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Introduction

Organic semiconductors with optoelectronic performance
are developed rapidly in recent years due to their potential
applications in information technology and energy fields.
For these applications, such as organic light-emitting diodes
(OLEDs)[1] and organic solar cells (OSC),[2] both optical and
electrical properties of the materials should be optimised to
satisfy the specific requirements and sequentially improve
the device performance.[3] Owing to abundant organic func-
tional groups and diverse molecular configurations, a great
amount of organic molecules is developed to seek the
“ideal” organic semiconductor.[4] Nevertheless, because op-
toelectronic properties are the combined results of various
factors,[5] for example, the excited state, the molecular aggre-
gation style and intra- and intermolecular interactions, it is
rather complicated and difficult to purposefully construct
materials with the preferred performance. Furthermore, the
same origin of two or more properties even leads the molec-
ular design in a dilemma, as is the situation of hosts in phos-
phorescent organic light-emitting diodes (PHOLEDs).[6]

One of the main challenges in this field is how to obtain ef-
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ficient host materials with both a high first triplet energy
levels (T1) and a good electrical performance, which reflects
the intrinsic contradictory between optical and electrical
properties, derived from the correlation between excited
states and frontier molecular orbitals (FMOs).[7]

Because the first singlet energy level (S1) is approximately
equivalent to the energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO), a high S1 of the hosts, due to high a
T1 required for exothermic energy transfer to phosphors,
leads to a big barrier for carrier injection and transportation,
which results in a remarkably high driving voltages com-
pared with the fluorescent counterparts.[1g] One of the prom-
ising strategies is constructing carrier-transporting-type host
materials with high energy gaps, such as phosphine oxide
(PO) hosts.[8] To further improve the electrical performance
of the hosts, ambipolar hosts with a high T1 are developed
as binary systems through insulating linkages blocking intra-
molecular interactions between the donor and acceptor moi-
eties.[9] Recently, our groups reported highly efficient PHO-
LEDs with extremely low driving voltages on the basis of
ternary systems composed of a chromophore for a high T1

and donor and acceptor moieties for improved electrical
properties.[10] The linkages between these functional groups
were carefully chosen to avoid the interference between the
T1 states and the electrical properties by making these prop-
erties contributed by the corresponding moieties.[10a,d]

However, although it is facile to tune the location of the
HOMO and the LUMO owing to the major contributions of
the donor and acceptor moieties to these FMOs, it is still ex-
tremely difficult to accurately control the location of the
triplet excited states, which is much more serious when fur-
ther extending the conjugation to quaternary systems.[11]

Until now, except for several polymeric hosts with short and
insulated repeat units,[12] most of the high energy-gap hosts
are small molecules with limited conjugation and functional
groups and low molecular weights of less than
1000 g mol–1.[9r] Although it is rational that increasing the
number of different functional groups in a single molecule
can facilitate the more accurate tuning of the optoelectronic
properties, the formidable challenge of fixing the triplet-ex-
cited-state location still makes the development of efficient
quaternary host materials inconclusive. In this sense, the sys-
tematical investigation of the relationship between the loca-
tion of the triplet excited state and the molecular structures
of the quaternary host materials is imperative.

In this contribution, we showed the investigation of the
modulation of the optoelectronic properties of the quaterna-
ry host materials with the strategy of mixed multi-insulating
and indirect linkages on the basis of four PO hosts, namely
9,9-bis-{4’-[2-(diphenylphosphinoyl)phenoxy]biphenyl-4-yl}-
9H-fluorene (DDPESPOF), 9,9-bis-{3’-(diphenylphosphino-
yl)-4’-[2-(diphenylphosphinoyl)phenoxy]-biphenyl-4-yl}-9H-
fluorene (DDPEPOF), 9-[4’-(9-{4’-[2-(diphenylphosphoryl)-
phenoxy]biphenyl-4-yl}-9H-fluoren-9-yl)biphenyl-4-yl]-9H-
carbazole (DPESPOFPhCz) and 9-[4’-(9-{3’-(diphenylphos-
phoryl)-4’-[2-(diphenylphosphoryl)phenoxy]biphenyl-4-yl}-

9H-fluoren-9-yl)biphenyl-4-yl]-9H-carbazole (DPE-
POFPhCz) (Figure 1 and Scheme 1), with the building
blocks fluorenyl as chromophore for high a T1, carbazolyl
and diphenylether as two different donor moieties and di-
phenylphosphine oxide (DPPO) as acceptor for improved
electrical performance. Owing to the mixed linkage strategy,
the T1s of these compounds are successfully preserved as
2.87 eV for efficient energy transfer to phosphorescent dyes,
whereas their S1s and carrier injection/transportation abili-
ties were readily adjusted by the variation of the number
and types of functional groups. It is showed that in these
large conjugated systems, fluorenyl, diphenylene and carba-
zolyl can be involved in triplet excited states. The specific
location is sensitive to the substitution positions of function-
al groups that are different for the DDPEPOF and DPE-
POFPhCz. The T1 states of DDPESPOF and DPES-
POFPhCz were absolutely localised on fluorenyls to realise
the relatively independent contributions of the functional
groups to the optoelectronic properties as expected. As the
results, compared with those of DPEPOFPhCz, the full-
colour PHOLEDs of DPESPOFPhCz achieved the much
better electroluminescent (EL) performance including lower
driving voltages, larger luminance and higher efficiencies,
even though these two hosts have the extremely similar op-
toelectronic properties. This investigation establishes a solid
example to reveal the significance of controlling the triplet-
excited-state location for highly efficient host materials.

Results and Discussion

Design and synthesis : In our previous works of ternary PO
hosts, we noticed the location shift of the triplet excited
states after conjugation extension and functionalisation, and
utilised this phenomenon to realise the convergent tuning of
the S1 and T1 excited states on the basis of DPEPO-carba-
zole hybrids.[10d] When further extending the conjugation
and incorporating more functional groups, the T1 excited
state localisation of quaternary systems becomes more elu-

Figure 1. Molecular design of the quaternary PO host DPESPOFPhCz.
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sive. However, just because of this, the quaternary system
actually provides a good platform for investigating the
impact of T1 excited state location on the electroluminescent
performance of the hosts. Nevertheless, the molecular struc-
tures of the desired host materials should be carefully de-
signed to achieve high enough T1 energy levels for efficient
energy transfer to dopants and tunable electrical properties
for rational comparison.

Considering these pre-requisites, two kinds of effective
linkages as indirect and multi-insulating linkages were in-
volved to block the communication between functional
groups, facilitating the formation of bipolar structures and
preserved T1s. The indirect linkage was formed through the
9-position of fluorenyl, accompanied with a further conjuga-
tion extension through the incorporation of typically multi-
insulating DPESPO[10d] or DPEPO.[8] The quaternary sys-
tems were further established as the combination of fluoren-
yl, electron-donating carbazolyl and diphenylether as well as
electron-withdrawing DPPO by introducing carbazolyl on
the other side of fluorenyl (Figure 1). The asymmetrical con-
figurations of DPESPOFPhCz and DPEPOFPhCz are bene-
ficial to the formation of stable amorphous films.[9q] The
other two symmetrical compounds DDPESPOF and DDPE-
POF were also prepared with the same considerations
(Scheme 1). The high molecular weight of all of these four
hosts about 1000 g mol–1 and their rigid structures might
result in an improved thermal and morphological stability.

DDPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz were conveniently prepared from the bromide
precursor FPhBr2 through forming boric acid and Suzuki
coupling with moderate total yields around 40 %
(Scheme 1). The structure characterisation was established
on the basis of mass spectrometry, NMR spectroscopy and
elemental analysis.

DFT simulation : The contributions of different functional
groups in quaternary systems to the optoelectronic proper-
ties are the focus of this study. The energy levels of the
FMOs can provide the referable information for evaluating
the carrier-injecting ability. Therefore, density function
theory (DFT) calculations on the ground states of DDPES-
POF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz were
performed to determine the contributions of the moieties to
the FMOs, as well as the formation of bipolar structures.
Furthermore, the T1 states of these molecules were also si-
mulated to obtain the spin-density distributions (SDDs),
which indicate the locations of the T1 excited states
(Figure 2).

With the strong electron-donating ability of the O atom in
ether, diphenylene formed by one phenylene of diphenyleth-
er and another phenylene at the 9-position of fluorenyl
make the major contribution to the HOMO of DDPESPOF,
whereas its LUMO is mainly localised on the phenyls bond-
ing to P=O by a strong inductive effect accompanied with a
minor contribution from fluorenyl. Owing to its extended
conjugation, the HOMO energy level of DDPESPOF is re-
markably elevated to �5.415 eV compared with its parent
molecule DPESPO. Although its LUMO energy level is as
high as �0.844 eV, the separated FMOs indicate the ambi-
polar characteristics of DDPESPOF. Its symmetrical config-
uration results in the close HOMO and HOMO�1 as well
as LUMO and LUMO + 1, which is beneficial to the inter-
molecular charge transfer. Two more DPPOs in DDPEPOF
induce the simultaneous decrease of its LUMO and HOMO
for 0.163 and 0.326 eV, respectively, ascribed to the same lo-
cation of the FMOs on fluorenyl and diphenylene. There-
fore, the S1 of DDPEPOF is increased for 0.163 eV, implying
its weakened carrier injection ability. After incorporation of
carbazolyls in DPESPOFPhCz and DPEPOFPhCz, the
HOMO energy levels are dramatically elevated to
�5.279 eV owing to the major contribution of the carbazol-

Scheme 1. Synthetic procedure of DDPESPOF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz. TBAB= tetra-n-butylammonium bromide.
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yls to the HOMO and HOMO+ 1. As expected, the incorpo-
ration of stronger electron-donating carbazolyl can remarka-
bly improve the hole injection ability. Furthermore, their
LUMO energy levels are also changed to �1.061 eV with
the decreases of 0.217 and 0.054 eV, respectively, compared
with DDPESPOF and DDPEPOF. As the combined result,
the S1s are further reduced for more than 0.35 eV. Noticea-
bly, the indirect and multi-insulating linkages effective sup-
press the communications between the functional groups,
endowing both quaternary DPESPOFPhCz and DPE-
POFPhCz with the same FMO energy levels and very simi-
lar electron-cloud distributions. It reveals that DDPESPOF,
DPESPOFPhCz and DPEPOFPhCz are ambipolar, but
DDPEPOF seems to be unipolar.

The T1 states of these four molecules were also investigat-
ed by DFT simulations. Their calculated T1 energy levels are

about 2.90 eV, which further demonstrates the significant
effect of the linkage styles on preserving high T1s. More im-
portantly, according to the contours of the SDDs, the T1

states of DDPESPOF and DPESPOFPhCz are absolutely
contributed by fluorenyl. It was shown that the incorpora-
tion of carbazolyl and the variation of the molecular symme-
try do not influence the T1 excited state location. Therefore,
the functional groups in DDPESPOF and DPESPOFPhCz
as donor, acceptor and chromophore independently contrib-
ute to the corresponding optoelectronic properties as ex-
pected. However, with additional DPPO bonding to diphe-
nylether, the T1 state location of DDPEPOF shifts to the di-
phenylene, whereas carbazolyl in DPEPOFPhCz makes the
major contribution to the T1 state. Obviously, the shift of
the T1 state location is ascribed to the influence of the addi-
tional DPPOs, which should be blocked by the combined in-

Figure 2. Energy level diagram, molecular configuration and spin-density distribution of the T1 states of DDPESPOF, DDPEPOF, DPESPOFPhCz and
DPEPOFPhCz, simulated by DFT calculations.
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direct and multi-insulating linkages as for DDPESPOF and
DPESPOFPhCz rather than the single indirect linkage as
for DDPEPOF and DPEPOFPhCz. Significantly, DPES-
POFPhCz and DPEPOFPhCz exhibited extremely similar
properties of FMO distribution and T1 energy levels, except
for their different T1 state locations, providing a sound plat-
form for investigating the influence of the T1 state location
on the EL performance of the hosts.

Optical properties : The electronic absorption and photolu-
minescent spectra of DDPESPOF, DDPEPOF, DPES-
POFPhCz and DPEPOFPhCz directly show their excited
state characteristics (Figure 3 and Table 1). The absorption

spectrum of DDPESPOF in dilute solution is composed of
three bands around l= 288, 261 and 226 nm, which are at-
tributed to an n!p* transition from diphenylether to fluo-
renyl, an n!p* transition of diphenylether and a p!p*
transition of DPPO, respectively. For DDPEPOF, the first
two bands overlap with the peak at l= 274 nm. The incorpo-
ration of carbazolyls in DPESPOFPhCz and DPEPOFPhCz
results in two new bands around l= 340 and 310 nm, corre-
sponding to n!p* transitions from carbazolyl to dipheny-
lether and fluorenyl, respectively. The absorption spectra of

these four molecules in thin film are similar to those in solu-
tion with remained fine structures, which indicates the re-
duced aggregation in the solid states (Figure SI1 in the Sup-
porting Information). According to the optical energy gaps
evaluated by the absorption edges, the S1 of DDPESPOF is
3.75 eV, and 0.08 eV lower than that of DDPEPOF. The S1s
of DPESPOFPhCz and DPEPOFPhCz are further reduced
to 3.51 eV due to absorption extension by the carbazolyl-in-
volved transitions, which is in perfect agreement with the
DFT calculation results. The fluorescence (FL) spectra of
DDPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz in dilute solution are similar. Only a slight batho-
chromic shift of 17 nm for the emission peaks was observed
from DDPESPOF to DPESPOFPhCz. Furthermore, the in-
corporation of carbazolyl in DPESPOFPhCz and DPE-
POFPhCz remarkably reduces the full width at half maxi-
mum (FWHM) of their emission from 70 to 50 nm, which
implies the suppressed intramolecular interactions. The
solid-state emission spectra of DDPESPOF and DDPEPOF
are similar with peaks at about l= 420 nm (Figure SI1 in the
Supporting Information). The bathochromic shifts for
DPESPOFPhCz- and DPEPOFPhCz-based films are small-
er owing to their asymmetrical configurations for suppress-
ing intermolecular interactions.

The suppressed intramolecular interaction of DDPES-
POF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz was
further confirmed through their FL spectra in various sol-
vents with different polarity (Figure SI2 in the Supporting
Information). The emission of DDPESPOF and DDPEPOF
shifts bathochromically along with increasing the solvent po-
larity with an interval less than 20 nm. It is interesting that
with the stronger electron-donating carbazolyls and the am-
bipolar structures, DPESPOFPhCz and DPEPOFPhCz
reveal much more stable emissions with very close emission
peaks and similar profiles in different solvents, which might
be due to the mixed indirect and insulating linkages that
supported effective suppression of intramolecular charge
transfer (ICT). Actually, restraining low-energy excited
states is the pre-requisite for achieving both ambipolar char-
acteristics and high T1s.

The time-resolved phosphorescence (PH) spectra of
DPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz were measured at 77 K to estimate the T1 energy

Figure 3. Absorption (solid), fluorescence (FL, hollow) and phosphores-
cence (PH, inset) spectra of DDPESPOF (black, &), DDPEPOF (red,
*), DPESPOFPhCz (green, ~) and DPEPOFPhCz (blue, !) in CH2Cl2

(10�6 mol L�1). The PH spectra were measured at 77 K after a delay of
300 ms.

Table 1. Physical properties of the PO hosts.

Absorption
[nm]

Emission
[nm]

PLQY[c]

[%]
S1

[eV ACHTUNGTRENNUNG[ T1

[eV]
Tg/Tm/Td

[oC][h]
RMS
[nm]

HOMO
[eV]

LUMO
[eV]

DDPESPOF 288, 261, 226[a] 319, 330, 357[a] 30.8 3.75[d] 2.87[f] 166/–/531 0.106 �6.20[g]/�5.42[e] �2.45[g]/�0.84[e]

298, 262, 230[b] 423[b] 4.57[e] 2.96[e]

DDPEPOF 274, 227[a] 353, 371[a] 52.9 3.83[d] 2.87[f] 203/–/472 0.162 �6.33[g]/�5.74[e] �2.50[g]/�1.01[e]

293, 263, 230[b] 421[b] 4.73[e] 2.96[e]

DPESPOFPhCz 339, 309, 283, 263, 227[a] 353, 370[a] 25.3 3.51[d] 2.87[f] 238/–/523 0.202 �6.12[g]/�5.28[e] �2.61[g]/�1.06[e]

328, 293, 260, 207[b] 370, 403[b] 4.22[e] 2.90[e]

DPEPOFPhCz 340, 308, 291, 261, 228[a] 353, 371[a] 61.7 3.52[d] 2.87[f] 248/–/475 0.208 �6.12[g]/�5.28[e] �2.61[g]/�1.06[e]

326, 289, 259, 226, 205[b] 414[b] 4.22[e] 2.96[e]

[a] Measured in CH2Cl2 (10�6 mol L�1). [b] Measured in a film. [c] Calculated by using 9,10-diphenylanthracene as standard. [d] Estimated according to
the absorption edges. [e] DFT-calculated results. [f] Calculated according to the 0–0 transitions of the phosphorescence spectra. [g] Calculated according
to the equation HOMO/LUMO = 4.78+onset voltage. [h] Tg = temperature of glass transition, Tm =melting point, Td = temperature of decomposition.
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levels according to the 0–0 transitions (inset in Figure 2 and
Table 1). The 0–0 transitions of all four compounds are at
about l= 430 nm, corresponding to a T1 of 2.87 eV, which is
high enough for a positive energy transfer to the commer-
cially available blue phosphor bis ACHTUNGTRENNUNG(4,6-(difluorophenyl)pyri-
dinato-N,C2)picolinate iridium ACHTUNGTRENNUNG(III) (FIrpic, T1 =2.65 eV).
Therefore, we successfully realised the large, conjugated,
host materials with rather high T1s. Their uniform T1 energy
levels should be attributed to the suppression of interference
between the functional groups by indirect and multi-insulat-
ing linkages, which is in accord with the DFT calculation re-
sults.

Obviously, the mixed linkage strategy endows the quater-
nary DPESPOFPhCz and DPEPOFPhCz with the much re-
duced S1 by forming bipolar structures and the preserved T1

by suppressing intramolecular interplays. As a result, com-
pared with DDPESPOF and DDPEPOF, the energy gaps
between S1 and T1 are reduced by 0.3 eV. Significantly, as in-
dicated by DFT calculations, DPESPOFPhCz and DPE-
POFPhCz exhibit almost the same photophysical properties
with the extremely similar spectra from peak wavelengths to
profiles, as well as the same excited energy levels.

Carrier injection and transportation properties : Cyclic vol-
tammograms of DDPESPOF, DDPEPOF, DPESPOFPhCz
and DPEPOFPhCz were measured to confirm their redox
behaviour, which is related to the carrier injection abilities
(Figure 4 a). DDPESPOF revealed a semi-reversible oxida-
tion peak with an onset voltage of 1.42 V, corresponding to
the oxidation of diphenylene and the HOMO of �6.20 eV
(Table 1). Its irreversible reduction peak was observed at
�2.84 V with an onset voltage of �2.33 V, corresponding to
the LUMO of �2.45 eV. The situation is similar for DDPE-
POF, HOMO and LUMO energies of which are �6.33 and
�2.50 eV, respectively. DPESPOFPhCz and DPEPOFPhCz
also showed an irreversible reduction peak at about �2.6 V
with an onset voltage at �2.17 V, corresponding to the
LUMO of �2.61 eV. Beside the irreversible oxidation peaks
at about 2.1 V, the carbazolyls in DPESPOFPhCz and DPE-
POFPhCz give rise to the first semi-reversible oxidation
peaks at 1.63 V and result in the HOMO of �6.12 eV. The
similar oxidation peaks of DPESPOFPhCz and DPE-
POFPhCz further demonstrate the restrained intramolecular
interplays between the functional groups. Furthermore, their
HOMO–LUMO energy gaps are 3.51 eV, which is exactly
equivalent with the results of the optical analysis.

The nominal single-carrier transporting devices based on
DDPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz were fabricated to estimate their carrier trans-
porting abilities, whose configurations are ITO|MoOx

(2 nm)|m-MTDATA:MoOx (15 wt%, 30 nm)|m-MTDATA
(10 nm)|[Ir ACHTUNGTRENNUNG(ppz)3] (10 nm)|host (30 nm)|[Ir ACHTUNGTRENNUNG(ppz)3] (10 nm)|m-
MTDATA (10 nm)|m-MTDATA:MoOx (15 wt %,
30 nm)|MoOx (2 nm)|Al for hole-only devices and
ITO|Cs2CO3 (1 nm)|BPhen (40 nm)|host (30 nm)|BPhen
(40 nm)|Cs2CO3 (1 nm)|Al for electron-only devices, respec-
tively, where MoOx and Cs2CO3 served as hole- and elec-

tron-injecting layers, m-MTDATA is 4,4’,4’’-tri(N-3-methyl-
phenyl-N-phenylamino)triphenylamine as the hole-trans-
porting layer (HTL), [IrACHTUNGTRENNUNG(ppz)3] is tris(phenylpyrazole)iridi-
um as the hole-transporting/electron-blocking layer and
BPhen is 4,7-diphenyl-1,10-phenanthroline as the electron-
transporting hole-blocking layer. The ambipolar characteris-
tic and suitable molecular configuration endow DDPESPOF
with the balanced carrier transporting ability indicated by
the comparable electron-only and hole-only current densi-
ties (J ; Figure 4 b). The devices based on DDPEPOF
showed the smallest hole-only and electron-only J, which
was mainly originated from its unipolar characteristics. The
molecular configuration of DDPEPOF should be another
reason why its fluorenyl makes the major contribution to
the LUMO, but is embedded by the surrounding moieties.
This impeded the intermolecular electron hopping between
fluorenyls in adjacent DDPEPOF molecules. It was shown
that the hole-transporting carbazolyls in DPESPOFPhCz-
and DPEPOFPhCz supported their devices with the stron-
gest hole-transporting ability among these hosts, which was
proven by the highest hole-only J. The electron-only J of
DPESPOFPhCz- and DPEPOFPhCz-involved devices was
also dramatically improved for several orders of magnitude
compared with those of the devices based on DDPESPOF

Figure 4. a) Cyclic voltammograms of DPESPOF (&), DDPEPOF (*),
DPESPOFPhCz (~) and DPEPOFPhCz (!) measured in CH2Cl2 with
tetra-n-butylammonium hexafluorophosphate as supporting electrolyte
(0.1 mol L�1) at a scanning rate of 100 mV S�1. b) IV characteristics of
nominal single-carrier transporting devices based on the hosts (filled sym-
bols=electron-only, open symbols=hole-only).
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and DDPEPOF, owing to their more rigid and planar struc-
ture for efficient intermolecular charge transport.

It was shown that in these large conjugated hosts, the
function of the PO groups is mainly focused on enhancing
the electron-capture ability of the bonded moieties by a
strong inductive effect rather than directly getting involved
in carrier transportation. Therefore, the big steric hindrance
of the peripheral DPESPO and DPEPO groups in DDPES-
POF and DDPEPOF may restrain the intermolecular com-
munication between the electrically active moieties and
result in the worse carrier transporting performance. Thus,
for large conjugated systems the molecular structure should
be one of the determinants for carrier transportation.

Thermal and morphological properties : The investigation of
the thermal properties of DDPESPOF, DDPEPOF, DPES-
POFPhCz and DPEPOFPhCz was performed by using ther-
mogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) (Figure 5 and Table 1). All four hosts exhib-
ited a rather high thermal stability with a temperature of de-
composition (Td) at a weight loss of 5 % for more than
450 8C, making the device fabrication by vacuum evapora-
tion feasible. Although the molecular weight of DDPES-
POF is 120 g mol–1 higher than that of DPESPOFPhCz,
their Td values are almost the same. DDPEPOF and DPE-
POFPhCz revealed the similar situation. This is the com-
bined result of the DPPO-induced improvement of the mo-
lecular sublimability and the high rigidity of carbazolyl.[8i]

For the same reason, the Td values of DDPEPOF and DPE-
POFPhCz are 50 8C lower than those of DDPESPOF and
DPESPOFPhCz. DSC analysis showed that no melting
point (Tm) was observed during the heating cycles before de-
composition of all four hosts (inset in Figure 5 and Table 1),

which indicates the facility of forming amorphous states.
The temperature of glass transition (Tg) of DDPESPOF is
recognised as 166 8C, whereas the high rigidity of carbazolyl
in DPESPOFPhCz further improves its Tg for 37 8C. Owing
to the steric hindrance of DPPO, the Tg of DDPEPOF is
much higher (238 8C). The substitution of the DPEPO
moiety with phenylcarbazole in DPEPOFPhCz only results
in an increase of 10 8C for Tg. Therefore, both DPPO with
high steric hindrance and carbazolyl with high rigidity can
contribute to the phase stability. The excellent thermal per-
formance of these large, conjugated, quaternary hosts im-
plies their advantages in device stability by suppressing
phase separation during long-term operation.

The film formability of these hosts was also investigated
with atom force microscopy (AFM) and scanning electronic
microscopy (SEM) (Figure 6). The AFM images show that

Figure 5. TGA and DSC curves of DDPESPOF (&), DDPEPOF (*),
DPESPOFPhCz (~) and DPEPOFPhCz (!).

Figure 6. AFM (top) and SEM (bottom) images of vacuum-evaporated thin films of DDPESPOF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz with
a thickness of 100 nm.
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through vacuum evaporation all of the hosts can form uni-
form thin films with regular island-like fine structures in the
scale of nanometres, which is beneficial to improve the in-
terfaces with adjacent carrier transporting layers. No crystal-
lisation and aggregation was recognised, which was further
verified by SEM images. The film quality was so high that
the biggest root mean square roughness (RMS) was only
0.208 nm for a DPEPOFPhCz-based film (Figure 6 and
Table 1). The RMS of a DDPESPOF-based film was even as
small as 0.106 nm. The films of DDPESPOF and DDPEPOF
were smoother than those of their carbazolyl-involved ana-
logues, which might be attributed to the stronger molecular
sublimability with more DPPOs and the ordered molecular
alignment owing to the symmetrical configuration.

EL performance of blue, green, yellow and red PHOLEDs :
The fine-modulated optoelectronic properties of DDPES-
POF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz are
the targeted investigation of the specific factors, such as the
T1 excited state location, for feasible EL performance.
Therefore, full-colour PHOLEDs based on these hosts were
fabricated with the configuration ITO|MoOx (2 nm)|m-
MTDATA:MoOx (15 wt. %, 30 nm)|m-MTDATA
(10 nm)|[Ir ACHTUNGTRENNUNG(ppz)3] (10 nm)|host:phosphorescent dopants
(y wt %, 10 nm)|BPhen (40 nm)|Cs2CO3 (1 nm)|Al
(Scheme 2). FIrpic is involved as blue phosphor (y=10) to
fabricate the blue PHOLEDs named BA–BD by using
DDPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz as the host, respectively. Analogously, GA–GD,

YA–YD and RA–RD were the green, yellow and red PHO-
LEDs based on the corresponding phosphors of tris(2-phe-
nylpyridine) iridi ACHTUNGTRENNUNGum(III) ([Ir ACHTUNGTRENNUNG(ppy)3], y=6), iridium(III)
bis(4-phenylthienoACHTUNGTRENNUNG[3,2-c]pyridinato-N,C2) acetylacetonate
(PO-01, y=6) and bis(2-methyldibenzo-ACHTUNGTRENNUNG[f,h]quinoxaline)(acetylacetonate) iridium(III) ([Ir-ACHTUNGTRENNUNG(MDQ)2acac], y= 8), respectively. The efficient energy
transfer from the hosts to the dopants was demonstrated by
stable EL spectra of these devices corresponding to the
emission of these phosphors during voltage increasing
(insets in Figure 7 and Figure SI3 in the Supporting Informa-
tion). Although the optoelectronic properties of these hosts
are different, the peak wavelengths and shapes of the EL
emissions were only determined by the dopants rather than
the hosts, which revealed the similar location of recombina-
tion zones owing to the thin emitting layers (EML) with a
thickness of 10 nm.

The current/voltage (IV) characteristics of the devices re-
vealed the electrical properties of the EMLs as a combina-
tion of hosts and dopants. According to the energy level dia-
gram of the devices, the higher LUMOs and lower HOMOs
of the hosts made the contributions of the dopants to the
carrier injection/transportation non-ignorable (Scheme 2).
DDPESPOF and DPESPOFPhCz endowed their blue PHO-
LEDs BA and BC with the driving voltages of 2.8 V for
onset and <3.8 V at 100 cd m�2, respectively, which were
much lower than those of BB and BD that are based on
DDPESPOF and DPESPOFPhCz (Figure 7 a and Table SI1
in the Supporting Information). The same tendency for J

was noticed, that is, at the same
voltages BA and BC had com-
parable J values, which are
bigger than that of BD. And
the J value of BC was the
smallest among these devices.
The similar IV characteristics of
BA and BC might be attributed
to the contribution of FIrpic for
hole injection and transporta-
tion, which made up for the
weakness of DDPESPOF in
hole injection/transportation
ability. This was further proven
by the consistency of J and the
electron-transporting ability of
the hosts. The differences be-
tween the brightness of BA-BD
were much more distinct that
DDPESPOF and DPES-
POFPhCz endowed their devi-
ces BA and BC with the much
higher luminance at the same
voltages and J, compared with
BB and BD based on DDPE-
POF and DPEPOFPhCz (Fig-
ure SI4 in the Supporting Infor-
mation. Because all of the hostsScheme 2. Device configuration and energy-level diagram of PHOLEDs based on the four different hosts.
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have the same T1 of 2.86 eV for efficient positive energy
transfer to FIrpic, for BA, both of the balance of carrier in-
jection and transportation with the assistance of FIrpic and
the stability of the triplet excitons by its fluorene-localised
T1 state should be the main factors for its highest luminance
among the devices. The different T1 state locations in DPES-
POFPhCz and DPEPOFPhCz should also be one of the

main reasons for the discrepancy between BC and BD in
the EL brightness. Suffering from the worst electrical prop-
erties and the diphenylene-localised T1 state of DDPEPOF,
its green, yellow and red PHOLEDs, GB, YB and RB,
showed the biggest driving voltages and the smallest lumi-
nances among the analogous devices. It was shown that the
IV characteristics of DDPESPOF-based devices were re-

Figure 7. Brightness–current density (J)–voltage (BIV) curves and efficiency–luminance curves of the blue- (a and b), green- (c and d) and red-emitting
(e and f) PHOLEDs based on DDPESPOF, DDPEPOF, DPESPOFPhCz and DPEPOFPhCz.
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markably dependent on the electrical properties of the dop-
ants. Significantly, owing to the stronger electron injection/
transportation ability of [Ir ACHTUNGTRENNUNG(ppy)3], PO-01 and [Ir-ACHTUNGTRENNUNG(MDQ)2acac] with much lower LUMOs around �3.0 eV, the
relatively weaker electron transportation in DPEPOFPhCz
was reinforced. In this case, the J values of its devices GD,
YD and RD became comparable with that of the DPES-
POFPhCz-based devices GC, YC and RC. Nevertheless,
DPESPOFPhCz still supported its devices with a bigger lu-
minance. Especially at high J, the brightness of YC and RC
can continuously increase, whereas the tendency of the
brightness of YD and RD remarkably slowed down, indicat-
ing a serious quenching at high exciton concentration. With
the same T1 energy levels and similar IV characteristics of
their devices, this contrast should be ascribed to the differ-
ent T1 state locations of DPESPOFPhCz and DPE-
POFPhCz. The simultaneous contribution of carbazolyl to
the hole injection/transportation and the T1 state of DPE-
POFPhCz may worsen the polaron–exciton quenching.[13] In
this sense, the independent contributions to the optoelec-
tronic properties by different functional groups in the hosts
should be superior, especially for the complicated conjugat-
ed systems.

It is believed that the high enough T1 energy levels and
the balanced carrier injection/transportation are two main
determinants for the efficiency of the host materials.
However, the stability of the triplet excitons is also one of
the most important factors for device performance. Thus,
the impact of the T1 state location on the EL performance
of these hosts was focused in this work, which was further
exhibited by the comparison of their device efficiencies.
Considering the same T1 energy levels of these hosts, only
the carrier injection/transportation balance and the T1 state
location were involved in the following discussion. The effi-
ciencies of BA were 12.5 cd A�1 for the current efficiency
(C.E.), 12.3 Lm W�1 for the power efficiency (P.E.) and
6.6 % for the external quantum efficiency (E.Q.E.), which
were the highest values among the blue PHOLEDs (Fig-
ure 7 b and Table SI1 in the Supporting Information). The
DPESPOFPhCz-supported BC had the second high efficien-
cies of 8.3 cd A�1, 7.9 Lm W�1 and 4.5 %, which were more
than two-folds of those of BB and BD. The much improved
EL efficiencies of BA and BC should be the combined
result of the relatively balanced carrier transportation and
the independent contribution of the fluorenyls to the T1

states. Owing to the regulation ability of [Ir ACHTUNGTRENNUNG(ppy)3] with the
efficient radiative transition and the good electrical proper-
ties, GA, GC and GD achieved high efficiencies of more
than 20 cd A�1 for the C.E. and 20 Lm W�1 for the P.E.
Nevertheless, the efficiencies of GC were the highest with
25.9 cd A�1, 26.3 Lm W�1 and 7.3 %, which were enhanced
by 20 % compared with those of GD. Because GC and GD
exhibited the similar carrier injection and transportation,
this improvement should be attributed to the T1 location of
DPESPOFPhCz on its fluorenyl. The situation for the
yellow and red PHOLEDs was much different. Because the
T1 energy levels of PO-01 and [Ir ACHTUNGTRENNUNG(MDQ)2acac] were only

2.2 and 2.0 eV, respectively, the large triplet energy gaps of
more than 0.7 eV between the host and the dopant restrain
the energy transfer and therefore involve some non-radia-
tive transitions. In this case, the stable T1 excited state
became more important for realising high EL efficiencies.
As a result, the efficiencies of YC of 24.4 cd A�1,
25.4 Lm W�1 and 7.8 % were the highest among the yellow
PHOLEDs, which were more than twice of those of YD.
Obviously, the much improved efficiencies of YC might
originate from the more stable T1 state of DPESPOFPhCz
and the consequential higher host–dopant energy transfer
efficiency. The order of the efficiencies of YA–YD actually
reflected the contributions of the T1 excited state location in
the hosts and the balanced carrier injection/transportation in
the EMLs to the device performance. The DDPESPOF-
and DPESPOFPhCz-supported YA and YC had higher effi-
ciencies due to the independent contributions of their func-
tional groups to their optoelectronic properties. The better
electrical properties of DPESPOPhCz further resulted in
higher efficiencies of YC than those of YA. Although DPE-
POPhCz has very similar optoelectronic properties as
DPESPOPhCz, its carbazolyl-located T1 state leaded to
much worse efficiencies for YD, which are even lower than
those of YA. With the worst electrical properties and the di-
phenylene-localised T1 state, it was not surprising that the
DDPEPOF-based YB had the lowest efficiencies. Therefore,
the location of the T1 state is at least as equally important as
the carrier injection/transportation balance. The situation
for RA–RD was similar, as RC achieved the highest effi-
ciencies of 5.4 cd A�1, 5.3 Lm W�1 and 4.1 %, which were
50 % higher than those of RD.

The superiority of DPESPOPhCz can be summarised as
follows: 1) Its carrier injection/transportation ability and its
T1 state are contributed by different functional groups,
which can suppress the polaron–exciton quenching effect.
2) Its T1 excited state is localised on fluorenyl, which is em-
bedded and protected from collision-induced quenching by
peripheral carrier transporting groups.[13,14] Therefore,
DPESPOPhCz can support its devices with a much im-
proved EL performance through blocking several quenching
channels. It should also be noticed that the efficiencies of
BC with the quaternary DPESPOPhCz were lower than
those of its ternary counterparts-based devices, but the effi-
ciencies of their green PHOLEDs were comparable.[10d] This
implies that besides of the slightly lower T1 energy levels,
the energy loss induced by structural relaxation originating
from the more adjustable groups in the quaternary system,
might be one of the main reasons, which had to be consid-
ered for the molecular design in subsequent works.

Conclusion

A series of novel large, conjugated, PO hosts, namely
DDPESPOF, DDPEPOF, DPESPOFPhCz and DPE-
POFPhCz, with high energy gaps was designed and synthes-
ised for the developing of efficient full-colour PHOLEDs.
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Through the mixed indirect and multi-insulating linkages,
high T1 energy levels about 2.9 eV were achieved for all of
them with a molecular weight about 1000 g mol–1, which
should be a result of suppressed intramolecular interplays
between the functional groups. The S1 energy levels and the
electrical properties of these hosts were conveniently and
accurately modulated by the variation of the substitution po-
sition, the number and the ratio of DPPO, diphenylether
and carbazolyl. As a result, two quaternary hosts DPES-
POFPhCz and DPEPOFPhCz with very similar optoelec-
tronic properties excluding their different T1 states contrib-
uted by fluorenyl and carbazolyl, respectively, were selected
to investigate the impact of the T1 state location on the EL
performance of the hosts. Their full-colour PHOLEDs
showed that DPESPOFPhCz endowed its devices with a
lower driving voltages and higher efficiencies compared
with DPEPOFPhCz. This discrepancy reflects that the inde-
pendent contribution of the functional groups to the optoe-
lectronic properties is beneficial to restrain the polaron–ex-
citon quenching, and that the embedded T1 state by periph-
eral carrier transporting groups can suppress the collision-in-
duced triplet quenching. This work indicated the significance
of controlling the T1 state location for complicated host sys-
tems, which may further guide the molecular design of
promising multi-functional host materials.

Experimental Section

Materials and instruments : All reagents and solvents used for the synthe-
sis of the compounds were purchased from Aldrich and Acros and used
without further purification. 1-(4-Bromophenoxy)-1-[2-(diphenylphosphi-
noyl)phenoxy]benzene (DPESPOBr),[10d] 4-bromo-2-(diphenylphosphino-
yl)-1-[2-(diphenylphosphinoyl)phenoxy]benzene (DPEPOBr),[10d] 9,9-
bis(4-bromophenyl)-9H-fluorene (FPhBr2)[8n] and 9-{4-[9-(4-bromophen-
yl)-9H-fluoren-9-yl]phenyl}-9H-carbazole (FPhCzBr)[10b] were synthesised
according to previous reports.
1H NMR spectra were recorded by using a Varian Mercury plus 400NB
spectrometer relative to tetramethylsilane (TMS) as internal standard.
The molecular mass was determined by a FINNIGAN LCQ by using
electro-spraying ionisation-mass spectrometry (ESI-MS) or MALDI-
TOF-MS. Elemental analyses were performed on a Vario EL III elemen-
tal analyzer. Absorption and photoluminescence (PL) emission spectra of
the target compound were measured by using a SHIMADZU UV-3150
spectrophotometer and a SHIMADZU RF-5301PC spectrophotometer,
respectively. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed on Shimadzu DSC-60A and DTG-
60A thermal analyzers under a nitrogen atmosphere at a heating rate of
10 8C min�1. Cyclic voltammetric (CV) studies were conducted by using
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+) reference electrode. All
electrochemical experiments were carried out under a nitrogen atmos-
phere at room temperature in CH2Cl2 for oxidation and THF for reduc-
tion. Phosphorescence spectra were measured in dichloromethane by
using an Edinburgh FPLS 920 fluorescence spectrophotometer at 77 K
cooling by liquid nitrogen with a delay of 300 ms by using a time-correlat-
ed single photon counting (TCSPC) method with a microsecond-pulsed
xenon light source for 10 ms–10 s lifetime measurement, the synchronisa-
tion photomultiplier for signal collection and the multi-channel scaling
mode of the PCS900 fast counter PC plug-in card for data processing.
The thin films of the PO compounds were prepared through vacuum

evaporation on glass substrates under the same condition as for device
fabrication. The morphological characteristics of these films were mea-ACHTUNGTRENNUNGsured with an atom force microscope (AFM) Agilent 5100 under the tap-
ping mode and a scanning electron microscope (SEM) HITACHI S-4800
(spraying, accelerating voltage: 5.0 kV, current: 10 mA and observed alti-
tude: 8 mm).

Synthesis

2,2’-[4,4’-(9H-Fluorene-9,9-diyl)bis(4,1-phenylene)]bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (FPhB2): nBuLi (30 mL, 75 mmol) was added into
a solution of FPhBr2 (12 g, 25 mmol) in THF (50 mL) at �78 8C. The
mixture was stirred for 1 h at �78 8C, followed by adding triisopropyl
borate (35 mL, 150 mmol) dropwise at �78 8C. The solution was allowed
to warm to room temperature after 1 h and was stirred for another 24 h
at room temperature. A saturated aqueous solution of NH4Cl (16 g,
300 mmol) was added to the mixture and the resulting solution was stir-
red for 1 h at 0 8C. The mixture was allowed to warm to room tempera-
ture and was then stirred for 12 h. The reaction solution was extracted
with diethyl ether (3 � 50 mL). The combined organic layer was dried
with anhydride Na2SO4. Benzene (150 mL) and pinacol (17.76 g,
150 mmol) were added after removal the solvent. The reaction solution
was extracted by dichloromethane (3 � 50 mL). The organic layer was
dried with anhydrous Na2SO4, and then the solvent was removed by dis-
tillation in vacuo. The residue was purified by recrystallisation from ace-
tone to afforded the product as white needle crystals (7.1 g, 50%).
1H NMR (TMS, CDCl3, 400 MHz): d =7.75 (d, J=7.6 Hz, 2H), 7.65 (d,
J =8.4 Hz, 4H), 7.34 (t, J =7.2 Hz, 4 H), 7.23–7.17 (m, 6H), 1.3 ppm (s,
24H); LDI-TOF: m/z (%): 570 [M+] (100); elemental analysis (%) for
C37H40B2O4: C 77.92, H 7.07, O 11.22; found C 78.01, H 7.08, O 11.34.

9-(4’-{9-[4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9H-fluo-
ren-9-yl}biphenyl-4-yl)-9H-carbazole (FPhCzB):nBuLi (0.6 mL
,1.5 mmol) was added into a solution of FPhCzBr (0.6386 g, 1 mmol) in
THF (10 mL) at �78 8C. The mixture was stirred for 1 h at �78 8C, fol-
lowed by adding triisopropyl borate (0.7 mL, 3 mmol) dropwise at
�78 8C. The solution was allowed to warm to room temperature after 1 h
and was stirred for another 24 h at RT. A saturated aqueous solution of
NH4Cl (0.321 g, 6 mmol) was added into the mixture and the resulting
solution was stirred for 1 h at 0 8C. The mixture was allowed to warm to
room temperature and was then stirred for 12 h. The reaction solution
was extracted with diethyl ether (3 � 50 mL). The combined organic
layers were dried with anhydrous Na2SO4. Benzene (10 mL) and pinacol
(0.3545 g, 3 mmol) were added after removal of the solvent. The reaction
solution was extracted with dichloromethane (3 � 50 mL). The dichloro-
methane extract was dried over anhydrous Na2SO4. The solvent was re-
moved in vacuum and the residue was purified by recrystallisation by
using acetone. The product was obtained as a white powder (0.41 g,
60%). 1H NMR (TMS, CDCl3, 400 MHz): d=8.13 (d, J=7.6 Hz, 2H),
7.79 (d, J =7.6 Hz, 2 H), 7.73–7.71 (q, J1 =2.8, J2 =8.4 Hz, 4H), 7.57 (d,
J =8.4 Hz, 2H), 7.50 (d, J=8.4 Hz, 2H), 7.46–7.35 (m, 8 H), 7.31–7.26 (m,
8H), 1.31 ppm (s, 12 H); LDI-TOF: m/z (%): 685 [M+] (100); elemental
analysis (%) for C49H40BNO2: C 85.83, H 5.88, N 2.04, O 4.67; found C
85.78, H 5.91, N 2.11, O 4.72.

9,9-Bis-{4’-[2-(diphenylphosphinoyl)phenoxy]biphenyl-4-yl}-9H-fluorene
(DDPESPOF): A mixture of FPhB2 (0.5704 g, 1 mmol), DPESPOBr
(1.3478 g, 3 mmol), TBAB (0.0323 g, 0.1 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (0.1156 g,
0.1 mmol) and 2m NaOH (3 mL,6 mmol) in THF (20 mL) was stirred at
85 8C for 24 h. The organic layer was separated and washed with an am-
monium chloride solution. The extract phase was dried with anhydrous
Na2SO4 and the solvent was removed by distillation in vacuo. The crude
product was further purified by flash column chromatography by using
methanol/ethyl acetate (1:30) as eluent to give the product as a white
powder (0.6 g, 57%). 1H NMR (TMS, CDCl3, 400 MHz): d=8.10–8.05
(dd, J1 =J2 =7.6 Hz, 2H), 7.81–7.75 (m, 10H), 7.47–7.21 ACHTUNGTRENNUNG(m, 34 H), 6.81–
6.78 (dd, J1 =5.2, J2 =8 Hz, 2H), 6.62 ppm (d, J=8.8 Hz, 4H); LDI-TOF:
m/z (%): 1054 [M+] (100); elemental analysis (%) for C73H52O4P2: C
83.10, H 4.97, O 6.07; found C 83.07, H 5.00, O 6.13.

9,9-Bis-{3’-(diphenylphosphinoyl)-4’-[2-(diphenylphosphinoyl)phenoxy]bi-
phenyl-4-yl}-9H-fluorene (DDPEPOF): The procedure was similar to
that for DDPESPOF except for the use of DPEPOBr (1.9408 g, 3 mmol)
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instead of DPESPOBr. The desired product was obtained as a white
powder (0.8 g, 55%). 1H NMR (TMS, CDCl3, 400 MHz): d=7.93–7.89
(dd, J1 =2, J2 =13.6 Hz, 2H), 7.78–7.63 (m, 20H), 7.48–7.14 (m, 42H),
7.08 (t, J=7.6 Hz, 2 H), 7.61–7.06 ppm (m, 4H); LDI-TOF: m/z (%):
1454 [M+] (100); elemental analysis (%) for C97H70O6P4: C 80.04, H 4.85,
O 6.60; found C 80.09, H 4.91, O 6.67.

9-[4’-(9-{4’-[2-(Diphenylphosphoryl)phenoxy]biphenyl-4-yl}-9H-fluoren-9-
yl)biphenyl-4-yl]-9H-carbazole (DPESPOFPhCz): The procedure was
similar to that for DDPESPOF except for the use of FPhCzB (0.6857 g,
1 mmol) instead of FPhB2. The residue was purified by column chroma-
tography by using dichloromethane/ethyl acetate (1:2) as eluent to give
the product as a white powder (0.23 g, 53%). 1H NMR (TMS, CDCl3,
400 MHz): d=8.12 (d, J =8.4 Hz, 2H), 8.09–8.03 (dd, J1 =7.6, J2 =

12.8 Hz, 1 H), 7.79–7.71 (m, 8H), 7.56 (d, J =8.4 Hz, 2 H), 7.52 (d, J=

8.4 Hz, 2 H), 7.48–7.19 (m, 28H), 6.80–6.76 (dd, J1 =5.2, J2 =8 Hz, 1H),
6.61 ppm (d, J=8.4 Hz, 2 H); LDI-TOF: m/z (%): 927 [M+] (100); ele-
mental analysis (%) for C67H46NO2P: C 86.71, H 5.00, N 1.51, O 3.45;
found C 86.67, H 5.00, N 1.60, O 3.52.

9-[4’-(9-{3’-(Diphenylphosphoryl)-4’-[2-(diphenylphosphoryl)phenoxy]bi-
phenyl-4-yl}-9H-fluoren-9-yl)biphenyl-4-yl]-9H-carbazole (DPE-
POFPhCz): The procedure was similar to that of DDPEPOF except for
the use of FPhCzB (0.6857 g, 1 mmol) instead of FPhB2. The residue was
purified by column chromatography by using methanol/ethyl acetate
(1:30) as eluent to give the product as a white powder (0.3 g, 53%).
1H NMR (TMS, CDCl3, 400 MHz): d=8.14 (d, J =8 Hz, 2 H), 7.95–7.91
(m, 1 H), 7.81–7.57 (m, 15 H), 7.54–7.24 (m, 33H), 7.15(t, J=7.6 Hz, 1H),
7.07 (t, J=7.6 Hz, 1 H), 6.11–6.04 ppm (m, 2H); LDI-TOF: m/z (%):
1127 [M+] (100); elemental analysis (%) for C79H55NO3P2: C 84.10, H
4.91, N 1.24, O 4.25; found C 84.14, H 4.89, N 1.32, O 4.33.

DFT calculations : The DFT computations were carried out with different
parameters for structure optimisations and vibration analyses. The
ground states and triplet states of molecules in vacuum were optimised
without any assistance of experimental data by the restricted and unre-
stricted formalism of Beck�s three-parameter hybrid exchange function-
al[15] and the Lee–Yang–Parr correlation functional[16] (B3LYP)/6-31G(d),
respectively. The fully optimised stationary points were further character-
ised by harmonic vibrational frequency analysis to ensure that real local
minima had been found without imaginary vibrational frequency. The
total energies were also corrected by the zero-point energy both for the
ground state and triplet state. The spin-density distributions were visual-
ised with Gaussview 3.0. All computations were performed using the
Gaussian 03 package.[17]

Device fabrication and testing : Prior to the device fabrication, the pat-
terned ITO-coated glass substrates were scrubbed and sonicated consecu-
tively with acetone, ethanol, and de-ionised water, respectively. All the
organic layers were thermally deposited in vacuum (�4.0 � 10�4 Pa) at a
rate of 1–2 �s�1 monitored in situ with a quartz oscillator. In order to
reduce the ohmic loss, a heavily p-doped layer with MoOx, considering
the low doping efficiency in amorphous organic matrix with transition-
metal-oxide-based acceptors, was directly deposited onto the ITO sub-
strate for each sample. After the deposition of Cs2CO3, the samples were
transferred to a metal chamber and suffered from a vacuum break due to
the change of the shadow masks to determine the active area. The cur-
rent–voltage–luminance characteristics were measured with a PR650
spectrascan spectrometer and a Keithley 2400 programmable voltage–
current source. All samples were measured directly after fabrication
without encapsulation in an ambient atmosphere at room temperature.
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Modulating the Optoelectronic Proper-
ties of Large, Conjugated, High-
Energy Gap, Quaternary Phosphine
Oxide Hosts: Impact of the Triplet-
Excited-State Location

Electrophosphorescence : The modula-
tion of the optoelectronic properties
for a series of large, conjugated, qua-
ternary phosphine oxide hosts was
realised by the mixed indirect and
multi-insulating linkages (see figure).

The impact of the triplet state location
of the hosts on the electrophosphores-
cent performance was investigated. A
host with a fluorenyl-localised triplet
state realised a lower driving voltages
and higher efficiencies.
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