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Conceptual Insight

There are a limited number of materials with sufficiently high triplet energies to host
blue phosphorescent emitters in organic light emitting diodes. Among them, carbazole-based
core structures stand out due to their good transport properties. The
phenanthro[9,10-d]imidazole core also has a high triplet energy, but green and red emitters
using phenanthro[9,10-d]imidazoles hosts are reported to have only moderate efficiencies,
and have very low efficiencies when used with blue emitters. The low efficiency is mainly due
to low triplet energies of the phenanthro[9,10-d]imidazole in the solid state. Here, we
introduce high energy host materials based on both phenanthro[9,10-d]imidazole and
phenanthro[9,10-d]triazole cores, using aryl and heteroaryl substituents to retain their high
triplet energy in the solid state. The phenanthro[9,10-d]imidazole gives a high blue
phosphorescent OLED efficiency. Thus, the phenanthro[9,10-d]imidazole core serves as an

alternative to carbazoles for achieving high triplet energies useful as hosts for blue phosphors.
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Abstract:

A class of wide bandgap host materials is introduced as an alternative to carbazole-based
hosts to enhance the efficiency and transport properties of organic light emitting diodes (OLEDs).
We have synthesized and investigate the photophysical and electrochemical properties of a
series of phenanthrene derivatives incorporating fused triazole or imidazole rings. The resulting
phenanthro[9,10-d]triazoles and phenanthro[9,10-d]imidazoles are suitable host materials for
blue phosphors due to their high triplet energies and conductivities. Incorporation of bulky
substituent groups leads to retention of the high triplet energies in solid state. The most
promising materials are incorporated in blue phosphorescent OLEDs that achieve external

quantum efficiencies > 20%.
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Introduction:

Organic m-conjugated materials have attracted significant attention in the field of
optoelectronics, due to their tunable photophysical and electrochemical properties and facile
syntheses.! Understanding the relationship between material structures and their properties is
crucial in developing materials with desired photophysical, electrochemical, and thermal
properties for application in organic light emitting diodes (OLEDs),? organic photovoltaics,3
organic field-effect transistors,* molecular sensors and non-linear optics.> Over the past few years,
OLEDs have attracted considerable attention for full color displays and solid-state lighting.® This
interest is due in large part to the development of transition metal complexes as phosphorescent
emitters, making it possible to harvest both singlet and triplet excitons, thereby achieving nearly
100% electroluminescence quantum efficiency.’

To achieve high OLED efficiency, a phosphorescent emitter is typically doped into a host
matrix to suppress concentration quenching and triplet-triplet/triplet-polaron annihilation, while
promoting transfer of charge and/or excited states onto the phosphor.2 The host material
requires a triplet energy (E7) higher than that of the phosphorescent dopant to ensure exclusive
emission from the dopant. Hosts for green and red phosphors have been developed, leading to
highly efficient and long-lived OLEDs. However, there is a dearth of stable host-guest systems
with high triplet energies and appropriate frontier orbital energy levels for charge injection and
transport for blue OLEDs. In particular, the high triplet energy required for blue OLED hosts limits
molecular design to rigid, non-conjugating building blocks with triplet energies approaching 3 eV,

such as fluorene, carbazole (cz), dibenzothiophene (dbt) and dibenzofuran (dbf), see Scheme 1.
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Carbazole-based host materials stand out, due to their high PHOLED efficiencies when combined
with blue phosphors.1® 2 In contrast, the triplet energy of phenanthrene (pn, Scheme 1) is too
low for this purpose, and thus has only seen limited use in blue host materials.’® However,
annulation of a five or six membered ring on the 9,10-positions of the phenanthrene ring
increases the triplet energy to levels approaching 3 eV. For example,
phenanthro[9,10-d]limidazole (hl) and triphenylene (tp) have triplet energies of up to 2.9 eV.
Unfortunately, host materials containing pl and tp cores give only moderate efficiency when
paired with green, yellow, red triplet emitters,'! and very low efficiency with blue emitters.12
These poor efficiencies are due to a marked lowering of E; in neat solids relative to their E; in
solution. Therefore, we considered whether alternative phenanthrene-cored systems could
serve as high triplet energy host materials with high solid-state Ej.

In previous work, we used computational methods to screen several phenanthrene
derivatives with pyrrole, triazole, imidazole, furan and thiophene fused at the 9,10-positions of
phenanthrene. Derivatives with the phenanthro[9,10-d]triazole (hT) and
phenanthro[9,10-d]limidazole (hl) cores emerged as structures that have the highest triplet

energies.!® Here, we describe a series of phenanthro[9,10-d]triazole and phenanthro[9,10-d]-
3
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imidazole based materials, and identify structures that have high triplet energies as neat solids.
Optimized syntheses of these materials, their photophysical and electrochemical properties, and
a strategy to inhibit aggregation induced red-shifts to retain high triplet energies in a neat solid
are discussed. The most promising materials are incorporated as host materials blue

phosphorescent OLEDs with > 20% external quantum efficiency.

Results and Discussion:

A range of different phenanthro[9,10-d]triazole and phenanthro[9,10-d]imidazole based
materials were prepared to investigate the electronic and thermal properties as a function of the
substituents on the triazole and imidazole rings (Figure 1) . Alkyl triazoles were prepared from
9-bromo phenanthrene in two steps. The benzyne click chemistry (first step) is reported
elsewhere.* The subsequent alkylation step was carried out in a one pot reaction of hT with
K,CO3; and methyl iodide. This reaction yielded predominantly the N2-isomer (2-MeT, 44%) and
a minor amount of the N1 isomer (1-MeT, 25%), presumably due to steric interactions between
the methyl group and the neighboring proton of the phenanthrene.

Aryl-substituted triazoles were prepared using modified procedures of Ueda et al. and
Taillefer et al. who reported Ullman conditions for arylation of benzo-triazole.r> Ullman
conditions using hT and phenyl halide resulted in 2-pT as the only product in 60% yield. The same
result with slightly lower yield was obtained when Buchwald conditions were employed.?>? The
larger size of the phenyl ring is the likely reason that only the aryl N2 isomer is obtained.

Therefore, N1 aryl substituted triazoles were prepared via a modified fluoride-induced
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Figure 1. Structures of phenanthro[9,10-d]imidazoles and triazoles

elimination to generate benzyne under mild conditions.’® This procedure produced N1 aryl
substituted triazoles 1-pT, mT, mxT, fxT and txT in 40-50% vyields. A key modification from the
literature procedure is preparation of 9-hydroxyphenanthrene using n-Buli instead of Mg
tunings,'> which gives the product in higher yield, with fewer byproducts and shorter reaction
times. Phenanthro[9,10-d]imidazoles Mel, pl, ml, mxl, fxl, txl and tpl were prepared from inexpensive
starting material (9,10-phenanthrenequinone) from two high yielding steps.1?

Targeting Materials as Blue OLED Hosts:

The study of the properties of these phenanthrene-based materials started with simple
structures, aimed at characterizing the phenanthro-triazole and -imidazole core structures.
While our theoretical modeling identified phenanthro-triazole and -imidazole based materials

with high triplet energies, they also showed that it was not possible to predict which compounds
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would make the best host materials without detailed and time consuming modeling in the solid
state.'®> Moreover, the modeling does not provide the bulk thermal properties of the materials,
which is important in making stable OLEDs. Thus, we prepared a number of phenanthro-triazole
and -imidazole based materials to identify those structures possessing the desired electronic and
thermal properties for viable host materials for blue phosphorescent OLEDs.

Absorption spectra of the methyl substituted phenanthro-triazole and -imidazole
materials were recorded in 2-MeTHF, Figure 2a. The lowest energy band of the phenanthro-
triazoles are blue-shifted by about 15 nm compared to a similar band of the
phenanthro-imidazoles. The properties of the molecules depend on the site of the phenyl
substitution. Phenyl substituents at the 1-position of either the triazole- or imidazole-based
materials do not lead to a red shift, relative to the methyl substituted analogs (see Figure S1).
Steric interactions force the phenyl ring at the 1-position to be out of plane with phenanthro-
core and thus disrupts conjugation between the two aromatic ring systems. In contrast, a phenyl
substituent at the 2-position adopts a coplanar conformation with the
phenanthro[9,10-d]triazole core, leading to conjugation and a red-shift of ca. 30 nm relative to
the analogous 1-phenyl substituted compounds. The same red shift has been observed for
analogous phenyl substitution on phenanthro[9,10-d]imidazole.’* Thus, substitution at the
1-position in these phenanthro-based materials was chosen to maintain high exciton energy.

The S, (fluorescent) and T, (phosphorescent) transitions of the triazoles are blue-shifted
relative to their imidazole analogs (e.g. compare 1-MeT to Mel, Figure 2b and 2c). The triplet

energies of 1-MeT and Mel in solution are high (T; = 2.97 and 2.89 eV, respectively); however,
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Figure 2. (a) Absorption spectra in 2-MeTHF at 298K. Normalized emission spectra in

2-MeTHF at 298K (b) and 77K (c), and as a neat solid at 77K (d).

the planar structures of 1-MeT and Mel lead to aggregation in thin films, lowering their triplet
energies to 2.66 eV and 2.70 eV, respectively (Figure 2d). The PL efficiency of iridium(IIl)bis((4,6-
di-fluorophenyl)-pyridinato-N,C2’)picolinate (FIrpic), a blue phosphorescent emitter (E; = 2.70
eV),'” doped into a 1-MeT film is low (PLQY < 20%). A higher efficiency is observed for Flrpic
doped into Mel (PLQY = 60%), but both hosts fall short of the 80% efficiency observed for Flrpic
doped into polystyrene (E; = 3.2 eV).18

Aryl substituents at the 1-position in the triazole and imidazole compounds lead to higher
triplet energies in the solid-state (Esojig) since the out-of-plane conformation of the aryl groups

hinders w-w stacking in the condensed phase. The triplet energy of the triazole with a phenyl

7
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group at the N1-position (1-pT, Etsjig = 2.75 eV) is higher than that of 1-MeT (Ersqig = 2.67 €V),
whereas the Ergiq for the imidazole analogs, pl and Mel, are the same (Ersoiq = 2.70 eV). To
further inhibit aggregation-induced redshifts, mesityl groups were incorporated at the N1-
positions of the triazole and imidazole compounds. The resultant materials, mT and ml, have high
triplet energies (Etsoiig = 2.77 €V and 2.74 eV, respectively) and the PL efficiencies of Flrpic doped
into films of both compounds are correspondingly increased (PLQY = 80%).

In addition to maintaining a high triplet energy in the solid state, it is important for a host
material to have high sublimation (T;) and glass transition (T;) temperature for stable OLED
performance. Thermogravimetric analysis showed that mT and ml have T, < 300 °C, due to their
low molecular weight. No T; was observed for mT, whereas the value for ml is too low (T, = 72
°C) for OLED applications. Derivatives with a mesityl-o-xylyl group at the N1-position (mxT and
mxl) were prepared with increased T of 326 °C and T, of 94 °C. As expected, mxT and mx| have
the same energies for the S; and T states (Figure 3) as mT and ml (Figure S2).The mesityl-o-xylyl
group also raises the triplet energy of mxT in the solid-state (Ersiig = 2.77 €V) relative to 1-MeT
(ETsolig = 2.67 eV) due to inhibited -7 interactions, although not for mxl relative to Mel (Figure
3a, b).

Dibenzofuran (dbf) and dibenzothiophene (dbt) groups are often used in host materials
with high triplet energies. Here, these groups were used to further improve the thermal
properties of the phenanthro-triazole and phenanthro-imidiazole compounds. The triplet
energies for fxT, txT, fxl and txl are similar to mxT and mxl, but the dbf and dbt based compounds

have higher sublimation (T > 390 °C) and glass transition (T, = 125-130 °C) temperatures (Table



Materials Horizons Page 10 of 23

a) 0.3 T T T T T T T T T T
(@) — mxT Abs. ®) 1.0 == mxT PL solid 77K
-4 mx| Abs. == mx| PL solid 77K
- —=-mxT PL 77K 0.8
|E 0.2 —=mxl PL 77K 2
° ]
-—|4 E 0.6
= £
T% 0.14 i 0.4
® 0.2
0'0 L T T T T T T 0-0 - T T T T
300 350 400 450 500 550 600 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 3. (a) Absorption spectra and normalized emission spectra in 2-MeTHF at 77K. (b)

Normalized emission spectra in neat solid at 77K.

1). Coupling the dbf and dbt groups to the phenanthro-triazole or -imidiazole core through a p-
xylyl group proved to be important. If the p-xylyl ring is replaced with a phenyl group, i.e. tpl,
conjugation between dbt and phenanthro-imidiazole substantially lowers the triplet energy
(Ersolig = 2.64 eV). However, placing the p-xylyl spacer between dbt or dbf on fxT, txT, fxl and txI
allowed these materials to retain high triplet energies in both solution and the solid-state (Etso)ig
>2.75eV).

Frontier Orbital Energies:
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Table 1. Summary of properties for selected phenanthro-triazoles and -imidazoles
Er(eV)
Compound = S; (eV)? Soln.b Solide | Eox (V) Ered (V)¢ HOMO/LUMO (eV)®  Tg/Tm/Ts (°C)f
oln.
mT 3.65 2.97 2.77 +1.44 -2.69 -6.45/-1.66 -/263/293
mxT 3.65 2.97 2.77 +1.42 -2.73 -6.42/-1.61 94/247/326
fxT 3.65 2.97 2.75 +1.45 -2.67,-3.03 -6.46/-1.68 126/237/398
txT 3.65 2.97 2.70 +1.45 -2.64, -3.00 -6.46/-1.71 128/219/398
ml 3.45 2.89 2.74 +1.00 -2.96 -5.94/-1.34 72/171/294
mxI 3.45 2.89 2.73 +1.05 -2.98 -6.00/1.31 94/196/326
fx1 3.45 2.89 2.71 +1.00 -2.95, -3.06 -5.94/-1.35 126/-/376
txl 3.45 2.89 2.74 +1.01 -2.93,-3.04 -5.95/-1.37 130/212/396
mCBP 3.60 2.93 2.86 +0.88 -2.84 -5.80/-1.48 -
aMeasured in 2-MeTHF at 298K and Pat 77K. < Onset of the triplet emission for the neat powder at 77K. 90btained from
differential pulse voltammetry (DPV) in acetonitrile vs. Fc*/Fc. ®Calculated from redox values according to reference 19. T,
= glass transition temperature, T, = melting point, T, = sublimation temperature under nitrogen.

The electrochemical properties of the phenanthro-triazole and -imidiazole compounds
were characterized using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Data
for selected compounds are given in Table 1. Phenanthro-triazoles show irreversible oxidation
and quasi-reversible reduction (scan rates of 0.1 V/s and 10 V/s) with the exception of 1-MeT and
2-pT, which show reversible reductions (see Figure S12). Phenanthro-imidazoles have
quasi-reversible oxidation and reversible reductions. The phenanthro-triazoles oxidize in the
range of 1.42-1.45 V vs. Fc*/Fc, whereas the phenanthro-imidazoles are cathodically shifted by
roughly 400 mV (E.x = 1.0-1.05 V). The reduction potentials for the phenanthro-triazoles are
similarly shifted by 250 mV relative to those of the imidazole-based materials (E;eq = -2.69 and
-2.96 V, respectively). The anodic shift for both oxidation and reduction of triazoles relative to

10
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their imidazole-based counterparts is due to replacement of carbon with more electronegative
nitrogen atom in the triazoles, stabilizing both the HOMO and the LUMO. The HOMO and LUMO
energies in Table 1 were estimated from the measured oxidation and reduction potentials.’® The
wide HOMO/LUMO gaps of these materials make them suitable for hosting blue phosphorescent
dopants such as FIrpic (Eox = 0.92V, E;eq =-2.29 V).20

The electronic properties of the phenanthro-triazoles and -imidazoles were also
investigated theoretically using density functional theory and time dependent density functional
theory. Geometry optimization in the gas phase was performed using B3LYP functional with
LACVP** basis set. Contours representative for the valence molecular orbitals (MOs) of

phenanthro-triazoles and -imidazoles are shown for mxT and mxl in Figure 4. The HOMO is

HOMO (eV) LUMO (eV) Triplet Spin Density

mxI =5.37 -0.78 2.96 eV

11
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localized on the phenanthro-triazole/imidazole ring for all compounds, consistent with the small
variation in E, within each phenanthro-triazole and phenanthro-imidazole series. The LUMO is
localized on the phenanthro-triazole/imidazole ring for mxT and mxl. In contrast, the LUMO is
localized on the dbf moiety in fxT and fxl or dbt moiety in txT and txl whereas, the LUMO+1 is
localized on the phenanthro-triazole or -imidazole moiety. The electrochemical data for fxT, fxl,
txT and txl, however, suggest that the first reduction occurs on the phenanthro-triazole or -
imidazole moiety, and the second reduction on the dbf or dbt moiety (Table 1, Figure S13). These
contrasting results are likely due to close energy of the calculated LUMO and LUMO+1 of fxT, fxl,
txT and txl. (see Figure S15,16).

The triplet energies calculated for the phenanthro-triazoles are 3.05 eV and 2.95 eV for
phenanthro-imidazoles. These values are similar to the experimental values of 2.97 eV for the
triazoles and 2.90 eV for the imidazoles. The triplet spin density for the N1-substituted
phenanthro-triazoles and -imidazoles is localized on the phenanthro-triazole/imidazole core
(Figure 4). Exceptions are 2-pT and fXT. In 2-pT the triplet spin density delocalizes over the entire
phenyl-phenanthro-triazole, stabilizing the triplet at 2.80 eV (measured = 2.75 eV). The triplet
density of fxT is localized on the dbf moiety (Figure S16) due to the similar energies of dbf (T, =
3.13 eV) and phenanthro-triazole core (T, = 3.06 eV).

Electroluminescence Properties:

The photophysical, electrochemical and thermal properties of selected phenanthro-
triazoles and -imidazoles are summarized in Table 1. All of the listed compounds have suitable

electronic properties to host blue phosphorescent OLEDs. The thermal properties of mT and ml

12
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are unsuitable for OLED applications, so they were not considered further. Materials with high
triplet energies in the solid-state and good thermal properties were incorporated as host

materials in blue OLED.

13
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In the first set of experiments, a direct comparison was made of OLEDs with phenanthro-

14
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triazole and -imidazole hosts, i.e. mxT and mxl, doped with Flrpic (see Sl for device details and

Figure S17 for device performance). While the triazole and imidazoles based devices exhibit

15
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similar current density—voltage (J-V) characteristics and electroluminescence (EL) spectra,
devices using mxT hosts degrade rapidly under EL operation, with second and third J-V scans
(0.01-100 mA/cm?) showing a drop in efficiency of > 75% for the triazole based devices (Figure
S17). For comparison the EQE for the imidazole based device drops < 10% with the same current
cycling. This rapid drop in efficiency of the mxT based device is due to degradation of the
phenanthro[9,10-d]triazole host materials, which is likely related to their irreversibility to
electrochemical oxidation or reduction. All device testing was done with devices packaged under
dry nitrogen. Rapid decay in EQE at high current density is observed with the other phenanthro-
triazole devices as well (fxT and txT, Figure S18). It should be noted that this sort of cycling to
high current is not a direct indication of the device lifetime, yet the behavior of mxT clearly shows
an inherent instability for the triazole based materials. We therefore subsequently focus on
imidazole based materials.

In Figure 5 we compare the performance of OLEDs using the three phenanthro-imidazole
based host materials, as well as analogous devices with two conventional host materials (mCBP
and 26DCzppy), see Table 2 for device metrics. The device structure is illustrated in Figure 5. The
mCBP and phenanthro-imidazole derivatives have similar J-V characteristics, while the 26DCzppy
shows a shift to higher voltage, Figure 5a. The electroluminescence (EL) spectra, shown in Figure
5b, are independent of the host material and are all stable under repeated electrical excitation.
The transport properties of these materials were further investigated using hole- and electron-
only devices (Figure S20). The J-V characteristics of these single carrier devices are largely

independent of the host, with mCBP devices showing 6+3% and 15+4% lower voltages at 10

16
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Table 2: PLQY and EL properties of host materials

Host PLQY EQEmax | Von (V)P CE (cd/A)
(%) (%) @100 cd/m? | @1000 cd/m? | @10000 cd/m?
mxl 77 19 3.2 43.1 40.3 332
fxI 66 19 3.1 421 39.4 33.7
txl 77 20 3.1 46.8 439 37.2
mCBP 87 17 33 40.2 39.0 34.9
26DCzpp 88 17 4.1 40.2 38.1 324
y

apLQY of spin coated film doped with 10 wt% Flrpic in host, measured using an integrating sphere. PMeasured at 1 cd/m2.

mA/cm? for electron- and hole-only devices, respectively, compared to the phenanthro-
imidazole host devices. The phenanthro-imidazole and reference hosts devices exhibit similar
brightness at low current densities with slight differences at higher current densities (Figure 5d).
OLEDs with the txl host give the highest efficiency (peak EQE = 20.2+0.3%, CE = 43.9 cd/A), while
OLEDs utilizing fxl and mxI hosts give slightly lower efficiencies (19%) (Figure 5c and Table 2). The
higher device efficiency of devices employing txl than fxl and mxl is due to higher triplet energy
of txl in the solid-state than that of mxl and txl. This could be due to slightly larger size of dbt
unit in txl than dbf unit in fxl or mesityl unit in mxl which helps to reduce aggregation-induced
redshift of txl in the solid state. The mCBP host device efficiency is marginally lower with a peak
EQE = 16.740.5% and CE = 39.0 cd/A.
Summary:

A series of non-carbazole phenanthro[9,10-d]imidazole/triazole host materials were

developed as alternative hosts for blue PHOLEDs. Synthesis, photophysics and electrochemical

17
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properties of N2 and N1-aryl substituted phenanthro[9,10-d]triazoles were described. The host
materials exhibited wide energy gaps and triplet energies as high as 2.97 eV which are crucial
elements for use as blue PHOLED hosts. The triplet energies undergo a marked redshift of ca.
0.30 eV in the solid state compared to values in solution due to their planar structure. To partially
overcome aggregation effects, bulky substituent groups were incorporated into the 1-position,
reducing the red shift in the solid state to 0.1 eV. The solid state triplet energies is sufficiently
high for their use as hosts to cyan-emitting Flrpic with a PLQY of near unity. Furthermore, these
materials exhibited moderate glass transition temperatures with no decomposition observed
during sublimation.

The optimized materials were incorporated as host materials for blue OLEDs, showing
similar transport properties as mCBP. Devices using phenanthro-triazole host materials exhibited
a maximum EQE of 21%, although they were quite unstable. In contrast, devices using
phenanthro-imidazole hosts showed a maximum EQE of 20% and a roll-off similar to mCBP
hosted device, suggesting improved stability of the phenanthro-imidazole materials. Therefore,
the phenanthro-imidazole hosts can serve as alternatives to carbazole-based host materials for

OLEDs using blue phosphorescent and thermally activated delayed fluorescent (TADF) emitters

m ASSOCIATED CONTENT

Supporting Information contains experimental procedures and methods. Photophysical

data of the host materials. Cyclic voltammetry curves, differential pulse voltammetry, calculated
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