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Abstract

A series of novel light-emitting copolymers consisted of 9,9-dihexylfluorene (F) and different acceptor segments, including quinoxaline (Q),
2,1,3-benzothiadiazole (BT) and thieno[3,4-b]-pyrazine (TP), were synthesized by the palladium-catalyzed Suzuki coupling reaction. Three
fluorene-acceptor alternating copolymers (PFQ, PFBT, PFTP) and six F-TP (PFTP0.5-PFTP35) random copolymers were investigated and
compared with the parent polyfluorene (PF). The experimental results suggest that the acceptor strength or content significantly affect the
electronic and optoelectronic properties. The optical absorption maxima of the PF, PFQ, PFBT, and PFTP are 368, 416, 470, and 578 nm,
respectively, which indicates the significance of intramolecular charge transfer. The electrochemical band gap also shows a similar trend. The
incorporation of the acceptor into the PF lowers the LUMO level and thus could improve the electron-accepting ability of the PF. The emission
maxima on the photoluminescence (PL) spectra of the PF, PFQ, PFBT, and PFTP films are 424, 493, 540, and 674 nm, which correspond to the
color of blue, green, yellow, and red, respectively. It suggests that the full color of emission can be achieved by different acceptors. The significant
positive solvatochromism on the PL spectra in different polar solvents suggests the efficient intramolecular charge transfer in PFTP. However,
such charge transfer or heavy-atom effect results in fluorescence quenching and thus reduces the PL efficiencies. By random copolymerizing the
TP into the PF, the PL efficiency could be improved. A significantly reduction on the PF emission peak with increasing the TP content suggests
the energy transfer between the PF and TP segments. Besides, the characteristics on the electroluminescence (EL) devices of
ITO/PEDOT:PSS/emissive layer/Ca/Ag suggest that such energy transfer results in the complete quenching of the PF emission at only 1%
TP content in the PFTP01. The maximum external quantum efficiency (EQE) of the EL device based on the PFTP01 is superior to that of the PF
due to the reduced LUMO level in matching with the Ca. The CIE 1931 coordinates of the PFTP01 based EL device under the condition of
maximum EQE is (0.66, 0.31), which is close to the standard red of (0.66, 0.34) demanded by the National Television System Committee (NTSC).
The luminescence characteristics based on the prepared polymers depend on the Forster energy transfer or the intramolecular charge transfer, or
heavy-atom fluorescence quenching. The present study suggests that the tuning of the electronic and optoelectronic properties could be achieved
by incorporating various acceptors or content into the polyfluorenes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Conjugated polymers have been extensively studied for
their potential applications in electroluminescence displays
[1,2], photovoltaic devices [3,4], and thin film transistors [5-7].
They not only combine the physical properties of polymers
with those of semiconductors to obtain unique and novel
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materials but also provide tunable electronic and/or mechanical
properties by structure modification [8]. The band structures of
conjugated polymers can be manipulated by minimization of
bond length alternation [9,10] and incorporation of donor—
acceptor units [11,12], which are key to tune their electronic
and optoelectronic properties. We are particularly interested in
the donor—acceptor alternating copolymers since their elec-
tronic properties are tuned efficiently by intramolecular charge
transfer (ICT) [11-14].

Polyfluorenes (PFs) have been widely studied for polymer
light-emitting diodes (PLED) because of their processibility,
high quantum yield, and good charge transport properties [15].
However, the poor electron-transporting property of polyfluor-
ene results in a large electron-injection barrier and unbalance
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Scheme 1. Synthesis of the fluorene-acceptor alternating copolymers, PFQ,
PFBT, and PFTP.

of charge carrier transport for the PLED application. Therefore,
copolymerization of fluorene with various electron-accepting
and/or electron-transporting moieties has been investigated to
improve this shortcoming [16]. Recently, donor—acceptor
conjugated copolymers based on fluorene with various
acceptors were reported in the literature, including benzothia-
diazole [16], pyridine [17], bithiazole [18], naphthoselenadia-
zole [19], indenofluorene [20], quinoxaline [21], and perylene
[22]. The light-emitting color or efficiency of PLED based on
the fluorene-acceptor copolymers were easily tuned by the
acceptors. Besides, photovoltaic devices with good efficiencies
were demonstrated by poly(9,9-dioctylfluorene-alt-benzothia-
diazole) (F8BT) [23]. High electron mobility from the F8§BT-
based field effect transistor was also reported recently [24].
Although various fluorene based donor—acceptor copoly-
mers have shown tunable optoelectronic properties and
promising device applications, the effects of the acceptor
strength on the optoelectronic properties have not been
addressed yet. In this study, three fluorene-acceptor alternating
and six random conjugated copolymers were synthesized using
palladium(0)-catalyzed Suzuki coupling reaction and
compared, as shown in Schemes 1 and 2, respectively.
The physical properties of the synthesized donor—acceptor
conjugated polymers were compared with those of the parent
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poly[2,7-(9,9-dihexylfluorene)] (PF). The studied acceptors
included quinoxaline (Q), 2,1,3-benzothiadiazole (BT) and
thieno[3,4-b]pyrazine (TP). The LUMO of the Q, BT, and TP
are —0.90, —1.81, and —1.41 eV, respectively [25], which
indicates the order of the acceptor strength is BT>TP>Q.
Thus, the effects of acceptor strength and intramolecular
charge transfer between fluorene and acceptor segments on the
optoelectronic properties can be explored. Besides, six
fluorene-TP random copolymers were synthesized for inves-
tigating the effects of the TP content on the optoelectronic
properties. The feeding ratios of the 9,9-dihexylfluorene-2,7-
bis(trimethyleneborate) and 9,9-dihexyl-2,7-dibromofluorene
to the TP are 99.5:0.5, 99:1, 95:5, 85:15, 75:25, and 65:35 for
the random copolymers of PFTP0.5, PFTP01, PFTPOS,
PFTP15, PFTP25, and PFTP35, respectively. Electrolumi-
nescence (EL) devices fabricated from the synthesized
polymers as emissive layers were characterized. The possible
energy transfer from the fluorene to fluorene-acceptor segment
was investigated. The color tuning ability of the EL devices
through various acceptors or content was also demonstrated in
this study.

2. Experimental
2.1. Materials

2,1,3-Benzothiadiazole, bromine, glacial acetic acid, zinc
dust, glyoxal (40 wt% in water), 3,4-diaminothiophene
dihydrochloride, N-bromosuccinimide, 9,9-dihexylfluorene-
2,7-bis(trimethyleneborate), 9,9-dihexyl-2,7-dibromofluorene,
tetrakis(triphenylphosphine)-palladium(0), potassium carbon-
ate, and trioctylmethylammonium chloride (aliquat® 336),
were purchased from Aldrich (Missouri, USA) or Acros (Geel,
Belgium) and used without further purification. Ultra-anhy-
drous solvents used in the reactions were purchased from Tedia
(Ohio, USA). The following acceptor monomers were prepared
according to literature procedures: 4,7-dibromo-2,1,3-benzo-
thiadiazole [26], 5,8-dibromoquinoxaline [27,28], and 5,7-
dibromothieno[3,4-b]-pyrazine [29,30].
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Scheme 2. Synthesis of the fluorene—TP copolymers, PFTP0.5-PFTP35.
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2.2. General procedure of polymerization

The general procedure of synthesizing fluorene-acceptor
alternating copolymers is shown in Scheme 1. 9,9-Dihexyl-
fluorene-2,7-bis(trimethyleneborate), acceptor monomer (Q,
BT, or TP), tetrakis(triphenylphosphine)palladium(0) (1 mol%
with respect to diborate monomer), and several drops of
aliquat® 336 were dissolved in toluene. To the reaction
mixture, degassed aqueous 2 M K,COj3 (3.3 equiv. with respect
to the diborate monomer) was added. The mixture was refluxed
with vigorous stirring for 72 h under a nitrogen atmosphere.
The end groups were capped by refluxing for 12 h each with
phenyl boronic acid and bromobenzene (both 1.1 equiv. with
respect to diborate monomer). After endcapping, the mixture
was cooled and poured into a mixture of methanol and water.
The precipitated material was dissolved into a small amount of
THF and then re-precipitated into methanol to afford crude
polymer. The crude polymer was washed for 24 h with acetone
to remove oligomers and catalyst residues.

The general procedure of synthesizing fluorene-TP random
copolymers is shown in Scheme 2. The same steps were used
except for adding different ratios of 9,9-dihexyl-2,7-dibromo-
fluorene and 5,7-dibromothieno[3,4-b]pyrazine instead of 5,7-
dibromothieno[3,4-b]pyrazine only. The specific polymer-
ization formulation, conditions, and structural characterization
are described as below.

2.2.1. Poly[2,7-(9,9-dihexylfluorene)] (PF)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(I mmol), 492 mg of 9,9-dihexyl-2,7-dibromofluorene
(1 mmol), and 10 ml of toluene were used to afford 600 mg
of light yellow solid (90.3%). '"H NMR (CDCly), 6 (ppm): 0.80
(br, 10H), 1.15 (br, 12H), 2.15 (br, 4H), 7.68-7.86 (m, br, 6H).
3C NMR (CDCls), 6 (ppm): 14.02, 22.56, 23.85, 29.67, 31.46,
40.36, 55.33, 119.98, 121.52, 126.15, 140.02, 140.53, 151.81.
Anal. Calcd for Cy5Hz, (%): C, 90.30; H, 9.70. Found: C,
89.76; H, 9.60.

2.2.2. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,8-quinoxaline ]
(PFQ)

251 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(0.5 mmol), 144 mg of 5,8-dibromoquinoxaline (0.5 mmol),
and 5 ml of toluene were used to afford 205 mg of light green
solid (88.6%). "H NMR (CDCls), 6 (ppm): 0.81 (br, 6H), 0.95
(br, 4H), 1.19 (br, 12H), 2.10 (br, 4H), 7.71-8.04 (m, br, 8H),
8.93 (br, 2H). '*C NMR (CDCls), 6 (ppm): 14.07, 22.68, 24.20,
29.90, 31.58, 40.14, 55.22, 119.56, 125.65, 129.63, 130.23,
137.15, 140.38, 140.77, 141.43, 144.18, 151.21. Anal. Calcd
for C33H36N5 (%): C, 86.04; H, 7.88; N, 6.08. Found: C, 85.17;
H, 7.81; N, 5.92.

2.2.3. Poly[2,7-(9,9'-dihexylfluorene)-alt-4,7-(2,1,3-benzo-
thiadiazole)] (PFBT)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(1 mmol), 294 mg of 4,7-dibromo-2,1,3-benzothiadiazole
(1 mmol), and 10 ml of toluene were used to afford 420 mg
of yellow solid (89.6%). '"H NMR (CDCl5), 6 (ppm): 0.80

(br, 6H), 0.96 (br, 4H), 1.17 (br, 12H), 2.15 (br, 4H), 7.74-8.11
(m, br, 8H). >C NMR (CDCl5), ¢ (ppm): 14.06, 22.61, 24.03,
29.80, 31.52, 40.25, 55.43, 120.05, 124.04, 127.98, 133.62,
136.47, 140.86, 151.77, 154.37. The peak positions of the
NMR spectra are similar to that reported in the literature [12a].
Anal. Calcd for C5;H34N,S (%): C, 79.79; H, 7.34; N, 6.00; S,
6.87. Found: C, 78.55; H, 7.39; N, 5.85; S, 6.58.

2.2.4. Poly[2,7-(9,9 -dihexylfluorene)-alt-5,7-(thieno[3,4-b ]
pyrazine)] (PFTP)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(1 mmol), 294 mg of 5,7-dibromothieno[3,4-b]pyrazine
(1 mmol), and 10 ml of toluene were used to afford 340 mg
of deep purple solid (72.5%). "H NMR (CDCl3), 6 (ppm): 0.79
(br, 6H), 0.89 (br, 4H), 1.15 (br, 12H), 2.19 (br, 4H), 7.85-8.35
(m, br, 6H), 8.60 (m, br, 2H). '*C NMR (CDCl3), 6 (ppm):
14.07,22.57,23.89, 29.72, 31.48,40.51, 55.22, 120.39, 122.43,
127.30, 132.15, 132.80, 140.41, 140.62, 144.10, 151.97. Anal.
Calcd for C3;H34N,S (%): C, 79.78; H, 7.34; N, 6.00; S, 6.87.
Found: C, 78.57; H, 7.52; N, 5.82; S, 6.37.

2.2.5. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b ]
pyrazine)] (PFTP0.5)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(1 mmol), 2.9 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.01 mmol), 487.4 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.99 mmol), and 10 ml of toluene were used to afford 565 mg
of red solid. "H NMR (CDCl5), 6 (ppm): 0.79 (br, 10H), 1.14
(br, 12H), 2.13 (br, 4H), 7.68-7.86 (m, br, 6H). '*C NMR
(CDCl3), 6 (ppm): 14.02, 22.56, 23.84, 29.67, 31.46, 40.35,
55.33, 119.97, 121.52, 126.15, 140.00, 140.53, 151.81. Anal.
Calcd for C24'905H3]V85N0'()IS()'005 (%) C, 9023, H, 968, N,
0.04; S, 0.05. Found: C, 89.07; H, 9.32; N, 0.03; S, 0.04.

2.2.6. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b ]
pyrazine)] (PFTP01)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(1 mmol), 5.9 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.02 mmol), 482.5 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.98 mmol), and 10 ml of toluene were used to afford 570 mg
of red solid. "H NMR (CDCl5), 6 (ppm): 0.80 (br, 10H), 1.15
(br, 12H), 2.13 (br, 4H), 7.68-7.86 (m, br, 6H). '*C NMR
(CDCl3), 6 (ppm): 14.02, 22.56, 23.85, 29.67, 31.46, 40.36,
55.33, 119.97, 121.52, 126.16, 140.02, 140.53, 151.81. Anal.
Calcd for Cy4 g1H31.7Np.02S0.01 (%): C, 90.15; H, 9.67; N, 0.08;
S, 0.10. Found: C, 89.31; H, 10.03; N, 0.09; S, 0.11.

2.2.7. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b ]
pyrazine)] (PFTP05)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(1 mmol), 29.4 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.1 mmol), 443 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.9 mmol), and 10 ml of toluene were used to afford 550 mg
of purple-red solid. "HNMR (CDCl3), 6 (ppm): 0.80 (br, 10H),
1.14 (br, 12H), 2.13 (br, 4H), 7.68-8.32 (m, br, 6H), 8.63
(m, br, 0.096H). '>*C NMR (CDCls), 6 (ppm): 14.02, 22.55,
23.84, 29.66, 31.45, 40.35, 55.32, 119.97, 121.58, 126.15,



530 W.-C. Wu et al. / Polymer 47 (2006) 527-538

140.00, 140.51, 141.35, 144.23, 151.80. Anal. Calcd for
C24_05H30.5N()VIS().05 (%) C, 8954, H, 953, N, 043, S, 0.50.
Found: C, 88.86; H, 9.09; N, 0.22; S, 0.44.

2.2.8. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b]
pyrazine)] (PFTP15)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(I mmol), 88 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.3 mmol), 345 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.7 mmol), and 10 ml of toluene were used to afford 490 mg
of purple-red solid. 'HNMR (CDCly), 6 (ppm): 0.79 (br, 10H),
1.14 (br, 12H), 2.13 (br, 4H), 7.80-8.33 (m, br, 6H), 8.61
(m, br, 0.328H). '>*C NMR (CDCls), 6 (ppm): 14.02, 22.55,
23.85, 29.66, 31.45, 40.35, 55.44, 119.97, 121.52, 126.16,
140.01, 140.52, 141.62, 144.38, 151.81. Anal. Calcd for
C22.15H27A5N0.3S().15 (%)I C, 8787, H, 916, N, 139, S, 1.59.
Found: C, 88.19; H, 8.95; N, 0.82; S, 1.30.

2.2.9. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b ]
pyrazine)] (PFTP25)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(I mmol), 147 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.5 mmol), 246 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.5 mmol), and 10 ml of toluene were used to afford 450 mg
of deep purple solid. '"H NMR (CDCls), 6 (ppm): 0.80
(br, 10H), 1.16 (br, 12H), 2.14 (br, 4H), 7.70-8.34
(m, br, 6H), 8.61 (m, br, 0.627H). >°C NMR (CDCls), &
(ppm): 14.02, 22.55, 23.84, 29.66, 31.46, 40.34, 55.38, 119.98,
121.52, 122.49, 126.17, 140.52, 141.21, 144.07, 151.84. Anal.
Calcd for C20_25H24_5N0.SS()425 (%) C, 8597, H, 873, N, 247,
S, 2.83. Found: C, 85.93; H, 8.77; N, 1.74; S, 2.75.

2.2.10. Poly[2,7-(9,9'-dihexylfluorene)-alt-5,7-(thieno[3,4-b]
pyrazine)] (PFTP35)

502 mg of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(I mmol), 206 mg of 5,7-dibromothieno[3,4-b]pyrazine
(0.7 mmol), 148 mg of 9,9-dihexyl-2,7-dibromofluorene
(0.3 mmol), and 10 ml of toluene were used to afford 380 mg
of deep purple solid. '"H NMR (CDCls), 6 (ppm): 0.82
(br, 10H), 1.25 (br, 12H), 2.36 (br, 4H), 7.83-8.35
(m, br, 6H), 8.60 (m, br, 1.111H). '>*C NMR (CDCls), &
(ppm): 14.00, 22.57, 23.73, 29.67, 31.48, 40.31, 55.45, 120.18,
121.44, 122.46, 132.45, 140.44, 142.34, 144.10, 151.82. Anal.
Calcd for C13_35H2]_5No_7050'35 (%) C, 8377, H, 824, N, 373,
S, 4.26.Found: C, 83.21; H, 8.05; N, 3.65; S, 4.36.

2.3. Characterization

'H and "*C nuclear magnetic resonance (NMR) data were
obtained by a Bruker AV 500 MHz spectrometer. Gel
permeation chromatographic analysis was performed on
a Lab Alliance RI2000 instrument (two column, MIXED-C
and D from Polymer Laboratories) connected with one
refractive index detector from Schambeck SFD Gmbh. All
GPC analyses were performed on polymer/THF solution at a
flow rate of 1 ml/min at 40 °C and calibrated with polystyrene
standards.

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) measurements were performed under a
nitrogen atmosphere at a heating rate of 20 and 10 °C/min
using a TA instrument TGA-951 and DSC-910S, respectively.
UV-visible absorption and photoluminescence (PL) spectra
were recorded on a Jasco model UV/VIS/NIR V-570
spectrometer and Fluorolog-3 spectrofluorometer (Jobin
Yvon), respectively. For the solution spectra, polymers were
dissolved in THF (ca. 10~ ° M) and then put in a quartz cell for
measurement. For the thin film spectra, polymers were first
dissolved in THF (1 wt%) and then spin-coated on glass
substrate at 1000 rpm for 30 s. Then, the thin film samples were
dried at 60 °C under vacuum for measurement. Films used for
the PL efficiency measurement were drop-coated from THF
solution onto quartz substrates (ca. 1 wt%). PL efficiencies of
polymer films on quartz substrates were measured using
fluorolog 3 in combination with integrating sphere with 380 nm
excitation.

The electrochemical properties of the polymer films were
investigated on a Princeton Applied Research Model 273A
Potentiostat/Galvanostat with a 0.1 M acetonitrile (99.5+ %,
Tedia) solution containing tetrabutylammonium tetrafluoro-
borate (TBABF,) (Fluka, >99.9%) as the electrolyte. Platinum
wire and rod-tip electrodes were used as counter and working
electrodes respectively. Silver/silver ion (Ag in 0.1 M AgNO;
(Acros, 99.8%) in the supporting electrolyte solutions) was
used as a reference electrode. A 3 wt% solution of a polymer in
THF or DMSO was used to prepare the polymer film on the Pt
rod-tip electrode. Then, the cyclic voltammetry of films was
performed on a three-electrode cell. The reference electrode
was calibrated through by the cyclic voltammetry of ferrocene
without any polymer added into the solution. The cyclic
voltammograms were obtained at a voltage scan rate of
50 mV/s. The potential values obtained versus Fc " /Fc standard
were converted to the saturated calomel electrode (SCE) scale
by adding a constant voltage to them. The energy parameters
EA and IP were estimated from the measured redox potentials
on the basis of the prior work on conjugated polymers which
has shown that: IP=(EX+4.4) and EA=(E"S,  +4.4),
where the onset potentials are in volts (vs. SCE) and IP and
EA are in electron volts. The 4.4 eV constant in the relation
among IP, EA, and redox potentials is the SCE energy level
versus vacuum [13,31]. The electronic structure parameters,
HOMO and LUMO, were estimated with the relation of
HOMO= —IP and LUMO= —EA by assuming no configur-
ation interactions.

2.4. Device fabrication and testing

The electroluminescent (EL) devices were fabricated on
indium—tin oxide (ITO) coated glass substrate with sheet
resistance of 20-30 Q/sq. The substrate was ultrasonically
cleaned with detergent, deionized water, acetone, and
methanol, subsequently. Onto the ITO glass a layer of
poly(ethylene dioxythiophene):poly(styrene sulfonate) (PED-
OT:PSS), 50-60 nm thick (probed by Alpha-Step®™ 500
Surface Profiler), was formed by spin-coated from its aqueous
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solution (Baytron P 8000, Bayer). The emissive layer was spin-
coated at 1500 rpm from the corresponding p-xylene solution
(1.5 wt%) on top of the vacuum-dried PEDOT:PSS layer. The
nominal thickness of the emissive layer was 60—70 nm. Under
a base pressure below 2 X 10~ Torr, a layer of Ca (10 nm) was
vacuum deposited as cathode and a thick layer of Ag (100 nm)
was deposited subsequently as the protecting layer. The
cathode area defines the active area of the device, which is
0.1256 cm? in this study.

Current—voltage characteristics were measured with a
computerized Keithley 2400 source measure unit. The luminance

and CIE coordinate of device were measured with Konica-
Minolta Chroma Meter CS-100A. The EL spectrum of device
was recorded on Fluorolog-3 spectrofluorometer (Jobin Yvon).

3. Results and discussions

3.1. Structural characterization of fluorene-based
donor—acceptor copolymers

Fig. 1(a) and (b) shows the "H NMR spectra of PFQ and
PFTP in CDCl;, respectively. The signals in the ranges of
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Fig. 1. "H NMR spectrum of the (a) PFQ; (b) PFTP; (c) PFTP25 in CDCl;, in which labels of x and y are CHCl; and H,O, respectively.
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Table 1
Molecular weights and thermal properties of the studied polymers

M, (X10% PDI T, (°C) Ty (°C)* Acceptor ratio (%)
Theoretical Exp.®

PF 57 3.41 67 409 0 0

PFQ 19 1.87 132 446 50 49.1
PFBT 19 2.10 115 434 50 48.5
PFTP 9 1.47 160 447 50 474
PFTP0.5 40 3.03 105 432 0.5 0.4
PFTPO1 37 2.95 104 434 1 1.1
PFTP05 33 2.56 108 442 5 4.4
PFTP15 31 2.48 113 446 15 13.9
PFTP25 25 2.03 130 445 25 24.4
PFTP35 11 1.52 137 446 35 35.6

* 95 wt% residue temperature.
® Estimated from results of elemental analysis.

0.79-2.19 and 7.71-8.04 ppm are assigned to the hexyl and
phenylene protons, respectively. The signals assigned to
protons on the Q and TP segments are around 8.93 and
8.60 ppm, respectively. The numbers of protons estimated
from the integration of peaks are in good agreement with the
proposed structures. The '*C NMR results also support the
proposed chemical structures of PFQ and PFTP. Fig. 1(c)
shows the '"H NMR spectrum of PFTP25 in CDCl;. The
signals assigned to the phenylene protons at 7.70-8.34 ppm
split into four peaks instead of three peaks in Fig. 1(b), which
could be attributed to the random arrangement of fluorene and
TP segments on the backbone. The actual content of the TP
segments on the backbone was estimated based on the N and S
contents obtained in the elemental analysis, which are listed in
Table 1. As shown in the table, the theoretical and experimental
acceptor contents are in a good agreement.

The resulted copolymers (PFQ, PFBT, PFTP, and
PFTP0.5-PFTP35) are readily soluble in CHCl;, THF, and
toluene. The molecular weights of these copolymers are listed

in Table 1. The number-averaged molecular weights
. gmo—
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Fig. 2. DSC curves of the PF, PFQ, PFBT, and PFTP at a heating rate of

10 °C/min under a nitrogen atmosphere. The insert shows the TGA curves of
the above polymers at a heating rate of 20 °C/min under a nitrogen atmosphere.

and polydispersity indices (M,, PDI) of the PFQ, PFBT, and
PFTP are (18970, 1.87), (19229, 2.10), and (8900, 1.47),
respectively. The M,, of the PFTP0.5-PFTP35 decreases with
increasing the TP content, which could be attributed to poor
solubility or reactivity of the TP monomers in toluene. The
experimental carbon, hydrogen, and nitrogen content of the
synthesized polymers are in a good agreement with the
theoretical values, which indicates the successful preparation
of the proposed polymers.

3.2. Thermal properties

Fig. 2 shows the TGA (insert figure) and DSC curves of the
PF, PFQ, PFBT, and PFTP, respectively. The thermal
decomposition temperatures (Ty, 95 wt% residue) and glass
transition temperatures (7,) estimated from their TGA and
DSC curves are summarized in Table 1, respectively. The T4 of
the PFQ, PFBT, and PFTP are 446, 434, and 447 °C,
respectively, which are higher than that of the parent PF
with 409 °C. As shown in Fig. 2, the T, of the PF, PFQ, PFBT,
and PFTP are 67, 132, 115, and 160 °C, respectively. The T, of
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Fig. 3. Normalized UV-vis absorption spectra of the PF, PFQ, PFBT, and
PFTP films.
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Table 2
Optical properties of the studied polymers
285 (film) (nm) EP (eV)* JPL (soln®) (nm) AL (film) (nm) vt (%)

PF 368 2.95 412, 437 424, 445, 56.6
PFQ 416 2.64 488 493 22.4
PFBT 470 2.34 532 540 18.5
PFTP 378, 578 1.82 646 439, 508, 674 2.1
PFTP0.5 381 2.95 415, 440 425, 446, 620 37.3
PFTP01 382 2.02 415, 440 425, 446, 629, 655 253
PFTP05 381, 530 1.98 414, 440, 634 449, 474, 635, 655 11.3
PFTP15 382, 540 1.94 414, 439, 636 450, 640, 654 6.9
PFTP25 381, 551 1.90 416, 439, 640 659 5.1
PFTP35 382, 578 1.82 416, 440, 642 439, 510, 669 3.7

# Estimated from the absorption edge of the thin film.
° In THF dilute solution (ca. 107 M)

the fluorene-TP copolymers increases with increasing the TP
content from the 105 °C of PFTP0.5 to 137 °C of PFTP35. It
suggests that the thermal properties of the PF can be elevated
by incorporating the acceptor moiety on the backbone, which
might be important for device applications.

3.3. Optical absorption and electrochemical characteristics

The UV-visible absorption spectra of the PF, PFQ, PFBT,
and PFTP films are shown in Fig. 3, and the corresponding
absorption maximum (A,,,,) are summarized in Table 2. The
Amax Of the PF, PFQ, PFBT, and PFTP films are 368, 416,
470, and 578 nm, respectively. It suggests that the optical
properties of these polymers could be tuned over a wide range
through different acceptors. The optical band gaps (eV)
estimated from the absorption edges are in the order of PF
(2.95)>PFQ (2.64)>PFBT (2.34)>PFTP (1.82). Note that
the optical band gap of the PFBT is in a good agreement with
that of 2.40 eV reported in literature [32]. The much lower
band gaps of the PFQ, PFBT, and PFTP than that of the parent
PF are probably due to the intramolecular charge transfer
between the fluorene and acceptor or the backbone planarity.
However, the decrement of band gaps of these alternating
copolymers is not in consistence with the increasing order of
the acceptor strength. As described in the introduction section,
the electron-accepting strength is in the order of BT >TP>Q
[25]. The smaller band gap of the PFTP than that of the PFBT
might be because of the backbone planarity. The TP with the
five member thiophene ring results in a smaller torsional angle
with fluorene than that of the BT with the six-member
phenylene ring, which assists the efficient intramolecular
charge transfer and results in a smaller band gap. The extended
tails and/or shoulders near the absorption edges of PFQ,
PFBT, and PFTP suggest stronger inter-chain interaction as
compared to the parent PF. This could also result in a smaller
band gap.

The UV-visible absorption spectra of the PF, PFTP, and
PFTPO0.5-PFTP35 films are shown in Fig. 4, and the
corresponding A, are summarized in Table 2. Two absorption
peaks are observed in the absorption spectra of the copolymers.
The short-wavelength absorption peaks around 380 nm could

be attributed to the PF segment as compared to that of the PF.
The Apax (519-578 nm) and intensities of the long-wavelength
absorption peaks increase with increasing the TP content,
implying that this band is probably attributed to the TP
segment. As the TP content increases, the extender tails and/or
shoulders near the absorption edges become more obvious,
suggesting the extent of inter-chain interaction increasing with
acceptor content on the backbone.

The oxidation and reduction potentials of these polymers
were investigated by cyclic voltammetry. Fig. 5 represents the
cyclic voltammograms of the PF, PFQ, PFBT, and PFTP. The
PFBT exhibits quasi reversible oxidation and reduction.
However, the electrochemical oxidation of the PFQ and
PFTP is not reversible under the experimental conditions. The
electrochemical oxidation and reduction potentials and
the electronic structure parameters are summarized in
Table 3. The HOMO and LUMO levels of the PF are —5.39
and —2.44 eV, respectively. The HOMO levels of the PFQ,
PFBT, and PFTP are in the range of —5.13 to —5.51 ¢V,
which are similar to that of the PF. However, the LUMO levels
of these alternating copolymers are smaller than that of the PF,
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Fig. 4. Normalized UV-vis absorption spectra of the PF, PFTP, and PFTP0.5-
PFTP3S5 films on glass substrates.
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Fig. 5. Cyclic voltammograms of the PF, PFQ, PFBT, and PFTP films on
platinum in M acetonitrile (99.5+ %, Tedia) solution containing tetrabutyl-
ammonium tetrafluoroborate (TBABF,) (Fluka, >99.9%) as the electrolyte.

which are —2.65, —3.14, and —3.33 eV for the PFQ, PFBT,
and PFTP, respectively. It suggests that the incorporation of
the acceptor moiety increases the electron affinity. The
electrochemical band gaps estimated from the difference of
the obtained HOMO and LUMO levels are 2.86, 2.35, and
1.80 eV for PFQ, PFBT, and PFTP, respectively, which has
the trend as the optical band gap variation. It also demonstrates
the more efficient intramolecular charge transfer of the PFTP
than that of the other two polymers. The electrochemical
characteristics of PFTP0.5-PFTP35 are summarized in
Table 3. The onset oxidation and reduction potentials of the
PFTP0.5-PFTP35 vary between 0.73 (PFTP)-0.99 and
—1.07 (PFTP) to —1.34 V, respectively. The HOMO level
of the PFTP0.5-PFTP35 does not show a significant variation
except that of the PFTP3S with —5.25 eV. The LUMO levels
decrease from —3.07eV to —3.33eV as the TP content
increasing from 0.5 to 50%, which also indicates the
incorporation of the acceptor moiety on the polymer backbone.

3.4. Photoluminescence properties

Fig. 6 shows the photoluminescence spectra of the PF,
PFQ, PFBT, and PFTP in solid-state films excited at the
wavelength of 380 nm, of which the corresponding emission
maxima (AP%, ) are summarized in Table 2. The A'L  of the PF,
PFQ, PFBT, and PFTP in THF are 412, 488, 532, and 646 nm,
respectively, while those in solid-state films are 445, 493, 540,
and 674 nm. The 'L of the PFBT at 2.33 eV (532 nm) in THF
is in good agreement with that at 2.30 eV reported in literature
[32]. The variation of emission peaks shows the same trend as
that of optical absorption spectra. The emissive colors of the
PF, PFQ, PFBT, and PFTP are blue, green, yellow, and red,
respectively, which cover the entire visible region. The above
results suggest that the color tuning of the fluorene-based
alternating copolymers by incorporating different acceptor
segments in the backbone is feasible. Two additional emission
peaks of the PFTP at 439 and 508 nm are observed in the solid
state but not shown in dilute solution. They are probably
attributed to the intermolecular interaction of the fluorene
segments and the formation of excimers in the solid state,
respectively, as compared to the PL spectrum of the PF

The photoluminescence characteristics of the PFTP in
dilute solution (ca. 10~°M) were investigated in different
solutions with increasing solvent polarity of triethylamine
(TEA), toluene, THF, CHCIl;, and CHCIl5/CH;0H (volume
ratio=1:1). The corresponding 'L, on the above solvents are
at 627, 633, 646, 667, and 678 nm, respectively. It suggests that
the 'L could increase up to 51 nm with increasing the solvent
polarity. Such positive solvatochromism indicates a significant
intramolecular charge transfer excited in the PFTP [33,34].
Similar phenomena of positive solvatochromism on photo-
luminescence were also observed in the PFQ and PFBT but
with smaller red shifts of 33 and 31 nm, respectively. Hence, it
indicates that more efficient intramolecular charge transfer in
the PFTP than the other two polymers from the above result.

Fig. 7(a) and (b) shows the photoluminescence spectra of
the PF, PFTP, and PFTPO0.5-PFTP35 excited at the
wavelength of 380nm in THF and solid state film,

Table 3
Electrochemical properties of the studied polymers
Oxidation (vs. SCE) Reduction (vs. SCE) ES (eV)*
Epa (V) Eonser (V) HOMO (eV) Epe (V) Eonsec (V) LUMO (eV)
PF 113 0.99 —5.39 - - —2.44° -
PFQ 1.21 1.11 —5.51 —2.06 —1.75 —2.65 2.86
PFBT 1.16 1.09 —5.49 —1.68 —1.26 —3.14 2.35
PFTP 1.18 0.73 —5.13 —1.30 —1.07 —3.33 1.80
PFTPO.5 1.55 0.98 —5.38 —1.78 —1.33 —-3.07 2.31
PFTPO1 1.20 0.97 —5.37 —1.80 —1.34 —3.06 2.31
PFTP05 1.22 0.97 —5.37 —1.82 —1.33 —-3.07 2.30
PFTP15 1.21 0.99 —5.39 —1.49 —1.20 —3.20 2.19
PFTP25 1.32 0.95 —5.35 —1.55 —1.18 —3.22 2.13
PFTP35 1.05 0.85 —5.25 —1.45 —1.16 —3.24 2.01

* The electrochemical band gap, E;"=LUMO—HOMO.
" Estimated by the relation of LUMO = EgP'-++ HOMO.
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Fig. 6. Normalized PL spectra of the PF, PFQ, PFBT, and PFTP in solid state
films.
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Fig. 7. (a) Normalized PL spectra of the PFTP0.5-PFTP35 in THF
(ca. 107° M) and (b) solid state films, respectively.

respectively, of which the corresponding A'- are summarized

in Table 2. As shown in Fig. 7(a), the PL spectra of the
PFTP0.5 and PFTPO1 in dilute solution are dominated by
emission from the PF segments. As the TP content increases to
the PFTP0S, a tiny additional emission peak is observed at
634 nm as compared to that of PF. The intensity of such
emission peak increases with increasing the TP content from
5-50% and undergoes a red shift from 634—646 nm. It indicates
that this long-wavelength emission peak is attributed to the TP
segment. The increasing intensity of the long-wavelength peak
with increasing TP content also suggests that energy transfer
from the excited state of the PF to the TP segments [19]. This
energy transfer was also observed in similar systems of
fluorene with different comonomers, including 2,1,3-benzose-
lenadiazole, 4,7-di-2'-thienyl-2,1,3-benzothiadiazole, 2,1,3-
naphtho-selenadizole, 4,7-di(2’-selenophenyl)-2,1,3-ben-
zothiadiazole, and 4,7-di(2’-selenophenyl)-2,1,3-
benzoselenadiazole, in the literatures [19,35-37]. The PL
spectra of the PF, PFTP, and PFTP0.5-PFTP35 films shown
in Fig. 7(b) also exhibit two emission peaks around 430 and
640 nm, corresponding to the PF and TP segments, respect-
ively. As compared to Fig. 7(a), the long-wavelength emission
peaks of these polymer films undergo a red shift for 1-28 nm
from those in THF. The long-wavelength peak at 620 nm is
observed at the relatively low TP content of 0.5% in solid state,
in comparison with the absence of this peak of FTP0.5 in dilute
solution. It indicates that interchain energy transfer plays an
important role in solid state. The relative intensities of the long-
wavelength to short-wavelength emission peak in Fig. 7(b)
increases first from PFTP0.5 to PFTP2S and then decreases
with increasing TP content. The PL characteristics of these
copolymers in solid state could be influenced by two competing
effects: Forster energy transfer and the intramolecular charge
transfer/heavy-atom fluorescence quenching. As increasing the
TP content, it increases the energy transfer from the PF to TP
segments and results in an enhancement of the long-
wavelength peak. However, the fluorescence quenching due
to the intramolecular charge transfer/heavy-atom effect arisen
from TP segments also becomes more pronounced as the TP
content larger than 35%.

The energy transfer between the PF and TP segments was
further studied by the PL spectra of the PFTP15 in THF with
different concentrations of 5X 10~ 71X 104 M, as shown in
Fig. 8. Even in a very dilute concentration of 5X 10’ M (low
enough to avoid a strong interchain energy transfer), the long-
wavelength emission peak contributed by the TP segment
could be observed. It indicates relatively efficient intrachain
energy transfer between PF and TP segment. The relative
intensities of the long-wavelength to short-wavelength emis-
sion peak increase with increasing solution concentration. The
short-wavelength emission peak contributed by the PF
segments is completely quenched when the concentration is
equal to or greater than 5X 107> M. This suggests that the
energy transfer between PF and TP segments also happens via
interchain mechanism.

Table 2 also lists the PL efficiencies of the studied polymer
films. The PL efficiencies of the PF, PFQ, PFBT, and PFTP
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Fig. 8. Normalized PL spectra of the PFTP15 in THF solution with different
concentrations of 5X1077=1X10™* M.

are 56.6, 22.4, 18.5, and 2,1%, respectively. The PL efficiency
shows a dramatic decrease after the incorporation of acceptor
segments on the backbone. It suggests that the PL efficiencies
decrease by increasing intramolecular charge transfer, which is
similar to those reported in the literature [33,38]. Another
possibility of the poor PL efficiencies on the PFTP could also
be attributed to the heavy-atom effect of the sulfur on the
thiophene ring, which increases the intersystem crossing of
singlet and triplet which results in the loss of PL efficiency
[16]. The PL efficiencies of the random copolymers, PFTP0.5—
PFTP35 also decrease with increasing the TP content on the
main chain but higher than the alternating copolymer, PFTP
due to the reducing intramolecular charge transfer or heavy-
atom effect. Similar variation on the PL efficiencies was also
observed for the copolymers derived from 9,9-dioxylfluorene
and 4,7-di-2’ -thienyl-2,1,3-benzothiadiazole [35]. The higher
PL efficiencies of random copolymers than those of alternating
copolymers suggest that the incorporation of very small
amount of acceptor is more favorable in consideration of
efficient light-emitting device applications.

3.5. Electroluminescence (el) characteristics

EL devices with the studied polymers as emissive layers
were fabricated with configuration ITO/PEDOT:PSS/emissive
layer/Ca/Ag. Fig. 9 shows the EL spectra of the EL devices
with the PF, PFQ, and PFBT as the emissive layer,
respectively. The emission maxima (AEL) of EL devices
based on the PF, PFQ, and PFBT are 425, 480, and 540 nm,
respectively, which are similar to the corresponding AFL,
shown in Fig. 6. This result suggests that the color tuning on the
EL devices of polyfluorenes through incorporation various
acceptors on the backbone is feasible. However, the EL device
with the PFTP as the emissive layer was too weak to be
detected. It is probably due to the intramolecular charge transfer
or heavy-atom effect resulting in fluorescence quenching as
described previously. Fig. 10 shows the EL spectra using
the random copolymers of PFTP0.5-PFTP25 as the emissive

1.0 1

o o
(2] (o]
1 1

Normalized Intensity
o
IS
1

0.2

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

Fig. 9. EL spectra using the PF, PFQ, and PFBT as the emissive layer.

layer. The EL device with the PFTP35 as emissive layer is too
weak to be detected, which is attributed to the same reason in
the case of the PFTP. As shown in the figure, the emission
maxima are red-shifted from 632 nm of the PFTP0.5 to 667 nm
of the PFTP2S. Besides, only red emission is observed in the
EL spectra as the TP content greater than 1%, which is quite
different from the corresponding PL spectra. Even for the EL
device based on the PFTP(.5, the red emission from the TP
segment is stronger than the blue emission from PF segment.
The differences between the PL and EL spectra could be
attributed to the differences in the recombination zone for
photo- and electric excitations [39]. For the case of the PL, red
emission arises from the Forster energy transfer from PF
segment to TP segment. However, the dominant red emission
in EL arises from the charge trapping mechanism. The TP
segment serves as an efficient electron trap, and the generated
excitons are efficiently confined on TP segment. Therefore,
blue emission are completely quenched even the TP content as
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Fig. 10. EL spectra using the PFTP0.5-PFTP25 as the emissive layer.
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Luminescence characteristics of the studied polymers

JEL (nm) Bias (V) Current density® Luminance Luminance EQE,..x (%) Chromaticity coordinate®
(mA/cm?) (cd/m?) yield (cd/A)
x y
PF 425, 445, 475 10.5 54.7 103 0.188 0.18 0.221 0.264
PFQ 480 8.5 24.5 93.3 0.381 0.20 0.228 0.397
PFBT 540 7 58.1 623 1.07 0.13 0.430 0.559
PFTP N/A N/A N/A N/A N/A N/A N/A N/A
PFTPO0.5 425, 445,632 12 39.9 61.1 0.153 0.14 0.545 0.302
PFTPO1 638 12.5 43.8 175 0.399 0.48 0.660 0.312
PFTPO05 656 14 28.6 18.9 0.066 0.08 0.659 0.317
PFTP15 662 12 294 10.2 0.035 0.04 0.664 0.320
PFTP25 667 10.5 24.3 6.3 0.026 0.03 0.701 0.299
PFTP35 N/A N/A N/A N/A N/A N/A N/A N/A

Device structure: ITO/PEDOT:PSS/emissive layer/Ca/Ag. Measured at maximum luminance yield.

4 Active area is 0.1256 cm?.
® The commission Internationale de L’Eclairage (CIE) 1931 coordinates.

low as 1%. It has been shown for the intramolecular trapping
systems [19] that the hole and electron trapping mechanism is
most favorable if the HOMO level of the guest is above that of
the host and if LUMO level of the guest is below that of host
[40]. As discussed in the electrochemical characteristics, the
HOMO levels of the PFTP0.5-PFTP2S is almost the same as
that of the PF but the LUMO levels are lower. Therefore,
electron trapping is highly favorable in the EL devices based on
the PFTP0.5-PFTP25.

Table 4 lists the EL characteristics using the studied
polymers as emissive layer. The external quantum efficiency
(EQE) of the PF, PFQ, and PFBT are 0.18, 0.20, and 0.13%,
respectively, which shows a different trend with the
corresponding PL efficiencies of 56.6, 22.4, and 18.5%. It
has been discussed previously that the PL efficiency may
decrease with increasing intramolecular charge transfer
between fluorene and acceptor segments. However, the EQE
of the PFQ is greater than that of the PF. It is probably
attributed to the LUMO levels of the PFQ (—2.65 eV) and PF
(—2.44 eV) compared with the work function of the calcium
cathode (2.87 eV). The lower the LUMO level, the smaller
electron-injection barrier lays between the emissive layer and
calcium cathode, which results in a higher EQE of PFQ. For
the EL characteristics based on the PFTP0.5-PFTP25, there
are two competing factors for the variation of EQE: the LUMO
level and intramolecular charge transfer or heavy-atom effect.
The EQE increases first from 0.14-0.48% as the TP content
increases from 0.5—1% but then decrease rapidly at a higher TP
content. As mentioned in the previous section, both fluor-
escence quenching due to intramolecular charge transfer or
heavy-atom effect lower the PL efficiencies of these
copolymers with increasing TP content. However, the TP
segment could lower the LUMO level and facilitate electron
transporting. The LUMO level decreases from —3.07 to
—3.33eV as TP content increasing from 0.5-35%, which
results in decreasing electron-injection barrier with increasing
TP content. These two competing effects result in an optimum
EQE using FTPO01 as emissive layer. Nevertheless, the better

EQE of the fluorene-TP random copolymers than that of the
FTP alternating copolymer suggest that color tuning and
enhanced device performance could be accomplished with
incorporating a very small amount of acceptor on the
backbone. The commission Internationale de L’Eclairage
(CIE) 1931 coordinates of the LEDs with PFQ, PFBT, and
PFTPO1 as emissive layers under the condition of maximum
EQE are (0.228, 0.397), (0.430, 0.559), and (0.660, 0.312),
respectively. The standard red and green demanded by the
National Television System Committee (NTSC) are (0.66,
0.34) and (0.26, 0.65), respectively. The emissive color of
PFTPO1 is almost identical to the standard red demanded by
the NTSC. However, the emissive color of PFQ is blue-green
rather than the standard green demanded by the NTSC. Further
modification of acceptor strength will be required to fulfill the
standard green emission. Nevertheless, the emission maxima as
well as the CIE coordinates listed in Table 4 suggest the
successful color tuning of fluorene-based donor—acceptor
copolymers by incorporation of different acceptor segments.

4. Conclusions

Three fluorene-acceptor alternating copolymers (PFQ,
PFBT, PFTP) and six fluorene-TP (PFTP0.5-PFTP35)
random copolymers were prepared and characterized. The
experimental results suggest that the acceptor strength or
content significantly affect the electronic and optoelectronic
properties due to the acceptor strength or intramolecular charge
transfer, including the optical band gap, LUMO level, and
luminescence maximum. The emission maxima of the
photoluminescence spectra on the PF, PFQ, PFBT, and
PFTP films corresponding to the color of blue, green, yellow,
and red, respectively. The significant positive solvatochromism
on the PL spectra in different polar solvents suggests that the
efficient intramolecular charge transfer in PFTP. However,
such charge transfer or heavy-atom effect results in fluor-
escence quenching and thus reduces the PL efficiencies. By
random copolymerizing the TP into the PF, the PL efficiency
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could be improved. A significantly reduction on the PF
emission peak with increasing the TP content of the PFTP0.5-
PFTP35 suggests the energy transfer between the PF and TP
segments. Besides, the characteristics of the electrolumines-
cence devices suggest that such energy transfer results in the
complete quenching of the PF emission as only 1% TP content
(PFTPO01). The maximum external quantum efficiency (EQE)
of the EL device based on the PFTP01 is superior to that of the
PF due to a better matching of the LUMO level with the
calcium cathode. The CIE 1931 coordinates of the PFTP01
based EL devices under the condition of maximum EQE is
(0.66, 0.31), which is close to the standard red of (0.66, 0.34).
The luminescence characteristics based on the prepared
polymers depend on the Forster energy transfer or the
intramolecular charge transfer, or heavy-atom fluorescence
quenching. The present study suggests that the tuning of the
electronic and optoelectronic properties could be achieved by
incorporating various acceptors or content into the
polyfluorenes.
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