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We report on a new polyfluorene derivative containing a spiroanthracenefluorene unit with a remote C-10
position that provides facile substitution of alkyl groups. An ethylhexyl group was introduced into the
spiroanthracenefluorene unit and the ethylhexyl-substituted spiroanthracenefluorene was polymerized via an
Ni(0)-mediated polymerization. The polymer showed a high spectral stability with respect to heat treatment, UV
irradiation, and high current passage. A light-emitting device based on this polymer showed an emission in a
deep blue region with CIE color coordinates of x = 0.17 and y = 0.12.

Introduction

Since the first fabrication of polymer light-emitting devices
(PLEDs),! conjugated polymers have received a great deal of
attention as light emitting materials.>® However, despite
various attempts to develop highly efficient PLEDs, these
devices continue to suffer from a lack of efficient and stable
blue-emitting materials for achieving a full color display.

Poly(p-phenylene)s (PPPs) have been extensively studied as
candidates for PLED applications because of their chemical
stability and large band-gap for blue light emission. Because
PPP is insoluble in common organic solvents and consequently
cannot be processed, soluble PPPs have been developed by
introducing long alkyl chains onto the phenylene units.*®
However, the introduction of these bulky alkyl chains leads to
steric strains that force the phenyl groups out of conjugation,
thus limiting the intrinsic conjugation length.” Polyfluorenes
(PFs), which can be regarded as a type of PPP with pairs of
phenylene rings locked into a coplanar arrangement by the
presence of the C-9 atom, are blue light emitting conjugated
polymers that have generated considerable interest®® because
of their high photoluminescence (PL) quantum efficiencies and
thermal stability.!®'> The introduction of alkyl chains at the
C-9 position increases the solubility of PFs without creating
additional torsional strain. Because of these favorable pro-
perties, many research groups have studied these materials and
several research groups reported on the preparation of PLEDs
using PFs with a high degree of brightness.'>!*

However, spectral stability has been a major problem of
PFs. The pure blue emission of PFs changes to a greenish blue
emission with an increase in broad band emission centered at
530-540 nm as the result of heat treatment, UV irradiation or
the passage of an electrical current. This broad band has been
extensively studied and has been attributed to formation of a
physical defect aggregate.'>>' Several research groups have
recently reported that this long-wavelength emission is attri-
buted to a chemical defect, an emissive keto defect, produced
by thermo-, photo-, or electro-oxidative degradation rather
than the aggregate formation.?>>* Currently, the origin of this
long-wavelength emission is the subject of considerable debate
in the literature.?® %’
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Nevertheless in recent years, a number of reports have
appeared showing that the spectral stability of PFs can be
improved by various approaches which could reduce the
aggregate formation. These include copolymerization with
bulky phenyl groups,'”?=° the introduction of crosslinking
groups,®!* blending,*® the introduction of bulky dendrimer side
groups,*** and kinked backbone structures.*’Among these
methods, the introduction of a spiro structure appears to be one
of the most promising solutions.*®*” A spirobifluorene contains
two biphenylene units connected by a tetrahedrally bonded
carbon atom, where the planes of the biphenylene units lie
perpendicular to each other. Once incorporated into the PFs,
this three-dimensional structure should prevent the approach of
other polymer backbones and therefore n-stacking of the con-
jugated polymer backbone could be minimized. This minimized
n-stacking can not only prevent aggregate formation and/or
excimer emission but can also increase the PL quantum
efficiency. Recently, Wong et al®® reported that terfluorenes
with spirobifluorene structure showed nearly a 100% PL
quantum efficiency in solution and over 90% PL quantum
efficiency even in a thin film. The results showed that the spiro-
structure is effective with respect to PL quantum efficiency.

Although the introduction of spirobifluorene into PF has been
shown to alleviate the spectral stability problem, the incorpora-
tion of the spirobifluorene unit into the polymer structure at
greatly reduces its solubility in common organic solvents.
Therefore, a homopolymer of spirobifluorene has never been
used due to its low solubility. In the present study, we report on
the synthesis, characterization and greatly enhanced spectral
stability of poly[10,10-bis(2-ethylhexyl)-10H-spiro(anthracene-
9,9'-fluorene)-2',7'-diyl] (PEHSAF, see Scheme 1), which con-
tains a spiroanthracenefluorene rather than a spirobifluorene.
This spiroanthracenefluorene structure was synthesized in
1930,% but has never been used for PLED applications. This
structure still maintains the useful spiro structure and at the same
time provides for facile functionalization at the C-10 position of
the dihydroanthracene unit, where various solubilizing side
chains could be easily introduced.

Experimental
Characterization and measurements

Materials were characterized by means of 'H, *C NMR
spectroscopy (JEOL JNM-LA300WB 300 MHz). Thermal
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Scheme 1 Synthetic scheme for PEHSAF.

properties including glass transition temperature (7,) were
determined by means of differential scanning calorimetry
(DSC; TA2010) and thermo-gravimetric analysis (TGA;
TA-2050) at a heating rate of 10 °C min~! under nitrogen.
Boiling (bp) and melting points (mp) were determined by
means of TGA and DSC, respectively. Elemental analyses were
performed by the Korean Basic Science Institute, Seoul Branch
Analytical Laboratory (Elemental analyzer; CE Instruments
Flash EA 1112 series). Absorption spectra were measured using
a UV/Vis spectrophotometer (K-MAC, Spectraview-2000).
Molecular weights were measured by gas chromatography
mass spectrometry (GCMS, Shimadzu, GCMS-QP2010) and
by gel permeation chromatography (GPC, Futecs, NS2001) for
polymers. PL spectra were obtained using an ACTON spec-
trometer connected to a photo-multiplier tube (Acton Research
Co. SpectraPro-300i) with a xenon lamp as the excitation
source. The current-voltage-luminescence characteristics of the
devices were measured using a Keithley 237 Source Measure-
ment Unit and an optical power meter (Newport, 1835C) with
a calibrated photodiode (Newport, 818 UV).

Synthesis

All starting materials were obtained from Aldrich Chemical
Co. and used without further purification except THF, which
was dried by refluxing over calcium hydride.

1-Bromo-2-benzyl-benzene (1). 12.5 g of 2-bromobenzyl
bromide was dissolved in 150 ml of benzene. 2.5 ml of 1 M
AICl; in nitrobenzene solution was injected under nitrogen.
The solution was refluxed for 5 h. The reaction mixture was
extrated using 500 ml of ether. The solution was dried over
MgSO, and the solvent evaporated. The reaction mixture was
purified by column chromatography using hexane as the eluent.
(R¢ = 0.35) The product was a colorless liquid, produced in
93% yield. Bp: 128-132 °C, '"H NMR (300 MHz, CDCls, ppm):
8 4.10 (s, 2H), 7.0-7.3 (m, 8H), 7.56 (d, 1H, J = 9.17 Hz). '*C
NMR (300 MHz, CDClz, ppm): ¢ 41.57, 124.89, 126.23,
127.42, 127.85, 128.45, 128.98, 131.05, 132.81, 139.42, 140.35.
Anal. calc. for C;3HBr: C, 63.18; H, 4.49. Found: C, 62.61; H,
5.03%, MS (EI): m/z 246.0 (M™).

10H-Spiro|anthracene-9,9'-(2',7'-dibromofluorene)] (3). 0.18 g
of Mg was charged into a two-neck flask and flame-dried. 1.8 g
of 1 in 40 ml of THF was added to the flask. The reaction
mixture was refluxed for 1 h under nitrogen and cooled to room
temperature. 2,7-Dibromofluorenone was rapidly added to the
reaction mixture, which was then refluxed for 2 h. After cooling

the reaction mixture, precipitate was obtained and 400 ml of
hexane was added to obtain more precipitate. The reaction
mixture was filtered and the filtrate was transferred to a two-
neck flask. 50 ml of acetic acid and a few drops of concentrated
HCI was added to the flask and followed by refluxing for 3 h.
The reaction mixture was cooled and 20 ml of water was slowly
added. The resulting white crystals were collected and
recrystallized from dichloromethane and methanol (Yield
77%). Mp: 273 °C, 'H NMR (300 MHz, CDCls, ppm): 6
448 (s, 2H), 6.42 (d, 2H, J = 7.5 Hz), 6.97 (dd, 2H, J = 7.7,
7.3 Hz), 7.11 (d, 2H, J = 1.8 Hz), 7.22 (dd, 2H, J = 7.5,
7.3 Hz), 7.41 (d, 2H, J = 7.7 Hz), 7.47 (dd, 2H, J = 8.2,
1.8 Hz), 7.63 (d, 2H, J = 8.2). 3C NMR (300 MHz, CDCl,,
ppm): 6 34.41, 59.48, 121.46, 122.25, 126.90, 127.20, 127.62,
128.66, 128.68, 131.00, 134.12, 137.30, 138.27, 157.37. Anal.
calc. for CycH¢Bro: C, 63.96; H, 3.30. Found: C, 63.60; H,
3.46%, MS (EI): m/z 488.0 (M™).

10,10-Bis(2-ethylhexyl)-10 H-spiro|anthracene-9,9'-(2',7'-dibro-
mofluorene)] (4). 1.46 g of 2, an excess of KH, a catalytic
amount of 18-crown-6 and 25 ml of THF were placed in a two-
neck flask. 0.64 ml of 2-ethylhexyl bromide was injected and the
solution stirred for 5 h at room temperature. The remaining
KH was deactivated by the addition of methanol. The reaction
mixture was extracted with 300 ml of ether. The solution was
dried over MgSO, and evaporated. The reaction mixture was
purified by column chromatography using hexane as the eluent
(Rf = 0.29, Yield 80%). Mp: 150155 °C, '"H NMR (300 MHz,
CDCl;, ppm): 6 0.63 (t, 6H, J = 7.0 Hz), 0.72 (t, 6H, J =
6.8 Hz), 0.75-1.10 (m, 16H), 1.26 (m, 2H), 2.17 (m, 4H), 6.24
(d,2H,J = 7.9 Hz), 6.86 (dd, 2H, J = 8.1, 7.2 Hz), 7.01 (d, 2H,
J =18Hz),7.17(dd,2H, J = 7.9,7.2),7.45(dd, 2H, J = 8.1,
1.8 Hz), 7.50(d, 2H, J = 8.1 Hz), 7.64 (d, 2H, J = 8.1 Hz). 1*C
NMR (300 MHz, CDCl;, ppm): ¢ 9.45, 13.86, 22.82, 25.81,
27.24, 32.99, 34.12, 45.53, 50.14, 58.09, 121.23, 122.44, 126.39,
126.79, 127.59, 128.75, 128.97, 130.69, 135.85, 138.30, 139.30,
159.95. Anal. calc. for C4HugBr5: C, 70.79; H, 7.79. Found: C,
70.41; H, 7.27%, MS (EI): m/z 712.3 (M™).

Poly[10,10-bis(2-ethylhexyl)-10 H-spiro(anthracene-9,9'-fluor-
ene)-2',7'-diyl] (PEHSAF). 0.69 g of bis(2,5-cyclooctadiene)-
nickel(0), 0.39 g of dipyridyl and 0.30 ml of 1,5-cyclooctadiene
were placed in a two-neck flask. 15 ml of anhydrous DMF was
injected and the solution then stirred at 80 °C for 30 min.
0.712 g of 3 in 60 ml of toluene was injected into the solution
which was then stirred at 80 °C for 48 h. The reaction mixture
was poured into a mixture of 250 ml of methanol and
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concentrated HCI (methanol : HCI = 8 : 2). The precipitate
was collected, redissolved in chloroform and reprecipitated
several times using methanol. The resulting polymer was a
yellowish powder (Yield 61%). '"H NMR (300 MHz, CDCl;,
ppm): ¢ 0.61 (br, 12H), 0.94 (br, 16H), 1.47 (br, 4H), 2.19 (br,
2H), 6.24 (br, 2H), 6.74 (br, 2H), 7.14 (br, 6H), 7.50 (br, 4H).
Anal. calc. for C4Hyg: C, 91.25; H, 8.75. Found: C, 89.74; H:
10.01%.

Device fabrication

The PEHSAF based polymer LEDs were fabricated with the
structure of ITO/PEDOT (60 nm)/PEHSAF (70 nm)/LiF
(5 nm)/Ca (10 nm)/Ag. The glass substrate pre-coated with
indium-tin-oxide was cleaned in an ultrasonic bath with
acetone, followed by boiling 2-propanol. Surface treatment
was carried out by exposing the ITO to UV-ozone. The hole
injecting poly(3,4-ethylene dioxythiophene) (PEDOT) layer
was spin coated on the ITO with a thickness of 60 nm and
baked at 130 °C for 10 min on a hot plate. A 1.5 wt% solution
of PEHSAF in a toluene was spin coated on the PEDOT layer
as an emitting layer and baked at 130 °C for 1 h. LiF and Ca
were deposited as the cathode through a shadow mask by
thermal evaporation. Finally, a Ag layer was deposited as a
protecting layer. The sample spot size was 1 mm in diameter in
our measurement.

Results and discussion
Synthesis and characterization

The synthetic scheme for the polymer is shown in Scheme 1. 1
was synthesized from bromobenzyl bromide via a Friedel-
Craft alkylation using benzene as the solvent. The reaction was
monitored by gas chromatography rather than TLC because 1
had the same R; value as the starting material. 1 was obtained
as a colorless liquid in 93% yield. 3 was prepared using a
method very similar to that employed to synthesize spirobi-
fluorene.!” A solution of 1 in anhydrous THF was added to
flame dried magnesium and the solution refluxed for 2 h. After
Grignard reagent formation, the colorless reaction mixture
became yellowish. The solution was cooled to rt and 2,7-
dibromofluorenone was added to the solution. The reaction
mixture was refluxed for 1 h and cooled to room temperature
again. When the temperature of the reaction mixture reached
rt, 2 was precipitated as a white powder due to its low solubility
in THF. To increase the yield of this polar complex hexane,
which is one of the most non-polar solvents, was added. The
precipitate was filtered, washed with hexane and dried. The
resulting precipitate had a high purity, as confirmed by chro-
matography and was used without any other purification. To a
solution of 2 in acetic acid, a few drops of concentrated HCI
was added. At rt, 2 in acetic acid remained as an insoluble
powder. As the temperature was increased, the solution became
clear. After refluxing for 1 h, the solution was slowly cooled to
rt. As the temperature was decreased, white crystals formed.
The crystals were dissolved in chloroform and methanol was
added dropwise to the solution until the transparent solution
became turbid. After cooling for a few hours in the refrigerator,
pure 3 was obtained as crystals in a 77% yield.

Ethylhexyl groups were introduced into 3 through a crown
ether catalyzed reaction. Due to the low reactivity of the proton
at the C-10 position of dihydroanthracene, we were not able to
introduce alkyl chains by conventional methods. The pK, of a
dihydroanthracene is about 30, while that of fluorene is about
22.% The proton at the C-10 position of 3 could be abstracted
by a very strong base, potassium hydride. Because the base was
reactive, it was used in an emulsion state, and as a result it was
not possible to measure the exact amount of the base. Although
the proton could be removed by an excess of potassium hydride
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under reflux, the reaction time and reaction temperature could
be reduced when the crown ether catalyst was used. The reac-
tion was complete after 5 h at room temperature. After the
reaction was complete, methanol was added dropwise to
deactive the remaining active potassium hydride. The reaction
mixture was extracted, dried and the solvent evaporated. The
reaction mixture was purified by column chromatography and
4 was obtained as a white powder in 80% yield.

The Ni(o)-mediated polymerization was carried out follow-
ing a procedure described in the literature.*! About 2.5 eq. of
bis(2,5-cyclooctadiene)nickel(o), dipyridyl and cyclooctadiene
was dissolved in anhydrous DMF and stirred at 80 °C for
30 min. The mixture became a dark blue color and a solution of
4 in anhydrous toluene was added. The reaction mixture was
stirred at 80 °C for 48 h and poured into a mixture of 250 ml of
methanol and concentrated HCI (methanol : HCI = 8 : 2). The
obtained yellowish powder was filtered and redissolved in hot
chloroform and added dropwise to stirred methanol. The
precipitation process was repeated several times. PEHSAF was
obtained as a yellowish white powder in 61% yield.

The molecular weight of the polymer was determined by gel
permeation chromatography (GPC) analysis in a THF solution
calibrated against polystyrene standards. The GPC analysis of
the PEHSAF showed a monomodal distribution with a
number-average molecular weight (M,) of 14000 g mol ™
and a weight-average molecular weight (My,) of 43000 g mol .
The polymer was soluble in common organic solvents such as
toluene.

Thermal properties

The thermal properties of the synthesized PEHSAF were
characterized. TGA showed a 5% weight loss at 367 °C. No
clear phase transition including 7', was observed before the
decomposition from DSC. Due to the very bulky and rigid
spiro-anthracene structure nearly no segmental motion of the
polymer backbone would be possible even at an elevated
temperature and, therefore, the polymer would be expected to
possess enhanced thermal resistance to aggregate formation.

Optical properties

The optical properties of the polymer are shown in Fig. 1. The
absorption onset and absorption maximum in solution
appeared at 423 nm (the corresponding optical band-gap is
2.94 eV) and 399 nm, respectively. The PL spectrum of a
PEHSAF solution showed an emission maximum at 425 nm
with a vibronic feature at 446 nm. The emission peaks of the
PEHSAF nearly coincide with those of PFs, indicating that the
introduction of the spiro-structure does not disturb the con-
jugation of the phenyl groups. The emission spectrum of the
PEHSAF film showed emission maximum at 418 nm with a
slightly broader shape. This phenomenon has been attributed
to a higher degree of disorder in the case of bulky group

—e— Absorption
—=— PL (soln.)
—a— PL (film)

- =

Absorbance (a.u.)
PL Intensity (a.u.)

T T T T T T
300 350 400 450 500 550 600 650

Wavelength (nm)

Fig.1 Optical properties of PEHSAF.
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Fig.2 PL spectra of PEHSAF and PF after annealing at 200 °C for
15 and 4 h, respectively.

substituted PFs, which leads to a larger inhomogeneous
broadening.*

Fig. 2 shows the PL spectra of PEHSAF and dihexyl
substituted PF (PF6), for comparison, after heat treatment.
From the DSC measurement we expected that the polymer
should have an enhanced thermal resistance to aggregate
formation and an enhanced spectral stability. Therefore, we
annealed the polymer film under very severe conditions, 200 °C
in air. In the case of the PEHSAF film that was annealed for
15 h, nearly no change was observed, while the emission of PF6
film changed within 4 h. In the case of the PF film, the broad
band emission centered at 530-540 nm gradually increased and
after 15 h of annealing, the orignal feature of the emission
spectrum nearly disappeared. There are two reasons for this
enhanced spectral stability. The first is that the spiroanthracene
structure of the PF backbone efficiently protected the
conjugated polymer backbone from other polymer backbones.
Therefore, m-stacking and aggregate formation would be
minimized even at high temperature due to its bulky and
rigid structure. The second is the high resistance toward
oxidative degradation. In the case of PF6, oxidative degrada-
tion occurs at the C-9 position of fluorene. However, the C-9
position of spiro-structured fluorenes consists of only stronger
Cyp—Cyps bonds therefore would be more stable toward
oxidative degradation.*® The C-10 position of dihydroanthra-
cene may be degraded as well. However, as already mentioned,
the low reactivity of the C-10 reaction site could provide an
enhanced stability toward oxidative degradation compared to
the C-9 position of fluorene structures.

To investigate the stability of PEHSAF with respect to
photo-oxidative degradation, we compared the PL spectra of
PEHSAF and PF films after UV irradiation as shown in Fig. 3.
The polymer films were irradiated using a 500 W xenon lamp
directly in air for 3 min. The PL spectrum of PEHSAF film
showed almost no change, while that of the PF film lost its
original features. The intensity of the low energy PL features in
the solid state could also be affected by the mobility of the

—=— PEHSAF
—a— PF

PL Intensity (a.u.)

T T T T
350 400 450 500 550 600 650 700
Wavelength (nm)

Fig.3 PL spectra of PEHSAF and PF after irradiation for 3 min
(500 W xenon lamp under air).

——PL

—a— FL

Emission Intensity (a.u.)

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig.4 PL and EL spectra of PEHSAF.

excitons and the bulky spiroanthracene substituent could cause
an increased interchain distance and a hindered transport of
excitons to defects leading to the reduced intensity of the low
energy PL features. However, the result, nearly no change,
implies that the polymer not only has a high resistance to
aggregate formation but also has high resistance to oxidative
degradation.

Device characterization

PEHSAF-based EL devices were fabricated with the configura-
tion ITO/PEDOT (60 nm)/PEHSAF (70 nm)/LiF (5 nm)/Ca
(10 nm)/Ag (150 nm). The devices were fabricated on ITO
coated glass cleaned by a conventional process. The PEDOT
layer was used as a hole injecting layer and PEHSAF as the
emitting layer. A LiF/Ca cathode which is one of the most
efficient for electron injection was used.** The reactive Ca layer
was capped by a Ag protecting layer. The EL spectrum of the
device is shown in Fig. 4. The EL spectrum of PEHSAF in
Fig. 4 is somewhat different from its PL spectrum. This
phenomenon has been attributed to self absorption of the
emitting material.** Due to the overlap of the 0-0 transition
emission band and the absorption band, self absorption occurs
and the relative intensity of the 0-0 transition band decreased.
Therefore, the relative intensity of 0-1 and 0-2 transition
emission band increased. When we fabricated a PEHSAF-
based EL device with a thinner PEHSAF layer (40 nm), the EL
spectrum of the device was nearly the same as the PL spectrum
(not shown). This indicates that the difference between EL and
PL spectra is due to self absorption. However, the decreased
thickness of emitting layer led to a decreased efficiency.
Although the EL spectrum of the device was different from its
PL spectrum, the emission spectrum remained in the deep blue
region with CIE 1931 color coordinates of x = 0.17 and y =
0.12. More importantly, the emission remained unchanged
over the entire operating voltage range and under continuous
operation with a high current passage. The I-V'-L character-
istics of the device are shown in Fig. 5. The device showed a
turn on voltage at 6 V and a maximum luminance of over

2000 2000
—=— Current density .
1600 —— Luminance L 1600 g
|
Z z
= 1200 - 1200 2
£ 800 o - 800 S
3 — g
400 - 400 ©
0 t il | T T 0
2 4 6 8 10 12
Voltage (V)

Fi

g.5 [-V-L characteristics of a PEHSAF based EL device.
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1600 cd m 2 at 11.5 V. The maximum efficiencies were 0.20%
of external quantum efficiency, 0.06 Im W™! of power effi-
ciency, and 0.19 c¢d A™! of luminance efficiency at 10 V with
1156 ¢d m~ 2 luminance.

Conclusion

A novel fully spiro-functionalized PF derivative containing a
spiroanthracenefluorene unit has been synthesized. The bulky
spiroanthracenefluorene structure improved the thermal and
optical properties of the resulting polymer. The polymer
showed a deep blue emission with a high spectral stability
against heat treatment, UV irradiation, and high current
passage. An EL device based on the polymer showed good
color coordinates with CIE 1931 x = 0.17and y = 0.12and a
maximum luminance over 1600 cd m™2 These favorable
thermal and optical properties suggest that polymers contain-
ing spiroanthracenefluorenes represent promising candidate
materials for commercial PLED applications.
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