, the results indicated no exciplex emission in the four
samples. The spectra of the four corresponding blends were
slightly red-shifted as compared to their original PL spectra
measured in toluene. In addition, the phosphorescence spectra
of the samples measured at 77 K were significantly red-shifted
as compared to those measured at room temperature, indicat-
ing the absence of exciplex emission. Thus, we concluded that
the blended samples used as the host system in the devices
should be categorized as mixed hosts rather than an
exciplex hosts.

2.6 Electroluminescence properties

Because the charge mobilities of host materials adopted in
OLEDs influence the performance and should be concerned
before device designs, single carrier devices were fabricated to
implement the space-charge-limited current (SCLC) measure-
ments. The hole-only devices adopted the following architec-
ture: ITO/MoO; (5 nm)/MSs (250 nm)/MoO; (10 nm)/Al
(120 nm), for which MoO; was used as the hole injection layer
and the electron blocking layer. The architecture of the
electron-only devices was as follows: ITO/CN-T2T (10 nm)/MSs
(150 nm)/CN-T2T:Li,CO;3 10 wt% (5 nm)/Al (120 nm), where CN-
T2T and CN-T2T:Li,CO; were used as the hole blocking layer
and the electron injection layer, respectively.

As shown in Fig. S10 (ESIT), the J-V curves of the hole-only
and electron-only devices revealed the detected current densi-
ties for MSs. Since the target compounds possess similar

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Comparative field dependence mobility of MS-CN, MS-TPA, MS-
PC, and MS-OC.

HOMO/LUMO levels, this result was mainly related to the
charge transport conditions. The hole mobilities were esti-
mated according to the SCLC theory (J = 9¢eouE>/8L), assuming
that the evaporated organic solid films have inherently disor-
dered morphologies. This theory states that the charge mobility
dependence on the electric field is ascribed to organic semi-
conductors (u = yo exp(BEY?)), resulting in the following expres-
sion:

J = {%ﬂo exp(ﬁEl/Z)}E2
where ¢ is the relative dielectric constant, with an approximate
value of 3 for the studied materials, &, is the vacuum permittiv-
ity, E is the electric field, L is the thickness of the organic film,
Uo is the mobility at zero fields and f is the Poole-Frenkel
factor. The linearization of this equation enabled the determi-
nation of u, and f for the adequate high bias range. The
comparative field dependence mobility of MS-CN, MS-TPA,
MS-PC, and MS-OC is evidenced by the results plotted in
Fig. 5. As indicated, although all MSs could transport both
holes and electrons, these compounds presented much higher
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hole mobility, exceeding the electron mobility counterpart. The
hole and electron mobilities of MS-CN are similar and poor,
which might lead to the low current density obtained in OLEDs
with MS-CN hosts. Furthermore, comparing these curves
indicates that only MS-TPA featured a much more balanced
charge transport than the other tested compounds; that is,
MS-TPA could be classified as a bipolar material in general.
Hole mobility values were determined at a field of 0.25 MV cm™*
(uMS-CN) = 1.4 x 10® em®> V' s', u(MS-TPA) =
7.8 x 107> em®> V' s7! y(MS-PC) = 5.0 x 10 > em®> V' ' s,
and u(MS-OC) =3.3 x 10~% cm® V' s71). On the other hand, the
respective electron mobility values of MS-CN, MS-TPA, MS-PC,
and MS-OC were estimated as 2.6 x 10°° cm? V' s7%,
27 x 1072 em? v' 57 1.9 x 1077 em?® V! s, and
1.3 x 10°® em? V! s, In addition to the host’s mobility,
the OLED efficiency involves multiple factors, such as charge
injection, balanced charge transport, and exciton confinement.
Thus, although the electron mobilities of MS-PC and MS-OC are
much lower, it cannot be ruled out that devices based on these
compounds may also achieve carrier balance. The results
indicated that the yellow-emitting devices with MS-PC or
MS-OC hosts showed satisfactory performances, which will be
discussed later.

According to the mobility results of these series, most of the
compounds presented higher hole transport capabilities as
compared to their electron counterparts. The construction of
MSs-based EMLs with additional electron-transporting materi-
als was considered to boost electron transport. Therefore, to
investigate this series as the hosts for constructing EMLs in
OLEDs, we designed three device architectures to examine the
carrier balance conditions. In addition, based on the energy
bandgaps of the tested host materials, phosphorescent emitters
with different energy bandgaps were chosen for fabricating red,
yellow, and green OLEDs. When designing an EML, the triplet
energy bandgap of the host should be higher than that of the
selected emitter. Therefore, green-emitting Ir(ppy); was used as
the emitter for the host materials MS-CN and MS-OC, while
yellow-emitting PO-01 and red-emitting Ir(piq),acac were doped
into all synthesized host materials to construct the EML.**™°
Two commonly used hole-transporting materials, namely,
bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) and 4,4',4"-
tris(N-carbazolyl)triphenylamine (TCTA), were chosen to form
step-wise hole-transport layers (HTLs), aiming to promote
smooth hole injection from the HTL into the EML.*" Moreover,
as mentioned above, CN-T2T with appropriate electron trans-
port properties was used as the electron transport layer (ETL).
The three device architectures were nearly identical, except for
the EML structures. The EML structures corresponding to the
three devices were as follows: (1) a single EML based on a single
host material for the A series devices, (2) a single EML with a
blended host for the B series devices, and (3) double EMLs with
a single host and a blended host for the C series devices.
Consequently, the structures of the A series devices used a
configuration of indium tin oxide (ITO) (90 nm)/TAPC (30 nm)/
TCTA (10 nm)/MSs doped with an emitter (25 nm)/CN-T2T
(50 nm)/LiF (1.5 nm)/Al (150 nm), where ITO and aluminum
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were used as the anode and cathode, respectively. The B series
devices with a blended host were fabricated with the following
generalized architecture: ITO (90 nm)/TAPC (30 nm)/TCTA
(10 nm)/MSs: CN-T2T (1:1) doped with an emitter (25 nm)/
CN-T2T (50 nm)/LiF (1.5 nm)/Al (150 nm). In addition, the C
series devices used a double EML configuration including a
mixed EML and an auxiliary EML using a hole-transport
material as the host: ITO (90 nm)/TAPC (30 nm)/TCTA (5 nm)/
TCTA doped with an emitter (5 nm)/MSs: CN-T2T (1:1) doped
with an emitter (25 nm)/CN-T2T (50 nm)/LiF (1.5 nm)/Al
(150 nm). The doping concentrations for all emitters were
8 wt.% for green-emitting Ir(ppy)s, 5 wt.% for yellow-emitting
PO-01, and 8 wt.% for red-emitting Ir(piq),acac. To facilitate the
identification of device architectures, R, Y, and G were added to
the names of different series devices to represent different
colors. In addition, the device names were also followed by
adding 1, 2, 3, and 4 to represent the devices using MS-CN, MS-
TPA, MS-PC, and MS-OC as hosts. For instance, the yellow-
emitting device with MS-PC host in the A series devices was
denoted as device AY3, and so on. The materials used and the
schematic architecture of the fabricated OLEDs are shown in
Fig. 6.

We designed three series of devices with different EML
structures to investigate the carrier transport and energy trans-
fer capabilities of the synthesized compounds from the host to
the guest. Owing to the great number of devices tested, we used
a histogram to present the peak EQE values of the various
devices using red (R), yellow (Y), and green (G) emitters. Fig. 7
summarizes the peak EQE values of the A, B, and C series
devices. The B and C series devices exhibited quite similar
performances regardless of the emitter used. Still, upon closer
inspection of their EL characteristics, the B series device with a
single mixed host had the highest efficiency, while the C series
device with an additional auxiliary EML exhibited the highest
luminance. In contrast, the A series device with a single EML
consisting of synthesized MSs as the host slightly underper-
formed as compared with the other series, indicating that these
materials have slightly imbalanced carrier transport properties.
Although the A series devices exhibited relatively low efficiency,
the peak efficiencies of yellow-emitting devices AY3 (MS-PC)
and AY4 (MS-OC) were 22.8% (66.2 cd A" and 86.0 Im W)
and 22.5% (67.1 cd A" and 81.1 Im W '), respectively, which
could still be considered excellent performances for yellow
emitters. Considering the host compounds with more extra-
ordinary hole transport ability, the carrier recombination zone
located at the EML/ETL interface could be expected in the
device A series. Therefore, the carrier balance of the devices
was determined by the hole transport of the host and the
electron transport of the ETL in a low operation voltage range.
Although MS-TPA possesses bipolar carrier transport ability,
the lower efficiency might result from the mismatch between
MS-TPA and CN-T2T. As for the B and C series, the hole-
electron mismatch was significantly improved by blending
the electron transport material CN-T2T.

Because the highest-efficiency performance was obtained for
the B series devices, we collected the numerical data for the B

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Schematics of the materials used in the OLEDs; (b) schematics of the fabricated OLEDs with different emitters.
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Fig. 7 Peak EQEs of the tested devices for different hosts and emitters: (a) A series; (b) B series; (c) C series.
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Table 2 EL characteristics of the B series devices, for different hosts and emitters

Device BG BY BR

No. 1 4 1 2 3 4 1 2 3 4

Host MS-CN MS-0C MS-CN MS-TPA MS-PC MS-0C MS-CN MS-TPA MS-PC MS-0C

Emitter Ir(ppy)s PO-01 Ir(piq),acac

External quantum 4.2 22.3 15.1 26.0 23.6 27.1 13.0 17.8 18.8 20.1

efficiency™ [%] 4.1 21.9 11.1 26.0 23.5 27.1 7.7 14.4 18.1 18.9

Luminance effi- 12.6 78.2 43.5 77.2 68.4 80.0 7.9 10.7 10.7 12.0

ciency® [ed A7Y] 12.4 76.6 31.8 77.2 68.0 80.0 4.7 6.0 10.3 11.3

Power efﬁciency”b 11.3 111.1 46.7 109.0 92.8 113.0 9.5 12.3 15.3 16.6

[Im W] 10.2 94.8 21.4 92.3 87.4 104.4 3.3 8.7 12.2 12.7

Von® [V] 2.5 2.1 2.9 2.0 2.1 2.1 2.9 2.4 2.2 2.2

jl/zd [mA Cmfz] 381.9 72.3 4.5 52.4 56.7 94.4 6.3 40.7 121.3 77.6

Max luminance 36152 106900 64168 127451 122753 142 464 10857 21423 25959 18719

[ed m™2] [V] [10.8] [9.6] [13.0] [11.6] [12.0] [10.4] [11.4] [12.0] [11.2] [10.4]

CIE1931 coordinates”  (0.42, (0.34, (0.51, (0.51, (0.51, (0.51, (0.68, (0.69, (0.69, (0.69,
0.55) 0.61) 0.48) 0.49) 0.49) 0.49) 0.31) 0.31) 0.31) 0.31)

¢ Maximum efficiency. 5 Measured at 102 cd m~2. ¢ Turn-on voltage measured at 1 cd m~2. ¢ Current density at half of the peak external quantum

efficiency.

series devices, including green, yellow, and red emitters from
the EL characteristics, and summarized them in Table 2. For
comparison, the remaining EL characteristic data for the A and
C series devices are provided in the ESIT (Tables S3 and S4).
Moreover, on comparing all tested emission colors for the B
series devices, device BY using the yellow-emitting PO-01
showed outstanding performance; thus, it was selected as the
representative case, as shown in Fig. 8. The EL characteristics of
the BR and BG series devices are shown in Fig. S11 and S12
(ESIY).

Fig. 8 shows the EL characteristics of the BY series device
with yellow-emitter PO-01, featuring a co-host-based EML con-
sisting of MSs and CN-T2T. As shown in Fig. 8(a), all of the
tested devices with the different host materials exhibited nearly

identical EL spectra originating from PO-01, indicating valid
energy transfer from the blended host to the guest.>* Further-
more, the emission of pure PO-01 confirmed that exciton
diffusion and migration to adjacent layers were avoided.*® This
phenomenon was observed not only for the B series devices
with different emitters but also for the A and C series devices.
Accordingly, we concluded that the designed EML structures
for the A, B, and C series devices were practical and reasonable.
Fig. 8(b) shows the current density-voltage-luminance (J-V-L)
curves for device BY, for different host materials. As indicated,
the recorded current density curves followed the sequence
MS-CN < MS-TPA < MS-PC < MS-OC, where the last two
devices exhibited relatively close current densities. Similar
results were obtained for the B series device with red and green

(@ (b) 40t
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Fig. 8 (a) Normalized EL spectra at a luminance of 10° cd m~2; (b) current density—voltage—luminance (J-V~-L) characteristics; (c) EQE vs. luminance;
(d) luminance/power efficiency vs. luminance, for devices BY1, BY2, BY3, and BY4.
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emitters, or even for the A and C series devices. The low current
density observed in devices with MS-CN hosts is reasonable,
mainly due to the poor carrier transport capability of MS-CN.
However, according to the results of SCLC experiments, MS-TPA
has bipolar and excellent transport capability. Thus, the lower
current density obtained in MS-TPA-based devices may be due
to dopant-induced carrier imbalance or suboptimal energy
transfer from host to guest. The luminance curves of the tested
devices exhibited the same trends. The observed maximum
luminance values for devices BY1, BY2, BY3, and BY4 were
64168, 127451, 122753, and 142464 cd m >, respectively. Table
S5 (ESIT) summarizes the EL characteristics of the selected PO-
01-based devices reported in the literature. It is worth noting
that device BY4 with the MS-OC/CN-T2T mixed host exhibited a
high maximum luminance, one of the highest values reported
in the literature for PO-01-based devices.>*™” On the other
hand, in contrast to device BY1, which exhibited a high turn-
on voltage of 2.9 V (defined at the luminance of 1 cd m™?),
devices BY2, BY3, and BY4 exhibited extremely low turn-on
voltages of approximately 2.0-2.1 V. On comparing device BY4
with the previously reported PO-01-based devices (Table S5,
ESIT) in terms of the device performance and luminance,
the MS-OC/CN-T2T mixed host presented an outstanding bal-
ance in terms of the carrier mobility, yielding excellent perfor-
mance, with high power efficiency, high maximum luminance,
and low V.

Fig. 8(c) and (d) show the EQEs, luminance efficiency, and
power efficiency curves, respectively, against luminance, for the
BY series devices. The peak efficiencies for devices BY1, BY2,
BY3, and BY4 were respectively 15.1% (43.5 cd A™' and
46.7 Im W), 26.0% (77.2 cd A" and 109.0 Im W), 23.6%
(68.4 cd A™' and 92.8 Im W™ '), and 27.1% (80.0 cd A" and
113.0 Im W '). Given the PLQY of the blended films mentioned
above, devices BY2, BY3, and BY4 demonstrated that carrier
balance can be approximately achieved in these mixed EML
structures. Notably, satisfactory efficiency together with ultra-
high luminance values could be harvested in the PO-01-based
device BY4 via a co-host of MS-OC and CN-T2T (MS-OC : CN-T2T =
1:1); this was attributed to the combined effect of the specific
molecular and device architecture designs. Furthermore, these
results indicated that the mixture of MS-OC and CN-T2T was
even and sustained both compounds’ inherent carrier transport
abilities. In addition, devices BY1, BY2, BY3, and BY4 exhibited
efficiency drops of 26.5, 0, 0.5, and 0%, respectively, from the
peak efficiency to those recorded at a practical luminance of
100 cd m™>% The lower efficiency roll-off of devices BY2-BY4
suggested mitigating TTA and stable carrier balance in the
EML, mainly attributed to the mixed host enlarging the exciton
formation zone.?*

As for the B series device with red-emitting Ir(piq),acac,
device BR4, which also used MS-OC to blend with CN-T2T for
the EML, demonstrated the highest performance, as shown in
Fig. S11 (ESIY). Akin to the BY series device, the efficiencies of
the tested red-emitting devices were relative to the host materi-
als; the lowest one was for the MS-CN-based device, whereas the
efficiencies of devices BR2-BR4 gradually increased. The pure

This journal is © The Royal Society of Chemistry 2023
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red-emitting device BR4 exhibited a high maximum luminance
of 18719 c¢d m™? at 10.4 V and a low turn-on voltage of 2.2 V.
The peak efficiency of device BR4 reached 20.1% (12.0 cd A™*
and 16.6 Im W), while a slightly lower efficiency of 18.9%
(11.3 cd A™" and 12.7 Im W) was recorded at a practical
luminance of 100 cd m~>. However, we only investigated MS-CN
and MS-OC as host materials in the green-emitting B series
device because their triplet energy bandgaps exceeded that of
Ir(ppy)s. The corresponding EL characteristics of the BG series
devices are shown in Fig. S12 (ESIt). As indicated, the green-
emitting devices BG1 and BG4 offered very different perfor-
mances, and their respective peak efficiencies reached 4.2%
(12.6 cd A™" and 11.3 Im W™ ") and 22.3% (78.2 cd A™" and
111.1 Im W™ ). Again, BG4 demonstrated the best performance
among the tested devices, indicating that mixing MS-OC with
CN-T2T as the host enables devices with various emitters to
achieve significant carrier balance.

Regarding the performance of all the B series devices with
mixed EMLs, most of the tested MS-OC-based devices with
different emitters demonstrated the best performances, includ-
ing high efficiency, high luminance value, low turn-on voltage,
as well as mitigated efficiency roll-off. Only a few MS-PC-based
devices exhibited the highest efficiency and luminance. A
similar trend was observed for the AR, AY, AG, CR, CY, and
CG series. From the molecular design and the single crystal
data, the para-oriented MS-PC stacking is a phenanthrenone-
phenanthrenone configuration at a distance of 4.606 A through
intermolecular m-m interactions. Additionally, the ortho-
oriented MS-OC stacking is a fluorene-to-fluorene configuration
with a spacing of 3.202 A, which not only leads to the densest
stacking but also demonstrates its high potential as a host
material for OLED applications among four-targeted MSs.>*
These results demonstrate that the spiro[fluorene-9,9’-
phenanthren-10'-one] core decorated with the 9-phenyl carba-
zole moiety in the ortho- or para-orientation could be considered
an appropriate design.*® Furthermore, this phenomenon illus-
trates that mixing EMLs with different synthesized compounds
helps to regulate the carrier balance and increase luminance.

3. Conclusions

We have demonstrated four MSs based on the spiro[fluorene-
9,9’-phenanthrene-10"-one] moiety as host materials, that is,
MS-CN, MS-TPA, MS-PC, and MS-OC. The MSs have a wide
energy gap, suitable energy levels and good energy level match-
ing with Ir(ppy)s;, PO-01, and Ir(piq),acac emitters. Three device
architectures were considered. MS-OC showed good perfor-
mance in the device A series with a single EML and single
host; in particular, the yellow emitter of PO-01 can be obtained
with an EQE of 22.5% (67.1 cd A™" and 81.1 Im W), Device B
series was fabricated with a co-host with the following general-
ized architecture: ITO (90 nm)/TAPC (30 nm)/TCTA (10 nm)/
host: CN-T2T (1:1) doped with an emitter (25 nm)/CN-T2T
(50 nm)/LiF (1.5 nm)/Al (150 nm). MS-OC exhibited good dense
packing at the molecular level, which enhanced its charge
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transport; consequently, it was used as a host material in the
A-C series devices, which were superior to other MS series
devices. In particular, MS-OC and CN-T2T as co-hosts for the
yellow emitter PO-01 in device BY (i.e., BY4) demonstrated the
best performance with a luminance efficiency of 80.0 cd A,
power efficiency of 113.0 Im W™, and a low turn-on voltage of
2.1 V. Notably, device BY4 achieved a high maximum lumi-
nance of 142464 cd m > and an EQE of 27.1%, among the
highest values reported in the literature for PO-01-based
devices. These results suggest that this series of bipolar mole-
cules are promising multifunctional materials for OLED
applications.

4. Experimental section

All detailed synthesis experiment processes, OLED device fab-
rication, and characterizations can be found in the ESL}
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