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Abstract: The controllable tuning of
the excited states in a series of phos-
phine-oxide hosts (DPExPOCzn) was
realized through introducing carbazolyl
and diphenylphosphine-oxide (DPPO)
moieties to adjust the frontier molecu-
lar orbitals, molecular rigidity, and the
location of the triplet excited states by
suppressing the intramolecular inter-
play of the combined multi-insulating

achieved. The former change was
mainly due to the contribution of the
carbazolyl group to the HOMOs and
the extended conjugation. The latter
change was due to an enhanced molec-
ular rigidity and the shift of the T,
states from the diphenylether group to
the carbazolyl moieties. This kind of
convergent modulation of excited
states not only facilitates the exother-

mic energy transfer to the dopants in
phosphorescent organic light-emitting
diodes (PHOLEDs), but also realizes
the fine-tuning of electrical properties
to achieve the balanced carrier injec-
tion and transportation in the emitting
layers. As the result, the favorable per-
formance of blue-light-emitting PHO-
LEDs was demonstrated, including
much-lower driving voltages of 2.6 V

and meso linkage. On increasing the
number of substituents, simultaneous
lowering of the first singlet energy
levels (S;) and raising of the first triplet
energy levels (T;, about 3.0 eV) were

PHOLEDs -

Introduction

After decades of development, organic semiconductors have
grown to become one of most-active fields of research,
owing to their unique characteristics and widespread use in
optoelectronics applications, such as organic light-emitting
diodes (OLEDs),"! organic solar cells (OSCs),” organic
thin-film transistors (OTFTs),”! and organic sensors.! Di-
verse functional building blocks and complicated linkage
styles endow these organic semiconductor materials with the
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for onset and 3.0V at 100 cdm™2, as
well as a remarkably improved E.Q.E.

systems
of 12.6 %.

potential for various applications and also facilitate the ac-
curate tuning of their optoelectronic properties.”! Neverthe-
less, the interplay between the different photoelectronic
properties often induces the improvement of one property
to the detriment/sacrifice of other properties. Therefore, re-
searchers are often compelled to make choices between two
(or more) desired properties because of the negative side-ef-
fects of these modification approaches. In this case, the con-
trollable modulation of molecular characteristics is still a big
challenge. Excited states are heavily involved in photoelec-
tronic processes, for example, in energy transfer® and emis-
sion color. Moreover, they also have an effect on carrier in-
jection, because the singlet excited states (S,) correspond to
the energy gaps between the HOMOs and the LUMOs.”!
Thus, the adjustment of the excited states influences both
the optical and electrical properties of the molecules and is
usually made problematic by the contradictory effects of
these two properties.

The contradictory effects of optical and electrical proper-
ties is a formidable problem facing high-energy-gap hosts in
phosphorescent organic light-emitting diodes (PHOLEDs)
and, therefore, is of great concern in electrophosphores-
cence.®! Compared with its fluorescence counterpart, elec-
trophosphorescence is superior in energy-saving terms, with
a theoretical quantum efficiency approaching 100 %, which
is due to the harvesting of both singlet and triplet excitons.”!
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However, the more serious multi-particle-quenching effects
of triplet excitons!'”! force most PHOLEDs to adopt doping/
blending-type emitting layers (EMLs) that are composed of
host matrixes and phosphorescent dopants.'"! However, the
exothermic energy transfer to phosphors requires host mate-
rials to have much-higher triplet energy levels (T,).l”! Be-
cause S, is higher than T,, the barrier for carrier injection in
the EMLs of PHOLED:s is usually much larger than that of
their fluorescent counterparts. Therefore, PHOLEDs often
suffer from higher driving voltages, which restrict their ap-
plication in portable devices and also decrease their power
efficiencies (P.E.s).""! This drawback is the main reason why
only few blue-light-emitting PHOLEDs can simultaneously
realize high efficiencies (external quantum efficiency
(E.QE.)>10%) and low driving voltages (V. <3.0 V).¥
Kido and co-workers came up with the concept of de-
creasing the difference between the S; and T, states, which
is defined as AEgy, for designing high-energy-gap hosts.”!
Ideally, on the basis of a high-enough T, state, S; should be
as low as possible to support barrier-free carrier injection.
To realize this assumption, the simplex traditional strategies
for achieving high T, states, for example, meso-,*! twist-
ed,™ and insulating linkages,™ are not competent because
they have the same effects on the S, states. As one of the
feasible approaches, realizing high T, states through ambipo-
lar structures seems to be promising because the frontier
molecular orbitals (FMOs) can be adjusted by using differ-
ent functional groups to effectively lower the S, states. The
key problem with this strategy is how to suppress the influ-
ence of the ambipolar structures on the T, states. This is ac-
tually derived from the contradictory effects of the optical
and electrical properties of the hosts. We believe that the
types of linkage between the functional units in ambipolar
systems should be the principal determinant. Recently, we
constructed several ambipolar fluorene-based aryl-phos-
phine-oxide (PO) hosts for blue-light-emitting PHO-
LEDs."! Their T, value of 3.0 eV was effectively preserved
through indirect linkage. Furthermore, we successfully real-
ized the selective tuning of the S, states without influencing
the T, states by using ternary dibenzofuran—PO-—carbazole
hybrids through combined meso- and short-axis linkages.
Until now, almost all of the reports on ambipolar high-
energy-gap hosts have focused on lowering the S; energy
levels whilst preserving the T, states.'**!®) Lupton and co-
workers demonstrated an extremely small AEg; value of
0.017 eV for triphenylene-based copolymers through localiz-
ing the T, states on the triphenylene moieties and lowering
the S, states by using other repeat units."””? However, the
bigger challenge is the simultaneous adjustment of the excit-
ed states for realizing lower S, states and higher T, states in
ambipolar systems, along with increasing conjugation.
Herein, we report the convergent modulation of the S, and
T, excited states on the basis of a series PO—carbazole hy-
brids, namely, 9-[4-[2-(diphenylphosphinoyl)-phenoxy]-
phenyl]-9H-carbazole (DPESPOCz), 9-[4-[4-carbazol-9-yl-2-
(diphenylphosphinoyl)-phenoxy]-phenyl]-9H-carbazole
(DPESPOCz2), 9-[4-(2,4-bis-carbazol-9-yl-phenoxy)-3-(di-
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phenylphosphinoyl)-phenyl]-9H-carbazole (DPESPOCz3),
9-[3-(diphenylphosphinoyl)-4-[2-(diphenylphosphinoyl)-phe-
noxy|-phenyl]-9H-carbazole (DPEPOCz), and 9-[4-[4-carba-
zol-9-yl-2-(diphenylphosphinoyl)-phenoxy]-3-(diphenylphos-
phinoyl)-phenyl]-9H-carbazole (DPEPOCz2), collectively
named DPExPOCzn, as well as their parent molecule 1-(di-
phenylphosphinoyl)-2-phenoxy-benzene  (DPESPO) for
comparison (Figure 1 and Scheme 1). Through the involve-
ment of carbazolyl groups and a second diphenylphosphine-
oxide (DPPO) moiety, the localization of the T, states and
their molecular configurations were accurately tuned. The
influence of intramolecular charge transfer (ICT) on the T,
states was effectively suppressed by the combined meso-
and multi-insulating linkage. As a result, we successfully
controlled the convergence of the S; and T, excited states. A
T, state of 3.0 eV and a smaller AEg; value of 0.47 eV were
achieved in DPEPOCz2, which had the largest conjugation
and ambipolar characteristics. Compared with DPESPO, the
higher T, state and optimized carrier injection and transpor-
tation of the ambipolar derivatives endowed their blue-
light-emitting PHOLEDs with much-lower driving voltages,
larger luminance, higher efficiencies, and improved efficien-
cy stability. More importantly, this proof of concept showed
the possibility of simultaneously and controllably tuning
both the S, and T, excited states, which is significant and in-
structive for the future development of organic semiconduc-
tors.

Results and Discussion

Design and synthesis: The simultaneous and purposeful
modulation of S; and T, excited states is a formidable chal-
lenge, because it requires a comprehensive consideration of
both the positive and negative effects of the molecular struc-
ture and linkage types on both sets of states. With the aim
of converging the S, and T, excited states, first of all, the
lowering effect of functional modification on the T, states
should be thoroughly suppressed. In a previous work, we
demonstrated an effective strategy, named multi-insulating
linkage, for high-energy-gap hosts. From the starting model
molecule DPEPO, its six phenyl groups were separated by
using two different insulating linkages: —O— and P=0.”!
This type of isolated configuration can restrain the intramo-
lecular interplay between the functional units, such as inter-
molecular charge transfer (ICT). Therefore, the lowering of
the S; states through tuning the FMOs would not induce
similar effects in the T, states. On the other hand, the ad-
justability of the —O— links and the weak restraint of T,
states by diphenylether (DPE) support the possibility of
fine-tuning the T, levels through configuration adjustment
and relocalization of the T; states on introduced functional
groups.

With these considerations in mind, we chose the carbazol-
yl moiety as the electron-donating group owing to its low
ionization potential, rigid and steric structure, and high T,
energy level. The incorporation of carbazolyls would form
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Figure 1. Molecular design and emission lifetimes of the DPExPOCzn hybrids.

bipolar structures with electron-withdrawing DPPOs so as
to modify the carrier injection and transportation. Further-
more, the steric hindrance of the substituents and the planar
structure of the carbazolyl moiety are advantageous for im-
proving molecular rigidity, which is beneficial for suppress-
ing the structure-relaxation-induced excited-energy loss. We
found that the photoluminescence (PL) emission lifetimes
gradually decreased from DPESPO to DPESPOCz, DPE-
POCz, DPEPOCz2, DPESPOCz2, and DPESPOCz3
(Figure 1 and the Supporting Information, Figure SI1). This
tendency was in accord with the contributions of the carba-
zolyl and DPPO moieties to molecular rigidity and intermo-
lecular hindrance. Carbazolyl groups can enhance both of
these properties, whilst the second DPPO group increases
the steric effect but slightly decreases the molecular rigidity,
owing to the flexible C—P bond. The improvement of molec-
ular-structural stability under high-energy states can not
only decrease non-radiative deactivation, but also increase
the possibility of intersystem crossing (ISC).

DPExPOCzn were conveniently prepared from parent
molecules DPESPO and DPEPO through bromination and
Ullmann coupling in a moderate total yield of around 45 %
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(Scheme 1). Structural characterization was established on
the basis of MS, NMR spectroscopy, and elemental analysis.
The molecular structure of DPESPOCz3 and those of inter-
mediates DPEPOBr and DPEPOBr2 were further con-
firmed by single-crystal X-ray diffraction (Figure 2 and the
Supporting Information, Figure SI2). Weak aromatic face-
to-face m—m stacking interactions between two carbazolyl
moieties on adjacent DPESPOCz3 molecules can be ob-
served (Figure 2b), which give rise to a dimmer. This moder-
ate intermolecular interaction facilitates the formation of
uniform and stable solid films.

Optical properties: Firstly, we demonstrated the controllable
tuning of the excited-state energy of DPExPOCzn by con-
sidering their electronic-absorption and PL spectra (Figure 3
and Table 1). Compared with DPESPO, the incorporation
of carbazolyl groups generates three sets of new absorption
bands at around 330, 290, and 230 nm, which are ascribed to
the n—n* transition from the carbazolyl moiety to DPE
and the n—n* and m—x* transitions of the carbazolyl
moiety, respectively. The molar extinction coefficients of
DPEXPOCzn are proportional to the number of carbazolyl
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Scheme 1. Synthesis of the DPExPOCzn hybrids. TMEDA = N,N,N',N'-tetramethylethenyldiamine; NBS = N-bromosuccinimide; DMI=1,3-dimethyl-2-
imidazolidinone; 18-C-6 = 18-crown-6.

and DPPO groups. Therefore,
the incorporation of carbazolyl
and DPPO groups can remark-
ably increase the absorption
cross-section, according to the
so-called “antenna effect”.
Their similar absorption spec-
tra in the solid states, with pre-
served fine structures, further
demonstrated the suppressed
intermolecular interactions
(see the Supporting Informa-
tion, Figure SI3). We showed
that, compared with DPESPO,
the first carbazolyl group in
DPESPOCz remarkably low-
ered the S, state by 0.56 eV.
Each subsequent carbazolyl
and DPPO group further nar-
rowed the S; energy gaps by
0.03 eV. Fluorescence (FL)
spectroscopy of DPESPOCz in
dilute solutions also showed a
significant bathochromic shift
(37 nm), owing to the in-
creased conjugation that was
afforded by the carbazolyl
moiety. The second carbazolyl
Figure 2. a) Single-crystal structure and b) packing diagram of DPESPOCz3. or DPPO group in DPES-

a)
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Figure 3. Absorption (solid shapes), fluorescence (hollow shapes), and
phosphorescence spectra (semi-hollow shapes) of the DPExPOCzn hosts
in CH,Cl, (x10~® molL™"). The phosphorescence spectra were measured
at 77K after a delay of 300 us. m=DPESPO; ¢ =DPESPOCz; A=
DPESPOCz2; v=DPESPOCz3; « =DPEPOCz; «<=DPEPOCz2.

POCz2 or DPEPOC:z induced an additional red-shift of
about 20 nm. However, the third carbazolyl group in DPES-
POCz3 (or the second one in DPEPOCz2) had only a very
slight influence on their maximum emission wavelengths
and profiles. The emission spectrum of DPESPO in the
solid state shows an aggregation-induced broad peak at
about 420 nm, which is not observed in the spectra of
DPExPOCzn (see the Supporting Information, Figure SI3).
The full-width-at-half-maximum (FWHM) values of the
solid-state emissions of DPExPOCznr are also similar to
those of their emissions in solution (Table 1). Therefore, the
incorporation of more DPPO and carbazolyl groups into
DPExPOCzn can effectively suppress the intermolecular in-
teractions.

The limited sequential influence of the substituents on the
S; energy gaps indicates that the lower S, energy levels
should mainly be attributed to the contribution of the carba-

Table 1. Physical properties of the DPExPOCzn hybrids.

zolyl moieties to the FMOs. The formation of other low-
energy excited states, such as ICT excited states, is efficiently
suppressed. To demonstrate this conclusion, PL spectra of
DPESPO, DPExPOCzn, and two reference compounds,
MPO12?? and 9-(3-(diphenylphosphoryl)phenyl)-9H-carba-
zole (mCzPO), were measured in various solvents with dif-
ferent polarities (see the Supporting Information, Figure
SI4). The emissions of mCzPO are more stable than those
of MPO12, which indicates the suppression of ICT by meso
linkage in the former case. The ortho linkage between elec-
tron-donating DPE and electron-withdrawing DPPO moiet-
ies also highly restrains the influence of the solvent on the
emission of DPESPO. The bathochromic intervals between
its emission peaks are less than 5 nm. Furthermore, the in-
termolecular interplay between the carbazolyl and DPPO
moieties in DPESPOCz is effectively blocked by the insulat-
ing —O— linkage, as demonstrated by the stable PL emis-
sions of DPESPOCz, with a very small red-shift interval of
less than 10 nm. For other DPEXxPOCzn derivatives, because
at-least-one carbazolyl group and one DPPO group are
bonded onto the same phenyl group at the meta position,
the red-shift intervals between their emissions are slightly
increased to about 15nm. However, comparison with
MPO12 and mCzPO showed that ICT in these DPEx-
POCzn derivatives was still limited, as in mCzPO. Clearly,
the interplay between two portions can be thoroughly
blocked by a —O— linkage, whilst ICT between the substitu-
ents on the same phenyl group in DPE is also efficiently re-
strained by the meso linkage. Therefore, this combined-link-
age strategy successfully suppresses the intramolecular-inter-
play-induced decline of the excited energy levels. This result
is crucial for the achievement of high T, states.

T, energy levels of DPESPO and DPExPOCzn were esti-
mated according to the 0-0 transitions in their phosphores-
cence (PH) spectra at 77 K (Figure 3, bottom). The interfer-
ence of fluorescence was eliminated by using time-resolved
technology. The 0-0 transition in DPESPO is at 438 nm,
which corresponds to a T, value of 2.83 eV. After modifica-
tion with a carbazolyl group, the T, energy level of DPES-

Compound Absorption Emission FWHM Lifetime! T, S, Ty Tl T, RMS Poxd® HOMOM LuMOl
[nm] [nm] [nm] [ns] [eV] [eV] [°C] [nm] V] [eV] [eV]

DPESPO 227, 2891 3170 38l 6.93 2.83 413 284/171/- 489  1.87 —6.27 —2.14
230, 291! 314, 408, 427 36! 5.471

DPESPOCz 227,241, 261, 285, 29311 354, 3680 404! 6.68 291 357 315/235/- 026 122 —5.62 —2.05
248, 296, 329, 3430 357, 370 601! 4,52

DPESPOCz2 224, 240, 261, 281, 29311 3900 621 5.99 3.00 3.54€  399/302/— 0.50 1.25 —5.65 —2.11
243, 297, 331, 3430 405, 4201 51001 4301

DPESPOCz3 224,241, 258, 284, 29211 3920 61! 5.79 3.01  3.51F 421/366/- 028 125 —5.65 —2.14
239, 296, 327, 340! 384, 401, 42011 420 4271

DPEPOCz 225, 244, 260, 284, 29314 3870 58l 6.33 3.00 3.54F1 382/251/149  0.63  1.25 —5.65 —2.11
234, 296, 331, 3430 38401 58001 4351

DPEPOCz2 226, 243, 259, 285, 29311 3910 58lal 6.32 3.00 3.47°  456/-/203 077 126 —5.66 -2.19
234, 296, 333, 3430 387, 402, 42101 520 4251

[a] In CH,CL, (x10~*molL™"). [b] In a film. [c] Measured by using the TCSPC method in CH,Cl, (x 10~ molL™"). [d] Calculated according to the 0-0
transitions in the phosphorescence spectra. [e] Results of DFT calculations. [f] Estimated from the absorption edges. [g] Onset potential. [h] Calculated
according to the equation HOMO =4.4+P,,,. [i] Calculated from the HOMO and optical energy gaps.
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POCz is elevated to 2.91 eV. The incorporation of sequential
carbazolyl and DPPO groups into other DPExPOCzn deriv-
atives further increases their T, energy levels to 3.00 eV. A
comparison with disubstituted analogue DPEPO,*!! whose
T, is 2.99 eV, indicates that the origin of the lowest T,
energy levels of DPESPO might be a combined result of its
flexible configuration and the DPE-located T, excited state.
The involvement of carbazolyl groups not only enhances the
molecular rigidity, but also induces the migratory distribu-
tion of the T, excited state onto the carbazolyl group, with a
high T; energy level of 3.0 eV, which results in the improve-
ment of the T, energy level of DPESPOCz by 0.08 eV. Mod-
ification with more carbazolyl and/or DPPO groups further
increases the contribution of the carbazolyl moiety to the T,
excited states, as well as the molecular rigidity. In this case,
the T, energy levels are further elevated by 0.09 eV. Al-
though the suppression of intramolecular interplay between
the functional groups weakens the effect of the modification
on the S, states, the negative effects of intramolecular inter-
play are efficiently restrained. Therefore, our strategy can
endow the more-conjugated DPESPOCzn (n=2, 3) and
DPEPOCzn (n=1, 2) hybrids with higher T, energy levels
(3.0 V), which are equal to that of carbazole. The contribu-
tion of the functional groups to the T, excited states of
DPESPO and DPExPOCzn was investigated by using den-
sity functional theory (DFT). According to the spin-density
distributions of the T, states, DPE makes the major contri-
bution to the T, state of DPESPO, whereas, for DPES-
POCzn, the spin densities of their T, states are mainly local-
ized on the carbazolyl moieties (see the Supporting Informa-
tion, Figure SIS). Therefore, the incorporation of carbazolyls
into DPExPOCzn not only enhances the molecular rigidity
but also induces the shift of the T, states from DPE onto
the carbazolyl moieties. The elevation of the T; energy
levels of DPExPOCzn should be the combined result of in-
creased molecular rigidity and the contribution of carbazolyl
groups to the T, states.

Obviously, we successfully realized the convergent modu-
lation of the S; and T, excited states in DPExPOCzn
through lowering the S, energy levels (by expanding the
conjugation, forming ambipolar structures, and increasing
the T, energy levels by tuning the molecular configurations),
localization of the excited state, and suppressing intramolec-
ular interplay.

Carrier-injection and -transportation properties: The moti-
vation for decreasing the AEg; value is to achieve host ma-
terials with both high T, states and excellent carrier-inject-
ing/-transporting ability. In a common sense, carrier injec-
tion is related to many factors, such as interface compatibili-
ty; however, the energy levels of the FMOs are the domi-
nant factor in determining performance. To assess the
contribution of these functional groups to the FMOs, carri-
er-injection abilities, and the ambipolar characteristics of
these molecules, DFT calculations were performed on the
ground states of DPExPOCzn.
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The HOMO of DPESPO is mainly localized on DPE,
whilst the major contribution to its LUMO originates from
DPPO (Figure 4). The weak electron-donating ability and
the limited coplane of DPE induce the low HOMO energy
level of —6.18eV. Moreover, the energy levels of its
LUMO+1 and LUMO are very close. Therefore, owing to
the strong inductive effect of P=0O, DPE, especially its
phenyl bonding to P=0, reveals a comparable electron-in-
jecting ability to that of DPPO. The HOMOs of DPEx-
POCzn are about —5.3 eV and 0.8 eV higher than that of
DPESPO. As expected, the incorporation of carbazolyl
groups can dramatically elevate the HOMO, owing to their
major contributions to the HOMO and HOMO-1 levels.
Moreover, the HOMO is localized on both phenyl moieties
in the DPE of DPESPO; however, for DPExPOCzn, only
the phenyl groups that are bonded to carbazolyl groups con-
tribute to the HOMOs. This result should be ascribed to the
electron-donating effect of the N atoms in the carbazolyl
moieties. Furthermore, the LUMOs in DPExPOCzn are de-
creased compared with that of DPESPO. Unlike in
DPESPO, the DPEs in DPExPOCzn become the major—
and even exclusive—contributors to the LUMOs. Certainly,
their DPPOs are still indispensable for electron injection,
because their LUMO+-1s are mainly localized on the DPPO
groups. Because DPE is involved in both the HOMOs and
LUMOs and because DPPO mainly contributes to the
LUMO+1 levels, the FMOs of DPExPOCzn are actually
partially separated. This result is beneficial for suppressing
ICT, whilst realize ambipolar characteristics. More carbazol-
yl groups can further increase the density of occupied mo-
lecular orbitals. These approximately degenerate HOMOs
and HOMO-1 levels are more conducive to hole injection.
The lower LUMOs and high HOMOs result in narrower
energy gaps in DPExPOCzn. Compared with DPESPO, the
energy gap of DPESPOCz is remarkably decreased (to
0.95 eV). The second carbazolyl group in DPESPOCz2 in-
duces a further decrease of 0.22 eV. Then, the energy gaps
in DPESPOCzn (n=2, 3) and DPEPOCzn (n=1, 2) are
very close. This result is in perfect agreement with the pho-
tophysical data.

Cyclic voltammograms of DPESPO and DPExPOCzn
presented experimental evidence for the contribution of the
carbazolyl groups to the HOMOs (Figure 5). The oxidation
of DPESPO comprises two irreversible peaks, at 2.10 and
2.53'V, which correspond to the oxidation of DPE and
DPPO, respectively. According to the onset voltage of the
first peak, the HOMO of DPESPO is calculated as
—6.27 eV (Table 1). For DPExPOCzn, the first semi-reversi-
ble oxidation peaks at 1.58-1.72V are due to carbazolyl
groups. The onset voltages of these peaks are about 1.25V,
which correspond to a HOMO of —5.65eV. The second
DPPOs in DPEPOCzn do not influence their HOMO. The
oxidation peaks of DPE and DPPO are also recognized in
the CVs for DPExPOCzn, which reflects the suppressed in-
tramolecular interplay between the functional groups. Fur-
thermore, more carbazolyl groups can broaden the peaks
and form shoulder peaks. These results are in accord with

Chem. Eur. J. 2013, 19, 141154
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the DFT calculations. The LUMOs of DPESPO and DPEx-
POCzn are about —2.1 ¢V, as estimated from their optical-

energy gaps.
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The carrier-transporting abilities of the DPExPOCzn hy-
brids were estimated in nominal single-carrier-transporting
devices, whose configurations were ITO|MoO, (2 nm)|m-
MTDATA :MoO, (15 wt.%, 30 nm)|m-MTDATA (10 nm) |
[Ir(ppz);] (10 nm)|PO host (30 nm)|[Ir(ppz);] (10 nm)|m-
MTDATA (10 nm)|m-MTDATA:MoO, (15 wt. %, 30 nm) |
MoO, (2nm)|Al for hole-only devices and ITO|Cs,CO;
(1 nm)|BPhen (40 nm)|PO host (30 nm)|BPhen (40 nm)|
Cs,CO; (1 nm)|Al for electron-only devices, respectively,
where MoO, and Cs,CO; served as hole- and electron-in-
jecting layers, m-MTDATA (4,4',4"-tri(N-3-methylphenyl-N-
phenylamino)triphenylamine) was used as a hole-transport-
ing layer (HTL), [Ir(ppz);] (tris(phenylpyrazole)iridium)
was a hole-transporting/electron-blocking layer, and BPhen
(4,7-diphenyl-1,10-phenanthroline) was an electron-trans-
porting/hole-blocking layer. Unsurprisingly, the DPESPO-
based device had the largest electron-only current density
(/) but the smallest hole-only current density, which re-
vealed that DPESPO had the strongest electron-transport-
ing ability (Figure 6 and the Supporting Information, Figure
S16). The hole-only current densities of the DPExPOCzn-
based devices were greatly enhanced (by several orders of
magnitude), owing to the strong hole-transporting ability of
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Figure 6. IV characteristics of nominal single-carrier-transporting devices
based on the DPExPOCzn hosts. a=DPESPO; ¢ =DPESPOCz; A=
DPESPOCz2; v=DPESPOCz3; « =DPEPOCz; «=DPEPOCz2.

the carbazolyl groups. Significantly, their hole-only J value
was proportional to the number of carbazolyl groups in the
molecules and inversely proportional to the number of
DPPO groups. We showed that the hole-transporting ability
of DPExPOCzn strongly depended on the applied electrical
field. At voltages of less than 6V, the order was
DPEPOCz < DPEPOCz2~DPESPOCz < DPESPOCz2
<DPESPOCz3, which was consistent with our molecular
design. Clearly, the enhanced intermolecular communication
between the carbazolyl groups, through increasing their rela-
tive proportion in the molecules, is the reason for the im-
proved hole transportation. The situation in terms of the
electron-transporting ability of the DPExPOCzn hosts is ex-
actly the opposite. DPEPOCzn (n=1, 2) reveal stronger
electron-transporting abilities than their single PO ana-
logues, especially at low driving voltages. Furthermore, the
addition of more carbazolyl groups induces a gradual de-
crease in the electron-transporting ability of the materials.
Thus, at voltages of less than 8V, the order of electron-
transporting ability in the DPExPOCzn hybrids is contrary
to that of their hole-transporting ability. The mutual re-
straining of the DPPO and carbazolyl moieties in carrier
transportation is ascribed to the different proportions of
DPPO and carbazolyl groups in DPExPOCznr and to the
mutual interference of intermolecular interplay between the
DPPO or carbazolyl groups.

We have already shown that carbazolyl and DPPO moie-
ties can cooperate with each other to realize the fine and
controllable modulation of carrier injection and transporta-
tion. Hole-dominant, balanced, and electron-dominant elec-
trical properties can be achieved through changing the
number and ratio of these two functional groups. Thus,
DPExPOCzn hosts provide a flexible platform for investi-
gating the influence of carrier injection and transportation
in host materials on the EL performance of their full-color
PHOLED:s.

Thermal and morphological properties: The rigid carbazolyl

moiety can remarkably enhance the thermal stability of
these molecules (Figure 7). With one carbazolyl group, the

148 —— www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1004
g 80+
o0
g 60 -
<
g
L
% 404
=
L
B 20_
0 T T T 7 T T
0 100 200 300 400 500 600
Temperature (°C)
Figure 7. TGA curves of the DPExPOCzn hybridss. —=DPESPO;
———=DPESPOCz; .- =DPESPOCz2; -.--=DPESPOCz3; ——=
DPEPOCz; ----- =DPEPOCz2.

temperature of decomposition (7,) at a weight loss of 5%
of DPESPOCz is improved to 315°C, which is 31°C higher
than that of DPESPO, according to the results of thermog-
ravimetric analysis (Table 1). The addition of second and
third carbazolyl groups in DPESPOCz2 and DPESPOCz3
induce further increases in the 7, value of 84 and 106 °C, re-
spectively. The introduction of a second DPPO group can
also improve the thermal stability: DPEPOCz and DPE-
POCz2 have T, values of 382 and 456 °C, respectively. It is
known that DPPO can improve the molecular sublimability
of a compound,®! which is the main reason for the lower T,
value of DPEPOCz than DPESPOCz2. Nevertheless, the
high steric hindrance and poor structure adaptability of the
carbazolyl group induce DPESPOCz3 to have a slightly
lower T, value than DPEPOCz2.

Differential scanning calorimetry (DSC) analysis of
DPESPO showed that its melting point (7,,=137°C) was
the lowest of these molecules and no glass-transition (7,)
temperatures were observed (Table 1). Each introduced car-
bazolyl group in DPESPOCzn (n=1-3) induced an im-
provement in the T,, value of about 60°C. The steric effect
of DPPO also made the T, value of DPEPOCz slightly
higher than that of DPESPOCz. However, a comparison be-
tween the T, values of DPEPOCz and DPESPOCz2 clearly
indicates that the more-rigid carbazolyl group makes the
major contribution to the increase in T,,. Although the T,
values of DPESPOCzn were not recognized, DPEPOCzn
(n=1, 2) showed very high T, values (149 and 203°C, re-
spectively). Therefore, the incorporation of carbazolyl and
DPPO groups can remarkably enhance the morphological
stability of these materials. This result is further demonstrat-
ed by the modified film morphologies of DPExPOCzn (see
the Supporting Information, Figure SI7). AFM images
showed that, under vacuum evaporation, DPESPO either
underwent facile aggregation or formed crystalline zones,
owing to its low T, value, as also indicated by SEM. The in-
corporation of carbazolyl groups and a second DPPO group
remarkably increased the molecular rigidity and the hin-
drance for ordered assembly. Therefore, DPExPOCzn can
feasibly form amorphous and smooth films with root-mean-
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square roughness (RMS) of less than 1 nm (Table 1). The re-
lationship between molecular configuration and the quality
of the film was manifest by the result that an unsymmetrical
structure was advantageous for achieving smoother and
more-uniform films. Therefore, hosts DPESPOCz, DPES-
POCz3, and DPEPOCz endowed their films with remarka-
bly less RMS than their more-symmetrical analogues. The
film of the most-unsymmetrical compound, DPESPOCz, re-
vealed the smallest RMS value (0.26 nm). Furthermore, the
films of hosts DPESPOCzn (n=1-3) are less rough than
those of DPEPOCzn (n=1, 2), which implies a stronger
effect of the rigid carbazolyl group on morphological stabili-
ty than the DPPO group.

EL performance of blue-, green-, and red-light-emitting
PHOLEDs: Our purpose for obtaining convergent tuning of
the excited energy states was to afford materials with both
excellent optical and electrical properties. Thus, full-color
PHOLEDs of DPExPOCzn were fabricated to further in-
vestigate the correlation between their optoelectronic prop-
erties and device performance.

As host materials with both high T, states and excellent
electrical properties, first, we fabricated the blue-light-emit-
ting PHOLEDs of DPExPOCzn with the configuration
ITO/MoO, (2 nm)/m-MTDATA:MoO, (15 wt. %, 30 nm)/m-
MTDATA (10 nm)/[Ir(ppz);] (10 nm)/DPExPOCzn: Flrpic
(10 wt. %, 10 nm)/BPhen (40 nm)/Cs,CO; (1 nm)/Al, where
Flrpic  (bis(4,6-(difluorophenyl)pyridinato-N,C*)picolinate
iridium(III)) is a blue phosphorescent dopant (Scheme 2).
DPESPO was also used as a host in device BA, with the
same configuration, for comparison. Devices BB-BF were
based on DPESPOCz, DPESPOCz2, DPESPOCz3, DPE-
POCz, and DPEPOCz2, respectively. Electroluminescence
(EL) spectra of these devices corresponded to the emission
of Flrpic (Figure 8). However, the EL peak of BA was re-
markably wider than those of other devices, which should be
attributed to the DPESPO-induced narrow emission zone at
the interface between [Ir(ppz);] and the emitting layer
(EML).

A direct result of the improved carrier injection/transpor-
tation by adding carbazolyl groups was the remarkably
lower driving voltages of BB-BF compared with BA.
DPExPOCzn provided blue-light-emitting PHOLEDs with
an onset potential of 2.6 V, which was 0.2 V lower than that
of BA (Figure 9a and the Supporting Information, Table
SI1). Suffering from its low-T;-induced poorer energy trans-
fer to Flrpic, DPESPO limited the brightness of device BA
at high driving voltages, although the J value of BA was the
highest among these devices. Therefore, at 100 and
1000 cdm ™2, the driving voltages in devices BB-BF de-
creased further compared with device BA. Device BE had
the lowest driving voltages among these devices (onset po-
tential: 2.6 V and 3.0 and 4.0 V at 100 and 1000 cdm™2, re-
spectively), which revealed the potential application of
device BE in portable devices. Notably, the brightness of
device BB was much higher than that of device BA and the
difference was even greater at high voltages and high J val-
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(e,f) that were based on DPESPO and the DPExPOCzn hosts.

ues. At high exciton concentrations, the mismatched T,
energy levels of the hosts and the dopants can worsen the
emission quenching. Therefore, the inefficient and reversible
energy transfer to Flrpic in device BB was effectively sup-
pressed by DPESPOCz, with a T, value of 2.9 eV. Further-
more, devices BE and BF, which were based on DPEPOCz
and DPEPOCz2, respectively, also showed steadily in-
creased brightness, along with increasing voltage and J val-
ues. However, although DPESPOCz2 and DPESPOCz3
had a high T, value (3.0eV), the remarkable emission
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quenching of their devices (BC and BD) at high voltages
was also observed. This quenching effect can be ascribed to
unbalanced carrier injection and transportation, which is in-
duced by the much-weaker electron-transporting ability of
DPESPOCz2 and DPESPOC=z3. It is known that, in the
prototype device, holes are the major carriers and that Ir**
complexes can assist hole injection and transportation
through charge capture. Within the range of operating vol-
tages, DPEPOCz, DPEPOCz2, and DPESPOCz have
much-stronger electron-transporting ability and suitable
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hole-transporting ability, so that they can realize balanced
carrier injection/transportation with the assistant of Flrpic.
Obviously, both the electron-dominant DPESPO and hole-
dominant DPESPOCz3 induced the seriously unbalance of
carrier injection and transportation in EMLs at high J values
and may further worsen the polaron-exciton quenching.['%!
In this sense, the fine-tuning carrier-injecting and -transport-
ing ability of the hosts, with the consideration of the influ-
ence of dopants, is a prerequisite.

As mentioned above, high T, energy levels and suitable
carrier injection/transportation are two key points for ob-
taining high efficiency in blue-light-emitting PHOLEDs. A
comparison of the efficiencies of devices BA-BF established
solid evidence for this opinion. The extremely low efficien-
cies of device BA was a combined result of the lowest T,
state and the electron-dominant transporting ability of
DPESPO. The higher T, states of DPESPOCz2 and DPES-
POCz3 enhanced the exothermic energy transfer to Flrpic,
which induced higher efficiencies of devices BC and BD
than that of BA. However, the excess holes in devices BC
and BD severely limited their efficiencies. The relatively
balanced carrier injecting/transporting ability of DPES-
POCz improved the efficiencies of device BB by about 40 %
at 100 and 1000 cdm™ compared with devices BC and BD
(Figure 9b); the maximum efficiencies of device BB reached
11.80 cd A™" for the current efficiency (C.E.), 11.59 Lm W™
for the P.E. value, and 6.4 % for the E.Q.E. value. With simi-
lar balanced -carrier-transporting abilities and higher T,
states, DPEPOCz and DPEPOCz2 endowed devices BE
and BF with further enhanced efficiencies (21.37 and
16.30 cd A™', 20.98 and 15.06 LmW~!, and 12.6 and 9.59%,
respectively), which were 1.5-2 fold higher than those of
device BB. Obviously, the T, values of DPEPOCz and
DPEPOCz2 (about 3.0 V) are the main reason for this re-
markable improvement. Furthermore, the more-balanced
carrier injection and transportation in device BF induced its
more-stable efficiencies than those in device BE. The order
of efficiencies of these devices, BE~BF >BB>BC>BD >
BA, reflects that fact that the T, state and the electrical
properties of the hosts in blue PHOLEDs are equally im-
portant in determining the EL performance of the devices.
DPESPO, DPESPOCz2, and DPESPOCz3 cannot support
high efficiencies, although the T, states of these latter two
hosts are high enough for efficient energy transfer. The
drawback is that they cannot achieve balanced carrier injec-
tion and transportation in their EMLs. On the other hand,
the higher efficiencies of DPEPOCz and DPEPOCz2 than
those of DPESPOCz indicated that, when their carrier-
transporting abilities were similar, T, states that approach
3.0 eV are beneficial for realizing high efficiencies. In this
sense, fine-tuning the T, state and the electrical properties
should be of mutual importance when designing the host
materials for blue electrophosphorescence. This result exact-
ly reflects the advantages of convergent tuning of the S; and
T, states of the hosts.

The green- and red-light-emitting PHOLEDs of
DPESPO and DPExPOCzn further indicate the effects of
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the T, states and the electrical properties of the hosts on
device performance (Figure 9c-f). The configurations of the
green- and red-light-emitting PHOLEDs (GA-GF and RA-
RF) were the same as those of blue-light-emitting PHO-
LEDs, except that tris(2-phenylpyridine) iridium(III) ([Ir-
(ppy)sl, 6 wt. %) and bis(2-methyldibenzo-
[fh]quinoxaline)(acetylacetonate) iridium(IIT) ([Tr-
(MDQ),acac], 6 wt. %) were used as the dopant, respective-
ly. All of these devices had low driving voltages, such as
onset voltages below 2.8 V (Figure 9c,e). Because the excit-
ed energy levels of [Ir(ppy);] and [Ir(MDQ),acac] are as
low as 2.4 and 2.0 eV, the exothermic energy transfer from
all of these host materials is feasible. In this case, DPESPO
is even superior in terms of host-guest energy transfer be-
cause its T state is better matched to those of [Ir(ppy);] and
[Ir(MDQ),acac].  Furthermore, the higher HOMO
(=5.4¢eV), lower LUMO (—3.0eV), and stronger carrier-
capture ability of [Ir(ppy)s;] can make up for the deficient
and unbalanced carrier injection and transportation in
DPESPO, DPESPOCz2, and DPESPOCz3. Therefore, all
of the green-light-emitting devices achieved the similar max-
imum efficiencies (Figure 9d). However, owing to the too-
high T, states of DPEPOCz and DPEPOCz2, devices GE
and GF revealed a sharper decrease on increasing the exci-
ton concentration at high Jvalues compared with devices
GA and GB. The efficiency roll-off of devices GC and GD
(based on DPESPOCz2 and DPESPOCz3) were more seri-
ous and can be ascribed to their remarkably unbalanced car-
rier injection and transportation. Therefore, with its suitable
T, states and electrical properties, DPESPOCz endowed
device GB with the highest C.E. and E.Q.E. values and the
most-stable efficiencies. The stronger electron-injecting and
-capture ability of [Ir(MDQ),acac] made the maximum effi-
ciencies of device RD the highest among the red-light-emit-
ting devices at low J values (Figure 9 f). However, owing to
their too-large energy gaps between the T, states of DPEx-
POCzn and [Ir(MDQ),acac], devices RB-RF exhibited re-
markable efficiency roll-off on increasing the luminance.
The performance of these green- and red-light-emitting
PHOLEDs further demonstrates the significance of suitable
excited states in the hosts under the consideration of the
properties of dopants.

Conclusion

We have successfully realized the convergent adjustment of
the excited states in DPE—DPPO-—carbazole hybrids
through the fine-tuning of molecular structure and linkage
style. The introduced carbazolyl and DPPO groups had a
notable effect on the FMOs and extended the conjugation
of the hybrid compounds, so that the S, states of DPEx-
POCzn were gradually lowered on increasing the number of
substituents. To suppress the intramolecular interplay, a
mixed-linkage strategy of multi-insulating and meso linkages
was developed. Based on this approach, the improved mo-
lecular rigidity and the shift of the T, states from the DPE

www.chemeurj.org — 151


www.chemeurj.org

CHEMISTRY

H. Xu, Y. Zhao et al.

A EUROPEAN JOURNAL

groups to the carbazolyl groups significantly increased the
T, energy levels of DPExPOCzn to about 3.0 eV. Therefore,
lower S; and higher T, energy levels were achieved simulta-
neously. The AEg; value was dramatically decreased from
1.30 to 0.47 eV. The carrier-injecting and transporting ability
of DPExPOCzn was strongly dependent on the number and
ratio of their carbazolyl and DPPO groups. Therefore, high
T, states for efficient exothermic energy transfer and fine-
tuning of their electrical properties were realized by using
our strategy. With a T, value of 3.0 eV and suitable carrier-
injecting/-transporting ability, DPEPOCz supported its blue-
light-emitting PHOLEDs with favorable performance, in-
cluding much-lower driving voltages (2.6 V for onset and
3.0V at 100cdm™?) and a remarkably improved E.Q.E.
value of 12.6%. A comparison of the EL performances of
DPExPOCzn showed a combined effect of the T, states and
the electrical properties of the hosts and that the efficiencies
and efficiency stability of these systems were determined by
the balance of suitable T, states and carrier-transporting
ability. In this sense, the convergent modulation of excited
states provides a promising approach for the construction of
desirable host materials for high-performance PHOLEDs.

Experimental Section

Materials and instruments: All of the reagents and solvents that were
used in the syntheses were purchased from Aldrich or Acros and used
without further purification. DPEPO was synthesized according to our
previously reported procedure.!'!

"H NMR spectra were recorded on a Varian Mercury plus 400NB spec-
trometer relative to tetramethylsilane (TMS) as an internal standard. MS
(ESI or MALDI-TOF) was performed on a FINNIGAN LCQ. Elemental
analysis was performed on a Vario EL III elemental analyzer. Absorption
and photoluminescence (PL) emission spectra were measured on SHI-
MADZU UV-3150 spectrophotometer and SHIMADZU RF-5301PC
spectrophotometers, respectively. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed on Shimadzu
DSC-60A and DTG-60A thermal analyzers, respectively, under a nitro-
gen atmosphere at a heating rate of 10°C min~'. Cyclic voltammetry
(CV) was conducted on an Eco Chemie B. V. AUTOLAB potentiostat in
a typical three-electrode cell with a platinum-sheet working electrode, a
platinum-wire counter electrode, and a silver/silver nitrate (Ag/Ag*) ref-
erence electrode. All of the electrochemical experiments were carried
out under a nitrogen atmosphere at RT in CH,Cl, for oxidation or in
THF for reduction. Phosphorescence spectra were measured in CH,Cl,
on an Edinburgh FPLS 920 fluorescence spectrophotometer at 77 K (by
cooling with liquid nitrogen) with a delay of 300 ps according to the
time-correlated single-photon-counting (TCSPC) method with a micro-
second-pulsed Xenon light source for lifetime measurements (10 ps to
10s), a synchronization photomultiplier for signal collection, and the
Multi-Channel Scaling Mode of the PCS900 fast counter PC plug-in card
for data processing. Single crystals that were suitable for X-ray diffrac-
tion analysis were obtained through the slow evaporation of solutions in
EtOH at RT. All of the diffraction data were collected at 295K on a
RIGAKU RAXIS-RAPID diffractometer with graphite-monochromated
Mo Ko (1=0.71073 A) radiation in o scan mode. All of the structures
were solved by using direct method and difference Fourier syntheses.
Non-hydrogen atoms were refined by using full-matrix least-squares tech-
niques on F* with anisotropic thermal parameters. Hydrogen atoms that
were attached onto carbon atoms were placed at calculated positions
with C-H=0.93 A and U (H)=1.2 U, (C) in the riding-model approxi-
mation. All of the calculations were carried out by using the SHELXL97

152 —— www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

program. The thin films of the PO compounds were prepared by vacuum
evaporation on glass substrates under the same conditions as for device
fabrication. The morphological characteristics of these films were meas-
ured by atom force microscopy (AFM) on an Agilent 5100 in the tapping
mode and by SEM on a HITACHI S-4800 (spraying, accelerating volt-
age: 5.0kV, current: 10 mA, observed altitude: 8 mm). CCDC-894940
(DPEPOB:r2), CCDC-894941 (DPEPOBr), and CCDC-894942 (DPES-
POCz3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Synthesis: 1-(Diphenylphosphinoyl)-2-phenoxy-benzene (DPESPO): At
RT, a solution of diphenyl ether (170 mg, 1 mmol) in THF (5 mL) was
added dropwise into a stirring solution of n-butyllithium (0.42 mL, 2.4Mm
in n-hexane, 1mmol) and N,N,N,N'-tetramethylethenyldiamine
(TMEDA, 0.15 mL, 1 mmol). After 16 h, the mixture was cooled to 0°C
and a solution of chlorodiphenylphosphine (0.18 mL, 1.2 mmol) was
added dropwise. The reaction mixture was warmed to RT and stirred for
a further 16 h. The reaction was quenched with water (10 mL) and ex-
tracted with CH,Cl, (3x10 mL). The organic layer was dried with anhy-
dride Na,SO,. The solvent was removed in vacuo and the residue was pu-
rified by column chromatography on silica gel (CH,Cl,). The residue was
dissolved in CH,Cl, and hydrogen peroxide (5 mL) was added carefully
at 0°C. Then, the mixture was warmed to RT and stirred for 4 h. The re-
action was extracted with a saturated solution of sodium hydrogen sulfite.
The organic layer was dried with anhydride Na,SO,. The solvent was re-
moved in vacuo and the residue was purified by recrystallization from
EtOAc. White powder; 112mg (30% yield); '"HNMR (TMS, CDCl,,
400 MHz): 6=8.086 (qd, 'J=7.6 Hz, 2J=12.8 Hz, */=1.2 Hz, 1 H), 7.858—
7.769 (m, 4H), 7.527-7.367 (m, 7H), 7.270-7.169 (m, 3H), 7.069 (t, J=
7.4 Hz, 1H), 6.731 (q, '/=5.2 Hz, 2/=8.0 Hz, 1H), 6.645-6.591 ppm (m,
2H); MS (ESI): m/z (%): 370 (100) [M]*; elemental analysis caled (%)
for C,,H,40,P: C 77.83, H 5.17, O 8.64; found: C 77.90, H 5.13, O 8.79.

General procedure for the synthesis of the bromides: At RT, a stoichio-
metric amount of N-bromosuccinimide (NBS) was added in portions into
a stirred solution of DPESPO or DPEPO (1 mmol) in glacial acetic acid
(3mL) and sulfuric acid (1 mL). Then, the mixture was stirred for 5 h.
The reaction was quenched with water and extracted with CH,Cl, (3x
10 mL). The organic layer was dried with anhydride Na,SO,. The solvent
was removed in vacuo and the residue was purified by recrystallization
from EtOH.

1-(Diphenylphosphinoyl)-2-(4-bromophenoxy)-benzene ~ (DPESPOBEr):
White powder; 337 mg (75% yield); '"H NMR (TMS, CDCl;, 400 MHz):
6=8.015 (qd, '/=7.6 Hz, 2/=12.8 Hz, ’J=1.2 Hz, 1H), 7.825-7.710 (m,
4H), 7.507-7.443 (m, 3H), 7.430-7.361 (m, 4H), 7.331-7.213 (m, 3H),
6.763 (q, 'J=5.2 Hz, 2/ =8.0 Hz, 1H), 6.466 ppm (d, /J=8.8 Hz,, 2H); MS
(ESI): miz (%): 448 (100) [M]*; elemental analysis caled (%) for
C,,H;BrO,P: C 64.16, H 4.04, O 7.12; found: C 64.22, H 4.09, O 7.31.
1-Bromo-4-(2,4-dibromo-phenoxy)-5-(diphenylphosphinoyl)-benzene
(DPESPOBr3): White powder; 395 mg (65% yield); 'HNMR (TMS,
CDCl,;, 400 MHz): 6=8.311 (dd, '/=12.4 Hz, 2/=1.2 Hz, 1H), 7.739 (q,
'J=7.6 Hz, ’J=12.0 Hz, 4H), 7.754 (d, J=2.0 Hz, 1H), 7.509 (dd, 'J=
2.2 Hz, 2J=8.6 Hz, 1H), 7.482-7.249 (m, 6H), 7.100 (dd, J=1.8 Hz, /=
8.6 Hz, 1H), 6.467 (q, '/=52Hz, /=88 Hz, 1H), 6.065 ppm (d, J=
8.8 Hz,, 1H); MS (ESI): m/z (%): 606 (100) [M]*; elemental analysis
caled (%) for CyH;Br;O,P: C47.48, H2.66, O5.27; found: C47.54,
H2.69, 0543.
4-Bromo-2-(diphenylphosphinoyl)-1-[2-(diphenylphosphinoyl)-phenoxy]-
benzene (DPEPOBr). White powder; 325mg (50% yield); '"H NMR
(TMS, CDCl,;, 400 MHz): 0=7.737-7.460 (m, 16H), 7.460 —7.265 (m,
8H), 7.192 (t, J=7.4Hz, 1H), 6.098 ppm (q, 'J=8.0 Hz, J=13.2 Hz,
2H); MS (ESI): m/z (%): 648 (100) [M]*; elemental analysis caled (%)
for C3sH,;BrO;P,: C 66.58, H 4.19, O 7.39; found: C 66.64, H 4.22, O 7.59.
1-Bromo-4-[4-bromo-2-(diphenylphosphinoyl)-phenoxy|-5-(diphenylphos-
phinoyl)-benzene (DPEPOBr2): White powder; 437 mg (60% yield);
'"H NMR (TMS, CDCl,, 400 MHz): 6=7.808 (d, J=12.4 Hz, 2H), 7.759-
7.574 (m, 8H), 7.753 —7.493 (m, 2H), 7.490 —7.342 (m, 6H), 7.344
—7.256 (m, 6H), 5.848 ppm (q, 'J=5.4 Hz, >J=7.8 Hz, 2H); MS (ESI):
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miz (%): 726 (100) [M]*; elemental analysis caled (%) for
C36H,Br,O;P,: C 59.37, H 3.60, O 6.59; found: C 59.46, H 3.68, O 6.77.

General procedure for the Ullmann reactions: A mixture of the bromide
(1 mmol), the carbazole (3 equiv), K,CO; (3 equiv), Cul (0.1 equiv), and
18-crown-6 (0.05 equiv, 0.05 mmol) in 1,3-dimethyl-2-imidazolidinone
(DML, 10 mL) was warmed to 190°C and stirred for 24 h. Then, the reac-
tion was quenched with an aqueous solution of HCI (2™, 10 mL) and ex-
tracted with CH,Cl, (3x10 mL). The organic layer was dried with anhy-
dride Na,SO,. The solvent was removed in vacuo and the residue was pu-
rified by column chromatography on silica gel (petroleum ether/EtOAc).
9-[4-[2-(Diphenylphosphinoyl)-phenoxy]-phenyl]-9H-carbazole ~ (DPES-
POCz): White powder; 246 mg (46% yield from DPESPOBr); '"H NMR
(TMS, CDCl,;, 400 MHz): 6=8.152 (d, J=8.0 Hz, 2H), 8.095 (qd, /=
7.2 Hz, 2J=12.8 Hz, *J=1.6 Hz, 1H), 7.836 (q, '/=7.0Hz, 2/=12.6 Hz,
4H), 7.599 (t, J=7.6 Hz, 1H), 7.514 (td, 'J=7.4 Hz, J=1.2 Hz, 2H),
7.499-7.403 (m, 6H), 7.386-7.267 (m, 7H), 7.009 (q, '/=5.0Hz, /=
8.2Hz, 1H), 6.812ppm (d, /J=8.8Hz, 2H); MS (ESI): m/z (%): 535
(100) [M]*; elemental analysis caled (%) for C;H,,NO,P: C80.73,
H 4.89, N 2.62, O 5.97; found: C 80.91, H4.95, N 2.74, O 6.14.
9-[4-[4-Carbazol-9-yl-2-(diphenylphosphinoyl)-phenoxy]-phenyl]-9H-car-
bazole (DPESPOCz2): White powder; 175 mg (25% yield from DPE-
POBr2); 'HNMR (TMS, CDCl,;, 400 MHz): 6=8.211 (dd, 'J=2.6 Hz,
2J=13.0 Hz, 1H), 8.152 (dd, J=5.6 Hz, /=72 Hz, 4H), 7911 (q, V=
6.8 Hz, 2J=12.4 Hz, 4H), 7.762 (dd, 'J=2.4 Hz, ’J=8.8 Hz, 1H), 7.616—
7.486 (m, 6H), 7.488-7.399 (m, 8H), 7.402-7.297 (m, 6H), 7.211 (dd, 'J=
5.4 Hz, 2/=8.6 Hz, 1H), 6.964 ppm (d, J=8.8 Hz, 2H); MS (ESI): m/z
(%): 700 (100) [M]*; elemental analysis caled (%) for C,HiN,O,P:
C82.27, H4.75, N 4.00, O 4.57; found: C 82.39, H4.76, N 4.15, O 4.81.
9-[4-(2,4-Bis-carbazol-9-yl-phenoxy)-3-(diphenylphosphinoyl)-phenyl]-
9H-carbazole (DPESPOCz3): White powder; 260 mg (30% yield from
DPESPOB13); 'HNMR (TMS, CDCl;, 400 MHz): 6=8.346 (dd, 'J=
2.0Hz, 2/=12.8 Hz, 1H), 8213 (d, J=7.6 Hz, 2H), 8.164 (t, J=7.6 Hz,
4H), 7.824 (dd, 'J=22Hz, 2J=8.6 Hz, 1H), 7.694 (d, J=1.6 Hz, 1H),
7.555-7.296 (m, 25H), 7.265 (s, 1H), 7.187-7.088 (m, 4H), 6.957 ppm (d,
J=8.8Hz, 2H); MS (ESI): m/z (%): 865 (100) [M]*; elemental analysis
caled (%) for CyH,N;O,P: C83.22, H4.66, N4.85 03.70; found:
C83.34, H4.69, N 4.98, O 3.86.
9-[3-(Diphenylphosphinoyl)-4-[2-(diphenylphosphinoyl)-phenoxy]-
phenyl]-9H-carbazole (DPEPOCz): White powder; 294 mg (40 % yield
from DPEPOBr); '"HNMR (TMS, CDCl;, 400 MHz): 6=8.103 (d, J=
7.6 Hz, 2H), 7.890-7.634 (m, 10H), 7.610-7.246 (m, 20H), 7.208 (d, J=
7.4 Hz, 1H), 6.372-6.269 ppm (m, 2H); MS (ESI): m/z (%): 735 (100)
[M]*; elemental analysis calcd (%) for C,HisNO;P,: C78.36, H 4.79,
N 1.90, O 6.52; found: C 78.42, H 4.85, N 2.07, O 6.68.
9-[4-[4-Carbazol-9-yl-2-(diphenylphosphinoyl)-phenoxy]-3-(diphenylphos-
phinoyl)-phenyl]-9H-carbazole (DPEPOCz2): White powder; 225 mg
(25% yield from DPEPOBr2); 'H NMR (TMS, CDCl;, 400 MHz): 6 =
8.119 (d, J=7.6 Hz, 4H), 7.826 (dd, 'J=2.4 Hz, 2/=13.2 Hz, 4H), 7.818-
7.684 (m, 6H), 7.620-7.465 (m, 8H), 7.462-7.352 (m, 10H), 7.350-7.296
(m, 8H), 7.211 (dd, 'J=5.4Hz, *J=8.6Hz, 1H), 6.594 ppm (q, 'J=
5.2 Hz, 2J=8.4 Hz, 2H); MS (ESI): m/z (%): 900 (100) [M]*; elemental
analysis caled (%) for C4Hp,N,O5P,: C79.99, H4.70, N 3.11, O 5.33;
found: C 80.02, H4.69, N 3.24, O 5.51.

Gaussian calculations: Computations on the electronic ground state of
the single-molecular compounds in a vacuum were performed by using
Becke’s three-parameter density functional in combination with the non-
local correlation functional of Lee, Yang, and Parr (B3LYP)."! 6-31G(d)
basis sets were employed. Ground-state geometries in a vacuum were
fully optimized at the B3LYP level. All of the computations were per-
formed by using the Gaussian 03 package.””!

Device fabrication and testing: Prior to the fabrication of the devices, the
patterned ITO-coated glass substrates were scrubbed and sonicated con-
secutively with acetone, EtOH, and deionized water. All of the organic
layers were thermally deposited under a vacuum (about 4.0x 10~ Pa) at
a rate of 1-2 As™!, which was monitored in situ by a quartz oscillator. To
decrease the ohmic loss, a heavily p-doped layer with MoO,, considering
the low doping efficiency in amorphous organic matrices with transition-
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metal-oxide-based acceptors, was directly deposited onto the ITO sub-
strate for each sample. After the deposition of Cs,CO;, the samples were
transferred into a metal chamber and suffered from a vacuum break,
owing to the change of the shadow masks to determine the active area.
The luminance—current-voltage characteristics of the samples were meas-
ured on a PR650 spectrascan spectrometer with a Keithley 2400 pro-
grammable voltage—current source. All of the samples were measured di-
rectly after fabrication without encapsulation in air at RT.
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