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Poly(2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[def]phenanthrene)) (PCPP) is a stable blue light emitting
conjugated polymer even after annealing at 150 °C or operation of the device in air. The spiro form of
PCPP, poly(2,6-(3',6’-bis(2-ethylhexyloxy)-4,4’-spirobi(4H-cyclopenta[def]phenanthrene))) (spiro-PCPP),
has been synthesized by Yamamoto polymerization. The PL emission spectrum of the polymer in THF
solution shows a maximum peak at 398 nm, nearly identical with that of PCPP. The PL spectrum of the
polymer in the solid state exhibits a maximum peak at 451 nm, which is red-shifted over 50 nm from
that of the solution, due to the inter-chain interaction of the polymers. The PL spectra of spiro-PCPP in
the mixture of THF and MeOH from 9:1 to 3:7 ratios showed increasing peaks at 458 and 484 nm. With
an increased ratio of the hydrophilic solvent (MeOH), the inter-chain interaction of the hydrophobic
polymers was enhanced to show peaks at 458 and 484 nm. This phenomenon has the same tendency as
compared to the PL spectrum in solid thin film state. The polymer LED with the configuration of ITO/
PEDOT/spiro-PCPP/Ca:Al emitted light with maximum peaks at around 463 nm. The emission color of the
spiro-PCPP device is sky blue with the CIE coordinates of (0.14, 0.15), which are close to those of the
standard blue (0.14, 0.08).
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1. Introduction

Because of the potential application as large-area light-emitting
diodes (LEDs), various kinds of conjugated polymers have been
developed for polymer light-emitting diodes (PLEDs) [1,2]. Many
conjugated polymers, including the polyfluorenes (PFs), [3,4] poly-
cyclopentaphenanthrene [5,6] and poly(phenanthrene) [7,8] for
blue [9] and poly(p-phenylenevinylene) (PPVs) [10,11] for green
[12] or red [13], have obtained much attention due to their thermal
and chemical stability and exceptionally high solution and solid-
state fluorescence quantum yield.

Blue light-emitting polymers, such as PF, are of keen interest
since they can be utilized either as a blue light source or as the host
material for generation of other colors via energy transfer to fluoro-
phores of lower energy [14]. However, one of the major troubles in
obtaining blue EL from PFs is the long-range emission (green
region). It is attributed to aggregation [15-17], originating from
inter-chain attractions in the m-conjugated systems, or excimer
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formation by keto defects [18-20], inducing an energy transfer of
singlet excitons. Since the distance between the polymer chains is
expected to be a crucial governing factor for the formation of
aggregates [21,22], several researchers have attempted to restrain
the green emission by introducing a bulky end group [23] or
crosslinkable group [24-26]. In conjugated polymers, the molecular
architecture strongly influences the microcrystalline organization,
to generate the change of the optoelectronic properties [27]. Spiro-
shaped molecules based on 9,9’-spirobifluorene [28-30], prepared
by connecting two identically substituted-fluorene moieties to
form an sp>-hybridized carbon atom, have been introduced as EL
materials. The spiro-shaped PFs with two separate m-systems
connected by a spiro linkage showed interactions between the
aromatic spiro segment and backbone of other polymers [31]. And,
the alkoxy groups in the spiro-fluorene moiety could achieve
a better solubility and processability of aromatic conjugated poly-
mers [26].

In our previous contribution, synthesis and properties of a new EL
polymer utilizing a new backbone, poly(2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[def]phenanthrene)) (PCPP), with stabilized pure blue
emission has been reported. EL spectrum of PCPP did not show any
peak between 500 and 600 nm, which would correspond to keto
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defect sites or aggregates/excimers, even after annealing the device
at 150 °C or operation of the device in air [5,6]. Herein, we report the
synthesis and properties of a new EL polymer, utilizing a new back-
bone, poly(2,6-(3,6'-bis(2-ethylhexyloxy)-4,4'-spirobi(4H-cyclopen-
ta[def]phenanthrene))) (spiro-PCPP), with a spiro-structure and
cyclopentaphenanthrene backbone.

2. Experimental section
2.1. Instrumental characterization

All reagents were purchased from Aldrich or TCI and used
without further purification. Solvents were purified by normal
procedure and handled under moisture-free atmosphere. 'H and
1BC NMR spectra were recorded with a Varian Gemini-300
(300 MHz) spectrometer and chemical shifts were recorded in
ppm units with TMS as the internal standard. Flash column
chromatography was performed with Merck silica gel 60 (particle
size 230-400 mesh ASTM) with ethyl acetate/hexane or methanol/
methylene chloride gradients unless otherwise indicated. Analyt-
ical thin layer chromatography (TLC) was conducted using Merck
0.25 mm silica gel 60F precoated aluminum plates with fluores-
cent indicator UV254. High resolution mass spectra (HRMS) were
recorded on a JEOL JMS-700 mass spectrometer under electron
impact (EI) or fast atom bombardment (FAB) conditions in the
Korea Basic Science Institute (Daegu, Korea). Melting points were
determined on an Electrothermal model IA 9100 micro-melting
point apparatus. Molecular weight and polydispersity of the
polymer were determined by gel permeation chromatography
(GPC) analysis with a polystyrene standard calibration. Differential
scanning calorimetry (DSC) analysis was performed under
a nitrogen atmosphere (50 mL/min) on a DSC 822 at heating rates
of 10 °C/min. Thermogravimetric analysis (TGA) was performed
with a Dupont 951 TGA instrument in a nitrogen atmosphere at
a heating rate of 10°C/min to 800 °C. The UV-vis absorption
spectra were recorded by a Varian Cary 1 spectrophotometer,
while the Oriel InstaSpec IV CCD detection system with arc-xenon
lamp was used for the photoluminescence and electrolumines-
cence spectra measurements.

2.2. EL device fabrication and measurements

For the EL experiment, poly(3,4-ethylenedioxythiophene)
(PEDOT) doped with poly(styrenesulfonate) (PSS), as the hole-
injection-transport layer, was introduced between emissive layer
and ITO glass substrate cleaned by successive ultrasonic treat-
ments. The solution of the PEDOT:PSS in aqueous isopropyl alcohol
was spin-coated on the surface-treated ITO substrate and dried on
a hot plate for 30 min at 110 °C. On top of the PEDOT layer, the
emissive polymer film was obtained by spin casting chlorobenzene
solution of the polymer. The emissive polymer thin film prepared
had a uniform surface with a thickness of around 110 nm. The
emissive film was dried in vacuum, and calcium (20 nm) and
aluminum (100 nm) electrodes were deposited on the top of the
polymer films through a mask by vacuum evaporation at pressures
below 1077 Torr, yielding active areas of 4 mm?. For the determi-
nation of device characteristics, current density-voltage (J-V) and
luminance-voltage (L-V) characteristics of the devices were
measured using a Keithley 2400 Source Measure Unit equipped
with a calibrated photo-multiplier tube.

2.3. Synthesis of monomer and polymer
2.3.1. 8,9-Dihydro-4H-cyclopenta[def]phenanthrene (2)

The mixture of 4H-cyclopentaldeflphenanthrene (1) (1.45¢g,
7.62 mmol), 10% palladium-charcoal (300 mg), and methanol/

dichloromethane (40 mL/40 mL) was shaken for 15h at room
temperature under a hydrogen atmosphere (60 psi). After removal
of the catalyst by filtration, the solvent was evaporated under
reduced pressure. The residue was purified by flash column chro-
matography to give 1.46 g (99.6%) of compound 2 as white solid:
mp 134 °C; R¢ 0.44 (SiO, 100% hexane). '"H NMR (300 MHz, CDCls):
0 (ppm) 3.18 (s, 4H), 3.92 (s, 2H), 7.17 (d, 2H, J= 7.4 Hz), 7.24 (t, 2H,
J=74Hz), 737 (d, 2H, J=74Hz); 3C NMR (75 MHz, CDCl3):
0 (ppm) 26.51, 37.69, 122.95, 124.92, 127.51, 130.76, 139.65, 140.67.
HRMS (m/z, EI) calcd for Ci5Hqp 192.0939, found 192.0943.

2.3.2. 2,6-Dibromo-8,9-dihydro-4H-cyclopenta[def]
phenanthrene (3)

To prepare copper bromide adsorbed on alumina, a solution of
10 g of copper bromide in 30 mL of distilled water was treated with
neutral alumina (20 g, Merck aluminum oxide 90 active neutral) at
room temperature. The reaction mixture was concentrated at 80 °C
under reduced pressure. The resulting residue was dried under
vacuum (4 Torr) at 100 °C for 15h to generate copper bromide
adsorbed on alumina. To a stirred solution of 1.87 g (3.59 mmol)
of 8,9-dihydro-4H-cyclopentaldef]phenanthrene (2) in 70 mL of
carbon tetrachloride at room temperature was added 31.6 g of
copper bromide adsorbed on alumina. After 5 h at 60 °C, the solid
was filtered and washed with 2 x 30 mL of carbon tetrachloride.
The combined organic phase was concentrated under reduced
pressure and purified by flash column chromatography to give
3.36 g(99%) of compound 3 as pale yellow solid: mp 184 °C; Rf 0.50
(Si0,, 100% hexane). 'H NMR (300 MHz, CDCl3): 6 (ppm) 3.08 (s,
4H), 3.83 (s, 2H), 7.46 (s, 2H), 7.47 (s, 2H); 3C NMR (75 MHz, CDCl3):
0 (ppm) 25.95, 37.35, 121.33, 126.43, 128.43, 131.91, 137.56, 141.81.
HRMS (m/z, EI™) calcd for CisH1oBrp 347.9149, found 347.9153.

2.3.3. 2,6-Dibromo-4H-cyclopenta[def|phenanthrene (4)

To a stirred solution of 3.15 g (9.05 mmol) of 2,6-dibromo-8,9-
dihydro-4H-cyclopenta[def]phenanthrene (3) in 70 mL of carbon
disulfide at room temperature was added dropwise 0.56 mL
(10.85 mmol) of Bry in carbon disulfide over 3 h. The reaction
mixture was stirred for 1 h, concentrated under reduced pressure,
and purified by flash column chromatography to give 3.15 g (100%)
of compound 4 as pale yellow solid: mp 210 °C; R¢ 0.53 (SiO3, 100%
hexane). 'H NMR (300 MHz, CDCls): 6 (ppm) 4.32 (s, 2H), 7.75 (s,
2H), 7.80 (s, 2H), 7.99 (s, 2H); *C NMR (75 MHz, CDCl3): 6 (ppm)
37.16, 125.31, 125.62, 126.41, 127.97, 128.97, 132.91, 143.03. HRMS
(m/z, EIT) calcd for Cy5sHgBr, 345.8993, found 345.8993.

2.3.4. 2,6-Dibromo-4H-cyclopenta[def]phenanthren-4-one (5)

A solution of 2,6-dibromo-4H-cyclopenta[def]phenanthrene (4)
(1 g,2.87 mmol) in benzene (60 mL) was stirred with activated MnO,
(10 g). After 1 h at 60 °C, the solid was filtered and washed with
3 x 30 mL of benzene. The combined organic phase was concentrated
under reduced pressure and purified by flash column chromato-
graphy to give 560 mg (53.7%) of compound 5 as yellow powder: mp
166-167 °C; R¢ 0.32 (Si0,, methylene chloride:hexane = 1:10). 'H
NMR (300 MHz, CDCl3): 6 (ppm) 7.72 (s, 2H), 7.90 (d, 2H, = 1.1 Hz),
8.09 (d, 2H, J=13 Hz); 3C NMR (75 MHz, benzene-dg): § (ppm)
124.27,126.72,126.79,129.52,133.97,135.14,137.89,190.08. HRMS (m/z,
EI™) calcd for C15HgBr,0 359.8785, found 359.8781.

2.3.5. 2-Bromo-5,3'-dimethoxybiphenyl (7)
3,3’-Dimethoxybiphenyl (6) (5.0 g, 23.34 mmol) was dissolved
in dimethylformamide. N-Bromosuccinimide (4.15 g, 23.34 mmol)
was dissolved in dimethylformamide (63 mL) and added slowly to
a solution of 3,3’-dimethoxybiphenyl for about 1.5 h. The mixture
was stirred at room temperature for about 12 h and distilled
water was added thereto, followed by stirring for about 10 min.
The combined organic phase was concentrated under reduced
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pressure and purified by flash column chromatography to give
6.7 g (98%) of compound 7 as colorless oil: Rf 0.30 (SiO,, ethyl
acetate:hexane = 1:50). 'H NMR (300 MHz, CDCls): é (ppm) 3.83
(s, 3H), 3.87 (s, 3H), 6.81 (dd, 1H, J=8.8 Hz and 3.1 Hz), 6.92 (d,
1H, J=3.1 Hz), 7.03-6.95 (m, 3H), 7.37 (t, 1H, J=7.7 Hz), 7.56 (d,
1H, J = 8.8 Hz); 13C NMR (75 MHz, CDCl5) 6 (ppm) 55.7, 55.9, 113.4,
113.7, 115.2, 1154, 117.0, 1221, 129.4, 134.1, 142.9, 143.7, 159.2,
159.5. HRMS (m/z, EI") calcd for Ci4Hq3Bri0; 292.0099, found
292.0103.

2.3.6. 6-Bromo-biphenyl-3,3'-diol (8)

A solution of boron tribromide (17.9 mL, 17.9 mmol) was slowly
added to a solution of 2-bromo-5,3’-dimethoxybiphenyl (7) (2.5 g,
8.5 mmol) at 0 °C, followed by stirring for 1 h. Purification by silica
gel chromatography using 4% ethyl acetate in dichloromethane
gave 1.78 g (79%) of compound 8 as white solid: mp 111 °C; R¢ 0.30
(SiO,, ethyl acetate:hexane =1:50). '"H NMR (300 MHz, CDCl3)
0 (ppm) 5.54 (s, 1H), 5.73 (s, 1H), 6.92-6.68 (m, 5H), 7.25 (m, 1H),
7.44 (d, 1H); 3C NMR (75 MHz, CDCl3) ¢ 112.8, 114.7, 116.2, 116.3,
118.1,121.8, 129.2, 133.9, 142.3, 143.1, 154.9, 155.0. HRMS (m/z, EI*)
calcd for C12HgBr10; 263.9786, found 263.9781.

2.3.7. 2-Bromo-3',5-bis[(2-ethylhexyl)oxy]-1,1"-biphenyl (9)
The obtained 6-bromo|[1,1’-biphenyl]-3,3’-diol (8) (3.9 g, 14.9 mmol),
ethylhexyl bromide (6.6 mL, 37.25 mmol), potassium carbonate (12.4 g,

89.4 mmol) and potassium iodide (2.5 g, 14.9 mmol) were dissolved in
dimethylformamide (150 mL), followed by heating for about 24 h at
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about 150 °C. After the reaction mixture was cooled to room tempera-
ture, water and hexane were added. The aqueous phase was extracted
with hexane and combined organic layers were dried over MgSO4. The
solvent was removed under vacuum and the residue was purified by
column chromatography to give 6.2 g (85.2%) of compound 9 as colorless
oil: Rr0.15 (SiO, methylene chloride:hexane = 1:20). 'THNMR (300 MHz,
CDCl3): 6 (ppm) 0.92-1.00 (m, 12H), 1.35-1.58 (m, 16H), 1.71-1.80 (m,
2H), 3.86 (d, 2H, J= 5.8 Hz), 3.91 (d, 2H, ] = 5.8 Hz), 6.78-6.87 (m, 2H),
6.93 (d, 1H,J = 3.0 Hz), 6.94-7.02 (m, 2H), 7.34 (t, 1H,] = 74 Hz), 7.54 (d,
1H, J= 8.8 Hz); 3C NMR (75 MHz, CDCls): 6 (ppm) 11.09, 14.05, 23.01,
29.05, 30.50, 39.37, 70.60, 112.61, 113.90, 115.28, 115.56, 117.23, 121.44,
128.84, 133.56, 142.45, 143.28, 158.57, 158.96. HRMS (im/z, EI'") calcd for
CosH41BrO, 488.2290, found 488.2291.

2.3.8. 2,6-Dibromo-(3',6'-bis(2-ethylhexyloxy)-spiro(4H-
cyclopenta[def]phenanthrene-4,9'-[9H[fluorene)) (10)
2-Bromo-3',5-bis[(2-ethylhexyl)oxy]-1,1’-biphenyl (9) (5.67 g,
11.6 mmol) was dissolved in dried THF (30 mL) and cooled to
—78°C. Then, 1.7 M t-butyllithium (14.67 mL, 24.94 mmol) was
added slowly. The obtained resultant was stirred for 1 h at —78 °C.
After 1h, 2,6-dibromo-4H-cyclopenta|def]phenanthren-4-one (5)
(2.1 g, 5.8 mmol) dissolved in dried THF (30 mL) was added slowly,
stirred for about 1 h, allowed to warm to room temperature and
further stirred at room temperature for about 30 min. The aqueous
phase was extracted with hexane and the solvent was removed
under vacuum and the residue was mixed with acetic acid (50 mL)
and hydrochloric acid (1 mL) and stirred for about 22 h at room
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Scheme 1. Synthetic routes for the monomer and the spiro-PCPP.



5646 S. Song et al. / Polymer 49 (2008) 5643-5649

Table 1

Characterization of the polymer.

Polymer Yield (%)  Mp® M,? PDF  T°(°C) T4 (°C)
Spiro-PCPP 46 71,000 225,000 3.2 85 417

¢ Molecular weight (M,) and polydispersity (PDI) of the polymer were deter-
mined by gel permeation chromatography (GPC) in THF using polystyrene
standards.

b Glass transition temperature measured by DSC under N.

¢ Onset decomposition temperature (5% weight loss) measured by TGA under N,.

temperature. The reaction mixture was concentrated under
reduced pressure, and purified by flash column chromatography to
give 1.83 g (41.9%) of compound 10 as white powder: mp 121 °C; R¢
0.15 (Si0,, methylene chloride:hexane = 2:5). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 0.92-1.01 (m, 12H), 1.35-1.57 (m, 16H), 1.72-1.82
(m, 2H), 3.95 (d, 4H, ] = 5.8 Hz), 6.48 (d, 2H, ] = 8.5 Hz), 6.66 (d of d,
2H, J=2.2 and 84Hz), 713 (d, 2H, J=14Hz), 741 (d, 2H,
J=2.2Hz), 7.85 (s, 2H), 7.99 (d, 2H, J= 1.1 Hz); >C NMR (75 MHz,
CDCl3): 6 (ppm) 11.19, 14.09, 23.06, 23.96, 29.14, 30.60, 39.53, 66.40,
70.69, 106.07, 114.62, 122.47, 123.95, 124.66, 125.56, 126.35, 128.71,
135.79, 138.47, 143.10, 149.83, 160.16. HRMS (m/z, FAB") calcd for
C43H47Bl‘202 753.1943, found 753.1943.

2.3.9. Poly(2,6-(3',6'-bis(2-ethylhexyloxy)-spiro(4H-
cyclopenta[def]phenanthrene-4,9'-[9H|fluorene)))
(spiro-PCPP) (11)

In a three-necked flask were placed bis(1,5-cyclooctadiene)-
nickel(0) (Ni(COD),) (481 mg, 1.75 mmol), 2,2-dipyridyl (276 mg,
1.75 mmol), cyclooctadiene (214 mL, 1.75 mmol), and DMF (8 mL).
After three freezing—-thaw cycles, the catalyst was heated to 80 °C
for 30 min to form the purple complex. The reaction mixture was
treated with 600 mg (0.80 mmol) of 2,6-dibromo-3',6'-bis(2-eth-
ylhexyloxy)-4,4'-spirobi(4H-cyclopenta[def]phenanthrene) (10) in
8 mL of toluene, and heated at 80 °C for 4 days. After cooling to
room temperature, the reaction mixture was poured into the
mixture of 100 mL of 1 N HCI solution, 100 mL of acetone, and
200 mL of methanol, and stirred for 6 h. The precipitate was
filtered, redissolved in chloroform and precipitated again with large
amount methanol. The obtained pale yellow solid was dried in
vacuum at 60 °C for 48 h to give 218 mg (46%) of spiro-PCPP (11)
as a yellowish white solid. 'TH NMR (300 MHz, THF-d,): 6 (ppm)
0.92-0.97 (m, 12H), 1.36-1.49 (m, 18H), 3.98 (m, 4H), 6.40-6.43
(m, 2H), 6.53-6.55 (m, 2H), 7.16 (s, 2H), 7.44 (s, 2H), 7.90 (s, 2H),
8.00 (s, 2H).
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Fig. 1. Thermogravimetric analysis of the polymer under N.
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Fig. 2. UV-vis absorption and photoluminescence spectra of polymer in the THF
solution and film.

3. Results and discussion
3.1. Synthesis and characterization

The general synthetic routes toward the monomer and polymer
are outlined in Scheme 1. In the first step, 4H-cyclo-
penta[def]phenanthrene (1) was hydrogenated using Pd/C to generate
8,9-dihydro-4H-cyclopentadeflphenanthrene (2). Alumina-sup-
ported copper(Il) bromide [32] was used for the bromination to
provide 2,6-dibromo-8,9-dihydro-4H-cyclopentaldef]phenanthrene
(3). Subsequent dehydrogenation [33] using bromine and carbon
disulfide provided 2,6-dibromo-4H-cyclopenta[def]phenanthrene
(4). Oxidation of compound 4 by MnO, corresponding 2,6-dibromo-
4H-cyclopenta[deflphenanthren-4-one (5) occurred in good yield.
2-Bromo-5,3’-dimethoxybiphenyl (7) was prepared from mono-
bromination of 3,3’-dimethoxybiphenyl (6). Demethylation of
compound 7 gave 6-bromo-biphenyl-3,3’-diol (8), and alkylation
with 1-octyl bromide gave 2-bromo-3’,5-bis[(2-ethylhexyl)oxy]-1,1'-
biphenyl (9). Compound 9 was treated with t-BuLi and 2,6-dibromo-
4H-cyclopentaldef]phenanthren-4-one to generate a tertiary alcohol,
which was cyclized to give 2,6-dibromo-3',6'-bis(2-ethylhexyloxy)-
4,4'-spirobi(4H-cyclopenta[def]phenanthrene) (10) and its geometric
isomer [21]. Separation of geometrical isomers between major
compound can be achieved from column chromatography from
a mixed solvent of n-hexane and dichloromethane. Polymerization
of the monomer 10 was affected under Yamamoto condition [34],
using bis(1,5-cycloocta-diene)nickel(0) catalyst, 2,2’-dipyridyl, and
cyclooctadiene.

The resulting polymer was soluble in common organic solvents
such as chloroform, chlorobenzene, tetrahydrofuran (THF),
dichloromethane and o-dichlorobenzene (ODCB). Table 1 summa-
rizes the polymerization results including molecular weights, PDI
and thermal stability of the polymer. The number-average (My) and
weight-average molecular weight (M,,) of the spiro-PCPP were
71,000 and 225,000, respectively, with polydispersity index (PDI,

Table 2
Characteristics of the UV-vis absorption, photoluminescence, and electrolumines-
cence spectra.

Conditions AbS Amax (nm) PL Amax® (nm) Fwhm of PL QEpL (%)
Solution 371 398 37 85
Film 364 451 (406) 89 =

¢ The data in the parentheses are the wavelengths of shoulders and subpeaks.
b Full width at half-maximum of PL and EL spectra.
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Fig. 3. Photoluminescence spectra of spiro-PCPP ([spiro-PCPP]=1x10">M) in
mixture with changing ratio of THF and MeOH (THF:MeOH = 9:1-3:7). All emission
scans were collected by exciting at 350 nm.

Mw/Mp) of 3.2. The thermal properties of the polymer were eval-
uated by DSC and TGA under nitrogen atmosphere. The polymer
showed good thermal stability with a glass transition temperature
(Ty) of 85 °C, using DSC performed at a temperature range of 30—
250 °C. As shown in Fig. 1, decomposition temperature (Ty) is 417 °C
for spiro-PCPP, exhibiting good thermal stability, an important
quality for application in flat panel displays.

3.2. Photophysical properties

The UV-vis absorption and photoluminescence (PL) emission
spectra of the polymer as solution and a thin film are shown in
Fig. 2. The solution was prepared using THF as a solvent and the thin
film by spin-coating on quartz plates from the polymer solution in
chlorobenzene. The absorption and emission data for the polymer
are summarized in Table 2. There is little difference between the
absorption spectra of the solution and the thin film of the polymer,
which can be attributed to the 7" transitions of the polymer. The
maximum absorption peak appeared at 371 nm in chloroform. By
comparing the UV-vis spectra of the spiro-monomer 10, PCPP
monomer and spiro-PCPP polymer [5], it was found that the peak at

Current
o
T

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Valtage (V)

Fig. 4. Cyclic voltammetry curve of the polymer in 0.1 M BusNBF, acetonitrile solution
at a scan rate of 100 mV/s at room temperature (vs an Ag quasi-reference electrode).

Table 3
Electrochemical potentials and energy levels of the polymer.
Polymer Optical Chemical B It HOMOY LUMO®
bandgap?® (eV)  bandgap® (eV) (V) (V) (eV) (eV)
Spiro- 3.00 2.35 110 -125 -5.90 —-2.90
PCPP

2 Optical energy bandgap was estimated from the onset wavelength of the optical
absorption.

b Calculated from the Eox and Eyeq.

¢ Onset oxidation and reduction potential measured by cyclic voltammetry.

4 Calculated from the oxidation potentials.

¢ Calculated from the HOMO energy levels and Eg.

335nm is originating from the aromatic spiro-portion. The
maximum absorption peak of the polymer film appeared at
364 nm, which was blue-shifted about 7 nm. This PL spectrum
displays a vibronic fine structure with emission band at 415 nm.
The PL spectra of the polymer were measured by the excitation of
350 nm. The PL emission spectrum of the polymer in the THF
solution shows a maximum peak at 398 nm, nearly identical with
that of PCPP [25]. The PL spectrum of the solid thin film displayed
maximum peak appearing at 451 nm, which is red-shifted over
50 nm from that of the solution, caused by the inter-chain inter-
action of the polymers. In the solid thin film, the blue emission at
406 nm for the m-m* transition of the conjugated polymer back-
bone is decreased, and the maximum peak appeared at around
451 nm.

As shown in Fig. 3, the PL spectra of spiro-PCPP ([spiro-
PCPP] =1 x10~> M) in mixture with changing ratio of THF and
MeOH (THF:MeOH =9:1-3:7) were collected by exciting at
350 nm. The PL spectra of the spiro-PCPP with 9:1-7:3 ratios of THF
and MeOH were not changing with the maximum peak at 398 nm.
With 6:4-3:7 ratios of THF and MeOH, the maximum peak at
398 nm was shifted to 406 nm. With an increased ratio of the
hydrophilic solvent (MeOH), the inter-chain interaction of the
hydrophobic polymers was enhanced to show the peaks at 458 and
484 nm. This phenomenon can be also explained by the increased
inter-chain interaction as happening in the solid thin film state. The
PL maximum peak of the spiro-PCPP with solid thin film appeared
at 451 nm, unlike the long wavelength emission of PF with
maximum peak at 550 nm. Quantum yield (®p;) in solution was
determined in chloroform, relative to 9,10-diphenylanthracene as
the standard (®p; = 0.91 in ethanol) [35]. Spiro-PCPP has a maximal
efficiency of 85%.
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Fig. 5. Electroluminescence spectra of devices with the configuration of ITO/PEDOT/
polymers/Ca:Al



5648 S. Song et al. / Polymer 49 (2008) 5643-5649

—o— Current Density - 500
800 - _u— Brightness
t
E 1400
< 600 F d 3
< @
= - 300 =
2 ®
@ 400 - A
[ -200 &
a g
= | 3
200
o 4100 <&
= L
3 |
0t g 0
1 . 1 L 1 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10 12 14

Voltage (V)

Fig. 6. Current-voltage-luminescence (I-V-L) characteristics of OLED with the
configuration of ITO/PEDOT/polymer/Ca:Al.

3.3. Electrochemical properties of the polymer

The electrochemical properties of the polymer were deter-
mined from the bandgap estimated from the absorption onset
wavelength, and the HOMO energy level which was estimated
from the cyclic voltammetry (CV). The CV was performed with
a solution of tetrabutylammonium tetrafluoroborate (BusNBF4)
(010 M) in acetonitrile at a scan rate of 100 mV/s at room
temperature under the protection of argon. A platinum electrode
(~0.05 cm?) coated with a thin polymer film was used as the
working electrode. Pt wire and Ag/AgNOs3 electrode were used as
the counter electrode and reference electrode, respectively. The
energy level of the Ag/AgNOs reference electrode (calibrated by
the Fc/Fct redox system) was 4.8 eV below the vacuum level. The
CV spectrum is shown in Fig. 4, and the oxidation potential
derived from the onset of electrochemical p-doping is summa-
rized in Table 3. HOMO level was calculated according to the
empirical formula Egomo = —([Eonset]™ + 4.8) (eV). During the
anodic scan, the oxidation onset potential of the polymer is
1.10V, and exhibited irreversible p-doping process. HOMO energy
level of the polymer was approximately —5.90eV. The onset
potential of reduction for spiro-PCPP is located at —1.25eV. The
electrochemical bandgap, calculated from cyclic voltammetry

01F

Efficency (Cd/A)

0 200 400 600 800
Current Density (mA/cm?)

Fig. 7. Efficiency of OLEDs of polymer with the configuration of ITO/PEDOT/spiro-
PCPP/Ca:Al

Table 4
Device performance characteristics of polymer.

Polymer Turn-on Voltageb Current densityb Luminance® LEn.S CIE

voltage?® (V) (V) (mA/cm?) (cd/m?) (cd/A)  (x, y)¢
Spiro- 8 13 830 500 0.10 (0.15,
PCPP 0.08)

Voltages required to achieve a brightness of 1 cd/m?.
Measured under the condition of maximum brightness.
Maximum luminescence efficiency.

a
b
C
d Calculated from the EL spectrum.

data, is about 2.35 eV, somewhat lower than the optical bandgap
estimated from the onset absorption of the polymer solution. The
optical bandgap was estimated from absorption onset of the
polymer. The LUMO energy level was calculated from the values
of the bandgap and HOMO energy level. The value of the LUMO
energy level of the polymer is —2.90 eV.

3.4. Electroluminescent properties

The electroluminescence (EL) performance of the polymer was
examined in the device configuration of ITO/PEDOT:PSS/polymer/
Ca:Al. The typical EL spectrum from such device is shown in
Fig. 5. The EL spectrum of spiro-PCPP shows maximum peaks at
463 nm. The maximum peak of the spectrum of spiro-PCPP is red-
shifted by 63 nm as compared to the case of PCPP. This
phenomenon is caused by inter-chain interaction of the polymers.
The device of spiro-PCPP with the configuration of ITO/PEDOT/
polymer/Ca:Al showed the emission color of sky blue with CIE
coordinates of (0.14, 0.15). The current density-voltage (J-V) and
luminescence-voltage (V-L) characteristics of ITO/PEDOT/poly-
mer/Ca:Al device are shown in Fig. 6. The turn-on voltage of
device was about 8 V. The luminescence intensity of the polymer
increased with an increase in voltage, and the maximum lumi-
nescence (Lmax) of spiro-PCPP device is 500 cd/m? at 13 V. As
shown in Fig. 7, the maximum luminescence efficiency of spiro-
PCPP at room temperature is 0.10 cd/A. Spiro-PCPP has been
reported as new conjugated backbones with high efficiencies.
Introduction of spiro group in PCPPs can change the device
performance to result in red-shifted spectra of PL and EL and
reduction of the luminescence efficiency of the device since spiro
group and cyclopentaldef]phenanthrene backbone induce inter-
chain interaction (Table 4).

4. Conclusion

We present here the synthesis of a new conjugated polymer,
spiro-PCPP. The polymer was synthesized by the Yamamoto
polymerization. The PL emission spectrum in THF solution showed
maximum peak at 398 nm, nearly identical with that of PCPP. PL
spectrum of solid state exhibited maximum peak at 451 nm, which
was red-shifted over 50 nm from that of the solution, caused by
the inter-chain interaction of the polymers. The PL spectra of
spiro-PCPP in THF:MeOH from 9:1 to 3:7 showed increasing peaks
at 458 and 484 nm, also caused by the same inter-chain interac-
tion of the polymers. This phenomenon has the same tendency as
compared to the PL spectrum in solid thin film state with
increased inter-chain interaction. Therefore, we can conclude that
the inter-chain interaction between aromatic spiro group and the
backbone of PCPP induce the red-shifted color emission. The
polymer LED with the configuration of ITO/PEDOT/polymer/Ca:Al
showed the emission color of sky blue with CIE coordinates of
(0.14, 0.15), which are close to those of the standard blue (0.14,
0.08). The maximum luminescence (Lmax) of the LED with spiro-
PCPP was 500 cd/m? at 13 V.
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