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The synthesis and characterization of a fluorene-spirobifluorene alternating copolymer, P(OF-SBF), are
described. In the case of the spiro-segment, the two fluorene rings are orthogonally arranged and connected
through a tetrahedral bonding carbon atom (the spiro center). As a consequence, the polymer chain
periodically zigzags, with an angle of 90° at each spiro center. This structural feature not only preserves the
rigidity of the polymer chain but also prevents the n-stacking of the polymer backbone, resulting in an
improvement in both thermal and spectroscopic stabilities. Comparing the absorption and emission spectra of
P(OF-SBF) and of a terfluorene model compound, it was revealed that P(OF-SBF) possesses a well-defined
conjugation length. The polymer can serve as a host matrix to effectively transfer its excitation energy to a
derivatized perylene dopant, yielding an efficient blue-light-emitting layer.

Introduction

Since the discovery of poly(phenylene vinylene)-based LEDs
in 1990,' considerable efforts have been made in the develop-
ment of new conjugated polymers and in the performance of
the related LEDs.” ™ The ability to fine-tune the luminescent
properties of polymers by manipulation of the chemical
structure, along with the feasibility of utilizing spin-coating
and printing processes for large area display devices, makes
organic luminescent polymers very attractive. Polymers with
large energy band gaps that emit blue light efficiently are
of special interest, because these materials are desired for
full color display applications and can also serve as energy-
transfer donors in the presence of lower energy fluorophores.” ™
Polyfluorenes are among the most promising candidates for
blue-emitting polymers due to their high photoluminescence
and electroluminescence efficiencies.’™!? In addition, the facile
functionalization at the C-9 position of the fluorene unit not
only provides the possibility to improve the solubility and
processability of polymers, but also offers the ability to control
interchain interactions,'*'* cross-linking,'> and optical and
electrochemical properties.'®!” Although bright LEDs based
on polyfluorenes have been fabricated, a major problem with
polyfluorenes concerns their tendency to form long wave-
length aggregates/excimers in the solid state upon exposure to
heat.'®2° This leads to the issue of color stability of the light
emitted from LEDs fabricated with polyfluorenes.

Previous studies have shown that the introduction of
a spirobifluorene linkage into the structure of small mole-
cules leads to a reduction in crystallization tendency, an
enhancement in solubility, and an increase in glass transition
temperature.>' > Such spiro-structures have also been applied
to polymeric materials, leading to enhancements in both glass
transition temperature (7,) and luminescent stability in
alternating polyfluorene copolymers®® and amorphous poly-
2,7-fluorene networks.?” Recently, we have synthesized amor-
phous aromatic polyquinolines and polyimides, containing
spirobifluorene units, which also demonstrate improved
solubility and thermal stability.?%°

In light of these observations, the goal of this research was
to synthesize a novel fluorene-spirobifluorene alternating
copolymer, poly(9,9-dioctylfluorene)-alt-co-(9,9'-spirobifluorene)
(P(OF-SBF)), which may possesses a low tendency toward
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crystallization and a high T, Thereby, the stability of the
amorphous state in solid films is enhanced and the formation of
aggregates and interchain excimers can be suppressed. In the
spiro-segment, the rings of the bifluorene entities are ortho-
gonally arranged and are connected through an sp> carbon
atom (the spiro center).?! The resulting polymer would be
expected to have a polymer backbone that is periodically
twisted with an angle of 90° at each spiro center. This structural
feature restricts the close packing of the polymer chains and
reduces the probability of interchain interactions, resulting in a
more highly soluble amorphous polymer,?®3* in which the
tendency to form aggregate/excimers in the solid state would be
suppressed. In addition, the rigidity of the main chain of the
polymer would be preserved due to the spiro-structure, leading
to a significant increase in both 7, and thermal stability. 2830
Moreover, the tetrahedral bonding carbon at the center
connects the conjugated moieties via a c-bonded network,
which serves as a spacer and a conjugation interrupt, thus
effectively controlling the conjugation length of this polyfluor-
ene derivative.>> While this paper was in preparation, Kim,
Miller, and Chen, and their co-workers, reported the synthesis
of spirobifluorene-linked orthogonal polymers and oligofluor-
enes and showed that these spiro-polymers (oligomers) have
enhanced thermal and luminescent stabilities over the corres-
ponding poly(dioctylfluorene).3>3¢

Experimental section
Materials

Compounds 1,37 2,38 3.3 and 5,%° were synthesized according
to literature procedures. Diethyl ether and toluene were
refluxed with sodium and distilled. Acetonitrile was distilled
from CaH,. All other reagents and solvents were used as
received from commercial sources unless otherwise stated.

Characterization

'H and '*C NMR spectra were recorded on a Varian Unity
300 MHz or a Bruker-DRX 300 MHz spectrometer using
CDCl; as solvent. Mass spectra were obtained on a JEOL JMS-
SX/SX 102A mass spectrometer. Size exclusion chromatogra-
phy (SEC) was carried out on a Waters chromatography unit
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interfaced to a Waters 410 differential refractometer. Three
5 um Waters styragel columns (300 x 7.8 mm) connected in
series in decreasing order of pore size (10, 10* and 10> A) were
used with THF as the eluent, and standard polystyrene samples
were used for calibration. Differential scanning calorimetry
(DSC) was performed on a SEIKO EXSTAR 6000 DSC unit
using a heating rate of 20 °C min~' and a cooling rate of
40 °C min~"'. Samples were scanned from 30 to 400 °C and
then cooled to 30 °C, and scanned for a second time from 30
to 400 °C. Glass transition temperatures (7,) were determined
from the second heating scan. Thermogravimetric analysis
(TGA) was made on a PerkinElmer Pyris 1 TGA instrument.
The thermal stability of the samples was determined in
nitrogen, by measuring weight loss while heating at a rate of
10 °C min~!. UV-visible spectra were measured with an HP
8453 diode array spectrophotometer. Photoluminescence
spectra were obtained on a Hitachi F-4500 luminescence
spectrometer. IR spectra were obtained on a Nicolet 360 FT-IR
spectrometer.

2,2'-Dibromo-9,9’-spirobifluorene (4)

To a stirred mixture of dry CuBr; (1.60 g, 7.16 mmol) in dry
acetonitrile (20 mL) at 0 °C, terz-butylnitrite (0.80 g, 7.76 mmol)
was added dropwise over 10 min. After stirring for a further
10 min, solid 2,2'-diamino-9,9'-spirobifluorene (3) (0.90 g,
2.60 mmol) was added in three portions. The reaction mixture
was then heated at 60 °C for 30 min. After this period,
the reaction mixture was cooled and poured into a cold, 20%
HCl aqueous solution (30 mL), and extracted with diethyl ether
(2 x 30 mL). The organic extracts were dried over MgSOy,
evaporated and purified with column chromatography (hexane—
EtOAc, 98 : 2) followed by recrystallization (hexane-CH,Cl,)
to afford 4 (0.71 g, 58%) as colorless crystals. '"H NMR
(300 MHz, CDCl;): 6 6.71 (d, 2H, J = 7.6 Hz), 6.84 (d, 2H, J =
1.7 Hz), 7.14 (ddd, 2H, J = 7.5, 7.5, 0.7 Hz), 7.38 (ddd, 2H,
J =175,175,0.7 Hz), 7.50 (dd, 2H, J = 8.1, 1.7 Hz), 7.70 (d,
2H,J = 8.1 Hz), 7.80 (d, 2H, J = 7.6 Hz). >*C NMR (75 MHz,
CDCly): 6 65.6, 120.2, 121.5, 124.1, 127.3, 128.2, 128.4, 131.2,
140.6, 140.7, 147.6, 149.9. HRMS (EI): calc. for C,sH,,”"Bry:
471.9463, found 471.9475; calc. for CosH,4 °BrS!Br: 473.9442,
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found 473.9449; calc. for CasH8'Bry: 475.9421, found
475.9330.

Preparation of P(OF-SBF)

To a solution of 4 (200 mg, 0.422 mmol) and 5 (271 mg,
0.422 mmol) in toluene (3.0 mL), aqueous potassium carbonate
(2.0 M, 0.7 mL) and aliquate 336 (40 mg) was added. The above
mixture was degassed and tetrakis(triphenylphosphine)palla-
dium (5 mg, 1.0 mol%) was added in one portion under a
nitrogen atmosphere. The solution was then refluxed under
nitrogen for 3 days. The end groups were capped by refluxing
for 6 h each with phenylboronic acid (108 mg, 0.89 mmol)
and bromobenzene (140 mg, 0.89 mmol). After cooling, the
resulting polymer was precipitated into a mixture of methanol
and water (80 mL, 50% v/v). The crude polymer was collected,
washed with methanol, and dissolved in THF (2.0 mL). The
resulting solution was filtered and precipitated into methanol.
The polymer was collected and washed with acetone using
a Soxhlet apparatus for 24 h. The polymer was then dried
under vacuum to give P(OF-SBF) (230 mg, 78%). 'H NMR
(300 MHz, CDCl5): 6 0.55 (br, 4H), 0.73 (t, 6H, J = 6.8Hz),
0.93-1.11 (m, 20H), 1.90 (br, 4H), 6.75 (d, 2H, J = 7.6 Hz),
7.08 (br, 2H), 7.11 (dd, 2H, J = 7.4, 7.4 Hz), 7.31-7.39 (m, 6H),
7.52(d, 2H, J = 7.8 Hz), 7.67 (d, 2H, J = 7.8Hz), 7.87 (d, 2H,
J = 7.2 Hz), 7.92 (d, 2H, J = 7.8 Hz). '*C NMR (75 MHz,
CDCly): ¢ 14.1, 22.6, 23.7, 29.2, 29.9, 31.7, 31.8, 40.3, 55.3,
66.3, 119.8, 120.1, 120.3, 121.2, 122.7, 124.2, 126.2, 127.2,
127.9, 139.7, 140.0, 141.1, 141.5, 141.6, 149.4, 151.6.

Results and discussion
Synthesis and characterization

The dibromo monomer, 2,2"-dibromo-9,9-spirobifluorene (4)
was synthesized in three steps starting from 9,9'-spirobifluorene
(1), as shown in Scheme 1. The precursor, 9,9'-spirobifluorene
(1) was prepared by the Clarkson and Gomberg method, which
involved reacting 9-fluorenone with a Grignard reagent
prepared from 2-iodobiphenyl, followed by dehydrative ring
closure of the resulting carbinol in acetic acid.?” The nitration
of 1 with nitric acid in an acetic acid medium gave the dinitro

Fe/HCI/EtOH
3
#-BuONO
CuBr,
CH;CN
Hy7Cy CeHy7

5

P(OF-SBF)

Pd(PPh,),/K,CO,

toluene/H,O/aliquate 336

Scheme 1
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Fig. 1 'H NMR spectra in the aromatic region of: (a) compound 4 and
(b) P(OF-SBF) in CDCl;. * indicates a signal arising from CHCl;.

derivative 2, which subsequently, on reduction, afforded the
spirodiamine 3.3 Substitutive deamination of the diamine 3
with rert-butylnitrite and copper(i) bromide in acetonitrile*
produced the desired dibromo monomer, 2,2’-dibromo-9,9'-
spirobifluorene (4), with one bromine substituent located
in each orthogonal ring. The preparation of 4 by direct
bromination of 9,9'-spirobifluorene (1) in the presence of a
catalytic amount of ferric chloride has been reported in the
literature.*! However, our attempts to prepare 4 by direct
bromination methods led to an inseparable mixture of mono-,
di- and polybromides. The structure of compound 4 was
confirmed by 'H and '*C NMR spectroscopy. As shown in
Fig. 1, the '"H NMR spectrum of 4 exhibited seven equally
integrated aromatic proton signals. The chemical shift assign-
ments of aromatic protons in 4 were established from the
detailed analysis of '"H and '3*C NMR data of 4, aided by 2D
NMR experiments including 'H-'H correlation spectroscopy
(‘H-'H COSY) and long-range 'H-'*C heteronuclear correla-
tion spectroscopy (HMBC). In the '*C NMR spectrum, the
central spiro carbon signal at ¢ 65.6 (C-9) was indicative of
the presence of a spiro skeleton in 4. In addition, the high
resolution mass spectral data also verified the structure of 4.
As illustrated in Scheme 1, the fluorene—spirobifluorene
alternating copolymer, poly(9,9-dioctylfluorene)-alt-co-(9,9'-
spirobifluorene) (P(OF-SBF)) was prepared from a Suzuki
coupling reaction between the dibromide 4 and the diboronate
5% 2,7-bis(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-
dioctylfluorene.®® The copolymerization was carried out
using Pd(PPhj), as catalyst in a mixture of toluene and
aqueous potassium carbonate (2.0 M) in the presence of
aliquate 336 as a phase-transfer reagent. At the end of
polymerization, the end groups of the polymer chain were
capped by refluxing the reaction mixture for a period of 6 h
each with phenylboronic acid and bromobenzene. The result-
ing polymer solution was precipitated repeatedly into metha-
nol-water and methanol several times, followed by Soxhlet
extraction with acetone to give P(OF-SBF). The 'H and *C
NMR spectra of P(OF-SBF) are consistent with the expected
fluorene—spirobifluorene structure of the polymer. The signals
between ¢ 0.55 and 1.90 ppm correspond to protons of the
n-octyl chain. The resonances of the aromatic protons of the
fluorene—spirobifluorene repeating unit appear between 6 6.75
and 7.92 ppm. As expected, the protons H., Hr and H, show a
down-field shift compared with those of the monomer 4. Based
on the observed HMBC connectivities of C-9 (6 66.3) with H,
and Hj in the 9,9'-spirobifluorene unit and of C-9 (6 55.3) and
Hj in the 9,9-dioctylfluorene unit, and with auxiliary 2D 'H-'H
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COSY data, the positions of the chemical shift of aromatic
protons in P(OF-SBF) were assigned, as shown in Fig. 1.
P(OF-SBF) was readily soluble in common organic solvents,
such as THF, chloroform, toluene, xylene. The highly soluble
nature of this copolymer can be attributed to the presence of
the spiro-fused bifluorene segment in the polymer backbone
along with the fluorene unit containing two flexible n-octyl
chains at C-9. In the spiro-segment, the two fluorene rings were
orthogonally arranged and connected via a common tetra-
coordinated carbon. This structural feature provides assistance
in reducing interchain interactions and enhances the solubility
of the polymer chains. The molecular weights of the polymer
were determined by gel permeation chromatography (GPC)
analysis in a THF solution calibrated against polystyrene
standards. P(OF-SBF) has a number-average molecular weight
(M) of approximately 1.4 x 10* gmol™!, with a polydispersity
index of 1.5.

Thermal properties

The thermal properties of P(OF-SBF) were investigated by
DSC and TGA. DSC was performed in the temperature range
from 30 to 400 °C. A distinct 7, was observed at 185 °C, which
is much higher than that of poly(9,9-dioctylfluorene) (POF)
(T, ~ 51 °C),* and no crystallization and melting transition
was found upon heating beyond the 7. It is evident that the
incorporation of rigid 9,9-spirobifluorene units into the
polymer backbone increases the chain rigidity and results in
a higher 7,,.”® > The relatively high 7, is essential for polymers
as emissive materials in light-emitting applications.** In contrast
to our spiro-linked poly(terfluorene), the spiro-linked terfluor-
ene oligomer reported recently shows, in succession, a glass
transition at 60 °C, a crystallization exothermal peak at 84 °C,
and a melting endothermal peak at 194 °C.>® This comparison
illustrates the fact that polymeric materials usually have superior
morphological stability of the amorphous state in solid films
over the corresponding oligomers or small molecules. As
revealed by TGA, polymers containing spirobifluorene units
have excellent thermal stability. A 5% weight loss was observed
at 429 °C, with a 10% weight loss occurring at 451 °C.

Optical properties

The absorption and photoluminescence (PL) spectra of P(OF-
SBF) in diluted solution are shown in Fig. 2. The spiro-polymer
in chloroform solution exhibits an absorption due to a n—n*
transition with a /.« at 352 nm, while the emission spectrum
displays a vibronic fine-structure with two sharp bands at 398
and 419 nm, with a shoulder at 443 nm. In general, the presence

10}

08} —— P(OF-SBF)

terfluorene 6
06

041

Abs./PL Intensity (au.)

0.0F

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 2 UV-vis absorption and PL spectra in CHCl; of P(OF-SBF) and
terfluorene 6.
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of a well-defined vibronic structure in the emission spectrum
indicates that the polymer has a rigid and well-defined
backbone structure.

Because the m-conjugation of the polymer chain is inter-
rupted by the spiro-carbon atom, P(OF-SBF) shows a substantial
blue-shift in absorption (42 nm) and PL (20 nm) as compared
to the fully conjugated counterpart, POF. To demonstrate
that the tetrahedral bonding carbon at the center of the spiro
moiety could serve as a conjugation interrupt to control the
conjugation length of the spiro-polymer, a model compound,
9,9,9',9',9",9"-hexaoctyl-7,2',7',2"-terfluorene (6),* was pre-
pared as the repetitive conjugated unit of polymer P(OF-
SBF). As illustrated in Fig. 2, the solution UV-vis absorption
and PL spectra of compound 6 in CHCl; and those obtained
from P(OF-SBF) are almost superimposable. This result
implies that the effective conjugation length of P(OF-SBF) is
the same as that of terfluorene and that the tetrahedral bonding
carbon at the center of the spiro moiety efficiently confines the
conjugation length of the polymer.

Fig. 3 shows the absorption and PL spectra of P(OF-SBF)
film spin-coated from toluene solution onto a quartz plate. In
comparison to dilute solution, the absorption spectrum of the
thin film is broadened and has a 3 nm red-shift while the
emission spectrum shows a 6 nm red-shift. The small red-shift
of the emission observed in the solid state is probably due to the
different relative permittivity of the environment. The solid
state PL quantum yield was estimated to be 0.42 by comparing
the fluorescence intensity of the polymer film with that of a
sample of POF excited at 365 nm (@¢ = 0.55). To examine the
thermal stability of the spiro polymer, the polymer film was
heated on a hot-plate at 150 °C in a nitrogen atmosphere for
20 h. After thermal treatment, both absorption and PL spectra
of the P(OF-SBF) film remain almost unchanged with the
appearance of a long wavelength tail in the emission spectrum,
as shown in Fig. 3. For comparison, the same experiments were
conducted for the film of POF. Annealing of the POF film led
to not only a spectral shift, but also the appearance of an
additional emission band between 500 and 600 nm. It is
apparent that the thermal stability of P(OF-SBF) is improved
over that of POF. The formation of interchain excimers was
suggested as the cause of the undesirable emissive color
instability of the POF film.'82° Attributed to the presence of
spiro-fused orthogonal bifluorene segments, which restrict the
close packing of the polymer chains and reduce the probability
of interchain interactions, the tendency to form aggregates
and excimers in P(OF-SBF) film upon thermal treatment is

— before annealing
""" after annealing
200 ~

T 150 -
k=
£
z
z 100 -
=
E 501
<«

0_

300 350 400 450 500 550 600

Wavelength (nm)
Fig. 3 UV-vis absorption and PL spectra of the P(OF-SBF) film before
and after annealing at 150 °C for 20 h in a nitrogen atmosphere. Inset:

UV-vis absorption and PL spectra of the POF film before and after
annealing at 150 °C for 20 h in a nitrogen atmosphere.
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suppressed. Recently, List et al* studied the photo- and
electrooxidative degradation of mono- and dialkylated poly-
fluorenes. They reported that the keto-defects may be the
source of low-energy emission bands. In this work, the IR
transmission spectra of polymer films on silicon wafer for
P(OF-SBF) and POF were also investigated. However, we did
not observe the appearance of the fluorenone site (>C=0
stretching) at 1721 cm ™! after thermal treatment.

P(OF-SBF) exhibits a purplish-blue emission with the color
coordinates in CIE 1931 chromaticity measured to be (0.165,
0.128), which is less sensitive to human eyes. Therefore, this
polymer may not be suitable for use as a pure blue emitter but
may be useful as a host material doped with dyes having high
PL efficiency. The color of PL can be then tuned by the proper
choice of a dopant dispersed in the polymer, which is excited by
energy transfer from the host matrix and emits strongly at the
desired wavelength.”> 47 In this study, a nonplanar derivative
of perylene, 2,5,8,11-tetra-tert-butylperylene (TBPe), which is
a prototypical dopant for blue emitting electroluminescent
devices,*®* was chosen as the dopant. In order to ensure an
efficient energy transfer from P(OF-SBF) to TBPe by dipole
coupling (Forster transfer), the emission spectrum of the
polymer and the absorption spectrum of the dopant must
overlap.’®>! As shown in Fig. 4, the spectral overlap of the
emission spectrum of P(OF-SBF) and the absorption spectrum
of TBPe is substantial. Fig. 4 also shows the PL spectra of
P(OF-SBF) films doped with various amounts of TBPe. The
intensity of emission was corrected with the absorbance at the
excitation wavelength, 355 nm. The variation in absorbance at
355 nm of P(OF-SBF) films doped with various amounts of
TBPe is within 3% (not shown in the figure), indicating that the
absorption at 355 nm is mainly contributed from the host
polymer and the thickness of the films prepared is similar. At
0.5% dopant concentration, there is a small shoulder at around
406 nm, which is attributed to the host emission of P(OF-SBF)
due to an incomplete energy transfer. Raising the doping level
to 1.5% results in complete elimination of this shoulder. In a
comparison of the emission intensity of an undoped P(OF-
SBF) film, the emission intensity of the P(OF-SBF) film doped
with 1.5% TBPe is enhanced 2.7-fold. The emission of doped
films (doping level > 0.5%) is blue in color, with the color
coordinates in CIE 1931 chromaticity measured to be (0.147,
0.186). The PL spectra of TBPe-doped P(OF-SBF) films are
nearly identical to the EL spectrum of a OLED fabricated with

—0.0%
30 b T 0.5% 3
—1.5% ik
s L tv25% "
g 5.0% A
= A 1.5%, excitation [ i
é 20 e TPBe, absorption f 3 ‘
£ T Ia V%
e s S
= NS
‘5 Lok /"!$ % .
E fzg kf%ﬁ
it B %
- e k
O =
1 H 1 I 1 | I

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 4 PL spectra of P(OF-SBF) films doped with various amounts of
TBPe excited at 355 nm (the intensity was corrected with the variation
in absorbance at the excitation wavelength); also included are the
absorption spectrum of TBPe in THF and the excitation spectra of the
P(OF-SBF) film doped with 1.5% TBPe, monitored emission at 500 nm.
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a TBPe-doped emitting layer,>? implying the origin of the blue
emission of doped P(OF-SBF) films to be the dopant. In
addition, the excitation spectra of TBPe-doped P(OF-SBF)
films are perfectly superimposable to the absorption spectrum
of the undoped P(OF-SBF) film. These results demonstrate
that the excitation energy of P(OF-SBF) is efficiently trans-
ferred to the TBPe dopant to furnish a blue emission layer with
improved PL yield. It is noted that the emission intensity drops
in going from 1.5% to 5% dopant concentration. This may be
due to self-quenching of the dopant emission at higher
concentration.>>>*

Summary

A spiro-linked poly(terfluorene) was synthesized by copoly-
merization of 2,2’-dibromo-9,9’-spirobifluorene (4) and the
diboronate 5, via a palladium-catalyzed Suzuki coupling
reaction. In the spiro-fused bifluorene segment, the two
mutually perpendicular fluorene rings were connected via a
common tetracoordinated carbon atom, which served as a
conjugation interrupt to effectively control the conjugation
length of the polymer. Attributed to the spiro structure, the
polymer exhibits a higher glass transition temperature and
a more stable emission spectrum in comparison with the
conventional dialkyl polyfluorene. In TBPe-doped P(OF-SBF)
films, the excitation energy of P(OF-SBF) is efficiently trans-
ferred to the TBPe dopant to furnish a blue emission layer with
the color coordinates in CIE 1931 chromaticity measured to
be (0.147, 0.186). The utilization of P(OF-SBF) as a host matrix
for an emitting layer in electroluminescence applications is in
progress.
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