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Copolymer containing benzothiadiazole (BT) and porphyrin (POR) derivatives as dopants
(<0.3 mol%) was synthesized to polyfluorene (PF) backbone using Suzuki coupling reaction.
The synthesized polymer was thermally stable and soluble in general organic solvents. UV–
vis spectra of the polymer showed the similar behaviors in solution and on film. However,
PL spectra was similar to PF in solution, but its peak increased around 520 and 612 nm as
BT and POR, the dopants, went up in casting film. The more POR increased, the more effec-
tive Forster energy transfer was observed by POR than BT in PF. The device was made in
ITO/PEDOT:PSS/polymer/BaF2/Ba/Al structure. For PFB02P05 polymer, the luminous effi-
ciency was 0.66 cd/A, the power efficiency 0.29 lm/W and the maximum brightness
936 cd/m2. CIE coordinate (0.36, 0.34) was closer to pure white. For PFB15P20, the lumi-
nous efficiency was 1.40 cd/A, the power efficiency 0.32 lm/W, the maximum brightness
5997 cd/m2. PFB15P20 demonstrated the best performance as green emission.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

For dozens of years, p-conjugated polymer have been
applied to and examined in diverse kinds of application
fields including organic light emitting diode (OLED) [1–4],
organic photovoltaic cell (OPV) [5–9], and organic thin film
transistor (OTFT) [10–13]. In particular, the polymer light
emitting diode (PLED) has the advantage to be made in
large scale using the screen printing as compared to the
small molecule using vacuum coating. Thus, it has been
drawing substantial attention as the next generation mate-
rial in display field. Furthermore, it attracted substantial
attention in flexible display field because of the flexibility
of polymer film [8,14].

A number of researches has been focusing on PLED
materials in various colors since the development of
poly(phenylenevinylene) in 1990 [15]. It has been reported
that polyfluorene (PF) [16], poly(phenylenevinylene) (PPV)
[17], and poly(methoxy, ethyl-hexyloxy phenylene
. All rights reserved.

: +82 2 444 0765.
n).
vinylene) (MEH–PPV) [18] were the representative blue
emitting material, green emitting material, and orange
and red emitting material, respectively. Furthermore, full
color display is enabled by such red, green, blue (R, G, B)
color polymers [4,8].

A number of researches have been recently in progress
for tuning the colors by introducing a variety of chromo-
phore to PF, the blue emitting material. When chromo-
phore was introduced to PF backbone, aggregation and
excimer were suppressed. In addition, the effective energy
transfer from PF backbone to chromophore was completed.
Then, the high efficiency is acquired and various colors
(green, red, white) can be implemented [19,20]. The
approaches to introduce chromophore enabling such color
tuning include alternating copolymerization between fluo-
rene and chromophore and the random copolymerization
implementing micro-dopping (<5 mol%) of low band gap
chromophore to blue emitting polymer backbone [21].
For copolymerization by micro-dopping (<5 mol%) of low
band gap chromophore to PF backbone, it has been
reported that diverse colors including green and yellow
can be acquired depending on mol contents and high effi-
ciency is achieved [21,22].

http://dx.doi.org/10.1016/j.eurpolymj.2012.06.002
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The representative green chromophore with low band
gap is benzothiadiazole(BT) derivatives which are electron
deficient. BT derivatives show high PL and EL efficiency be-
cause of superior thermal and electrochemical stability.
Then, they have been frequently applied to green light
emitting polymer [23,24]. Furthermore, porphyrin (POR)
derivatives have narrow half-peak width and show red
light emission. Thus, they have been used a lot as red do-
pants in OLED [25–28]. POR derivatives demonstrate high
absorption peak around 600 nm caused by strong Q-band
absorption and features as light-harvesting antenna com-
ponent. Accordingly, they can make red emission by effec-
tively absorbing the energy in blue and green emission
field [29,30].

This paper selected PF as the host, BT derivatives of
0.02–0.15 mol%, as the green emitter and POR derivatives
of 0.05–0.3 mol% as the dopant. Forster energy transfer,
charge trapping and charge balance effects between the
host and the dopant were investigated. Through the analy-
sis, the optimum content, and effective white and green
emitting polymers were acquired.

2. Experimental methods

2.1. Instruments and characterization

Unless otherwise specified, all the reactions were car-
ried out under nitrogen atmosphere. Solvents were dried
by standard procedures. All column chromatography was
performed with the use of silica gel (230–400 mesh,
Merck) as the stationary phase. 1H NMR spectra were per-
formed in a Bruker ARX 400 spectrometer using solutions
in CDCl3 and chemical were recorded in ppm units with
TMS as the internal standard. Electronic absorption spectra
were measured in chloroform using a HP Agilent 8453 UV–
Vis spectrophotometer. Photoluminescent spectrum were
recorded by Perkin Elmer LS 55 luminescence spectrome-
ter. Cyclic voltammetry experiments were performed with
a Zahner IM6eX Potentionstat/Galvanostat. All measure-
ments were carried out at room temperature with a con-
ventional three-electrode configuration consisting of
platinum working and auxiliary electrodes and a nonaque-
ous Ag/AgCl reference electrode at the scan rate of 50 mV/
s. The solvent in all experiments was acetonitrile and the
supporting electrolyte was 0.1 M tetrabutyl ammonium-
tetrafluoroborate. TGA measurements were performed on
NETZSCH TG 209 F3 thermogravimetric analyzer. All GPC
analyses were made using THF as eluant and polystyrene
standard as reference.

2.2. Fabrication and characterization of EL device

The fabricated device structure was ITO/PEDOT:PSS/
polymer/BaF2/Ba/Al. All of the polymer light emitting diodes
were prepared using the following device fabrication
procedure. The glass/indium tin oxide (ITO) substrates
[Sanyo, Japan(10 X/c)] were sequentially lithographically
patterned, cleaned with detergent, and ultrasonicated in
deionized water, acetone and isopropyl alcohol. Then the
substrates were dried on a hotplate at 120 �C for 10 min
and treated with oxygen plasma for 10 min in order to
improve the contact angle just before the film coating
process. Poly(3,4-ethylene-dioxythiophene): poly(styrene–
sulfonate) (PEDOT:PSS, Baytron P 4083 Bayer AG) was passed
through a 0.45 lm filter before being deposited onto ITO at a
thickness of ca. 32 nm through spin-coating at 4000 rpm in
air and then dried at 120 �C for 20 min inside a glove box.
The light-emitting polymer layer was then deposited onto
the film by spin coating a polymer solution in chlorobenzene
(1.5 wt.%) at a speed of 1000 rpm for 30 s on top of the PED-
OT:PSS layer. The device was thermally annealed at 90 �C for
30 min in a glove box. The device fabrication was completed
by depositing thin layers of BaF2 (1 nm), Ba (2 nm) and Al
(200 nm) at pressures less than 10–6 torr. The active area
of the device was 9.0 mm2. Finally, the cell was encapsulated
using UV-curing glue (Nagase, Japan). EL spectra, Commis-
sion Internationale de l’Eclairage (CIE) coordinates,
current–voltage, and brightness–voltage characteristics of
devices were measured with a Spectrascan PR670 spectro-
photometer at the forward direction and a computer-
controlled Keithley 2400 under ambient condition.

2.3. Materials

All reagents were purchased from Aldrich, Acros or TCI
companies. All chemicals were used without further purifi-
cation. The following compounds were synthesized follow
ing modified literature procedures: 2,20-(9,9-dioctyl-9H-
fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3, 2-dioxaboro-
lane) 2 [4], 4,7-dibromobenzo[c] [1,2,5] thiadiazole 3 [6]
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin [31].

2.3.1. Polymerization
Reaction monomers, (PPh3)4Pd(0) (1.5 mol%) and Ali-

quat 336 were dissolved in a mixture of toluene and an
aqueous solution of 2 M K2CO3. The solution was refluxed
for 72 h with vigorous stirring in nitrogen atmosphere,
and then the excess amount of bromobenzene, end capper,
was added and stirring continued for 12 h. The whole mix-
ture was poured into methanol. The precipitate was fil-
tered off, purified with methanol, acetone, hexane,
chloroform in soxhlet.

PFB02P05: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
4,7-dibromobenzo[c] [1,2,5] thiadiazole (3) (0.0002 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.0005 equiv); yield: 0.19 g (44%); 1H NMR
(400 MHz; CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).

PFB02P10: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,
5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv), 4,
7-dibromobenzo[c] [1,2,5] thiadiazole (3) (0.0002 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphyrin
(6) (0.001 equiv); 0.25 g (58%); 1H NMR (400 MHz; CDCl3;
Me4Si): d = 7.85–7.83 (m), 7.71–7.25 (m), 2.11 (m), 1.25–
1.13 (m), 0.83–0.79 (m).

PFB05P10: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis
(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
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4,7-dibromobenzo[c] [1,2,5] thiadiazole (3) (0.0005 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.001 equiv); yield: 0.28 g (65%); 1H NMR
(400 MHz; CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).

PFB10P10: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
4,7-dibromobenzo[c] [1,2,5]thiadiazole (3) (0.001 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.001 equiv); yield: 0.22 g (51%); 1H NMR
(400 MHz; CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).

PFB15P10: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
4,7-dibromobenzo[c] [1,2,5]thiadiazole (3) (0.0015 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.001 equiv); yield: 0.25 g (58%); 1H NMR
(400 MHz; CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).

PFB15P20: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
4,7-dibromobenzo[c] [1,2,5]thiadiazole (3) (0.0015 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.002 equiv); yield: 0.3 g (70%); 1H NMR (400 MHz;
CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25 (m), 2.11 (m),
1.25–1.13 (m), 0.83–0.79 (m).

PFB15P30: 9,9-Dioctylfluorene-2,7-dibromofluorene (1)
(0.499 equiv), 2,20-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolane) (2) (0.50 equiv),
4,7-dibromobenzo[c] [1,2,5]thiadiazole (3) (0.0015 equiv),
5,15-bis(hexoxybenzyl)-10,20-bis(4-bromobenzyl)porphy-
rin (6) (0.003 equiv); yield: 0.21 g (49%); 1H NMR
(400 MHz; CDCl3; Me4Si): d = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).
Scheme 1. Scheme of monomer sy
3. Results and discussion

3.1. Synthesis and characterization

As shown in Scheme 1, total seven polymers were poly-
merized by Suzuki coupling reaction applying diverse mol
ratios, monomer 1, 2, 3 and 6. The yield rate was 41–48%.
Polymerization used palladium catalyst(0) and 2 M potas-
sium carbonate solution. Aliquot 336 and toluene were
used as surfactant and solution, respectively. Reaction
was done at 90 �C for 72 h. End-capping used boromoben-
zene after the completion of polymerization. All polymers
were purified by soxhlet in the order of methanol, acetone,
chloroform and chloroform fraction was recovered. All
polymers were dissolved in general organic solvents includ-
ing THF, chloroform, chlorobenzene and dichlorobenze.
Film fabricated by spin coating showed transparent film.

Fig. 1 shows 1H NMR spectra. As shown in Fig. 1, the
aromatic peak and the proton peak were observed around
7.0–8.0 ppm and around 0.8–5.0 ppm due to aliphatic
peak, respectively. As illustrated in Fig. 1, because the pro-
ton peak of BT and POR the dopants used in a small quan-
tity (10�3–10�4 mol to total monomer), its aromatic and
aliphatic peaks were not observed. For dopant ratio below
0.5 mol%, in other PLED research, it was reported that it
was difficult to obtain the actual dopnat ratios in polymers
using NMR, FT-IR, elemental analysis [32–34]. However as
shown in Fig. 1S (see Supplementary data) all polymers
showed very minutely increased proton peak in 7.30–
7.50 ppm compared to PF, which was estimated to be pro-
ton peak of BT, POR derivative. In accordance with the
measurement of GPC with polystyrene as the standard as
shown in Table 1, the number average molecular weights
of all polymers were about 12,500–15,000. Polymerization
degree of polymers was similar to that of general EL poly-
mer [26,35]. Polydispersity indicies(PDI) demonstrated a
significantly narrow distribution, 1.90–2.58.
nthesis and polymerization.



Fig. 1. 1H NMR spectrum of polymers.

Table 1
Physical properties of the polymers.

Polymer Mn (kg/mol) Mw (kg/mol) PDI Td
a (�C) UPL

b

PFB02P05 15.0 30.5 2.03 422 0.79
PFB02P10 15.0 28.5 1.90 398 0.79
PFB05P10 14.4 37.2 2.58 418 0.74
PFB10P10 12.5 28.8 2.30 408 0.66
PFB15P10 12.6 28.0 2.22 398 0.61
PFB15P20 12.5 26.3 2.10 363 0.55
PFB15P30 13.2 30.4 2.30 408 0.48

a Temperature resulting in 5% weight loss based on initial weight.
b Solution fluorescence quantum yields measured in chloroform rela-

tive to polyfluorene (ca. 1 � 10�5 M, UPL = 0.79) in chloroform as a
standard.
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The thermal properties of the polymers were measured
by TGA. 5 wt.% loss point is around 400 �C, which indicated
the high thermal stability. The result suggested the
applicability to display application field requiring higher
thermal stability than 300 �C [31]. All polymers exhibit
similar thermal properties as PF. This means that introduc-
ing such small amount of emitter unit into polyfluorene
backbone does not affect the rigidity of the resulting
copolymers. When the temperature was higher than
400 �C, the thermal properties were quite different. As
shown in Fig. 2S (see Supplementary data), there was an
evident weight loss from 400 to 500 �C, up to 45–50%. This
prominent weight loss can be inferred from the degrada-
tion of the skeletal PF backbone chain structure. In this
stage, the PF backbone may be decomposed to oligomers
or other short chain structures [36].
3.2. Optical and electrochemical properties

Fig. 2 showed UV–vis spectra after all polymers were dis-
solved in chloroform and formed as solution and film. As
shown in Fig. 2, the maximum absorption peak (kmax) for
solution state was observed between 386 and 389 nm
which was similar to the absorption peak (kmax = 384 nm)
of PF [33,34]. For film state, the maximum absorption peak
of all polymers was kmax = 382 nm, 4–7 nm blue-shifted
than the solution state. The result was caused by p–p⁄ tran-
sition distribution between polymer chains occurred while
fluorene polymer forms the film [37]. The absorption peaks
of BT and POR derivatives, the dopants, were not observed
because the quantity of dopants was low concentration.

Fig. 3 show the photoluminescent spectra of all poly-
mers in solution and film state. As shown in Fig. 3 (a),
the maximum emission peak of PL spectra in the solution
state was observed around 418 nm (kmax = 418 nm), and
the shoulder peak appeared around 440 nm. It is similar
to the emission peak (kmax = 420, 442 nm) of polyfluorene
solution. Moreover, the emission peak of a dopant was
not found because the quantity of a dopant was its low
concentration and the intermolecular interaction occurs
in the solution state [19].

For PL spectra of film shown in Fig. 3 (b), the more BT
content increased, the more the 520 nm emission peak in-
creased unlike the solution state (Fig. 3(b) (2–5)). 612 nm
emission peak caused by POR peak increased in accordance
with the increase of BT and POR. For polymers whose BT
contents were more than 0.05 mol% (Fig. 3(b) (3–7)), PL
spectrum around 520 nm increased in accordance with
the increase of BT contents because of the forster energy
transfer from fluorene derivatives to BT derivatives [38].
However, for the polymers which were synthesized with
POR contents increased and BT contents kept at constant
level of 0.1 mol% (Fig. 3(b) (5), (6)), the emission peak
around 520 nm demonstrated the increasing tendency.
Furthermore, when POR contents were more than
0.3 mol%, 520 nm peak reduced and the peak around
612 nm increased (Fig. 3(b) (6), (7)). Accordingly, increase
of the contents of POR derivatives effectively activated For-
ster energy transfer from fluorene to POR rather than that
from fluorene to BT derivatives [16,39,40].

Fig. 3S (see Supplementary data) illustrates UV–vis spec-
trum of POR monomer and PL spectrum of polyfluorene.
Fig. S1 confirmed that absorption spectrum area of POR



Fig. 2. UV–Vis absorption spectra (a) in solution (b) in thin film of polymers.
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derivatives was overlapped to PL spectrum of PF. It means
that POR derivative effectively absorbed PF emission en-
ergy. On the contrary, in accordance with Shu and co-work-
ers, it was reported that for BT area, the relatively small area
was overlapped [39]. Accordingly, the copolymer in this
paper will have more effective Forster energy transfer from
fluorene derivatives to POR derivatives than to BT
derivatives. Such results were confirmed in PFB15P20
(Fig. 3(b) (6)), PFB15P30 (Fig. 3(b) (7)) PL spectra as shown
in Fig. 3(b). PL spectrum of PFB15P30 polymer in Fig. 3(b)
illustrated that the emission peak around 520 nm caused
by BT went down as compared to PFB15P20 polymer and
the emission peak around 612 nm went up caused by POR.
On the basis of such results, the copolymers in this
paper proved the more effective Forster energy transfer
from fluorene derivatives to POR derivatives than to BT
derivatives.
Fig. 4 described the HOMO and LUMO levels acquired
using the onset values of Cyclicvoltammetry. The scan rate
of Cyclicvolammetry was set at 50 mV/s and the reference
electrode was Ag/AgCl. The HOMO value was calculated by
the formula below after compensation using Ferrocene.

HOMOðeVÞ ¼ �4:8� ðEonset � E1=2ðFerroceneÞÞ

The lowest unoccupied molecular orbital (LUMO) levels
were acquired from the difference between HOMO level of
polymers and optical band gap, the UV–Vis absorption on-
set value of polymer film. Table 2 illustrates the HOMO and
LUMO levels of polymers and optical band gap measured.
HOMO level of polymers �5.68 to �5.72 eV, and LUMO le-
vel �2.68 to �2.77 eV. Increasing contents of BT and POR
dopants caused slight increase of HOMO level because
HOMO levels of BT and POR, the dopants, were higher than
HOMO level of PF(�5.77 eV) and higher contents of



Fig. 3. PL emission spectra (a) in solution (b) in thin film of polymers.
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dopants had impact on energy level through interaction
with polymer backbone [19]. Fig. 4 shows the energy band
diagram of PF, POR and BT derivatives. The energy levels of
PF, the host, and POR, the dopant, were measured through
CV and UV–Vis spectroscopy. The energy level of BT re-
ferred to the reference [7,8]. Fig. 4 indicated that the en-
ergy levels of BT and POR, the dopants, existed between
HOMO and LUMO level of PF. On the basis of the results,
it is estimated that energy transfer is activated by BT and
POR, the dopants, in PF and will induce the effective charge
trapping [26,40]. Table 2 summarizes the optical and elec-
trochemical properties.

3.3. Electroluminescence properties and current–voltage–
luminance characteristics

Fig. 5 demonstrated electroluminescent spectra of EL
device. Fig. 6 (a and b) showed the brightness–voltage
and efficiency–current density features of EL device,
respectively. The data of Fig. 6 (a and b) is summarized
in Table 3. The device was made in the ITO/PEDOT:PSS/
polymer/BaF2/Ba/Al structure as shown in Fig. 6 (a) inset
and the emission layer was made to be 70–80 nm thick
by spin-coating. As shown in Fig. 5, for PFB02P05,
PFB02P10 (Fig. 5 (1,2)) polymers, the energy transfer from
fluorene derivatives to dopants was partially made so that
overall EL spectrum became broad. On the contrary, for
PFB05P10–PFB15P30 (Fig. 5 (3–7)) polymers whose BT
derivatives contents were more than 0.05 mol%, most en-
ergy transfer occurred from fluorene derivatives to BT
derivatives. Accordingly, the spectrum of 400–450 nm
was significantly reduced and the spectrum of 500–
550 nm was remarkably expanded. Furthermore, as shown
in the spectra of PFB15P10, PFB15P20, and PFB15P30
polymers (Fig. 5 (5–7)), the more the contents of
POR derivatives increased, the more the intensity of
600–700 nm spectrum went up. It was the similar results
to PL spectra.



Fig. 4. Cyclic voltammograms of polymers and band diagram of PF, BT and POR.

Table 2
Optical and electrochemical properties of polymers.

Polymer Solution, kmax(nm) Film, kmax(nm) EHOMO(eV) ELUMO(eV)

Absorption Emission Absorption Emission

PF 384 420, 442 382 430, 444 5.77 2.77
PFB02P05 386 420, 441 382 438, 462 5.77 2.77
PFB02P10 387 418, 441 382 431, 452 5.77 2.77
PFB05P10 389 418, 441 382 438, 518 5.74 2.74
PFB10P10 386 418, 440 382 432, 452, 519 5.77 2.77
PFB15P10 387 417, 440 382 431, 451, 520 5.72 2.72
PFB15P20 388 417, 440 382 430, 450, 522 5.68 2.68
PFB15P30 388 417, 440 382 432, 458, 521 5.68 2.68

Fig. 5. EL luminescence spectra of polymers.

H.J. Song et al. / European Polymer Journal 48 (2012) 1485–1494 1491



Fig. 6. (a) Voltage–luminance (V–L), (b) current density–luminous efficiency (J–LE) curve.

Table 3
Summary of EL Device Performances of polymers.

polymer EL emission kmax(nm) Luminous efficiency (cd/A) Power Efficiency (lm/W) Maximum brightness (cd/m2) CIE coordinate (x, y)

PFB02P05 430, 462, 496, 616, 666 0.66 0.29 936 (0.29, 0.34)
PFB02P10 436, 464, 496, 616, 668 0.43 0.17 726 (0.36, 0.34)
PFB05P10 430, 460, 526, 630, 666 1.04 0.29 6474 (0.31, 0.49)
PFB10P10 432, 462, 526, 360, 666 1.02 0.32 4194 (0.33, 0.53)
PFB15P10 432, 460, 526, 630, 666 1.18 0.37 4608 (0.31, 0.51)
PFB15P20 434, 462, 526, 630, 666 1.40 0.32 5997 (0.33, 0.54)
PFB15P30 434, 462, 526, 630, 666 0.43 0.11 2121 (0.38, 0.50)
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The difference between PL spectra and EL spectra was
identified in general. The green and red emission
(kmax = 562, 630 nm) was relatively higher than blue emis-
sion (kmax = 432 nm) in EL spectra differently from PL spec-
tra. On the basis of the results above, it was confirmed that
lower energy levels of BT and POR derivatives worked to-
ward charge trapping site. The results are same as the
HOMO and LUMO levels of dopants identified by electro-
chemical measurement [19,26,35]. As shown in Table 3,
CIE coordinates of PFB02P05, and PFB02P10 (Fig. 5 (1,2))
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polymers were (0.29, 0.34), and (0.36, 0.34), respectively,
and their white emissions were closer to pure white
(0.33, 0.33).

For voltage–luminecence(V–L curve) in Fig. 6 (a), increas-
ing contents of BT and POR dopants induced increasing ten-
dency of ‘turn on voltage’ from 6 to 9 V because BT and POR
derivatives activate charge-trapping phenomena [19]. The
best EL performance was observed in PFB15P20 polymer.
The green emission was identified with the maximum effi-
ciency of 1.40 cd/A, the maximum brightness of 5997 cd/
m2, and CIE coordinates of (0.33, 0.54). As shown in Fig. 6
(b), PFB15P20 showed the stable luminous efficiency which
was not reduced along with the increase of current density.
PFB15P20 polymer had stable and the best performance be-
cause the ratio of PFB15P20 polymer dopants was well bal-
anced between electron and hole injection in the device and
energy transfer was effectively processed between fluorene
derivatives, and BT and POR derivatives [35]. PFB15P30
polymer had lower EL performance than PFB15P10 and
PFB15P20 polymers because increasing contents of
porphyrin derivatives worked toward charge trapping site
along polymer backbone and exciton quenching occurred
[19].

Fig. 4S (see Supplementary data) demonstrated CIE
coordinate (1931) of polymers. For PFB02P05 and
PFB02P10 polymers, it was observed in the white emis-
sion area, but in green emission with the increasing con-
tents of dopants. Furthermore, for PFB15P30 polymers
whose POR contents were 0.3 mol%, the color coordi-
nates made red-shift toward the X-axis and yellowish-
green emission appeared because of strong red emission
caused by more energy transfer from fluorene deriva-
tives to POR derivatives than to BT derivatives as shown
in PL spectra. In consequence, it was confirmed that
color tune was observed in the order of white, green
and yellowish–green depending on the contents of
dopants.
4. Conclusion

We successfully synthesized color tunable polymers
containing BT, POR to a fluorene backbone, blue chromo-
phore. The synthesized PFBP series polymers displayed
good solubility and thermal stability. In PL spectra, in-
crease of the contents of POR derivatives showed effective
Forster energy transfer from fluorene to POR rather than
that from fluorene to BT derivatives. In EL device,
PFB15P20 polymer had stable and the best performance
because the ratio of PFB15P20 polymer dopants was well
balanced between electron and hole injection in the device
and energy transfer was effectively processed between flu-
orene derivatives, BT and POR derivatives. Its luminous
efficiency, maximum brightness, CIE coordinate were
1.40 cd/A, 5997 cd/m2, (0.33, 0.54) close to green, respec-
tively. CIE coordinates of PFB02P05, PFB02P10 polymers
showed broad spectra and CIE coordinates of PFB02P05,
PFB02P10 polymers showed (0.29, 0.34), (0.36, 0.34),
respectively, and their emissions were closer to pure white
(0.33, 0.33).
Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.eurpolymj.2012.06.002.
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