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Abstract

To date, all efficient host materials reported for phosphorescent OLEDs (PhOLEDs)
are constructed with heteroatoms, which have a crucial role in the device
performance. However, it has been shown in recent years that the heteroatoms not
only increase the design complexity but can also be involved in the instability of the
PhOLED, which is nowadays the most important obstacle to overcome. Herein, we
design pure aromatic hydrocarbon materials (PHC) as very efficient hosts in
high-performance white and blue PhOLEDs. With EQE of 27.7 %, the PHC-based
white PhOLEDs display similar efficiency as the best reported with heteroatom-based
hosts. Incorporated as a host in a blue PhOLED, which are still the weakest links of
the technology, a very high EQE of 25.6 % is reached, overpassing, for the first time,
the barrier of 25 % for a PHC and Flrpic blue emitter. These performance show that
the PHC strategy represents an effective alternative for the future development of the
OLED industry.

Keywords: Phosphorescent Organic Light-Emitting Diodes, Pure Aromatic
Hydrocarbons, Host Materials, White Emission, Blue Emission, Organic Electronics.
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Introduction

Organic optoelectronics has experienced a fantastic development over the last twenty
years thanks to the great progresses made in the emerging technologies of Organic
Light-Emitting Diodes (OLEDs).™ Three main families of emitting materials based
on different photophysical concepts have been developed to date: fluorescence
(generation 1),> phosphorescence (generation 11),°™ and thermally-activated
delayed fluorescence (TADF, generation 111).2%**! From a technological point of view,
generation 11 is the most mature and now released on the market. However, there is
room for improvement as this technology is still far to develop its full potential in
daily life. Of particular interest, the design of new generations of host materials free
from heteroatoms (called PHC for Pure HydroCarbons) has aroused an ongoing
interest in recent years to improve the stability of phosphorescent OLEDs
(PhOLEDs).[** 5221 |ndeed, it is recognized that the OLED instability, which is the
main problem to address at the current stage of development, is partially caused by
the fragile C-N, C—P and C—S bonds involving heteroatoms in host compounds./2!
To gain insights into the instability of PhOLEDs, the chemical stabilities of various
molecular fragments (such as the widely known electron-accepting aryl phosphine
oxide fragment) in their first triplet excited state (T1) have recently been studied.’?® It
has been notably shown that the phosphorus-carbon bonds of aryl phosphoryl
fragments are significantly more vulnerable to dissociation in their T; states than in
their ground (Sp) states. Removing the heteroatoms from the molecular backbone of
the host has also beneficial consequences on the synthetic complexity and production
cost, contributing to simplifying the technology, which is nowadays a key feature for
the ecological transition.”! However, switching from heteroatom-based hosts to PHC
hosts has dramatic impacts on the efficiency of the devices, notably due to the
inherently low charge carrier mobilities of the PHC materials. Thus, in spite of a
longstanding concept introduced for the first time in 2005, the PHC strategy has
attracted little attention over the last 15 years owing to the difficulty to design highly
efficient host materials. The situation has now changed. In 2019, our groups have
proposed that the C1 site of the 9,9’-spirobifluorene (SBF) scaffold was critical for
constructing a new generation of PHC hosts leading to the first series of
high-performance PHC based PhOLEDs.* Very high EQE up to 23 % was obtained
in blue PhOLEDs, which are the most challenging to reach.* * 2" Despite these
encouraging progresses, these performance were still incomparable with those
reported with the best heteroatom-based hosts. #* In 2020, this barrier has been
lifted and a PHC material has first overpassed the performance of heteroatom-based
materials as a universal host in Red, Green, and Blue (RGB) PhOLEDs.* Reaching
the grail of the OLED technology, namely the white emitting PhOLED, with PHC
hosts is now the next challenge to take up. In this work, we use the C1-site of the SBF
scaffold to design very high efficiency PHC hosts for white light emission. Despite
the fact that the SBF fragment is one of the most efficient scaffold used in organic
electronics,® 83! jts substitution at C1 is almost absent from literature and has only
been reported very recently.™” *> 43 The C1 site forms a meta linkage with the bridged
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biphenyl (i.e. fluorene) unit, leading in principle to an electronic decoupling between
the two fragments. In addition, oppositely to the C3 site (also forming a meta linkage),
the C1 site is highly sterically hindered due to the presence of the cofacial fluorene.
These two characteristics (i.e. meta linkage and high steric hindrance) avoid an
extended conjugation pathway, which would lead to a decrease of S;/T; and energy
back-transfers from the guest to the host, reducing in turn the PhOLED efficiency.
Given that the substituent itself has also a crucial role in the device performance, three
different side groups were investigated in this work: phenyl for 1-p-SBF,
meta-biphenyl for 1-mbp-SBF and meta-terphenyl for 1-mtp-SBF (see molecular
structures in Figure 1la) These side groups strongly influence not only the thermal
properties but also the charge transport properties dictating the PhOLED performance.
The meta-terphenyl derivative 1-mtp-SBF achieves a high first singlet-triplet state
energy (Esi/Et1) of 3.96/2.88 eV and yields an impressive external quantum
efficiency (EQE) of 27.7 % in white PhOLEDs using a simple single emissive layer
(EML), constructed with sky-blue (FlIrpic,
Bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(lll)) and yellow
phosphorescent (PO-01, Bis(4-phenylthieno[3,2-c]pyridinato-N,C2") (acetylacetonate)
iridium(111)) emitters. This PHC-based single-layer white PhOLED displays similar
efficiency as the best reported to date with heteroatom-based hosts, bridging
definitively the gap between heteroatom-based and PHC hosts.* #+*% |n addition,
1-mtp-SBF incorporated as a host in blue PhNOLEDs, which are still the weakest link
of the RGB OLED technology,® ™ 2 displays an excellent EQE of 25.6 %,
overpassing, for the first time, the barrier of 25 % with a PHC hosting Flrpic as the
blue emitter. These performance show that the PHC design strategy represents an
effective alternative for the future development of OLED technology as a
high-performance and very simple low-cost option.

Results and discussion

The synthetic approach developed is short with high yields and has allowed to easily
synthesize the three compounds at the multi-gram (Figure 1a). This is a key feature
for further industrialization. Pendant substituents, phenyl, biphenyl, and terphenyl
were first attached at the C1 site of 1-bromofluorenone 14 by Pd-catalysed coupling
providing fluorenones 2-4. Then, incorporation of the spirofluorene fragment via a
classical sequence (nucleophilic addition with 2-LiPh, and intramolecular aromatic
electrophilic substitution of the resulting fluorenols) gives the targeted compounds
with high yields over 85 %.

One of the particularities of Cl-based SBFs, which in turn drives the electronic
properties, is the high dihedral angle measured between the substituent attached at C1
and the fluorene. This angle governs the degree of the conjugation extension. In the
present case, the crystal structures confirm the strong steric congestion of these
structures with high dihedral angles of 66.6/75.3° for 1-p-SBF (2 molecules are
present in the asymmetric unit), 88.2 ° for 1-mbp-SBF and 80.5° for 1-mtp-SBF,
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respectively (Figure 1b).*® This structural particularity is induced by the substitution
at ortho-position of the spiro carbon, which provides a sterically hindered
environment due to the presence of the cofacial fluorene. This is corroborated by the
short C-C distances detected between carbon atoms of the non-substituted fluorene
and those of the cofacial phenyl ring. These structural features highlight the
importance of steric parameters in the electronic properties presented below.
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a) @ 3 B 1-p-SBF (85%)

2 (87%)

é Br

i e, 00
0.0 1-mbp-SBF (85%)

1 3 (88% 1) n-BuLi, THF, -78 °C, 1 h
2) HCI, AcOH, 110 °C, 4 h 0
9 0 v
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Figure 1. a) Synthesis of PHC hosts, b) Dihedral angle variation when adding a
benzene ring (ORTEP at the 50 % of probability level, hydrogen, and solvent
molecules hidden).

All the hosts display almost identical UV-vis absorption profiles (Figure 2a). In
cyclohexane, the spectra are well structured with thin and high-intensity bands at
298-299 nm and 309-310 nm. These spectra are almost identical to that of the
building unit SBF,"*®¥! implying that the substituent attached at C1 has very little
influence on the absorption properties. Indeed, the four transitions corresponding to
these two bands in these systems are fully driven by the fluorene cores with no
involvement of the substituent, as shown by TD-DFT (Figure 2b and Figure S1-S3).
This shows that the C1 site effectively breaks the conjugation between the fluorene
and its substituent due to the joint effect of steric hindrance and meta linkage. This
characteristic appears to be unique in the family of SBF positional isomers,”! while
the C3M or C4!® 3 position previously described in literature only provides partial
conjugation breaking. The optical gaps (Eg, determined from the onset of the
absorption spectra in cyclohexane) of 1-p-SBF, 1-mbp-SBF, and 1-mtp-SBF are
estimated at 3.95, 3.93, and 3.92 eV, respectively, which are compatible with their use
as hosts in PhOLEDs. The phosphorescence emission spectra, recorded at 77 K in
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2-MeTHF (Figure 2c), provide the corresponding Et; of 1-p-SBF, 1-mbp-SBF and
1-mtp-SBF, estimated at 2.88 eV (Amax = 431 nm). For all compounds, the emission
from the T; state is confirmed by the very long lifetime measured (t = 5.5-5.6 s, Table
1). It is worth noting that Er; of the three compounds are found to be identical as a
result of the efficient confinement of triplet excitons on one fluorene. Since Ey; of
SBF is measured at 2.89 eV in 2-MeTHF,*¥! these data clearly show that the nature of
the substituent (phenyl, biphenyl, and terphenyl) grafted at C1 of a SBF scaffold does
not influence Er. ™ The spin density is indeed spread out on one fluorene, the
substituted one in 1-p-SBF and the unsubstituted one in 1-mbp-SBF and 1-mtp-SBF,
with no involvement of the substituent (Figure 2d). It should be noted that theoretical
calculations provide similar Et; for the three compounds, following the experimental
results (Table 1). However, the nature of substituents has a remarkable impact on
other properties such as thermal properties and mobility of charge carriers as detailed
below. This control of the electronic properties is a key step for materials design.

Eg and Er; are thus independent of the nature of the substituents, the peripheral phenyl
rings of both 1-mbp-SBF and 1-mtp-SBF having a negligible effect on these
parameters. However, in fluorescence, the peripheral rings impact the vibrational
relaxation of molecules in their excited states. This leads to a weak red shift of the
emission bands in the case of 1-mtp-SBF (Amax = 313/328 nm) compared with both
1-p-SBF (Amax = 313/323 nm) and 1-mbp-SBF (Amax = 311/323 nm). This is due to a
partial planarization of the terphenyl backbone in the first excited state, which
increases the delocalization. This shows that adding peripheral rings on the
substituents as in  1-mtp-SBF can modify the fluorescence spectra while keeping
identical absorption and phosphorescence spectra. Interestingly, the quantum yield of
these PHCs decreases as the size of substituent increases: 0.61 for 1-p-SBF, 0.43 for
1-mbp-SBF, and 0.14 for 1-mtp-SBF, respectively. This feature can be correlated to a
consistent decrease in the radiative constant k, (0.117, 0.081 and 0.016 ns™
respectively), in accordance with a decrease in the oscillator strength for the So—S;
transition (0.184, 0.158 and 0.125 respectively) and decrease of the delocalization
(Natural Transitions Orbitals are localized on both fluorenes in 1-p-SBF and mainly
on the unsubstituted fluorene in 1-mbp-SBF and 1-mtp-SBF, Fig. 2b). In addition, the
non-radiative constant k., remains similar (0.075, 0.108 and 0.096 ns™ respectively),
despite the addition of phenyl units which should increase the molecular motions
(Table 1). In order to confirm the influence of the size of the substituent, which is
herein a key point, we have attached a quaterphenyl fragment with four meta linkages
on the SBF scaffold (called 1-mqgp-SBF, ESIt). As we expect, the quantum yield
continues to decrease (from 0.14 for 1-mtp-SBF to 0.12 for 1-mqgp-SBF) while the
lifetime significantly increases (from 9.0 to 15.7 ns from 1-mtp-SBF to 1-mqp-SBF).
The trend highlighted above is followed as k; continues to dramatically dropdown
(from 0.016 to 0.0076 ns™ from 1-mtp-SBF to 1-mqp-SBF). Note that the 1-mqp-SBF
model compound presents a fluorescence spectrum significantly red-shifted (Amax =
348 nm, Figure S11) compared to 1-p-SBF (323 nm), 1-mbp-SBF (323 nm), and
1-mtp-SBF (328 nm), confirming that the S; state energy can be decreased when

tuning the size of the substituent.
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Figure 2. a) Normalized experimental absorption spectra in cyclohexane and TD-DFT
(M06-2X , 6-311+g(d, p)) simulated spectra; b) natural transition orbital pairs (“hole”
on the top and “electron” on the bottom) for the first singlet excited state S; and the
oscillator strength associated to Sp—S; transition obtained by TD-DFT (M06-2X,
6-311+g(d, p), isovalue of 0.04); c) absorbance in cyclohexane at RT, fluorescence in
cyclohexane at RT and phosphorescence in 2-methyltetrahydrofuran at 77 K; d) triplet
spin density distribution (TD-DFT, B3LYP, 6-311+g(d, p), isovalue of 0.004) of
1-p-SBF (left), 1-mbp-SBF (middle) and 1-mtp-SBF (right), respectively.
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Figure 3. a) The cyclic voltammetry (CV) data of 1-p-SBF, 1-mbp-SBF and
1-mtp-SBF compared to SBF (a/ In oxidation: CH,Cl,/[BusNPFg] 0.2 M, b/ In
reduction: DMF/[NBusPFs] 0.1 M; sweep rate of 100 mV*, platinum disk working
electrode); b) frontier molecular orbitals (Top: LUMO, Bottom: HOMO, M06-2X,
6-311+g(d,p), isovalue of 0.04).

The electrochemical properties were analyzed by cyclic voltammetry (CV) in CH,ClI,
(oxidation) and DMF (reduction) and compared with those of the constituting units:
SBF, biphenyl BP, and m-terphenyl mTP (Figure 3 and Figures S28-S29). The three
C1-substituted-SBFs are oxidized in two successive oxidation waves (Figure S28c),
the first one being irreversible (Figure 3a) and very close to that of its building unit
SBF (see Eonset”*in Table 1). When reaching the second oxidation, electrodeposition
processes are evidenced by: (i) a reduction wave at the reverse scan and (ii) the
coverage of the platinum electrode surface by insoluble deposits. These
electrodeposition processes occurring at the position C2/C7 of the fluorene are well
known for SBF-based compounds®” %8, Figures $29, S31 and $33. The HOMO levels
were measured at -5.94 eV for 1-p-SBF and at -5.93 eV for both 1-mbp-SBF and
1-mtp-SBF, which are almost identical to that of SBF (-5.97 eV). This shows that the
effect of the substituent is almost entirely erased upon substitution at the C1 site,
highlighting the efficiency of the molecular design strategy. It is important to note that
the HOMOs of the corresponding building blocks, BP and mTP, are significantly
lower (-6.13 and -6.05 eV respectively, Figure S37-39). This is due to the different
distribution of the HOMO, which is spread out on the fluorene backbones in all
C1-SBF substituted compounds and not on the substituents (Figure 3c).
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The cathodic explorations provide a different result. In DMF, all compounds present
two successive reduction waves and are reduced in a larger potential range (Figure
S29c). The first reduction wave is reversible (Figure 3b) with a peak maximum
recorded at -2.71 V for 1-p-SBF, -2.68 V for 1-mbp-SBF and -2.66 V for 1-mtp-SBF,
respectively. Compared to the first reduction of SBF (-2.71 V), 1-p-SBF is reduced at
the same potential whereas the two others are reduced before SBF. Recently, in
structurally related molecular systems, the impact of the nature of the phenyl linkages
and the steric congestion, which are the two main parameters driving the electronic
properties of organic semiconductors, has been unravelled.”! It has been notably
shown that these two parameters have a different impact as a function of the frontier
molecular orbital considered, i.e. HOMO (benzenoidal) or LUMO (quinoidal). In
addition, it has been shown that the torsions (steric effect) have a larger influence on
the HOMO energy than on the LUMO energy, the latter being more sensitive to the
electronic effect of the linkage. The present results widen the range of molecular
systems following these design rules. Indeed, molecular modelling shows that the
HOMO distributions of 1-p-SBF, 1-mbp-SBF and 1-mtp-SBF are almost identical, in
full consistency with the fact that the HOMO energy levels determined by
electrochemistry are identical as well. This is due to the high dihedral angle, imposed
by the C1 position, between the fluorene and the pending substituents (Figure 1b).
Oppositely, the LUMO appears to be less affected by the steric congestion and clearly
shows an increasing contribution of the pendant substituent when the size of the
substituent increases. This is experimentally confirmed by the decrease in the LUMO
energy level -1.81 eV for 1-p-SBF, -1.85 eV for 1-mbp-SBF and -1.88 eV for
1-mtp-SBF, respectively. Another effect is that the C1 site has a node in the HOMO
wavefunction and a finite electronic density in the LUMO, thus further rationalizing
that the HOMO energy level is less affected by substitution. The model compound
1-mqp-SBF also confirms this trend with an even lower LUMO energy level found at
-1.98 eV (Figure S41), and a significant implication of the pendant tetraphenyl core in
the LUMO distribution. It should be mentioned that the LUMO of the building units
mTP is lower than that of BP (-1.90 vs -1.80 eV, Figures S37 and S39), highlighting
the effect of the extension of the conjugation despite the presence of a meta-linkage.
Thus, the HOMO/LUMO gaps (Ey) of 1-mbp-SBF (4.08 eV), 1-mtp-SBF (4.05 eV),
and 1-p-SBF (4.13 eV) are very large, which is a key feature to nest the phosphor in
the emissive layer of the PhOLED (see below). One can nevertheless note a gap
contraction compared to that of SBF (4.16 eV) by selectively reducing the LUMO
level energy.

One of the strengths of PHCs constructed on the SBF scaffold is the thermal and
morphological stability, which is a crucial point for OLED stability. All PHCs
investigated herein display excellent thermal stability measured via thermogravimetric
analysis (TGA). The high decomposition temperatures at 5 % mass loss (Tq) of
1-p-SBF, 1-mbp-SBF, and 1-mtp-SBF are 272, 384, and 387 °C, respectively,
guaranteeing the stability of molecules under vacuum evaporation (Figure S42).
Moreover, the glass transition temperatures Ty (determined by differential scanning
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calorimetry) increase with the size of the substituent reaching 90 °C in the case of
1-mtp-SBF (Table 1).

Table 1. Selected electronic and physical properties.

1-p-SBF 1-mbp-SBF 1-mtp-SBF SBF#
Aabs (£)® [nm] 298 (0.98) 299 (0.96) 299 (0.96) 297 (0.72)
(10* L mol'' cm™ 1) 309 (1.66) 310 (1.57) 310 (1.39) 308 (1.45)
Aev® [nm] 313, 323 311, 323 313, 328 310, 323
-1 a)
k [ns ]q 0.117 0.081 0.016 0.120
r
-1 a)
k [ns ] 0.075 0.108 0.096 0.100
nr
¢“’ 0.61 0.43 0.14 0.55
Esi® [eV] 3.99 3.97 3.96 4.05
Eri [eV] Opt.” 2.88 2.88 2.88 2.89
Calc.9 2.65 2.67 2.67 =
T ) 56 55 5.6 54
a)
v [ns] 52 53 9.0 46
Ex [eV] Opt.®) 3.95 3.93 3.92 3.97
Elec.? 4.13 4.08 4.05 4.16
LUMO [eV] — -1.81 -1.85 -1.88 -1.81i
(Eonset [V]) - (-2.59) (-2.55) (-2.52) (-2.59)
Calc.9 -1.28 -133 -1.36 -1.26
HOMO [eV] Elec.® -5.94 -5.93 -5.93 -5.97i
Eonse®™ [V]) : (1.54) (1.53) (1.53) (1.57)
Calc.9 -5.96 -5.98 -5.96 -5.99
Thermal [°C] Tg 49 66 90 -
T 272 384 387 23417
_— 4 50
Mobility a b o 0.64 8.80 33.52 -
[em? V-5 1] 2
e (1075)) 0.42 2.06 16.79 =

? In cyclohexane at room temperature.  Calculated from the onset of the lowest energy band in
cyclohexane (1239.84/1). @ Calculated from the peak maximum of the lowest phosphorescent band,
(1239.84/%), at 77 K in 2-MeTHF. ¥ From TD-DFT calculations (B3LYP/6-311+g(d, p)). © Calculated
from the onset of the UV-vis absorption spectrum in cyclohexane. ? Calculated from HOMO (CH,Cl,)
- LUMO (DMF). 9 From CVs (CH,CI, in oxidation and DMF in reduction). ™ Hole mobility (u). "
Electron mobility (). ” The HOMO/LUMO values measured in this work are slightly different from
those previously reported™! (HOMO/LUMO: -5.95/-1.74 eV).

Before investigating the electroluminescence (EL) properties, the charge mobilities
have been estimated by fabricating hole-only and electron-only devices (HODs and
EODs), Figure S43. Under low bias, the curves were fitted in the space-charge-limited
current (SCLC) region. Interestingly, as the size of the substituent increases, the
charge mobility also shows a gradual augmentation. Remarkably, 1-mtp-SBF presents
an excellent charge balance with considerably high mobility of 33.52 x10° (hole) and
16.79 x10° (electron) cm? V! s7* for a material constructed on a SBF scaffold (3D
shape). It is well established nowadays that a good balance between electron and hole
10
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flow is at least as important as the mobility values themselves to reach high PhnOLED
performances.’?? ¥ This ambipolarity is crucial for the device efficiency to ensure
efficient recombination of hole and electron and is one reason for the excellent
efficiency reported below. 1-p-SBF and 1-mbp-SBF also present a relatively good
balance between hole and electron mobility, 0.64/0.42 x10°® cm? V™ s7* for 1-p-SBF
and 8.80/2.06 x107° cm® V* s7! for 1-mbp-SBF though the values appear to be
significantly lower than those of 1-mtp-SBF, emphasizing the chief role played by the
pending substituent on the charge transport properties. Two important conclusions can
be drawn. Firstly, the size of the substituent significantly improves the charge
transport. This feature, which is a key point toward high PhNOLED performance, is
unravelled below thanks to the calculations of charge transfer integrals. Secondly, the
three compounds present a good charge balance owing to the similar hole and electron
mobilities. This behaviour can be, at least partially, assigned to the PHC nature of
these hosts. Indeed, with heteroatom-based hosts, it is inherently difficult to balance
the charge transport, due to the intrinsic properties of the constituting functional units
(for example phosphine oxide or dicyanovinylene are efficient electron-transporting
fragments, and it is often difficult to well balance their strong electron affinity).? 5!

Based on theoretical considerations deduced from the crystalline structures of the
three compounds, we will now discuss the possible origin of the fact that the hole and
electron mobilities are significantly larger for 1-mtp-SBF. Whatever the charge
transport model adopted (with the hopping and band regime as extreme cases), the
transfer integrals (i.e. the electronic coupling) play a major role in dictating the charge
mobility values. They are defined as tap, = <yah|yp>, where y, and vy, are the
electronic wave functions of the HOMO/LUMO on neighbouring molecules a and b,
respectively, and h is the one-electron Hamiltonian. Therefore, a simple way to assess
charge transport performance is to compute and compare the transfer integrals in each
system. We have computed such parameters for all direct neighbours in the crystal
structures of 1-p-SBF, 1-mbp-SBF, and 1-mtp-SBF using a fragment method with
Density Functional Theory (DFT) calculations at the B3LYP/DZ level using the ADF
package.[®™ The 1-p-SBF crystal consists of two different columnar stacks in the bc
plane, alternating along the b axis, as highlighted by yellow and blue planes in Figure
4. Although quite heterogeneous, some transfer integrals are relatively high
(especially considering the 3D shape of these materials) in the bc plane reaching
values of 80 meV and 60 meV for the HOMO and LUMO, respectively. Hole
transport is globally favoured in this system, especially along the a-axis, with a higher
probability for the hole to move through the column highlighted in yellow (see right
structure in Figure 4a). Transport in the 1-mtp-SBF crystal is confined to two
dimensions with a homogeneous distribution of the transfer integrals, whether
considering holes and electrons (Figure 4b). The transport network consists of two
molecular sublayers in the bc plane (blue and yellow) stacked upon each other along
the a-axis. Both sublayers display the same transfer integrals for holes and electrons.
There is a preferential direction for transport within a layer (along the ¢ axis) and in
between the layers (along the a-axis).
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Figure 4. HOMO and LUMO transfer integral spatial distribution in the equilibrium
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Considering a layer of 1-mbp-SBF in the plane bc, electron transport has some 2D
character, while hole transport only has 1D character (Figure 4c). Other relatively
high transfer integrals can be found along the a-axis along which electrons and holes
propagate in a rather equal manner. Overall, electrons travel in a three-dimensional
space while holes are confined to two dimensions.

Judging solely by the analysis of the transfer integral amplitudes, one might predict
1-mbp-SBF or 1-p-SBF to be the best performing materials, in contrast with the
experimental measurements (above). If we consider a simple hopping regime, the
charge moves from one molecular site to another with a hopping rate given by:!

2 (4G°+1)?
kpr = _mltanl” - aAkpT
hmAkgT

where ty, is the transfer integral between site a and site b, A is the reorganization
energy and 4G° is the Gibbs free energy difference between the two sites (mostly
induced by a voltage applied through the molecular crystal). From this equation, the
higher the transfer integral, the higher the chance for the charge to hop between sites
could be. Now, let us assume that a hypothetical hole is lying on one of the dimers
associated with an electronic coupling at 83 meV in 1-p-SBF (Figure 4a) and that the
thermal noise is not smoothing too much the diversity of transfer integrals at room
temperature. In such a case, the charge will switch back and forth between the two
molecules, causing it to stagnate and hence lowering the mobility. This is consistent
with the transient localization model suggesting that the homogeneity of the transfer

integrals is a key ingredient to promote high mobility values (the other being the
12
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relative sign of the transfer integrals that cannot be readily accessed when the
inequivalent molecules have different geometries in the unit cell, as it is the case
here). This is further supported by the hole mobility data in a wide range of crystalline
motifs for tetrathiafulvalene derivatives showing that the presence of a strongly
interacting dimer (i.e. in a sandwiched herringbone structure) provides very low
mobility values. ¥ Note that the same argument applies for electron transport for a
charge located in the dimer associated with the electronic coupling of 61 meV.
Similarly, in 1-mbp-SBF, there is a strong inhomogeneity in the amplitude of the
electronic couplings allowing for hole transport along the a direction (see blue and
yellow arrows versus red ones). A similar dispersity also prevails for electron
transport. This is less likely to happen in 1-mtp-SBF where the transfer integrals are
much closer together (Figure 4b). In line with the transient localization model, we
thus speculate that the homogeneity of the transfer integrals in 1-mtp-SBF is the key
characteristic that enables efficient charge transport although it has overall lower
values in comparison with the other two materials.

Finally, the three compounds were, first, incorporated as hosts for blue PhOLEDs.
The phosphorescent emitter Flrpic was utilized as a blue emitter for devices B1, B2,
and B3, in which 1-p-SBF, 1-mbp-SBF, and 1-mtp-SBF were respectively employed
as hosts. Optimized blue PhOLEDs with architectures based on
ITO/1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile  (HAT-CN) (10  nm)/

1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) (40 nm)/
4,4' 4"-tris-(carbazol-9-yl)-triphenylamine (TCTA) (10 nm)/
1,3-bis(N-carbazolyl)benzene (mCP) (10 nm)/ host: Flrpic (15 wt%, 20 nm)/
1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB) (40 nm)/

8-hydroxyquinolinolato-lithium (Liq) (2 nm)/ Al (120 nm) were fabricated (Figure
S44). HAT-CN/Liqg were the hole/electron-injecting layer, TAPC/TmPyPB were the
hole/electron-transporting layer, TCTA and mCP were both exciton-blocking layers.
In the emitting layer (EML), the deep energy gap of the three PHC host materials
from LUMO (= -1.81/-1.88 eV) to HOMO (= -5.93/-5.94 eV) can completely wrap
the frontier electronic levels of the blue emitter (in identical experimental conditions,
the HOMO/LUMO of Flrpic have been recently evaluated at -5.55 eV/-2.52 eVE?),
The detailed device performances are summarized in Table 2. As depicted in Figure 5,
devices B1-B3 display a blue-light emission at 472 nm with corresponding
Commission Internationale de I’Eclairage (CIE) coordinates of (0.14, 0.32), (0.14,
0.33) and (0.14, 0.32), respectively. The turn-on voltages (V,n) were all detected to be
very low, 3.6, 3.5 and 3.5 V for devices B1-B3 respectively, thus reflecting an
excellent charge injection. Comparatively, device B3 using the host material 1-mtp
-SBF successfully achieves the highest device efficiency with a maximum EQE
(EQEmax) of 25.6 %, a maximum current efficiency (CEmax) of 50.0 cd/A and a
maximum power efficiency (PEmax) Of 44.6 Im/W. This exceeds the 25 % EQE
threshold for the first time when using a PHC host in Flrpic-based blue PhOLEDs.
Strikingly, with increasing current density, EQE of 21.7 % can be acquired under
1000 cd/m?, which points to low-efficiency roll-off and excellent ability of carrier

balance. In addition, devices B1 and B2 based on 1-p-SBF and 1-mbp-SBF,
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respectively, display very good device performance (B1l: EQEmax = 21.0 %, CEnax =
40.0 cd/A, PEmax = 34.5 Im/W; B2: EQEnax = 24.0 %, CEmax = 47.5 cd/A, PEmax =
39.5 Im/W), showing the efficiency of the whole concept and not of a single molecule.
However, under 1000 cd/m? both devices B1 and B2 cannot maintain EQEs over
20%, which is a little inferior to the values reached with device B3. Owing to the
enhanced carrier-transport capacity, device B3 demonstrates higher brightness and
stability than others under high operating voltage. At the molecular level, this shows
the importance of the pending substituent in the device performance.

To interpret the very high performance obtained in this series, the phosphorescence
lifetimes of the EMLs were investigated (Figure S45). The EMLs were exactly those
used in the above-mentionned PhOLEDs (15 wt% Flrpic) and display lifetimes of
1.26, 1.31 and 1.29 pus for 1-mtp-SBF, 1-mbp-SBF, and 1-p-SBF, respectively. Thus,
the lifetime of the EML using 1-mtp-SBF is shorter than those of 1-mbp-SBF and
1-p-SBF, which might help to reduce the triplet density and the possibility of
triplet-triplet annihilation (TTA).*®"1 This feature is surely involved in the very high
device performance obtained. Therefore, the excellent blue PhOLED performance
reached with 1-mtp-SBF can be assigned to the combination of high Em,
well-balanced mobility, and short deactivation lifetime.
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Figure 5. Device performance and EL spectra (at 5 mA/cm?) of blue (a-c) and white
(d-f) PhOLEDSs using 1-p-SBF, 1-mbp-SBF and 1-mtp-SBF as host, respectively.

Table 2. Summary of devices performance of 1-p-SBF, 1-mbp-SBF and 1-mtp-SBF.

14



WILEY-VCH_

\"Ul]a] il t)

Device Host V) CE" (ed/A) PED (In/W) EQEP (%) '(“l';'r:l) CIE (x, y)?
Bl 1-p-SBF 36 40.0/37.5328 34.527.6/194 21.0/19.7/173 472 (0.14,0.32)

Blue B2  1-mbp-SBF 35 475/44.5/393  39.5/33.6/23.7 24.0/22.5/19.9 472 (0.14,0.33)
B3  1-mtp-SBF 35 50.0/47.0/423  44.6/35.1/26.1 25.6/24.1/21.7 472 (0.14, 0.32)

Wi 1-p-SBF 33 73.3/69.3/63.1 66.6/58.6/45.2  24.5/23.6/21.4 556 (0.42,0.47)

White W2 1-mbp-SBF 33 75.0/70.7/65.2  67.9/59.5/47.3 25.3/24.2/22.3 556 (0.42, 0.47)
W3 1-mtp-SBF 33 82.0/78.7/71.7 75.9/66.4/53.9 27.7/26.6/24.2 556 (0.42, 0.47)

a) The operating voltage at onset. b) Values of CE, PE, and EQE at the maximum,
100 cd/m? and 1000 cd/m?. c) Measured at a driving current density of 5 mA/cm?.

To further explore the potential of PHC host materials for future lighting applications,
the fabrication of white PhROLEDSs is highly desirable. Device configurations with one
single emitting layer white PhOLEDs were realized as: ITO/ HAT-CN (10 nm)/
TAPC (40 nm)/ TCTA (10 nm)/ mCP (10 nm)/ host: Flrpic: PO-01 (1: 15 wt%: x
wit%, 20 nm)/ 1,3,5-tris(6-(3-(pyridin-3-yl)phenyl)pyridin-2-yl)benzene
(Tm3PyP26PyB) (45 nm)/ Lig (2 nm)/ Al (120 nm), as depicted in Figure S44. Based
on the better charge balance and transfer shown in Figure S46, Tm3PyP26PyB
appears to be more efficient as electron-transporting material than TmPyPB to
achieve lower device consumption and higher power efficiency. In white PhOLEDs
technology, these parameters are of great importance for low consumption and
efficient lighting. In this device, a single EML, incorporating sky-blue and yellow
phosphorescent emitters, is used and strongly contributes to the simplification of the
device architecture compared to multi-layered RGB EML. The detailed EL
characteristics of the devices are summarized in Figure S47 and Table S21 when
changing the doping ratios x of PO-01 from 0.25 wt% to 1.5 wt% while keeping
Flrpic at 15 wt%. The optimized white devices based on the three PHC host materials
are obtained with an optimal doping ratio of x=0.5 wt% for PO-01. As shown in
Figure 5, devices W1-3 respectively based on 1-p-SBF, 1-mbp-SBF, and 1-mtp-SBF
all exhibit a warm white light emission with CIE coordinates of (0.42, 0.47). Device
W3 achieved remarkable performance with CEnax 0f 82.0 cd/A, PEnax of 75.9 Im/W,
and EQEnmax of 27.7 % under a low turn-on voltage of 3.3 V, which is a breakthrough
result in white PhOLEDs based on PHC host materials. It should be noted that an
ultra-low efficiency roll-off was accomplished at 1000 cd/m? with device W3 still
displaying high efficiencies of 71.7 cd/A, 53.9 Im/W, and 24.2 %. Nevertheless,
devices W1 and W2 with the same turn-on voltage of 3.3 V as well achieve good
device efficiencies (W1: CEmax = 73.3 cd/A, PEmax = 66.6 Im/W and EQEax = 24.5%,
W2: CEmax = 75.0 cd/A, PEmax = 67.9 Im/W and EQEnax = 25.3%) confirming, as
evidenced above in the case of blue PhNOLEDs, the efficiency of the whole approach
and not of a single molecule. Table S22 depicts the most efficient white PhOLEDs
reported to date in the literature, showing that only a few of them can achieve high
EQEs over 25 %. Thus, these PHC-based white PhOLEDs display similar efficiencies
as the best reported to date with heteroatom-based hosts and highlight the real
potential of this novel molecular design strategy for the future of white PhOLED:s.

Conclusions
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In summary, we report a new molecular design of high-efficiency hosts based on the
association of simple benzene units for white PhOLEDs. These spiro-configured hosts
are extremely simple in their structure and easy to synthesize in a short and highly
efficient manner. By exploiting the C1 position of the SBF scaffold, a sterically
hindered environment is obtained, providing excellent photophysical properties, a
large HOMO/LUMO gap, and a high E;. Of particular interest, the charge transport
properties are drastically modified by the substituent but remain, in all cases, always
well-balanced, which is an important asset in this technology. The charge transport
properties have been rationalized by theoretical calculations showing the importance
of the homogeneity of charge transfer integrals in mobility values. When
incorporating the hosts in blue and white PhOLEDs, which are the most challenging
nowadays, excellent performances were obtained. In particular, 1-mtp-SBF achieves
the best results with EQEs of 25.6 % in blue and 27.7 % in white PhOLEDs. The
performance of Flrpic-based blue PhOLEDs is the highest reported to date for PHCs
and achieves for the first time an EQE over 25 %. The performance of white
PhOLEDs compete with the best reported to date in the literature using traditional
heteroatom-based hosts and show that the PHC strategy should now be carefully
considered for the next generation of host materials. This work proves that PHCs can
act as excellent hosts for the new generation of white PhOLEDs for lighting
applications and pave the way for the development of a simpler large-scale
electronics.

Experimental Section
Experimental Details can be found in Supplementary Information.
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