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Achieving high-efficiency non-doped blue organic light-emitting diodes:
charge-balance control of bipolar blue fluorescent materials with reduced
hole-mobilityt
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We found an unusual way in improving electroluminescence efficiency of blue organic light-emitting
diodes (OLEDs). Two electron deficient 4,5-diazafluorene- or di(2,2'-pyridyl)-containing blue
fluorophores, PhSPx,DPV (4,5-diaza-2'-diphenylamino-7’'-(2,2"-diphenylvinyl)-9,9’-spirobifluorene)
and PhF,,,DPV (N-[7-(2,2-diphenylvinyl)-9,9'-di(2,2"-pyridyl)-2-fluorenyl]-N,N-diphenylamine), were
synthesized and characterized for non-doped blue OLEDs. Whereas PhF,,,DPV OLED performs
ordinarily, PhSPxn,DPV OLED outperforms previously known PhSPDPV (2-diphenylamino-7-
diphenylvinyl-9,9’-spirobifluorene) OLED significantly: maximum external quantum efficiency of ~5%
(4.6% at 20 mA cm?) and the peak electroluminance of 60510 cd m 2 (1810 cd m 2 at 20 mA cm ?)
versus 3.4% (2.9% at 20 mA cm~?) and 33020 cd m—2 (910 cd m~2 at 20 mA cm~2) of PASPDPV OLED.
We attribute the superior performance of PhSPxn,DPV OLED to the good charge balancing, which is in
turn due to the very low hole mobility of PhSPN,DPV. The experimental results reveal that the
electron-deficient moiety, 4,5-diazafluorene or di(2,2'-dipyridyl), increases electron affinity but reduces
the hole mobility. Electron mobility, determined by time-of-flight (TOF) method, is 5 x 107> and 5 x
10~*cm? V-'' s~ (at an electric field 0of 4.9 x 10° V cm™') for PhSPN,DPV and PhF,,,,DPV, respectively.
Surprisingly, they are not higher than 8 x 10~*cm? V' s~! of nonpolar PhASPDPYV. On the other hand,
hole mobility is 2 x 10™°and 2 x 10~* cm® V~' s! for PhSPn,DPV and PhF,,,,DPV, respectively, and
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they are both significantly lower than 6 x 107* cm?> V' s7! of PASPDPYV. For PhSPx,DPV and
PhF,,DPYV bipolar blue fluorophores, we have demonstrated that electron-transporting and light-
emitting functions involve different molecular halves. The design of such molecular halves greatly
facilitates the optical and electronic optimizations of fluorophores for high-performance OLEDs.

Introduction

Having a three times higher limit of theoretical electrolumines-
cence (EL) efficiency, electrophosphorescence-based organic
light-emitting diodes (OLEDs) are usually more favorable than
electrofluorescence-based OLEDs.! However, blue electro-
fluorescence materials have revived and become highly deman-
ded by the energy-saving solid-state lighting (SSL) of white
OLEDs, which have been prevailed with troublesome electro-
phosphorescence materials recently.? In addition to the common
problem of short operational lifetimes*** and the high material
cost, electrophosphorescence-based OLEDs with acceptable blue
color purity (a2 Commission Internationnale de I’Eclairage,
CIE,,, coordinate of 'y <0.25) are relatively rare when compared
with large numbers of green or red electrophosphorescence-
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based OLEDs.* Electrophosphorescence-based OLEDs showing
true blue (CIE, coordinate of y <0.20) remain challenging and
they always have not so high external quantum efficiency (9gx7)
of 5.8-8.5%.% More critically, blue electrophosphorescence-based
OLEDs very often exhibit serious efficiency roll-off at elevated
driving current density,® due to the T;-T; annihilation nature of
electrophosphorescence material. For practical SSL application,
white OLEDs require electroluminance (L, or brightness) equal
to or greater than 1000 cd m~2, which is usually corresponding to
a driving current density (J) over 20 mA cm~? for electro-
phosphorescence-based OLEDs.® At such a current density,
nexrs of blue electrophosphorescence-based OLEDs are usually
low, often less than 5.5% of the conventional upper limit of the
electrofluorescence efficiency of OLEDs.® Under such circum-
stances, electrophosphorescence-based blue OLEDs have very
little advantage over electrofluorescence ones

In recent years, a growing number of literature examples can
be found for blue or sky blue electrofluorescence-based OLEDs
having a super high ngx7r of 5 ~ 8%.” These electrofluorescence-
based OLEDs rival the best of true blue electrophosphorescence-
based OLEDs. Except of bis(4-phenylquinoline)-based
fluorophores,’” these super efficient fluorophores are either non-
hetroatom-containing polycyclic aromatic hydrocarbons (PAHs)
or arylamine-substituted PAHs, although insightful explanations
of super high ngy7’s are seldom reported.” Charge-transporting
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and charge-balancing of OLEDs are two factors that seem to be
crucial in high efficiency blue electrofluorescence-based OLEDs.
Previous investigations have reported the injection of electrons
or electron-transporting properties found for fluorene-based
blue-emitting polymers and oligomers.® In addition, arylamine-
substituted PAHs, such as 4.,4’-bis[N-(1-naphthyl)-N-phenyl-
amino]biphenyl (NPB), have been shown for similar hole- and
electron-mobility.” However, the high energy gaps (>3 eV)
essential for blue emission often result in low electron affinities
(EAs < 2.5 eV) of these blue-light-emitting materials.” This
hampers charge injection, unbalances the charge carriers (hole
and electron), and impairs the efficiency of blue OLEDs. Very
often, elaboration of device fabrication (i.e., doping process) and
complication of device architecture (i.e., multilayer device) are
necessary to improve OLED performance.

In this paper, we report the synthesis, characterization, and
EL property of a couple of novel blue fluorescent materials,
4,5-diaza-2'-diphenylamino-7'-(2,2”-diphenylvinyl)-9,9’-spirobi-
fluorene (PhSPxn,DPV) and  N-[7-(2,2”-diphenylvinyl)-9,9’-
di(2,2"-pyridyl)-2-fluorenyl]- N, N-diphenylamine  (PhF,,,DPV)
(Scheme 1). Due to the electron-rich diphenylamine substituent
and electron-deficient nitrogen-containing heterocyclic moieties,
PhSPN,DPV and PhF,,DPV are bipolar in nature. They are the
structurally modified version of virtually non-polar 2-dipheny-
lamino-7-(2,2"-diphenylvinyl)-9,9’-spirobifluorene (PhSPDPYV),
an arylamine-substituted PAH previously known as the blue
fluorophore for high efficiency non-dopant blue OLEDs.!
Bipolar PhSPN;DPYV and PhF,,,DPV are special for two reasons.
First, structural moieties associated with opposite polarity (elec-
tron-rich vs. electron-deficient) are separated from each other,
i.e., they are not connected to each other by m-conjugation.
Second, as we demonstrate in this paper, decoupled molecular
functions, light-emitting and electron-transporting, are realized
in these bipolar blue emitters. For OLED application, we have
found that PhSPn,DPV is significantly more efficient than
PhSPDPV for non-dopant blue OLEDs: maximum mngyz is
approaching 5.0% at about 100 cd m™2 (~1 mA cm™), 4.6% at
1000 cd m2 (~19 mA cm~2), and 4.2% at 3000 cd m~? (~50 mA
cm?). Furthermore, efficiency roll-off is much lighter than what
is commonly seen in electrophosphorescence-based blue OLEDs.
For fundamental significance, we have demonstrated that the
charge balancing control of EL devices, namely the reduction of
the hole mobility in matching the electron mobility, is effective in
achieving high EL efficiency of the bipolar blue fluorophores.

Results and discussion
Synthesis and characterization

As shown in Scheme 2, the success to the preparation of
PhSPN,DPV and PhF,,,DPV hinges on the availability of

PhSPDPV

PhSPy,DPV

PhFp,2DPV

Scheme 1 Chemical Structures of PhSPDPV, PhSPN,DPV, and
PhF,,DPV.
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Scheme 2 Synthetic routes to PhFN,DPV (top) and PhF,,,DPV
(bottom). Reagents and conditions: (a) i. Mg, THF; ii. 4,5-diaza-9-fluo-
renone, THF, reflux; (b) H,SO4, HOAC, reflux; (c) Bry, FeCls;, CH,Cl,,
rt.; (d) i. n-BuLi, THF, —78 °C; ii. DMF, rt.; (e) Ph,NH, Cs,CO;,
Pd(OAc),, P(t-Bu)s, toluene, 120 °C; (f) NaH, Ph,CHPO(OEt),, THF,
reflux; (g) i. NaNO,, 8 N HCl(aq), 0 °C; ii. KI, rt.; (h) i. n-BuLi, THF,
—78 °C; ii. di-2-pyridyl ketone, THF, rt.; (i) i. NaH, THF, rt., then
SOCl,, 0 °C; ii. AICl3, CH3NO,, reflux. See the experimental section for
full details.
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dibromo-substituted species, 4,5-diaza-2’,7'-dibromo-9,9’-spi-
robifluorene and 2,7-dibromo-9,9’-di(2,2"-pyridyl) fluorene.
Whereas 4,5-diaza-2',7'-dibromo-9,9’-spirobifluorene was previ-
ously known,' 2,7-dibromo-9,9-di(2,2'-pyridyD)fluorene was
synthesized through a four-step reaction. First, 2-iodo-4,4'-
dibromobiphenyl was obtained by the iodination of
4,4'-dibromobiphenyl via Sandmeyer reaction of 2-amino-4,4’-
dibromobiphenyl,’* Second, 2-iodo-4,4'-dibromobiphenyl was
mono-lithiated with a stoichiometric amount of n-butyllithium at
—78 °C, followed by the reaction with di(2,2’-pyridyl)ketone to
afford the key intermediate tertiary alcohol (carbinol). Unlike
the one in the preparation of 4,5-diaza-9,9’-spirobifluorene, such
carbinol failed to undergo ring-closure reaction with acids in the
formation of 2,7-dibromo-9,9’-di(2,2”-pyridyl)fluorene due to
the electron deficiency of di(2,2'-pyridyl) substituents. Such
adverse situation was not found for the carbinol of 4,5-diaza-
9,9’-spirobifluorene because of the non-resonanced meta-posi-
tion of nitrogen atoms to the tertiary carbon of carbinol. The
carbinol precursor of PhF,,,DPV was converted to tertiary
halide by the treatment of thionyl chloride and then followed by
the ring-closure via Friedel-Crafts alkylation in the presence of
Lewis acid (aluminium trichloride in this case). In the synthesis of
PhSPx,DPV and PhF,,,DPV, the following three steps, mono-
formylation, Pd-catalyzed aromatic amination, and Horner—
Wadsworth-Emmons reaction (d, e, and f in Scheme 2), were
very similar to those in the preparation of PhSPDPV and
others.'®'* Three blue emitters were fully characterized by 'H and
BC NMR, fast atom bombardment or electron impact-mass
spectrometry (FAB-MS or EI-MS), and elemental analysis, and
were consistent with proposed structures.

The ultimate structural evidence is from single crystal X-ray
diffraction analysis." A distinct structural difference of
PhSPn,DPV and PhF,,,DPV can be clearly seen in Fig. 1,
namely the coplanar geometry of 4,5-diazafluorene moiety of the
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Fig. 1 The molecular structure of PhSPx,DPYV (top) and PhF,,,DPV
(bottom) determined by X-ray diffraction analysis. Solvent molecule
dichloromethane is included in the top figure and hydrogen atoms are
removed for clarity in the bottom figure.

former and the twisted non-planar conformation of di(2,2'-pyr-
idyl) substituent of the latter. These structural features play an
important role in affecting electron affinity, fluorescence
quantum yield (®g), charge carrier mobility, and eventually EL
efficiency of OLEDs.

Theoretical estimation of molecular orbitals

The molecular structures of PhSPDPV, PhSPn,DPV, and
PhF,,,DPV were optimized by applying density functional
theory (DFT) with the hybrid B3LYP functional and 6-31G*
basis set, although single crystal X-ray structure of PhSPx,DPV
and PhF,,,DPV were the beginning structure in their structural
optimization processes. With the optimized structure, calcula-
tions on the electronic ground states of PASPDPV, PhSPx,DPV,
and PhF,,,DPV were processed using DFT with the hybrid
B3LYP functional and 6-31G* basis set.'® The singlet excited
states of the three molecules were studied with time-dependent
density functional theory (TDDFT) by using the hybrid B3LYP
functional.’® All calculations were preformed with a develop-
mental version of Q-Chem.!” We display a comparison of the
corresponding HOMO —1, HOMO, LUMO, and LUMO +1 of
the three blue emitters in Sy state (Fig. 2). Because electronic
excitation from the HOMO to the LUMO produces the first
singlet excited state S; (a Frank-Condon excited state), the
orbital features presented in Fig. 2 might provide important clues
towards understanding the nature of optically accessible first
excited state. The contour plots show that the HOMOs mainly
consist of the m-orbitals of fluorene ring 7-conjugated to the
vinyl group, although a large extent of 7t-orbitals of the elec-
tronic donor, N,N-diphenylamino group, is involved as well. For
the LUMOs, the orbitals mainly locate on diphenylvinylfluorene

(d)

N B3 &

Q’ .‘@ - 3 p ‘g;
2rag® Stay?
Fig. 2 Calculated frontier molecular orbital diagrams of PhSPDPV,
PhSPx,DPV, and PhF,,,DPV (from left to right) from DFT-B3LYP

with 6-31G* basis set calculation: (a) LUMO +1; (b) LUMO; (c)
HOMO; (d) HOMO —1.

part of the molecule. 7-Orbitals of N,N-diphenylamino elec-
tronic donor do not constitute LUMOs any more, although there
remains certain 7-orbital of the nitrogen atom of N,N-dipheny-
lamino group. Such orbital involvement of HOMO and LUMO
is nearly same in all three blue emitters. One can conclude that
the photo-induced excitation (i.e., absorption) or photo-induced
relaxation (i.e., emission) is most likely —m* and moderate
intramolecular charge-transfer (ICT) in nature. From our theo-
retical estimation, one should particularly note that the orbitals
of the other molecular halve, i.e., unsubstituted fluorenyl of
PhSPDPYV, 4,5-diazafluorenyl of PhSPN,DPV, and di(2,2-pyr-
idyl) of PhF,,,DPYV, little involve in the first singlet excited state
(Sy) or Frank—-Condon excited state, which is predominantly
composed of LUMO in vacuum condition without the consid-
eration of solvation effect.

Photophysical and electrochemical properties

The absorption and emission spectra of these blue emitters were
studied in different organic solvents. As shown by data in
Table 1, the absorption peak wavelength of three blue emitters
exhibits insignificant solvent polarity dependence. Furthermore,
as shown in Fig. 3, each of PhSPDPV, PhSP\,DPV and
PhF,,,DPV has very similar energy in Frank—Condon excitation
when they are under the same solvent environment (polarity).
The results can lead us to conclude a similar solvation effect
between the ground and Frank—Condon excited states. In other
words, the Frank—Condon excited state is subject to a rather
small dipolar change with respect to the ground state. Such
analysis is valid for all three blue emitters herein. This will not be
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extent in the emission process because of its larger Stokes shifts
(4464, 5073, and 6584 cm™' in toluene, chlorobenzene, and
acetonitrile, respectively) when compared with those of
PhSPDPV and PhSPn,DPV. A lager Stokes shift indicates
a higher degree of change about the electron density distribution
between the ground state and lowest photoexcited state. The
larger Stokes shifts also reflect in the emission energy of
PhF,,,DPV, of which emission wavelength is always the longest
among three blue emitters (Fig. 3).

PhSPn,DPV has a relatively high fluorescence quantum yield
(®s) of 66% in chlorobenzene (Table 1), which is slightly better
than 60% of PhSPDPV. On the other hand, PhF,,,DPV has
a significantly lower @ of 48% in chlorobenzene, probable due to
the vibrational quenching process of di(2,2'-pyridyl) substituent.
Because of rotational vibration, di(2,2’-dipyridyl) moiety is
relatively less rigid than fluorenyl of PhSPDPV or 4,5-diaza-
fluorenyl of PhSPr,DPV. In the solid state, three blue emitters
all suffer from fluorescence concentration quenching, more or
less resulting in a reduction of ®; (see data in Table 1). From
solution to solid state, PASPN,DPYV has the highest ®; reduction
[(66 — 43)/66 = 35%)] among three blue emitters and it can be
attributed to its ground state dipole moment of ~4.4 Debye,
which is relatively substantial when compared with virtually zero
ground-state dipole moment (<1 Debye) of PhSPDPV or
PhF,,,DPV. We have previously demonstrated that solid state
fluorescence can be impaired by the molecular dipole.™

In order to probe the electron-accepting state of three blue
emitters, electrochemical study was conducted by cyclic vol-
tammetry (CV) and differential pulsed voltammetry (DPV). Due
to the ill-profile of CV voltammograms, the redox potential
values of three blue emitters were based on voltammograms of
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Fig. 4 Cyclic voltammograms (top) and differential pulsed voltammo-
grams (bottom) of three blue emitters in tetrahydrofuran containing 0.1
M of (BuyN)ClOy as the supporting electrolyte.

DPV (Fig. 4). As data listed in Table 1, the oxidation potential of
three blue fluorophores was observed at a narrow potential range
of +0.99 — +1.01 V vs. Ag/AgNOj; (not shown in Fig. 4), which is
common to most diphenylamine-substituted spirobifluorene
compounds.' In the electrochemical measurement, we excluded
the near constant reduction potential around -0.9 V because of
the residual oxygen in electrolyte solution. We particularly pay
attention to the electrochemical reduction potential of the three
blue emitters because it is parallel to electron affinity. The elec-
trochemical measurement recorded the first reduction potential
of three blue fluorophores at —2.00 — —2.09 V vs.Ag/AgNO;
(Fig. 4), which agrees quite well with the reduction potential of
—2.00 V reported for 4,5-diaza-9,9'-spirobifluorene in tetrahy-
drofuran.’ Reduction potential is expected to be higher for
PhSPDPYV than PhSPn,DPV or PhF,,,DPYV due to the built-in
electron deficient structure of the latter two fluorophores.
According to the experimental data (E;,,"*' or the energy level of
LUMO derived from E;,°%") listed in Table 1, electron affinity is
strongest for PhSPn,DPV, followed by PhF,,,DPV and then
PhSPDPV. Even though such order is the same as the energy
levels of LUMO (Frank-Condon excited state) determined by
spectroscopic method (Table 1), we tend to believe that the
electron reduction (and hence electron transporting) happens via
4,5-diazafluorene of PhSPr,DPV and di-2-pyridylmethylene of
PhF,,,DPV, which is the molecular halve that is irrelevant to the
emission process (luminescence).

Therefore, we seem to have two unusual cases (PhSPn,DPV
and PhF,,DPV) that charge (electron) transporting and
light-emitting primarily involve different molecular halves.
4,5-Diazafluorenyl or di(2,2'-diptridyl) molecular halve is
responsible for charge-transporting and diphenylamino-diphe-
nylvinyl-substituted molecular halve is the structural moiety that
is luminescent. Such divider of the charge (electron)-transporting
and light-emitting function has been identified before on
4,5-diazafluorene-incorporated  ter(9,9'-di(p-toly)fluorene).!*
However, we have found, for the first time, electrochemical
reduction potentials (and hence electron affinity) of PhASPxn,DPV
and PhF,,DPV are closely related to their downward hole
mobilities, instead of the electron mobilities (see following
section for details). The new finding has profound influence on
their OLED performance.

Charge carrier mobility and single-carrier devices

The charge-transporting characteristics of the blue emitters can
be best understood by their charge carrier mobility via the
transient photocurrent recorded by time-of-flight (TOF)
method." The field dependence of the charge carrier mobility of
PhSPDPV, PhSPN,DPV, and PhF,,DPV is shown in Fig. 5. By
extrapolating the data to the electric field at ~4.9 x 10° V cm™!
by the Poole-Frenkel relation, electron mobility is 8 x 1074, 5 x
107°,and 5 x 10~* cm? V~! s~! for PASPDPV, PhSPy,DPV, and
PhF,,,DPV, respectively. Apparently, the trend of electron
mobility does not follow the order of electron affinity of three
emitters. Electron deficient structure moiety does not necessary
enhance the electron mobility. This is nothing to be surprised
because electron mobility depends on internal reorganization
energies for electron transfer, in addition to the electron
affinity.?® Furthermore, charge carrier mobility is highly
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molecular interaction dependent, which is closely related to the
molecular aggregation in solid state, ie., solid state order.
Nevertheless, we do see the effect of those electron deficient
moieties in lowering the hole mobility of the materials. Whereas
the electron mobility of PhSPx,DPV is still lower than that of
PhSPDPYV, at an electric field of 2.5 x 10° V cm™!' diaza
substituent dramatically reduces the hole mobility from ~6 X
107 ecm? V-' s of PASPDPYV down to ~2 x 10 ®cm? V~'s™! of
PhSPn,DPV. Similarly, a decreased hole mobility (~2 x 10°*
cm® V7's™'at ~2.5 x 10° V. em') was observed for PhF,,,,DPV,
although it is to a smaller extent when compared with that of
PhSPN,DPV. Interestingly, for PhSPn,DPV and PhF,,,DPV,
the decrease of the hole mobility is parallel to the increase of the
electron affinity.

We also fabricated the single-carrier devices for the evaluation
of the charge carrier mobility in terms of current density of
PhSPDPV, PhSPn,DPV, and PhF,,DPV. As shown in the inset
of Fig. 6, we used high-LUMO NPB to limit the electron carrier
in hole-only devices and low-HOMO BCP (2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline) and TPBI (2,2/,2"-(1,2,5-phenyl-
ene)tris(1-phenyl-1H-benzimidazole) to limit the hole carrier in
electron-only devices. For the hole-only devices, the magnitude
of current density clearly follows the order of hole mobility of
three blue emitters, which is PhSPDPV > PhF,,DPV >
PhSPn,;DPV. One should note that the current density of a hole-
only device is determined by several factors, hole injection barrier
between the electrode and organic layer, the difference of the
HOMO energy levels between the adjacent organic layers, and
the hole mobility of each organic layers. In the case studied
herein, HOMO energy levels of three blue emitters are relatively
invariant, the biggest difference among blue emitters is only 0.05
eV. Therefore, the hole mobility of the blue emitters becomes the
sole factor in determining current density of the hole-only
devices. The situation of the current density of electron-only
devices is more complicated. First, it is highly possible that the
molecular part of the molecule involving electron transporting of
PhSPDPYV is different from that of PhF,,,DPV or PhSPn,DPV.
Second, the variation of LUMO energy levels of the three blue
emitters is not negligible and the variation can be as high as
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Fig. 6 Current density-voltage (I-V) characteristics of carrier-only
devices: hole-only device (top) and electron-only device (bottom).

0.15 eV. According to the estimated LUMO energy levels,
PhSPn,DPYV has the lowest LUMO energy level and it is the
nearest one to the LUMO energy level of BCP or TPBI. There-
fore, among three blue emitters, it is PhSPN,DPV to show
highest current density in electron-only device, even though its
electron mobility is not the highest among three blue emitters. On
the other hand, PhF,,,DPV shows lower current density than
does PhSPDPYV and it can be attributed to its lower electron
mobility. However, such current density analysis of electron-only
devices seems to be over simplified. For hole-only device, NPB
has a hole mobility of ~5.5 x 107 ¢cm? V' s7'2! which is
comparable with that of PASPDPYV and significantly higher than
that of PhSPn,DPV or PhSP,,,,DPV. This is not quite the same
for electron-only devices. Unlike three blue fluorophores domi-
nating the current density in hole-only devices, it is BCP or TPBI
instead of blue emitters as the limiting factor of the current
density in electron-only devices. Literature reported value of the
electron mobility is about 5 x 10~7 and 5 x 10~° cm? V! s~! (at
an electric field of ~4.9 x 10° V cm™') for BCP and TPBI,
respectively.?? This further complicates the assessment of the
electron mobility via the current density of electron-only device.

OLED characterization

Table 2 and Fig. 7 summarize the EL characteristics of three non-
doped OLEDs based on three blue emitters studied herein. For
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Table 2 Electroluminescence characteristics of non-doped blue OLEDs of PhSPDPV, PhSPx,DPV, and PhFp,,DPV*

Max. luminance and Luminance, Efficiency,

Max. Efficiency (%, cd 1931 CIE Chromaticity

voltage (cd m~2, V) Voltage (cd m=2, %, V)” A, Im W) Amax® (nm) (X, )
PhSPDPV 33020, 15 910, 2.9, 4.7 34,54,5.7 478 0.14, 0.22
PhSP\,DPV 60510, 15 1810, 4.4, 5.2 49,10.2,10.5 488 0.16, 0.32
PhFp,,DPV 15070, 15 1140, 2.8, 5.1 32,64,5.7 486 0.15, 0.31

“ Devices have the configuration of ITO/NPB (10 nm)/blue emitter (40 nm)/TPBI (50 nm)/LiF (1 nm)/Al (150 nm). ® At current density of 20 mA cm~2.

a fair comparison, three non-doped OLEDs have a same simple
three-layer configuration: ITO/NPB (10 nm)/blue emitter
(40 nm)/TPBI (50 nm)/LiF (1 nm)/Al (150 nm), where NPB is
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Fig. 7 Electroluminescence (EL) characteristics of non-doped blue
OLEDs: PhSPDPV, PhSPy,DPV, and PhF,,PV. EL spectra and CIE
chromaticity diagram (a), J-V-L (b), and ngx7J-npy (c) characteristics
of devices.

a common hole transporting layer, TPBI is a common electron
transporting layer. No exotic or fancy hole/electron-injecting
layer or hole-blocking layer is necessary herein. Whereas
PhF,,,DPV OLED is slightly better than PhASPDPV one, bipolar
emitter PASPN,DPYV significantly outperforms previously known
PhSPDPV. PhSPn,DPV OLED has a remarkable EL perfor-
mance: maximum efficiency of ~5% (or ~10 ml W), peak
brightness of 60,000 cd m~2 (~1,800 ¢cd m~? at 20 mA cm?).
More significantly, within a range of brightness (100 ~ 1,000 cd
m~?) required for SSL, PhSPxn,DPV exhibits only miner effi-
ciency roll-off from 1 to 20 mA c¢cm~2 with ngyr of ~5.0% to
4.6%. Such performance ranks PhSPx,DPV on top of most
electrofluorescence-based blue OLEDs and rivals those super-
efficient ones.” However, compared with thin-film emission peak
wavelength (Table 1), 6-11 nm of red-shifting were observed for
EL of three blue emitters. Whereas PASPDPV OLED is blue
CIE., = 0.14, 0.22, PhSPx,DPV and PhF,;;DPV OLEDs
exhibit sky blue color CIE, , = 0.16,0.32 and CIE, , = 0.15, 0.31,
respectively (Fig. 7a). In most cases, a sky blue OLED often
performs better than a true blue OLED. However, high-perfor-
mance PhSPx,DPV OLED is not simply a matter of color purity
because the performance of similarly sky blue PhF,,DPV
OLED is not much better than that of PhSPDPV OLED
(Table 2). Moreover, PhSPr,DPV has ®; around 43% in the
solid state, which is substantially lower than &; 51% of
PhSPDPYV but very similar to 42% of PhF,,,DPV.

The superior performance of PhSPn,DPV OLED compared
with PASPDPV or PhF,,,DPV OLED can be mainly attributed
to the issue of charge balancing in their OLEDs. PhSPDPV
behaves like a typical m-conjugated organic material: hole
mobility is an order of magnitude higher than electron mobility.
This is quite different from the electron deficient PhF,,,DPV or
PhSPN;DPV. Whereas PhF,,,DPV seems to be ambipolar (hole
and electron nobilities are quite similar to each other around 5 x
10~* cm? V! s7! at an electric field of ~4.9 x 10° V cm™),
PhSPNzDPV has a very low hole mobility of 3 x 107¢ cm? V™!

!, which is even lower than its electron mobility 5 x 10~° cm?
V i s~!at the same electric field (Fig. 5). With such characteristics
in charge carrier mobility (a significantly reduced hole mobility),
PhSPn,DPV OLED can be expected to be superb in EL effi-
ciency (maximum ngyr ~5% and 4.6% at 20 mA cm~?) because
of the satisfactory situation of charge balancing. Normally, an
excess amount of hole carrier is expected if PhSPn,DPV (or
PhF,,,DPV) is absent in the device, i.e., ITO/NPB/TPBI/LiF/Al
is a hole-excess device. Within this context, charge balancing is
not optimized in PhSPDPV OLED and its EL efficiency is
expected to be less satisfactory because of very high hole mobility
(5 x 1073 cm? V~! s7! at an electric field of ~2.5 x 10° V cm™)
and relatively low electron mobility (5 x 10~* ¢cm? V-! s7! at an
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electric field of ~2.5 x 10° V em™') (see Fig. 5). However, it is the
relatively high ®¢ (51%) of PhASPDPYV in the solid state rendering
nexr (maximum 3.4% and 2.9% at 20 mA cm2) to be compa-
rable with or slightly better than that (nzy7 maximum 3.2% and
2.8% at 20 mA cm?) of PhF,,,DPV OLED.

Conclusions

In this study, we have synthesized and characterized two unusual
bipolar fluorophores, PhSPn,DPV and PhF,,,DPV, which
exhibit high performance when applied for OLEDs. Particularly,
non-doped PhSPr,DPV OLED display sky-blue EL very bright
(peak intensity of 60510 cd m 2 or 1810 cd m?at 20 mA cm?) and
efficient (maximum external quantum efficiency 4.9% or 4.4% at
20 mA cm?), having minimum efficiency roll-off, 4.9% at 100 cd
cm 2 (~1 mA cm?) and 4.6% at 1,000 cd cm™2 (~19 mA cm?).
PhSP,;DPV with such EL performance rivals those super-effi-
cient electrofluorescence blue OLEDs and is potential alternative
for troublesome electrophosphorescence blue OLEDs. Funda-
mentally, we have demonstrated that the reduction of the hole
mobility is crucial for charge balancing in high efficiency OLEDs.
Moreover, we have verified that both PhSPr,DPV and
PhF,,,DPV have one molecular halve responsible for electron-
transporting and the other molecular halve for light-emitting.
Such a structural separation in charge-transporting and light-
emitting processes renders a potent molecular design in the opti-
mization of fluorescent materials for EL application.

Experimental
General methods

Both solution and solid-state fluorescence quantum yields (®s)
of the blue emitters were determined by the integrating-sphere
method.?® The ionization potentials (or HOMO energy levels) of
three compounds were determined by low energy photo-electron
spectrometer (Riken-Keiki AC-2). From our previous data, we
found that the precision of AC-2 measurement is about +0.05
eV. LUMO energy levels were estimated by subtracting the
energy gap (AE) from HOMO energy levels. AE was determined
by the on-set absorption energy from the absorption spectra of
the materials as thin films. UV-visible electronic absorption
spectra were recorded on a Hewlett-Packard 8453 Diode Array
Spectrophotometer. Cyclic voltammetry (CV) and differential
pulsed voltammetry (DPV) were performed using an Electro-
chemical Analyzer BAS C3. The measurement, using a glassy
carbon rod as the working electrode and a platinum wire as the
counter electrode, was performed in a 0.1 M solution of
(BuyN)ClOy in anhydrous tetrahydrofuran. The reported redox
potentials were estimated from DPV voltammograms in volts vs
saturated Ag/AgNO; reference potential. We used ferrocene/
ferrocenium (0.63 V vs Ag/AgNQO3) as reversibility criteria and
the calibration for energy levels (4.8 eV below the vacuum
level).'® The method of time-of-flight (TOF) in measuring charge
carrier mobility has been described before.*

Synthesis of materials

4,5-Diaza-2',7'-dibromo-9,9’-spirobifluorene  was  prepared
according to a procedure previously reported by Wong et al.** 2-

Amino-4,4’-dibromobiphenyl was prepared in two steps
from 4,4’-dibromobiphenyl according to published procedures.'?
For the materials used in device fabrication, BCP (2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline) was commercially available
material. NPB (4,4'-bis[ N-(1-naphthyl)-N-phenylamino]-
biphenyl)*** and TPBI (2,2,2"-(1,2,5-phenylene)-tris(1-phenyl-
1H-benzimidazole)**” were prepared via published methods and
were subjected to gradient sublimation prior to use.

4,5-Diaza-2'-bromo-9,9 -spirobifluorene-7'-carboxaldehyde. To
a THF solution (650 mL) of 4,5-diaza-2',7'-dibromo-9,9’-spi-
robifluorene (4.76 g, 10.0 mmol) was added n-BuLi (4.8 mL, 12.0
mmol, 1.6 M in hexane) slowly at —78 °C. The mixture was
stirred for 1 h under nitrogen atmosphere. After the slow addi-
tion of DMF (2.33 mL, 30.0 mmol), the reaction solution was
gradually warmed up to room temperature and kept at this
temperature overnight. The reaction was quenched with a 2 N
HCI aqueous solution, extracted with ethyl acetate, and dried
over MgSO,. The solution was concentrated under reduced
pressure and subjected to flash column chromatography (silica
gel, ethyl acetate/toluene: 2/3). A white solid was obtained with
a yield of 40% (1.7 g). '"H NMR (400 MHz, CDCl;): 3 9.80 (s,
1H), 8.77 (dd, 2H, J =4.6, 1.6 Hz), 7.97 (d, 1H, J = 7.8 Hz), 7.94
(dd, 1H,J=17.9,1.3Hz),7.79 (d, 1H, J= 8.2 Hz), 7.58 (dd, 1H, J
=8.2,1.8Hz),7.22(d, 1H,J=1.3Hz),7.16 (d, 1H, J = 4.8 Hz),
7.14 (d, 1H, J = 4.7 Hz), 7.10 (dd, 2H, J = 7.7, 1.6 Hz), 6.89 (d,
1H, J = 1.7 Hz). “C NMR (100 MHz, CDCls): 3 190.1, 158.8,
150.8, 149.2, 146.7, 146.5, 141.8, 139.1, 136.4, 132.1, 131.6, 130.9,
127.3, 124.8, 123.8, 123.7, 122.7, 120.8, 61.1. FAB-MS: calcd.
424.02, mlz = 425.03/427.03 (M + HY).

4,5-Diaza-2'-diphenylamino-9,9'-spirobifluorene-7'-carboxalde-
hyde. A mixture of 4,5-diaza-2’-bromo-9,9'-spirobifluorene-7'-
carboxaldehyde (1.47 g, 3.45 mmol), diphenylamine (0.64 g, 3.8
mmol), Pd(OAc), (70 mg, 0.3 mmol), Cs,COj3 (1.24 g, 3.8 mmol),
and P(7Bu); (0.12 g, 0.6 mmol) in toluene (35 mL) was stirred at
120 °C for 6 h under nitrogen atmosphere. After cooling to room
temperature, a saturated ammonium chloride solution was
added to the reaction solution. The solution was extracted with
dichloromethane and dried over MgSO,4. The solution was
concentrated under reduced pressure and subjected to flash
column chromatography (silica gel, ethyl acetate/hexanes: 3/2).
A yellow solid was obtained with a yield of 55% (0.98 g). 'H
NMR (400 MHz, CDCls): 8 9.77 (s, 1H), 8.70 (dd, 2H, J = 4.6,
1.7 Hz), 7.89 (dd, 1H, J =179, 1.4 Hz), 7.84 (d, 1H, J = 7.9 Hz),
7.10-7.20 (m, 9H), 7.74 (d, 1H, J = 8.4 Hz), 7.05 (dd, 1H, J =
8.4, 2.1 Hz), 6.90-6.98 (m, 6H), 6.42 (d, 1H, J = 2.0 Hz). “*C
NMR (100 MHz, CDCly): & 191.2, 158.9, 150.6, 149.8, 149.0,
147.9, 146.8, 142.7, 135.2, 133.7, 131.6, 129.3, 131.1, 124.7,
123.9, 123.7, 122.9, 122.2, 119.7, 117.4, 61.2. FAB-MS: calcd.
513.18, m/z = 514.19 (M + H").

4,5-Diaza-2'-diphenylamino-7'-(2,2"-diphenylvinyl)-9,9'-spirobi-
fluorene (PhSPx,DPYV). To diethoxydiphenylmethylphosphonate
(6.8 g, 22.0 mmol) in dry THF (10 mL) was added NaH (0.96 g,
60% w/w dispersion in mineral oil, 24.0 mmol), and stirred for 1 h
at 55 °C under nitrogen atmosphere. After cooling to room
temperature, 4,5-diaza-2'-diphenylamino-9,9’-spirobifluorene-7’-
carboxaldehyde (1.21 g, 2.36 mmol) was added, the reaction
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solution was heated at reflux temperature overnight. After cool-
ing to room temperature, the reaction mixture was added to
water, extracted with ethyl acetate, and dried over MgSQOy. The
solution was concentrated under reduced pressure and subjected
to flash column chromatography (silica gel, ethyl acetate/
hexanes: 2/3). A yellow solid was obtained with a yield of 68%
(1.06 g). '"H NMR (400 MHz, CDCl;): 5 8.65 (dd, 2H, J=4.4,1.9
Hz), 7.57 (d, 1H, J=8.3 Hz), 7.54 (d, |H, J = 7.9 Hz), 7.16-7.23
(m, SH), 7.07-7.16 (m, 9H), 6.96-7.07 (m, 4H), 6.86-6.96 (m,
8H), 6.82 (s, 1H), 6.34 (d, 1H, J=2.0 Hz), 5.94 (s, |H). *C NMR
(100 MHz, CDCl;): & 158.6, 150.0, 148.0, 147.7, 147.2, 145.6,
143.3, 142.6 (x2), 140.1, 139.7, 136.5, 135.8, 131.5, 130.4, 129.6
(x2), 129.1, 128.4, 128.1, 127.5, 127.4, 127.2, 124.2, 124.1, 123.6,
123.5,123.1, 120.8, 119.1, 118.7, 61.1. FAB-MS: calcd. 663.27, m/
z=664.27 (M + H"). Anal. calcd for C49H33Nj3: C 88.66, H 5.01,
N 6.33; found: C 88.49, H 5.14, N 6.23.

2-Todo-4,4'-dibromobiphenyl. A solution of sodium nitrite (1.16
g, 16.8 mmol) in water (5 mL) was added dropwise at 0 °C to
a mixture of 2-amino-4,4'-dibromobiphenyl (5.0 g, 15.3 mmol)
and 8 N HCl aqueous solution (100 mL). After 30 min of stirring,
an aqueous solution of potassium iodide (2.8 g, 16.8 mmol) was
added during 5 min and the mixture was warmed up to room
temperature for 1 h. The solution was extracted with diethyl ether.
The organic phase was washed with an aqueous solution of
NaHSO; and water, and dried over MgSO,. The solution was
concentrated under reduced pressure and subjected to flash
column chromatography (silica gel, hexanes). A white solid was
obtained with a yield of 67% (4.5 g). '"H NMR (400 MHz, CDCl,):
58.08(d, 1H, J=2.0Hz), 7.53 (dm, 2H, J = 8.5 Hz), 7.16 (dm, 2H,
J = 8.5 Hz), 7.11 (d, 1H, J = 8.2 Hz). *C NMR (100 MHz,
CDCls): § 144.4, 141.9, 141.5, 131.4, 131.3, 130.8, 130.7, 122.3,
121.9, 98.7. EI-MS: calcd. 435.8, m/z 435.8/437.9 (M™).

2-|Di(2,2"-pyridyl)hydroxymethyl]-4,4'-dibromobiphenyl. =~ To
a THF solution (100 mL) of 2-iodo-4,4'-dibromodiphenyl (10.0 g,
23 mmol) was added n-BuLi (15.6 mL, 25 mmol, 1.6 M in hexane)
slowly at —78 °C. The mixture was stirred for 1 h under nitrogen
atmosphere. Di(2-pyridyl) ketone (4.6 g, 9.3 mmol) in THF (20
mL) was added to the reaction solution at —78 °C. The mixture
was continuously stirred at —78 °C for 1 h and then warmed up to
room temperature for 1 h. Saturated ammonium chloride solution
was added to the reaction solution. The solution was extracted
with ethyl acetate and dried over MgSO,. The solution was
concentrated under reduced pressure and subjected to flash
column chromatography (silica gel, ethyl acetate/hexanes: 1/10).
A white solid was obtained with a yield of 86% (9.7 g). 'H NMR
(400 MHz, CDCl3): 8 8.39 (m, 2H), 7.61 (d, 2H, J = 8.0 Hz), 7.49
(td,2H,J=7.8,1.7Hz), 7.39 (dd, 1H, J = 8.1, 2.0 Hz), 7.10-7.05
(m, 5H), 6.93 (d, IH, J = 8.1 Hz), 6.88 (d, 1H, J = 2.0 Hz), 6.82
(d, 2H, J=8.4 Hz). "C NMR (100 MHz, CDCl5):  162.1, 147.1,
147.0, 141.1, 140.4, 136.3, 133.6, 131.8 (x2), 130.3, 129.5, 123.0,
122.2, 121.1, 120.3, 80.5. FAB-MS: calcd. 494.0, m/z = 495.0/
497.0 (M + H"). Anal. caled for Co3H;¢Br,N,O: C 55.67, H 3.25,
N 5.65; found: C 55.67, H 3.13, N 5.70.

2-[Di(2,2"-pyridyl)chloromethyl}-4,4'-dibromobiphenyl. The
functional group transformation from carbinol to chloride
was performed by pertinent literature method.> To the carbinol

(4.5 g,9.18 mmol) in dry THF (50 mL) was added NaH (0.48 g,
60% w/w dispersion in mineral oil, 12 mmol) and stirred for 1 h at
room temperature. After cooling the reaction solution to 0 °C,
thionyl chloride (0.9 mL, 12 mmol) was added dropwise to the
mixture and stirred for 1 h. The reaction was quenched with
saturated NaHCOj5 solution, extracted with dichloromethane
and dried over Na,SO4. The solution was concentrated under
reduced pressure. Chloro-substituted product was obtained as
a pale yellow solid. It was used directly in the next step of
synthesis without further purification. 'H NMR (400 MHz,
CDCl;): d 8.5 (d, 2H, J = 4.4 Hz), 7.52-7.40 (m, 6H), 7.10
(dd, 2H, J=17.3,4.8 Hz), 7.01 (d, 2H, J = 8.4 Hz), 6.90 (d, 1H, J
= 8.0 Hz), 6.66 (d, 2H, J = 8.3 Hz).

2,7-Dibromo-9,9'-di(2,2"-pyridyl)fluorene. The crude chloro-
substituted intermediate was dissolved in nitromethane (50 mL).
Powdered aluminium chloride (5.0 g, 37 mmol) was added to the
solution at room temperature under nitrogen atmosphere and
then heated under reflux for overnight. After cooling to room
temperature, saturated NaHCOj; solution was carefully added to
the reaction mixture and then extracted with dichloromethane
for several times. The organic solution was concentrated under
reduced pressure and a large amount diethyl ether was poured
into the residue. A light yellow solid was obtained after filtration.
The filtrate was purified from flash column chromatography
(silica gel, ethyl acetate/hexanes: 1/4) and a white solid was
obtained. In combining two solid samples, 2,7-dibromo-9,9’-
di(2,2”-pyridyl)fluorene was obtained with a yield of 75% (3.3 g).
'"H NMR (400 MHz, CDCls): 3 8.62-8.57 (m, 2H), 7.95 (d, 2H, J
=1.7Hz), 7.59 (d, 2H, J = 8.1 Hz), 7.55-7.47 (m, 4H), 7.15-7.10
(m, 2H), 7.0 (d, 2H, J = 8.0 Hz). *C NMR (100 MHz, CDCl5):
5 162.9, 150.0, 149.8, 138.7, 136.6, 131.4, 130.4, 122.0, 121.8,
121.5, 120.9, 68.8. EI-MS: calcd. 476.0, m/z = 476.0/478.0 (M™).
Anal. calcd for Co3H 4BroN,: C 57.77, H 2.95, N 5.86; found: C
57.34, H 2.81, N 5.90.

7-Bromo-9,9'-di(2,2"-pyridyl)-2-fluorenecarboxaldehyde. This
compound was prepared similarly to that of 4,5-diaza-2'-bromo-
9.9-spirobifluorene-7-carboxaldehyde, except that 2.7-
dibromo-9,9’-di(2,2"-pyridyl)fluorene (2.0 g, 4.18 mmol) was
used in the reaction, and ethyl acetate/dichloromethane/hexanes
(1/1/2) was used as eluent for flash column chromatography. A
milk-white solid was obtained with a yield of 58% (1.03 g). '"H
NMR (400 MHz, CDCl5): 3 9.99 (s, 1H), 8.62-8.57 (m, 2H), 8.29
(d, 1H, J = 0.8 Hz), 8.01 (d, 1H, J = 1.7 Hz), 7.95 (dd, IH, J =
7.9, 1.4 Hz), 7.87 (d, 1H, J = 7.9 Hz), 7.70 (d, 1H, J = 8.1 Hz),
7.57(dd, 1H, J=8.2, 1.8 Hz), 7.51 (td, 2H, J = 7.8, 1.9 Hz), 7.13
(ddd, 2H, J = 7.5, 4.8, 1.0 Hz), 7.01 (d, 2H, J = 7.2 Hz). "*C
NMR (100 MHz, CDCl;): 5 191.8, 162.6, 151.4, 150.0, 148.7,
145.8,138.3, 136.6, 136.2, 131.7, 130.7, 129.8, 129.2, 123.3, 122.5,
122.1, 120.7, 68.8. FAB-MS: calcd. 426.0, m/z = 427.1 (M + H").

7-(Diphenylamino)-9,9’-di(2,2"-pyridyl)-2-fluorenecarboxalde-
hyde. A mixture of 7-bromo-9,9'-di(2,2"-pyridyl)-2-fluo-
renecarboxaldehyde (1.92 g, 4.5 mmol), diphenylamine (1.14 g,
6.75 mmol), Pd(OAc), (25 mg, 0.113 mmol), P(#Bu); (47 mg, 0.23
mmol), and Cs,COj3 (3.3 g, 10.1 mmol) in toluene (300 mL) was
reacted in a similar fashion to that of preparing 4,5-diaza-2’-
diphenylamino-9,9’-spirobifluorene-7'-carboxaldehyde, except
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the reaction time was extended to 3 days, and ethyl acetate/
dichloromethane (1/4) was used as the eluent for flash column
chromatography. A yellow solid was obtained with a yield of
77% (1.78 g). "H NMR (400 MHz, CDCl5): 8 9.95 (s, 1H), 8.53—
8.50 (m, 2H), 7.24 (d, 1H, J=1.0 Hz), 791 (dd, 1H, J =79, 1.4
Hz), 7.77 (d, 1H, J = 7.9 Hz), 7.65 (d, 1H, J = 8.4 Hz), 7.57 (d,
1H,J =1.8 Hz), 7.48 (td, 2H, /= 7.8, 1.9 Hz), 7.23-7.17 (m, 4H),
7.12-6.98 (m, 11H). *C NMR (100 MHz, CDCl5): 3 191.9, 163.2,
151.0, 149.8, 149.2, 148.6, 147.3, 146.9, 136.4, 135.0, 133.0, 129.8,
129.3, 129.2, 124.7, 123.4, 123.0, 121.9, 121.8 (x2), 121.0, 119.7,
68.6. FAB-MS: calcd. 515.6, m/z = 516.2 (M + HY).

N-[7-(2,2-Diphenylvinyl)-9,9’-di(2,2" -pyridyl)-2-fluorenyl]- N, N-
diphenylamine (PhF,,,DPV). A mixture of 7-(diphenylamino)-
9,9’-di(2,2"-pyridyl)-2-fluorenecarboxaldehyde (0.92 g, 1.6
mmol), diethoxydiphenylmethylphosphonate (1.95 g, 6.4 mmol),
and NaH (0.28 g, 60% w/w dispersion in mineral oil, 7.0 mmol) in
dry THF (40 mL) was reacted in a similar fashion to that of
preparing  4,5-diaza-2'-diphenylamino-7'-(2,2’-diphenylvinyl)-
9,9'-spirobifluorene, except the reaction time was extended to
overnight, and ethyl acetate/hexanes (1/4) was used as the eluent
for flash column chromatography. The remaining diethoxy-
diphenylmethylphosphonate can be removed after sub-
limination. A yellow-green solid was obtained with a yield of 67%
(0.71g). "H NMR (400 MHz, CDCl;): 5 8.43 (dd, 2H, J =4.7,0.8
Hz), 7.59 (d, 1H, J = 1.3 Hz), 7.50 (d, 1H, J = 8.2 Hz), 7.47-7.40
(m, 4H), 7.30-7.20 (m, 8H), 7.19-7.13 (m, 6H), 7.06-6.98 (m,
9H), 6.94 (t, 2H, J = 7.3 Hz), 6.87 (d, 2H, J = 8.0 Hz). *C NMR
(100 MHz, CDCI3): 3 163.8, 150.1, 149.5, 147.7, 147.6, 147.5,
143.5,142.1, 140.4, 139.3, 136.3, 136.1, 134.9, 130.5, 129.3, 129.1,
128.7, 128.5 (x2), 128.1, 127.5, 127.4, 127.3, 124.1, 123.7, 123.1,
122.7,121.4,121.0, 120.4, 119.1, 68.6. FAB-MS: calcd. 665.3, m/z
= 666.2 (M + H"). Anal. calcd for C49H35N5: C 88.39, H 5.30, N
6.31; found: C 88.13, H 5.40, N 6.01.

X-Ray crystallography studiest

Data collection was carried out on a Brucker X8APEX CCD
diffractometer at 100 K for PhSPx,DPV and PhF,,DPYV single
crystals. The radiation of Mo radiation (A = 0.71073 A) was used
for both crystals. The unit cell parameters were obtained by
a least-square fit to the automatically centered settings for
reflections. Intensity data were collected by using the w/26 scan
mode. Corrections were made for Lorentz and polarization
effects. The structures were solved by direct methods SHEL X-
97.26 All non-hydrogen atoms were located from the difference
Fourier maps and were refined by full-matrix least-squares
procedures. The position of hydrogen atoms was calculated and
located. Calculations and full-matrix least-squares refinements
were performed utilizing the WINGX program package®’ in the
evaluation of values of R (F,) for reflections with I > 2o(I) and
R, (F,), where R = Z||F,| — |FJI/Z|F,| and R, = [S{W(F,* —
F2%2{w(F,»?}]". Intensities were corrected for absorption.

OLED fabrication and electroluminescence (EL)
characterization

The fabrication of OLEDs and their EL characterization have
been described elsewhere.”® The current density-voltage-light

intensity (J~V-L) measurements were made simultaneously
using a Keithley 2400 programmable source meter and a New-
port 1835C Optical meter equipped with a Newport 818-ST
silicon photodiode. The device was placed close to the photo-
diode such that all the forward light went to the photodiode. The
effective size of the emitting diode was 3.14 mm? which is
significantly smaller than the active area of the photodiode
detector, a condition known as “under filling” to satisfy the
measurement protocol.?? Only light emitting from the front face
of the devices was collected and used in subsequent calculations
of external quantum efficiency (ngy7) according to the method
described earlier.? The luminous flux (Im) has been defined
previously,*® and we adopted it to estimate the power efficiency
(np) of OLEDs.
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