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Influence of Molecular Dipoles on the Photoluminescence and
Electroluminescence of Dipolar Spirobifluorenes**
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This Full Paper investigates a series of strongly fluorescent donor—acceptor-substituted spirobifluorene compounds, red 2-di-
phenylamino-7-(2,2-dicyanovinyl)-9,9’-spirobifluorene (DCV), green 2-diphenylamino-9,9’-spirobifluorene7-carxoxaldehyde
(CHO), and blue 2-diphenylamino-7-(2,2-diphenylvinyl)-9,9’-spirobifluorene (DPV), together with their spiro-linked “dimeric”
analogs, 2DCYV, 2,2’-bis(diphenylamino)-9,9"-spirobifluorene-7,7-dicarboxaldehyde (2CHO), and 2,2"-bis(diphenylamino)-7,7’-
bis(2,2-diphenylvinyl)-9,9"-spirobifluorene (2DPV), respectively. The emission optical density and, hence, the intensity of
photoluminescence (PL) or electroluminescence (EL) of the “dimeric” analogs is presumed to increase, which is beneficial for
organic light-emitting diode (OLED) applications. The physical properties, including the dipole moments obtained from quan-
tum chemistry calculations, emission solvatochromism, fluorescence quantum yield (®;) as well as the EL of these six spirobi-
fluorene compounds have been examined in detail. We found that @; as well as OLED performance (EL efficiency and inten-
sity) of the strongly dipolar DCV decrease significantly in the “dimeric” analog 2DCYV, but less so in the moderately dipolar
CHO and 2CHO, and only slightly in the weakly dipolar DPV and 2DPV. This is parallel to the intramolecular dipole moment,
which is large for 2DCV, medium for 2CHO, and very small for 2DPV. Here, we show for the first time systematically that the
luminescence intensity is closely correlated with the local electric field induced by the molecular dipole. A strong electric field
may facilitate radiationless decay channels with a charge-transfer nature, leading to a high quenching rate. Consistent with this
conclusion, which is derived from the red DCV/2DCYV and green CHO/2CHO, our new blue fluorophore DPV with an essen-
tially zero dipole moment has successfully achieved one of the best electrofluorescent blue OLEDs. At the same time, by
doping the highly dipolar DCV into an isolated environment with the low-polarity Alqs; as the host matrix, we obtained a very
high performance of saturated yellow OLEDs as well, This is possibly due to the reduction of emission-quenching dipoles from
the neighboring molecules. Our results have provided an important insight in designing luminescent materials, as follows:
molecular dipole moments should be kept at a low magnitude to avoid quenching induced by a strong local electric field in the
chromophore.

1. Introduction (n—m interaction) of the fluorophore in the solid state. A re-
cently reported exception, a donor—acceptor-substituted spiro-

A general problem with using a fluorescent material in or- bifluorene, 2-diphenylamino-7-(2,2-dicyanovinyl)-9,9"-spirobi-
ganic light-emitting diodes (OLEDs) and other luminescent fluorene (DCV; Scheme 1) is one of those rare red
devices is concentration quenching in the solid state.!]l Device  fluorophores that is very efficient for non-dopant-based red
engineers adopt a physical method, such as doping of the fluo- OLEDs" Based on the single-crystal X-ray structure, DCV
rescent material in an appropriate host, to alleviate the prob-  has a unique molecular structure with a non-planar bulge
lem.”?! The success of such a physical method hinges on the mo- ~ m-framework, thereby avoiding n-n stacking between DCV

lecular isolation and, hence, reduction of the molecular contact ~ molecules.
More recently we have synthesized a molecular “dimer” ver-

sion of DCV, 2DCV (Scheme 1),[4] which has twice the chro-
mophore density and offers the possibility to enhance photolu-
minescence (PL) or electroluminescence (EL). In fact, 2DCV
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Scheme 1. Chemical structures of DCV, 2DCV, CHO, 2CHO, DPV, and 2DPV.

a dimeric pair and different series have a different dipolar char-
acter. The common bulky spirofluorene moiety can reduce the
difference arising from intermolecular packing. We have dem-
onstrated that the molecular dipole moment is a critical factor
for the efficiency of luminescence, either PL or EL, taking ex-
amples of these spirobifluorene fluorophores. The molecular
dipole from each molecular half of spirofluorenes gives rise to
a strong local electric field and quenches PL or EL, possibly by
making charge-transfer channels available. Therefore, we can
define a new insight in understanding the performance of fluo-
rescent materials, and derive new designing principles for
OLED materials.

2. Results and Discussion

2.1. Photophysical Properties

Dimeric 2DCV possesses a very similar energy, both in ab-
sorption or emission wavelengths, to that of monomeric DCV
(Table 1). This situation is similar in the green CHO/2CHO
and blue DPV/2DPYV pairs as well. This reflects the fact that an
sp>-hybridized carbon between the molecular halves of 2DCV,
2CHO, or 2DPV renders little electronic coupling (r-conjugat-
ed interaction).[6] At the same time, similar to other red dop-

Table 1. Optical properties and energy levels of spirobifluorene com-
pounds

Solution Solid AE[] HOMO/LUMO
state
T e [ O] @ S VY]
[nm,nm] [%] [nm, %]
DCv 460, 582 79,70,49 633,33 241 5.73/3.32
2DCV 460, 587 31,14,7 654, 6 239 5.75/3.36
CHO 400, 497 83,68,62 502,42 2.83 5.61/2.78
2CHO 4071, 495 49,46,30 508,10  2.83 5.63/2.80
DPV 385, 468 60,60,56 467, 51 2.91 5.50/2.59
2DPV 385, 468 50,54,43 468, 21 2.89 5.53/2.64

[a] DPV and 2DPV were in chlorobenzene; CHO, 2CHO, DCV and 2DCV
were in 1,4-dioxane. [b] In chlorobenzene, 1,4-dioxane, and ethyl acetate,
respectively. [c] Band-gap energies estimated from the red edge of absorp-
tion spectra.
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ant-based OLED materials, the color
changes from red via orange to yellow
(Fig. 1) with diminishing dopant concen-
tration of DCV or 2DCV. This is com-
monly known as the solid-state solvation
effect, induced by the doping molecules
themselves.*”] It resembles the solvato-
chromism observed in the emission spec-
tra, as shown in Table 1 and Figure 2. A
red-shift is observed for solutions with sol-
vents of increasing polarity. Such a phe-
nomenon usually happens in molecules
with a large change in its dipole when
electronically excited, and with a large
ground-state dipole that provides a polar environment in the
solid state.® In addition, the bathochromic shifts of the emis-
sion from solution state to the condensed phase (solid state)
were found to be varied for these spirobifluorene compounds:
a very large shift for red DVC or 2DCV, a medium shift for
green CHO or 2CHO, and virtually no shift for blue DPV or
2DPV (Table 1).

Such solvatochromism results imply that the molecular di-
pole moments of these three sets of spirobifluorene compounds
(DCV/2DCV, CHO/2CHO, and DPV/2DPV) are substantially
different from each other. Considering a rather similar transi-
tion energy of dimers of 2DCV, 2CHO, or 2DPV to the corre-
sponding monomers, DCV, CHO, or DPV, respectively, it begs
the question why the blue spirobifluorenes (DPV/2DPV) be-
have so differently from the green (CHO/2CHO) or red
(DCV/2DCV) ones. Moreover, since the performance of
OLEDs based on 2DPV and DPV is relatively similar, why
does the performance of 2DCV and DCV OLEDs differ so
much? We searched for an explanation based on the relatively
large red-shift of the emission wavelength, which has a signifi-
cantly smaller fluorescence quantum yield, as well as in the
large difference in OLED performance of 2DCV or 2CHO. We
found and verified that the key to the explanation is the
ground-state molecular dipole moment of the dipolar spirobi-
fluorene compounds, as detailed below.

2.2. Molecular Dipole Moments

The molecular dipole moments of these six spirobifluorenes
were estimated by density functional theory (DFT) calcula-
tions (Fig. 3). The red spirobifluorenes possess large molecular
dipole moments (11-15 Debye) and those of the blue spirobi-
fluorenes are very small (< 1 Debye), whereas those of green
spirobifluorenes are in the middle range (5-7 Debye). This is
consistent with the electron push—pull properties of the func-
tional groups in the molecules. DCV has a strong electron with-
drawing dicyanovinyl group, and in CHO, the formyl group has
a medium strength of withdrawing m-electrons and, hence,
there is a polarization effect in between the functionalties of di-
cyanovinyl and diphenylvinyl. Qualitatively, this agrees with
the intermediate dipole moment calculated for CHO/2CHO
compared with those of DVC/2DCV and DPV/2DPV. The
ground-state dipole of 2DCV can be considered as a simple
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Figure 1. PL and EL spectra of OLEDs based on a) DCV, and b) 2DCV. The
1931 CIE (the Commission Internationale de I'Ecairage) color chromaticity
diagram of all OLEDs, including those of DPV and 2DPV ones, are shown
in (c).

vector sum of the two dipoles of the two orthogonally linked
fragments. When the molecular dipole moment (10.59 Debye)
of DCV was used to model the dipole of a half fragment in
2DCYV, then a simple vector summation (2 x 10.59 x cos 45°)
leads to 14.95 Debye of 2DCV (Fig. 3, bottom), which is very
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close to 14.50 Debye obtained by the same calculation for
2DCV. A similar vector analysis of dipole moment works as
well for 2CHO. Both DPV and 2DPV do not possess a elec-
tron-withdrawing functionality (the diphenylvinyl group is a
very weak electron acceptor), and the calculated dipoles are
not only small but also disoriented in a non-orthogonal direc-
tion (Fig. 4).

The calculated dipole moment differences between the
ground state and the first excited state are much larger for
DCV and 2DCV (6.14 and 4.43 Debye, respectively) than
those for DPV and 2DPV (1.66 and 1.35 Debye, respectively).
These dipole moment results are parallel to the solvatochromic
behavior of these fluorescent spirobifluorenes in solution (see
previous section of photophysical properties). The solvatochro-
mism observed for spirobifluorene compounds is qualitatively
in agreement with the dipole moment changes calculated for
the red, green, and blue spirobifluorenes and following the
known principle.®”) In solution, fluorescence quantum yields
decrease as the solvent polarity increases (Table 1). Such sol-
vent polarity dependence is particularly obvious in the case of
the red pair of DCV/2DCYV, is relatively less dependent for the
green pair of CHO/2CHO, and is much less so in the case of
the blue pair of DPV/2DPV (Table 1). Such behavior is also
consistent with their relative dipole moment values, which are
estimated by calculation.

2.3. PL/EL Quantum Yield, Molecular Dipole Moment, and
Electric Field

Solution fluorescence quantum yields drop from monomeric
to dimeric species, with a 60-85 % decrease for the red
DVC—-2DCYV, 50-70 % for the green CHO—2CHO, and only
a 10-25 % decrease for the blue DPV—2DPV (Table 1). The
sensitivity of fluorescence quantum yields to the polarity in its
surrounding implies that the polar environment may facilitate
a non-radiative decay process leading to fluorescence quench-
ing. This effect is closely related to a field-induced fluorescence
quenching of donor-acceptor-substituted diphenyloligoene
fluorophores reported earlier,'”! where an external electric
field with a strength of ~ 1 MV cm™ was applied to the fluoro-
phore-doped polystyrene thin film. It was shown that under an
external electric field, fluorescence quenching occurred on the
fluorophore with large dipole moment changes between
ground and the first excited states. Therefore, it was concluded
that the external electric-field may lower the energy of a non-
emissive intramolecular charge-transfer (ICT) state and be-
come a quenching channel of the light emission.

We believe that the electric field, either external or local, has
a strong influence on the spirobifluorene fluorophores in the
OLED:s studied in this paper. Light-emitting materials experi-
ence an external electric field of 0.1-1.5 MV cm™ (1-15 V ap-
plied to the device with ~ 100 nm thickness), which is compar-
able with those in Ref. [10]. Moreover, for dimeric donor—
acceptor-substituted spirobifluorenes, the large ground state di-
pole moment may generate a local electric filed that has an
even stronger effect on a nearby molecule or internally to the

Adv. Funct. Mater. 2008, 18, 248-257
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Figure 2. Fluorescence spectra of a) DCV, b) 2DCV, c¢) CHO, d) 2CHO, €) DPV, and f) 2DPV in toluene, 1,4-dioxane, ethyl acetate, and cyanobenzene,
respectively.

other molecular half. The strength of the local electric field field strength at the equatorial plane of the dipole as an esti-

near a dipole moment can be estimated by mate. For 2DCYV, the edge-to-edge distance between the two
1 . molecular halves is about 5 A.1*%! Taking the calculated DFT
= e B - 1P — )= — 4757 (1)  value of 10 D for DCV as a model for the internal dipole mo-

ment of the monomer, each molecular half of 2DCV experi-
where E is the electric field, 4ngg is 1.1 x 107° 77" C> m™, ris  ences a local electric field from the opposite half of the mole-
the distance to the dipole, u is the dipole moment in Cm and  cule with a strength of ~ 12 MV cm™ (assuming half of a full
1 Debye = 3.34 x 10 C m. In Equation 1 we have used the  charge separation), which is at least an order of magnitude
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Figure 3. Dipole moments, in Debye (D), of DCV, CHO, DPV, 2DCV,
2CHO, and 2DPV obtained by DFT/B3LYP calculation. The direction and
the approximate magnitude of the dipole are illustrated with a yellow ar-
row. Simple vector analysis of intramolecular dipoles and the net dipole
moment of 2DCV and 2CHO is schematically presented in the bottom of
the figure.

stronger than the external electric field of OLEDs and it can
be very influential on the fluorescence quenching of the mate-
rial. For the monomeric DCYV, there is no intramolecular elec-
tric field but there is an intermolecular effect from the neigh-

@
U’ﬁﬂﬂ'-'i""

boring molecules, of which the strength of the electric field can
be estimated to be as high as 12 MV/cm, assuming that the mo-
lecular separation distance is 5 A. Such a value should be con-
sidered as an upper limit of the possible electric field because
of the possible cancellation of all the surrounding molecular di-
poles. Considering that the strength of such an electric field
falls off quickly as the third power of distance from the mole-
cules, dopant usage can significantly boost the performance of
DCV OLEDs but not as much for 2DCV ones, as indicated in
our data.

For nonpolar blue spirobifluorenes, the solution @¢ of the
blue 2DPV is only about 10-25 % smaller than that of DPV in
solutions (Table 1), which is consistent with the very small di-
pole moments of both fluorophores, since they can not gener-
ate a local electric field with influential strength. The nonradia-
tive decay resulting from the higher degree of vibrational
motion of the floppy diphenylvinyl groups of 2DPV and DPV
is likely to play a more significant role in fluorescence quench-
ing than the effects of dipole moments herein.

2.4. Solid State Fluorescence Quantum Yield and Single
Crystal X-Ray Structure

In the solid state, a big drop of fluorescence quantum yield
from monomeric to dimeric spirobifluorenes was observed,
~ 82 % for red DCV—2DCV vs. ~ 59 % for blue DPV—2DPV.
From the single-crystal X-ray data reported by us pre-
Viously,[3’5] no intimate m-n contact was observed for DCV and
2DCV in the solid state, so we can mainly rule out the fluores-
cence quenching due to non-emissive excitons arising from n-n
stacking. The drop of fluorescence quantum yield observed for
blue DPV—2DPYV is quite large, considering their very small
dipole moment numbers. We can only surmise that it is the
strong molecular contact of 2DPV in the solid state that leads
to fluorescence quenching. Unfortunately, we did not have suit-

AT R/ L
Y/ RS

')1\ ')' i,
;._175&(,‘

Figure 4. X-ray determined molecular structure and crystal packing diagram of CHO. The arrows in the packing diagram at the bottom indicate the direc-
tion from diphenylamino to formyl substituent. For clarity, molecules stacking in unit cells are marked with arrows having white, gray, or black shades.
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able single crystals of DPV and 2DPV for
X-ray crystallographic analysis to verify
our conjecture. However, for green spiro-
bifluorenes CHO—2CHO, a comparable
~ 76 % drop (with ~ 82 % drop of
DCV—2DCV) of fluorescence quantum
yield was observed as well. In that case,
the drop of solid state fluorescence quan-
tum yield could be attributed to the detri-
mental intermolecular n-n contact found
for 2CHO (see the discussion of single
crystal X-ray structure of CHO and
2CHO below).

The single crystals of CHO or 2CHO
were obtained from chloroform/dichloro-
methane/hexanes solution and were ex-
amined for X-ray diffraction structure
analysis (see Figs. 4 and 5).l"! There is no
intermolecular face-on m-7 interaction in
CHO crystals. The intermolecular con-
tacts are either non-orthogonal edge-to-
face (C-H--m) or unparallel face-to-face
n—n interaction, such as a 3.34 A contact
distance between C19 and C45, which is
the contact between two nonparallel
(~ 47°) benzene rings (Fig. 6 left) of fluo-
rene and diphenylamino group. The clos-
est contact found for the crystal of CHO
is a 331 A contact between the C34-
C35 double bond and that of adjacent molecule. This is a
short-distance contact but it is an edge-to-edge sideways inter-
action between two phenyl rings of neighboring molecules
(Fig. 6 right), and it is unlikely to cause significant florescence
quenching.

For the crystal structure of 2CHO, a direct face-on n-m inter-
action within the distance of ~ 3.4-3.5 A was observed between
the phenyl ring of the donor (diphenylamino group) and the
C14-01 double bond of the formyl acceptor of neighboring
molecule (Fig. 7). Furthermore, because of the symmetry
taking place in crystal packing, such face-on n—r interaction of
2CHO occurs twice for each molecule in the crystal. Therefore,
a more significant fluorescence quenching can be expected for

Figure 5. X-ray determined molecular structure and crystal packing diagram of 2CHO. The arrows
in the packing diagram at the bottom indicate the direction from the diphenylamino to formyl sub-
stituent.

2CHO than 2CHO in solid state. This deduction is consistent
with the fact that 2CHO has about 40-50 % smaller &s than
those of CHO in solution but nearly 75 % smaller @ss in the
solid state (Table 1)

2.5. OLEDs and High-Performance Yellow DCV Dopant and
Blue DPV Non-Dopant

Figure 8 displays the characteristics of the devices, namely
current density, voltage, external quantum efficiency, and elec-
troluminance of all spirobifluorene OLEDs fabricated in the
present research. Corresponding OLED data are summarized
in the Experimental section.

Figure 6. Left: an unparallel ring-to-ring contact between C19 and C45 (3.34 A) of CHO. Right: an edge-to-edge sideways interaction between two phenyl

rings of neighboring molecules of CHO.
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Figure 7. The face-on -7 interaction between formyl acceptor and the
phenyl ring of diphenylamino donor of 2CHO.

Figure 9 illustrates the voltage dependency of external quan-
tum efficiency and electroluminance. As mentioned earlier, di-
meric 2DCV or 2CHO OLEDs performed much worse than
the monomeric DCV or 2CHO OLEDs, whereas the perfor-
mance of 2DPV OLEDs was just moderately inferior to that of
DPV OLED:s. In addition, a typical roll-off of external quan-
tum efficiency associated with the increase of applied voltage
was observed for DCV/2DCV, CHO/2CHO, and DPV/2DPV
OLED:s.

Consistent with this new insight derived from the red 2DCV
and DCV, our new blue fluorophore DPV successfully
achieved one of the best electrofluorescence blue OLEDs.["*!
Non-dopant blue DPV OLEDs have outperformed other
OLEDs with similar blue color purity (CIE, = 0.13-0.18,
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0.16-0.24) in terms of EL efficiency and intensity: maximum
efficiency of 3.4 %, 5.4 cd A}, or 5.7 Im W', and the peak in-
tensity of 33020 cd m™ or 1430 c¢d m™? at 20 mA cm (Fig. 8
and Table 3). This can be ascribed to the practically zero dipole
moment of DPV and, hence, few problems with electric-field-
induced fluorescence quenching in the solid state. On the other
hand, by doping the dipolar and bright DCV in an isolated en-
vironment (avoiding the effect of dipole moments from the
neighbors), very high performance of saturated yellow OLEDs
was obtained. Its EL efficiency is as high as 3.4 %, 9.4 cd A™.,
or 82 1m W', and the peak EL intensity is 37640 cd m™ and
1750 cd m™ at 20 mA cm™ (Fig. 8 and Table 3), which also
outperforms most electrofluorescence yellow OLEDs.['*!

3. Conclusion

Owing to their unique structural feature, donor-acceptor-
substituted spirobifluorenes including both monomeric and di-
meric ones, provide an ideal model set in elucidating the influ-
ence of molecular dipole moment on fluorescence quenching
in solution as well as in the solid state. EL and consequently
the performance of OLEDs are strongly affected by the molec-
ular dipole moment. In addition to the vibrational-motion-in-
duced emission quenching and solid-state molecule-molecule
contact quenching, which are well known sources of fluores-
cence quenching, the intramolecular and intermolecular elec-
tric field arising from the molecular dipoles is another detri-
mental factor that should be avoided in the molecular design of
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Figure 8. Electroluminescence characteristics (EL efficiency-current density-EL intensity) of OLEDs: ITO/NPB/DCV or 2DCV:Alq3(0.5, 3, 5, or 100 %)/
BCP/Alqs/Mg:Ag; ITO/NPB/CHO or 2CHO/BCP/Alq;/Mg:Ag and ITO/NPB/DPV or 2DPV/TPBI/LiF /Al [12].
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Figure 9. Electroluminescence characteristics (EL efficiency-voltage-EL inten-
sity) of OLEDs: ITO/NPB/DCV or 2DCV/BCP/Alq;/Mg:Ag, ITO/NPB/CHO
or 2CHO/BCP/Algs/Mg:Ag, and ITO/NPB/DPV or 2DPV/TPBI/LiF /Al.

high performance fluorophores for OLEDs. This is quite a
challenge for the red (or long-wavelength) light-emitting mate-
rials because most of the molecular structure of red fluoro-
phore with an appreciable intensity of electrofluorescence are
based on a donor-acceptor-substituted m-conjugated system
and they are dipolar in nature.!! Unlike dimeric 2DCV, the
outstanding performance of a DCV-based non-dopant OLED
is one rare exception. Only modest solid-state fluorescence
quenching was found for DCV, and it is due to the bulky and
rigid molecular framework of spirobifluorene that prevents the
molecules from close contact and hence reduces the adverse
n-1 interaction as well as the strength of the intermolecular
electric field.

From the dipole moment properties of these fluorescent ma-
terials, we arrived at a convincing explanation of why the di-
meric DCV (or 2CHO) exhibit a significantly worse OLEDs
performance than the monomeric DCV (or 2CHO) OLED.
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Consequently, in addition to the high performance of non-dop-
ant red DCV OLEDs, we have successfully achieved one of the
best electrofluorescent yellow OLEDs using DCV as dopant
material. We have also achieved one of the best electrofluores-
cent blue OLEDs using an efficient and bright DPV non-dop-
ant material that has a practically zero dipole moment and
hence a very limited electric-field-induced fluorescence
quenching in the solid state.

4. Experimental

General Methods: Both solution and solid-state fluorescence quan-
tum yields (@) of the donor—acceptor-substituted sprirobifluorenes
were determined by the integrating-sphere method described by de
Mello et al. [3,15]. The ionization potentials (or HOMO energy levels)
of six spirobifluorene compounds were determined by low energy
photo-electron spectrometry (Riken-Keiki AC-2). From our previous
data, we found that the precision of the AC-2 measurement is about
10.05 eV. LUMO energy levels were estimated by subtracting the ener-
gy gap (AE) from the HOMO energy levels. AE was determined by the
on-set absorption energy from the absorption spectra of the materials.

Materials: The synthesis and characterization of DCV, 2DCV, CHO,
2CHO, and 2DPV have been reported previously [3,4]. Blue fluoro-
phore DPV was previously unknown and the details of the synthesis
are reported in the present paper. Other materials involved in the fab-
rication of dopant or non-dopant OLEDs, tris(9-hydroxyquinoline)alu-
minum (Alqgs), 1,4-bis(1-naphylphenylamino)biphenyl (NPB), 2,2,2"-
(1,3,5-phenylene)-tris[1-phenyl-1H-benzimidazole] (TPBI) were pre-
pared in the laboratory using published methods and were subjected to
gradient sublimation prior to use. Hole-blocking material, 2,9-dimeth-
yl-4,7-diphenyl-1,10-phenanthroline, bathocuproine (BCP), was pur-
chased from Aldrich and used as received.

Synthesis of 2-Diphenylamino-7-(2,2-diphenylvinyl)-9,9 -spirobifluo-
rene (DPV): Under a nitrogen atmosphere, NaH (0.26 g, 60 wt % in
oil, 6.20 mmol) was added to a diethoxydiphenylmethylphosphonate
(1.88 g, 6.02 mmol) dry THF solution (10 mL), and the mixture was
stirred for 1 h at 55 °C. After cooling, CHO (1.50 g, 2.93 mmol) was
added, then the reaction solution was heated to refluxing temperature
for 16 h. After cooling to room temperature, the reaction mixture was
added to water, extracted with ethyl acetate, and dried over MgSO,.
The solution was concentrated under reduced pressure and subjected
to flash column chromatography (silica gel, dichloromethane/hexanes:
1/5). A yellow solid was obtained with a yield of 88 % (1.7 g). '"H NMR
(400 MHz, CDCl;, 9): 7.66 (d, 2H, J=7.6Hz), 757 (d, 1H,
J=83Hz), 749 (d, 1H, J=80Hz), 729 (td, 2H, J=75Hz,
J =09 Hz),717-7.22 (m, 5H), 6.97-7.11 (m, 11H), 6.92-6.97 (m, 3H),
6.85-6.97 (m, 6H), 6.78 (s, 1H), 6.71 (d, 1H, J = 7.6 Hz), 6.48 (d, 1H,
J =2.0 Hz), 6.11 (s, 1H). *C NMR (125 MHz, CDCls, 6): 150.3, 148.6,
148.4,147.5, 147.4, 143.2, 141.9, 141.5, 140.0, 139.9, 136.5, 136.2, 129.8,
129.4, 129.0, 128.3, 128.1, 127.5, 127.4, 127.3, 127.2, 124.8, 124.0, 123.8,
122.5,120.5,119.9, 118.8, 65.6. FAB-MS: calcd 661.8, m/z = 661.3 (M").
Anal. caled for Cs;Hj3sN: C 92.35, H 5.49, N 2.49; found: C 92.55, H
5.33,N2.12.

Theoretical Calculation: For theoretical dipole moment (p) calcula-
tion, donor—acceptor-substituted spirobifluorene molecules were opti-
mized by applying DFT with the hybrid B3LYP functional [16] and
6-31G* basis set. With the optimized structure, we calculated the
ground state dipole moments with the Hartree-Fock (HF), DFT
(B3LYP) models and the 6-31G* basis set. Excited state dipole
moments were calculated using Configuration Interaction Singles
(CIS)/6-31G*. In all cases the first excited states were highly optically
active, as indicated by the large oscillator strengths (> 0.9). Therefore
we used the first CIS excited state to model the observed light-emitting
states. We avoided using time-dependent DFT because of its problem
in describing states with a charge-transfer (CT) nature [17], which may
arise from the donor—acceptor moieties and because such CT states
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might interfere with the optically active states we
investigated. Even though the CIS results might be
less accurate than TDDFT, the qualitative trends in

Table 3. Electroluminescence characteristics of dopant and non-dopant OLEDs of DCV, 2DCYV,
CHO, 2CHO, DPV, and 2DPV.

the CIS results can still offer correct physical in-

. . Doping level ~ Max. luminance  Luminance, Efficien-  Max. efficiency ~ Ama  CIE 1931
S}ghts.. The results of the Calf:ulatlon are summa- of devices and voltage cy, Voltage [%,cd A7, ImW™] [nm] chromaticity
rized in Table 2. All calculations were preformed [wt. %] cd m?, V] [cd m™, %, V] [¢] vl
with a developmental version of Q-Chem [18]. : L ’

X-Ray Crystallography Studies: Data collection = DSV 05 [a] 37640, 15 1750,3.1,9.1 3.4,9.4,82 584 0.50,0.48
was carried out on a Bruker X8APEX CCD diffrac- bcv 3] 20950, 15 1080,2.4,9.1 2.7,63,4.1 602 055,044
tometer at 100 K for CHO and 2CHO sing]e crys- DCV 100 [b] 8190, 15 3103,1.4,6.3 1.5,1.6,1.1 634 0.65, 0.35
tals. Mo radiation (A= 0.71073 A) was used for 2DCV ~ 0.5[a] 8080, 15 1210,2.3,11.3 2.4,6.4,45 592 0.52,047
both crystals. The unit cell parameters were ob-  2DCV 5 [a] 4290, 15 430,1.2,9.1 1.6,3.0,2.3 612 0.59,0.41
tained by a least-square fit to the automatically cen- 2DCV 100 [b] 2470, 15 90,0.66,6.6 0.69,0.47,0.22 648  0.67,0.33
tered settings for reflections. Intensity data were CHO 100 [¢] 33470, 15 1430, 2.6,7.3 2.7,73,3.8 502 0.19,0.50
collected by using the w/20 scan mode. Corrections  2cHO 100 [] 14600, 15 410,0.7,7.5 0.8,2.4,0.9 506  0.20,0.53
were made for Lorentz and polarization effects.  ppy 100 33020, 14 910,2.9,4.7 3.454,5.7 478 014,022
The structures were solved by direct methods  yppy 100 (g 25470, 15 780,2.2,5.1 284951 480 0.15,025

SHELX-97 [19]. All non-hydrogen atoms were lo-
cated from the difference Fourier maps and were
refined by full-matrix least-squares procedures. Hy-
drogen atoms were calculated and refined with an
overall isotropic temperature factor. Calculations
and full-matrix least-squares refinements were per-
formed utilizing the WINGX program package [20]
in the evaluation of values of R (F,) for reflections
with I > 20(I) and R,, (F,), where R =ZXllF,| — IFI/ZIF,l and
R,, = [Z{W(F,? - FA)M/Z{w(F,H)H]"2 Intensities were corrected for ab-
sorption.

Table 2. Calculated ground state dipole moments and differences in per-
manent dipole moments of the first excited state and ground state [a].

Ground state First excited Difference dipole

dipole state dipole moment
ng T e Ha [Mex g
DCV 10.59 10.40 16.50 6.14
CHO 5.20 5.10 9.56 4.46
DPV 0.65 0.46 2.07 1.66
2DCV 14.50 14.05 18.41 4.43
2CHO 7.07 6.79 9.97 3.13
2DPV 0.47 0.42 1.75 1.35

[a] in Debye. B3LYP/6-31G* and HF/6-31G* were used for ground state,
and CIS/6-31G* for excited state calculations.

OLED Fabrication and EL Characterization: The fabrication of
OLED:s and their EL characterization have been described elsewhere
[13b]. The current, voltage, and light intensity (/-V-L) measurements
were made simultaneously using a Keithley 2400 programmable source
meter and a Newport 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 effec-
tive 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 [21].
Only light emitting from the front face of the devices was collected and
used in subsequent calculations of external quantum efficiency accord-
ing to the method described earlier [21]. The luminous flux (Im) has
been defined previously [22], and we adopted it to meet the purpose of
our research. EL characteristics of OLEDs are summarized in Table 3.

Energy-Level of Spirobifluorenes and their OLED Layer Structure
Analysis: Together with other materials adopted in the OLED fabrica-
tion, the relative energy-level alignments and layer thickness of
OLED:s are schematically depicted in Scheme 2 [23]. Since the HOMO
energy levels of DCV/2DCV or CHO/2CHO are rather close (0.2—-
0.3 eV difference) to that of electron-transporting Algs in OLEDs, a
hole blocking layer of BCP was deployed in either DCV/2DCV or

www.afm-journal.de

[a] Devices have the configuration of ITO/NPB/DCV or 2DCV: Alq3/BCP/Alq3/Mg:Ag (top
right diagram in Scheme 2). [b] ITO/NPB/DCV or 2DCV/BCP/Alq3/Mg:Ag (top left diagram in
Scheme 2). [¢] ITO/NPB/CHO or 2CHO/BCP/Alq3/Mg:Ag (bottom left diagram in Scheme 2).
[d] Devices have the configuration of ITO/NPB/DPV or 2DPV/TPBI/LiF/Al (bottom right dia-
gram in Scheme 2). [e] At current density of 20 mA cm™

CHO/2CHO OLEDs to prevent the charge-recombination occurring
on Alg; that emits undesired green light. A large energy gap (~ 0.8 eV
difference) between the LUMO levels of NPB and DCV or CHO
(2DCV or 2CHO) can effectively confine the electrons inside the light-
emitting layer of CHO or DCV (2DCV or 2CHO) and facilitates
charge recombination that leads to the EL of dopant or non-dopant
OLEDs. Within this context, the same device configuration, except for
a thinner NPB layer (5 nm), was adopted for the fabrication of non-
dopant CHO and 2CHO OLEDs (bottom left scheme of Scheme 2). In
order to enhance the performance of OLEDs, blue DPV or 2DPV
OLED was fabricated in different configuration: ITO/NPB(10 nm)/
DPV or 2DPV (40 nm)/TPBI (50 nm)/LiF(1 nm)/Al (see the bottom
right scheme of Scheme 2). There is no need of BCP here owing to the
relatively large difference (~ 0.7 eV difference) of HOMO energy lev-
els between TPBI and DPV (or 2DPV).
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