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ABSTRACT: A series of newly designed 3,4-diphenylmaleimide-basetnjugated copolymers that exhibit

red fluorescence in both solution and solid state were synthesized and characterized. Bright and efficient red
fluorescence in the solid state was achieved by varying the structural combination of thiophene and/or fluorene
with 3,4-diphenylmaleimide fluorophore. The range of thiophene- and fluorene-derived 3,4-diphenylmaleimide
model compounds revealed that thiophene moieties were effective in extending the emission wavelength to the
red region, and fluorene moieties significantly enhanced fluorescence intensity. Polymer light-emitting diodes
(PLEDSs) fabricated from 3,4-diphenylmaleimideerthiophene copolymer (PTTML) exhibited saturated red
electroluminescence (EL) with emissidfj,, of 676 nm, although the diode was inefficient and dim. TPBI
(2,2,2'-(1,3,5-phenylene)-tris(1-phenyHtbenzimidazole)) as the electron-transporting layer in PLEDs was found

to improve the performance of 3,4-diphenylmaleimidiéthiophene copolymer (PBTML). PBTML PLED vyielded
reddish EL (emissionzl,'f;IX of 620 nm) with peak efficiencies of 0.61% (0.89 cd/A) and a maximum
electroluminance of 1290 cdmA rare fluorene copolymer of a 3,4-diphenylmaleimidhiophene-fluorene

triad (PFTML) emitted orange-red photoluminescence (PL)bﬁaQof 598 nm in solution andﬂw of 601 nm

in a solid thin film, with relatively high fluorescence quantum yields of 37 and 22%, respectively. Its PLEDs
yielded bright orange-red EL (emissioﬁ;x of 614 nm) with a high intensity of over 2000 cd/fmand an
enhanced peak luminous efficiency of 1.25 cd/A or an external quantum efficiency of 0.74%.

Introduction wavelength emission for PLED applications remains a chal-

Polyfluorene (PF) has been extensively studied owing to its 1€nging task.
distinct blue electroluminescence (EL) and relatively high carrier  Maleimide is an electron-deficient heterocyclic ring and
mobility.r Over the past decade, a variety of copolymers derived similar to the larger members of phthalimide, naphthalimide,
from 2,7-fluorenes and other comonomers that contain delo- and peryleneimide, which are known to be n-type organic
calizedn-electrons have been actively investigated. The devel- semiconducting materials for organic transistbi&/e expect
opment of such copolymers has led to the preparation of an thatN-alkyl-3,4-diphenylmaleimide (ML) resembles such electron-
entire series of fluorene-containing copolymers, which can be deficient heterocyclic arenas such as benzoselenadiazole, naph-
used in polymeric light-emitting diodes (PLEDs) whose colors thoselenadiazole, and thiophene dioxide and can be involved
span the entire visible rangeNevertheless, only a limited in low-band-gapsz-conjugation in the formation of long-
number of fluorene-based copolymers are known for red EL. wavelength emissive fluorene copolymers. Furthermigralky!
Most of the red copolymers were developed using similar derivative of 3,4-bis(4-bromophenyl)maleimide, BrML (Scheme
approaches, such as so-called low-band-gap conjugated fluoreng), is an ideal monomer that can form polyarylenes with high
copolymers, to emit the long wavelengths from orange to red molecular weights through various types of polycondensation.
or even in the near-infrared region. 2,1,3-Benzoselenadidzole, Several studies have utilized various differtialkyl derivatives
2,1,3-naphthoselenadiazdfe4, 7-dithiophen-2yl-2,1,3-benzo-  of BrML in the preparation of 3,4-diphenylmaleimide-based

thiazolel® 4,7-diselenophen-/1-2,1,3-benzothiazolé;, 4,7- polyaryl macromolecule3 Although the authors recently de-
diselenophen‘2/l-2,1,3-benzoselenazoté3 4-dihexyl-2,2,5',.2'- veloped efficient and bright small molecules of arylamine-
terthiophené® 3",4"-dihexyl-2,2:5',2":5",2"":5"",2""-quin- substituted 3,4-diphenylmaleimide for use in red organic light-
quethiophene'11"-dioxide® bis(2—thiophen-2y|-1-cyan(_)vinyl)- emitting diode (OLEDJ7 only yellow to orange-yellow
2-(2-ethylhexyloxy)-5-methoxybenzerie,and 2,6-bis[2-(2-  fiyorescent polymers have so far been derived from maleirdides.
hexyloxylphenyl)vinylpyran-4-ylidene-malononitr#eall exhibit This work reports the photoluminescence (PL) characteristics

low-band-gapr-conjugation. The maximum electroluminance  f 4 series of thiophene- and/or fluorene-based copolymers that
of these red PLEDs has rarely exceeded 1000 &dfficiencies  contain 3 4-diphenylmaleimide which are fluorescent in the

seldom exceed more than 1% (external quantum efficiency), or orange to red region. In particular, the fluorescence intensity
luminous efficiencies are around 1 cd/Ahe development of ¢ the solid film, which is critical to PLED applications, is

efficient and bright fluorene-based copolymers with long- jqestigated. The role of either thiophene or fluorene moiety in
determining the PL color and the intensity of maleimide-based

" National Tsing Hua University. copolymers is elucidated. Results of this study provide further
* Academia Sinica.

* Corresponding authors. E-mail: ydlee@che.nthu.edu.tw; cchen@ insight into the development of red light-emitting polymers
chem.sinica.edu.tw. based on maleimide fluorophores. PLEDs were fabricated from
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these maleimide copolymers, and their EL properties were copolymer were determined using the integrating sphere method

examined for practical applications. described by de Mello et &The thin films were spin-casted from
toluene solution on the glass substrate and subjected for vacuumed

Experimental Section drying at room temperature for at least 16 h before the experimental
measurement.

General. 1H and3C NMR spectra were recorded on a Bruker
AV-400 MHz or AMX-400 MHz Fourier transform spectrometer Materials. All chemicals were purchased from Aldrich and Acros
at room temperature. The number- and weight-average molecularChemical Co. and were used without any further purification. All
weight of polymers were determined by gel permeation chroma- the solvents such as toluene, DMSO, and THF were distilled after
tography (GPC) on a Waters GPC-1515 with a 2414 refractive index drying with appropriate drying agents. The dried solvents were
detector, using THF as the eluent and polystyrene as the standardstored ove 4 A molecular sieves before usage. Compounds 3,3
Fluorescence spectra were recorded by a fluorescence spectrophddioctyl-2,2-bithiophené, 3,3"-dioctyl-[2,2;5',2"]terthiophené? 2,7-
tometer (Hitachi F-450). Glass transition temperatuigs)(and  dibromofluorené} 2,7-dibromo-9,9-dioctylfluoren, 2-(4,4,5,5-
thermal decomposition temperaturdgs) of the copolymers were  tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluoretie,
determined by differential scanning calorimetry (DSC) and ther- 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
mogravimetric analysis (TGA) using Perkin-Elmer DSC-6 and dioctylfluorene3* and N-(2-ethylhexyl)-3,4-bis(4-bromophenyl)-
TGA-7 analyzer systems, respectively. Both thermal analyses weremaleimide, BrML/2were synthesized according to methods in the
performed with a scanning (both heating and cooling) rate of 10 literature. Pertinent synthesis procedures for preparifigexyl
deg/min in an atmosphere of nitrogen. The temperatures at thederivatives were adopted to synthesize 5-bromo-@idetyl-[2,2]-
intercept of the curves on the thermogram (endothermic, exothermic, bithiophené*aband 5-bromo-3,3dioctyl-[2,2;5',2"]terthiophené#c
or weight loss) and the leading baseline were taken as the estimate€opolymer PFME' has been known before and synthesized in our
for the onsefly and Ty. Both solution and solid-state fluorescence lab by Suzuki cross-coupling dfl-(2-ethylhexyl)-3,4-bis(4-bro-
guantum yields of the model compounds and the maleimide-basedmophenyl)maleimide and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-d'86-v
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aborolan-2-yl)-9,9-dioctylfluorene with a good yield of 75%
(Scheme 1).
N-(2-Ethylhexyl)-3,4-diphenylmaleimide, ML. This compound
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Hz), 7.23 (d, 2HJ = 5.2 Hz), 6.97 (d, 2H, = 5.5 Hz), 3.55 (d,
2H,J = 7.0 Hz), 2.66 (t, 4H,]) = 7.8 Hz), 1.83-1.80 (m, 1H),
1.63-1.56 (M, 4H), 1.46-1.22 (m, 28H), 0.950.82 (m, 12H)13C

was obtained as a greenish-yellow solid according to the procedureNMR (CDCl;, 100 MHz,8/ppm): 171.1, 139.5, 136.8, 136.5, 135.1,

in the literature, but 2-ethylhexyl bromide was used as the
alkylating reagenttH NMR (CDCls, 400 MHz,6/ppm): 7.47 (dd,
4H,J = 7.7 Hz,J = 1.5 Hz), 7.45 (dd, 4H) = 7.7 Hz,J= 1.5
Hz), 7.38-7.30 (m, 6H), 3.53 (d, 2H) = 7.1 Hz), 1.82-1.77 (m,
1H), 1.43-1.15 (m, 8H), 0.93-0.81 (m, 6H).13C NMR (CDCE,
100 MHz, 6/ppm): 171.1, 136.0, 129.9, 128.7, 128.5, 42.2, 38.4,
30.6, 28.6, 23.9, 23.0, 14.1, 10.4. Anal. Calcd fegHG/NO,: C,
79.74; H, 7.53; N, 3.87. Found: C, 79.38; H, 7.87; N, 3.30.
5,5-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3;3dio-
ctyl-[2,2']bithiophenyl, BBT. n-Butylithium (6.4 mL of a 1.6 M
solution in hexane, 10.2 mmol) was added dropwisely to a solution
of 5,5-dibromo-3,3-dioctyl-[2,2]bithiophenyl (2.75 g, 5 mmol) in
tetrahydrofuran (50 mL) at78°C for 2 h, and then 2-isopropoxy-
4,4,5,5-tetramethyl-13,2-dioxaborolane (10 mL, 49 mmol) was
promptly injected into the flask. After stirring for 10 min at78
°C, the reaction mixture was allowed to stand overnight at room
temperature. The mixture was poured intoteeater and extracted
with dichloromethane. After drying over magnesium sulfate, the
extract was concentrated. The solution mixture was purified by flash
silica gel column (EtOAc/hexanes, 5:95) and gave a colorless
viscous oil (1.78 g, 55%)'H NMR (CDCl;, 400 MHz, 6/ppm):
7.48 (s, 2H), 2.47 (t, 4H) = 7.7 Hz), 1.52-1.49 (m, 4H), 1.38 (s,
24H), 1.26-1.18 (m, 20H), 0.86:0.82 (m, 6H).3C NMR (CDCB,
100 MHz,0/ppm): 143.6, 138.8, 136.3, 84.1, 31.9, 30.6, 29.4, 29.3,
29.2, 28.8, 24.8, 22.6, 14.1. Anal. Calcd fogedsoB204sS,: C,
67.29; H, 9.41. Found: C, 67.16; H, 9.37.
N-(2-Ethylhexyl)-bis[4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)phenylmaleimide, BML. A flask charged with BrML
(1.038 g, 2 mmol), bis(pinacolato)diboron (1.32 g, 5.2 mmol),
PdCL(dppf) (90 mg, 3 mol %), and KOAc (1.18 g, 12 mmol) in
12 mL of DMSO was stirred at 80C for 4 h under a nitrogen
atmosphere. After cooling, the mixture was diluted with 30 mL of
benzene and then washed withQH(3 x 20 mL). After drying
over magnesium sulfate, the solution mixture was subjected for
purification by column chromatograph with silica gel (EtOAc/
hexanes, 5:95) to afford a green viscous oil (0.96 g, 78PNMR
(CDCl;, 400 MHz,6/ppm): 7.73 (d, 4HJ) = 7.9 Hz), 7.42 (d, 4H,
J=7.9Hz), 3.51 (d, 2HJ) = 7.0 Hz), 1.86-1.77 (m, 1H), 1.32
1.23 (m, 8H), 0.920.87 (m, 6H).13C NMR (CDCk, 100 MHz,

o/ppm): 170.8, 136.4, 134.7, 131.2, 129.0, 127.0, 84.0, 83.9, 42.2,

38.4, 30.5, 28.5, 24.8, 23.9, 23.0, 14.0, 10.4. Anal. Calcd for
Cs6Ha9BoNOg: C, 70.49; H, 8.05; N, 2.28. Found: C, 70.16; H,
8.37; N, 2.23.
5,5'-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3;3dio-
ctyl-[2,2";5",2"]terthiophenyl, BTT. BTT was synthesized from
5,5'-dibromo-3,3-dioctyl-[2,2;5',2"]terthiophenyl (0.77 g, 1.2
mmol) by using a similar method for BBT. The desired product
was obtained by silica gel flash column chromatography (EtOAC/
hexanes, 5:95) as a colorless viscous oil (0.54 g, 66BBNMR
(CDCls, 400 MHz,6/ppm): 7.45 (s, 2H), 7.10 (s, 2H), 2.77 (t, 4H,
J=7.8Hz), 1.69-1.61 (m, 4H), 1.37#1.25 (m, 44H), 0.880.84
(m, 6H).13C NMR (CDCk, 100 MHz,6/ppm): 140.8, 140.2, 137.5,

136.4, 126.3, 84.1, 31.9, 30.6, 29.6, 29.4, 29.3, 29.2, 24.7, 22.6,

14.1. Anal. Calcd for GgHe:B20O4Ss: C, 66.29; H, 8.62. Found:
C, 66.11; H, 8.73.

N-(2-Ethylhexyl)-3,4-big 4-[(3-octylthien-2-yl)phenyl]} -
maleimide, TML. To a mixture of BML (1.3 g, 2.1 mmol),
2-bromo-3-octylthiophene (2.32 g, 8.4 mmol), and Pd@pR146
mg, 6 mol %) was added in a mixture solution of toluene (10.5

130.1, 129.9, 129.2, 127.4, 124.3, 42.2, 38.4, 31.8, 31.0, 30.5, 29.7,
29.5,29.4,29.2, 28.8, 28.6, 23.9, 23.0, 22.6, 14.1, 10.4. Anal. Calcd
for C4gHe3sNO,S,: C, 76.85; H, 8.47; N, 1.87. Found: C, 76.57,;
H, 8.45; N, 1.72.

N-(2-Ethylhexyl)-3,4-bif 4-[(3,3-dioctyl-[2,2']bithiophen-5-
yl)phenyl]} maleimide, BTML. BTML was obtained as an orange
viscous oil with isolated yields of 46% from the reaction of BML
(368 mg, 0.6 mmol) and 5-bromo-3.@octyl-[2,2]bithiophene (610
mg, 1.3 mmol) according to the procedure described for the
synthesis of TMLIH NMR (CDClz, 400 MHz,6/ppm): 7.57 (d,
4H,J = 6.8 Hz), 7.54 (d, 4HJ) = 6.8 Hz), 7.28 (d, 2HJ = 4.2
Hz), 7.22 (s, 2H), 6.95 (d, 2H} = 4.2 Hz), 3.55 (d, 2HJ = 5.7
Hz), 2.52 (t, 4HJ = 6.2 Hz), 2.48 (t, 4HJ = 6.2 Hz), 1.81+1.79
(m, 1H), 1.55-1.52 (m, 8H), 1.38-1.21 (m, 48H), 0.940.80 (m,
18H).13C NMR (CDCk, 100 MHz,6/ppm): 171.1, 143.7, 142.5,
142.4,135.6, 134.8, 130.5, 129.5, 128.7, 128.3, 127.7, 125.5, 125.4,
125.3, 38.4, 31.9, 30.7, 30.6, 30.5, 29.7, 29.4, 29.2, 29.0, 28.8, 28.6,
23.9,23.0,22.6, 14.1, 10.4. Anal. Calcd forlagNO,S,: C, 75.94;

H, 8.76; N, 1.23. Found: C, 75.49; H, 8.59; N, 1.32.

N-(2-Ethylhexyl)-3,4-big 4-[(3,3'-dioctyl-[2,2';5",2"Jterthiophen-
5-yl)phenyl]} maleimide, TTML. TTML was obtained as a deep
red viscous oil with isolated yields of 40% from the reaction of
BML (740 mg, 1.2 mmol) and 5-bromo-3;8ioctyl-[2,2;5',2"]-
terthiophene (1.72 g, 3.1 mmol) following the procedure described
for the synthesis of TMLIH NMR (CDCl;, 400 MHz, 6/ppm):
7.58-7.54 (m, 8H), 7.21 (s, 2H), 7.16 (d, 2H,= 5.2 Hz), 7.09
(d, 2H,J = 3.6 Hz) 7.05 (d, 2HJ = 3.6 Hz) 6.92 (d, 2HJ = 5.2
Hz) 3.54 (d, 2HJ = 6.8 Hz) 2.79-2.75 (m, 8H), 1.82-1.752 (m,
1H), 1.671.62 (m, 8H), 1.39-1.25 (m, 48H), 0.940.83 (m, 18H).
13C NMR (CDCk, 100 MHz,6/ppm): 171.0, 140.7, 140.6, 139.8,
136.3, 135.7, 135.4, 134.8, 131.2, 130.5, 130.3, 130.1, 127.8, 127.1,
126.1, 126.0, 125.4, 123.8, 42.3, 38.4, 31.9, 30.7, 30.6, 29.6, 29.4,
29.3 (x2), 29.2, 28.6, 23.9, 23.0, 22.7, 14.1, 10.4. Anal. Calcd for
CgoH10NO,Ss: C, 73.74; H, 7.97; N, 1.07. Found: C, 73.35; H,
7.88; N, 1.23.

N-(2-Ethylhexyl)-3,4-biq 4-[(5-bromo-3-octylthien-2-yl)phenyl]} -
maleimide, BrTML. N-Bromosuccinimide (NBS) (0.57 g, 3.2
mmol) was added portionwise to a solution of TML (1.2 g, 1.6
mmol) in a mixture of chloroform (16 mL) and acetic acid (16
mL) at 0°C under a nitrogen atmosphere. The mixture was stirred
overnight and then washed with water. The aqueous layer was
further extracted with chloroform. The organic layers were com-
bined and washed with saturated aqueous sodium bicarbonate, brine,
and water. After drying over magnesium sulfate, the solvent was
evaporated. The solid residue was purified by silica gel flash column
chromatography (EtOAc/hexanes, 5:95) and gave a yellow viscous
oil (1.28 g, 88%).*H NMR (CDCls;, 400 MHz,6/ppm): 7.57 (dd,
4H,J = 8.5 Hz,J = 1.9 Hz), 7.36 (dd, 4HJ = 8.5 Hz,J = 1.9
Hz), 6.92 (s, 2H), 3.55 (d, 2H] = 7.1 Hz), 2.58 (t, 4HJ = 7.7
Hz), 1.82-1.79 (m, 1H), 1.59-1.53 (m, 4H), 1.39-1.22 (m, 28H),
0.94-0.82 (m, 12H)3C NMR (CDCk, 100 MHz,6/ppm): 170.9,
140.1, 138.3, 135.4, 135.1, 132.5, 130.2, 129.1, 127.9, 111.2, 42.3,
38.4, 31.8, 30.8, 30.6, 29.4@), 29.3, 29.2, 28.7, 28.6, 23.9, 23.0,
22.6, 14.1, 10.4. Anal. Calcd for46Hs1BroNO,S,: C, 63.50; H,
6.77; N, 1.54. Found: C, 63.22; H, 6.65; N, 1.57.

N-(2-Ethylhexyl)-3,4-bif 4-[(5—9,9-dioctylfluoren-2-yl)phenyl]} -
maleimide, FTML. FTML was obtained as an orange-red viscous
oil with isolated yields of 78% from the reaction of BrTML (908
mg, 1.0 mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

mL) and aqueous potassium carbonate (2 M, 10.5 mL). The reaction9,9-dioctylfluorene (1.55 g, 3.0 mmol) according to the procedure

mixture was vigorously stirred at 80 °C for 8 h under a nitrogen
atmosphere. After cooling, the reaction solution was extracted with

described for the synthesis of TMEH NMR (CD,Cl,, 400 MHz,
dlppm): 7.67 (d, 4HJ = 7.2 Hz), 7.606-7.56 (m, 8H), 7.50 (d,

dichloromethane and water. The organic layer was collected and4H, J = 7.2 Hz), 7.33-7.23 (m, 8H), 3.52 (dd, 2H] = 6.8,J =

dried over magnesium sulfate. Further purification was performed
using silica gel flash column chromatography (EtOAc/hexanes, 1:9)
to generate a yellow viscous oil (2.32 g, 76%). NMR (CDCls,
400 MHz,é/ppm): 7.59 (d, 4HJ = 8.3 Hz), 7.43 (d, 4HJ) = 8.3

4.2 Hz), 2.70 (t, 4H) = 7.2 Hz), 2.02 (t, 8H, = 7.3 Hz), 1.82-

1.79 (m, 1H), 1.781.67 (m, 4H), 1.320.73 (m, 92H), 0.76

0.57 (M, 8H).13C NMR (CDCk, 100 MHz,8/ppm): 171.6, 152.4,
144.0,141.5,140.9, 136.9, 136.7, 135.8, 133.7,130.8, 120.4, 1284,
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126.6, 125.1, 120.7, 120.3, 56.0, 42.8, 40.9, 39.1, 32.5, 32.4, 31.5, Table 1. Characterization of Copolymers PFML, PTML, PBTML,

31.2,30.5, 30.3, 30.1, 30.0, 29.8%), 29.7 (x2), 29.2, 24.5, 24.4,
23.6, 23.3, 23.2, 14.5, 14.4, 10.9. Anal. Calcd fapdd14NO,S;:

C, 83.35; H, 9.44; N, 0.92. Found: C, 83.12; H, 9.25; N, 0.86.
Copolymer PBTML. Pd(PPh)4 (12 mg, 1.0 mol %) and several
drops of Aliquate 336 in a mixture of toluene (5 mL) and aqueous
potassium carbonate (2 M, 5 mL) were added to a mixture of BrML
(519.3 mg, 1.0 mmol) and BBT (642.6 mg, 1.0 mmol). The mixture

was vigorously stirred at 8590 °C for at least 48 h under a nitrogen
atmosphere. After cooling to room temperature, the mixture was
poured into a solution (400 mL) of methanol and deionized water

PTTML and PFTML

Ty Ta AMoednfwhmb 2% o fwhmp
Mu? Mq2 PDE (°C) (°C) (nm, %,nmy (nm, %, nmy
PFML 12619 6874 184 75 401 549, 65, 70 580, 20, 92
PTML 16532 10463 1.58 105 427 582, 49, 95 610, 5,93
PBTML 24199 14938 1.62 52 398 609, 36,103 621, 13,99
PTTML 43135 17185 251 70 395 634,15,100 e <l,e
PFTML 34060 19135 1.78 75 405 598, 37,92 601, 22,91

a Analytical GPC was obtained in tetrahydofuran (THF) using polystyrene
standard? Fwhm is the full width at half-maximum of emission barfds.

(10:1). Fibrous precipitates were obtained by filtration. The ,ene d As solid film spin-casted from toluene solutichEluorescence
precipitate was then dissolved in dichloromethane and reprecipitatediqg weak to be determined.

first from water and then from methanol. The resulting polymer
PBTML was obtained as a red solid with isolated yields of 86%
after drying in a vacuumtH NMR (CD.Cl,, 400 MHz, 8/ppm):
7.57 (d, 4H,J = 8.0 Hz), 7.51 (d, 4HJ = 8.0 Hz), 7.26 (s, 2H),
3.50 (d, 2HJ = 7.0 Hz), 2.53 (t, 4H) = 7.7 Hz), 1.78-1.72 (m,
1H), 1.57-1.51 (m, 4H), 1.471.21 (m, 28H), 0.920.85 (m, 6H),
0.82-0.75 (m, 6H).23C NMR (CDCk, 100 MHz,8/ppm): 171.1,

143.9, 142.8, 135.6, 134.9, 130.6, 129.2, 127.9, 125.7, 125.5, 42.3,

38.5, 31.9, 30.7, 30.6, 29.4P), 29.2 (x2), 29.1, 28.6, 24.0, 23.0,
22.7,14.1, 10.5. Anal. Calcd forsgHe1NO>S,: C, 77.06; H, 8.22;
N, 1.87. Found: C, 76.37; H, 8.08; N, 1.89.

Copolymer PTML. PTML was obtained as a red solid with a
yield of 75% from the reaction of BML (613.4 mg, 1.0 mmol) and
2,5-dibromothiophene (241.9 mg, 1.0 mmol) according to the
procedure described for the synthesis of PBTMHL.NMR (CD,-

Cly, 400 MHz, 8/ppm): 7.62-7.47 (m, 8H), 7.3%7.35 (m, 2H),
3.49 (br, 2H), 1.76 (br, 1H), 1.391.16 (m, 8H), 0.89-0.82 (m,
6H), 0.82-0.75 (m, 6H).23C NMR (CDCk, 100 MHz, 6/ppm):

Figure 1. Fluorescence images of PBTML and PFTML in form of
bulk solid and thin film on glass substrate.

thermal deposition, on a ITO/PEDOT:PSS/maleimidepolymer
glass substrate as an electron-transporting I&y@rLiF (0.5 nm)/

Al (150 nm) was directly vacuum-deposited thereon as the cathodic
top electrode. The EL characteristics, including current denkity (
mA/cn), driving voltage (V), electroluminancé (cd/n?), external

171.4, 144.1, 135.8, 135.6, 131.9, 129.1, 128.9, 126.0, 125.8, 42.8duantum efficiency (%), and luminious efficiency (cd/A), of

39.1, 31.2, 29.2, 24.5, 23.6, 14.4, 10.8. Anal. Calcd fesHgr-
NO,S: C, 76.16; H, 6.16; N, 3.17. Found: C, 74.16; H, 6.11; N,
2.87.

Copolymer PTTML. PTTML was obtained as a deep red solid
with isolated yields of 88% from the reaction of BrML (519.3 mg,
1.0 mmol) and BTT (724.7 mg, 1.0 mmol) according to the
procedure described for the synthesis of PBTRHLNMR (CDCls,
400 MHz, d/ppm): 7.56 (m, 8H), 7.21 (s, 2H), 7.09 (s, 2H), 3.52
(br, 2H), 2.77 (br, 4H), 1.801.74 (m, 1H), 1.671.62 (m, 4H),
1.37-1.23 (m, 28H), 0.940.82 (m, 12H)13C NMR (CDCk, 100
MHz, é/ppm): 171.0, 140.9, 136.0, 135.3, 134.7, 131.4, 131.2,

130.5, 127.8,127.1, 126.1, 125.4, 42.3, 38.4, 31.9, 30.6, 30.1, 29.7

complete PLEDs were examined for under ambient conditions,
according to a routine procedure described elsewhere.

Results and Discussion

Synthesis and Characterization. Thiophene-maleimide
copolymers, PTML, PBTML, and PTTML, were readily pre-
pared by facile Suzuki cross-coupling in two ways. Whereas
PTML was prepared from 2,5-dibromothiophene and bis(boron
ester)-substituted maleimide BML, previously known BrML was
adopted in the synthesis of PBTML and PTTML with Btis-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-i®ctyl-[2,2]-

29.6 (x2), 29.4, 29.3, 28.6, 23.9, 23.0, 22.7, 14.1, 10.4. Anal. Calcd Pithiophenyl (BBT) and 5,5bis(4,4,5,5-tetramethyl-1,3,2-

for Cs;HesNO,S;: C, 75.22; H, 7.65; N, 1.69. Found: C, 74.62;
H, 7.49; N, 1.71.

Copolymer PFTML. PFTML was obtained as a deep orange
solid with isolated yields of 89% from the reaction of BrTML (907.9
mg, 1.0 mmol) and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9,9-dioctylfluorene (642.6 mg, 1.0 mmol) according to the
procedure described for the synthesis of PBTNHL.NMR (CD»-
Cl,, 400 MHz,d6/ppm): 7.66 (d, 2H,) = 7.9 Hz), 7.6%7.56 (m,
8H), 7.50 (d, 4HJ = 8.4 Hz), 7.28 (s, 2H), 3.53 (d, 2H,= 5.3
Hz), 2.70 (t, 4H,J = 7.4 Hz), 2.02 (br, 4H), 1.861.78 (m, 1H),
1.68-1.63 (m, 4H), 1.3+1.22 (m, 28H), 1.131.02 (m, 20H),
0.94-0.89 (m, 6H), 0.83-0.79 (m, 6H), 0.740.71 (m, 6H), 0.64
(br, 4H).13C NMR (CDCk, 100 MHz,6/ppm): 171.6, 152.4, 144.0,

dioxaborolan-2-yl)-3,3-dioctyl-[2,2;5',2"]terthiophenyl (BTT),
respectively (Scheme 1). Both bis(boronic ester)s of BBT and
BTT were synthesized in two steps from known'3j®ctyl-
2,2-bithiophene and 3}3dioctyl-[2,2;5,2"|terthiophene, re-
spectively. Synthesis of the novel triad copolymer PFTML is
less straightforward because it involves the heretofore unknown
bromothiophene-substituted 3,4-diphenylmaleimidg2-eth-
ylhexyl)-3,4-bid 4-[(5-bromo-3-octylthien-2-yl)pheny}}
maleimide (BrTML), in addition to the well-known 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctyl-
fluorene as two monomers. BrTML was obtained in high yields
by the NBS Q{N-bromosuccinimide) bromination oN-(2-

141.5, 140.9, 136.9, 136.7, 135.8, 133.7, 130.8, 129.4, 128.4, 126.6 ethylhexyl)-3,4-bi§4-[(3-octylthien-2-yl)phenyljmaleimide
125.1, 120.7, 120.3, 56.0, 42.8, 40.9, 39.1, 32.5, 32.4, 31.5, 31.2,(TML), which in turn was easily prepared by Suzuki cross-

30.5, 30.3, 30.1, 30.0, 29.&Q), 29.7 x2), 29.2, 24.5, 24.4, 23.6,
23.3,23.2,14.5, 14.4, 10.9. Anal. Calcd faglssNO,S: C, 82.84;
H, 8.88; N, 1.49. Found: C, 81.94; H, 8.81; N, 1.73.

Fabrication and Characterization of PLED. A ~90 nm thick
layer of poly(ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS) was initially spin-casted on precleaned ITO-coated glass

substrate. After it had been bake-dried at about 10 ITO/

coupling between BML and 2-bromo-3-octylthiophene. Bis-
(boron ester)-substituted maleimide, BMierved as the starting
material, which was easily derived from BrML by reacting it
with bis(pinacolato)diboron catalyzed by homemade Rd@pf)
(dppf = 1,1-bis(diphenylphosphino)ferrocene).

These copolymers have weight-average molecular weights

PEDOT:PSS glass substrate was spin-casted with a filtered toluendMw) 0f 12 600-43 100 with polydispersity indicesVi/Mn)

solution that contained maleimide copolymer to form a thin film
with a thickness about 60 nm. TPBI (22'-(1,3,5-phenylene)-
tris(1-phenyl-H-benzimidazole) was initially deposited, by vacuum

of 1.62-2.51. The thermal properties of the polymers were
determined by TGA and DSC measurements. All of these
polymers exhibit good thermal stability witfys of near or abOV%DV



3266 Chan et al. Macromolecules, Vol. 39, No. 9, 2006

Scheme 2
H17Cg CgH17 R

_—
Pd(PPhgz),
K2CO3 S H17C8 CgH17

Br-NA~CglthCg pr toluene

R
ox N0

NBS

CgHq7
R
S \
H17Cg

R 46%
oN_o Pd(PPhs),
KoCO;3

Q - Q toluene
CgHq7 CgH
0B B-O ghq7 ~8M17

I N s U\
Ao 5K BB
T ar—

Ko,CO3  40%
toluene

400°C (Table 1) in an atmosphere of nitrogen. Although such red). In fact, terthiophene-substituted ML, TTML (Figure 2),
copolymers have extended-conjugation along their rigid exhibited the longest emissioﬁ'nax of 626 nm, the color of
polymer backbones, many aliphatic long alkyl substituents (2- which fluorescence in solution is reddish.
ethylhexyl andn-octyl) render maleimide copolymers highly
soluble in most common organic solvents, such as toluene
dichloromethane, and THF. This solubility is an advantage in
the fabrication of homogeneously thin films from these copoly-
mers by the spin-coating method. (See PBTML and PFTML in
Figure 1 as examples.) However, this solubility also reduces
the rigidity of these maleimide copolymers, resulting in a
relatively low Tgs of 52-105°C. Appropriately shortening the
alkyl substituent of these maleimide copolymers can effectively
enhance thdgs.

In addition to TML, a series of model compounds, BTML,

Comparing the fluorescence spectra shown in Figure 2 reveals
'that the fluorescence wavelengths of the copolymers are more
or less bathochromically shifted from those of corresponding
model compounds, such a%ax of 590 nm for FTML andlﬂ]aX

of 598 nm for PFTML. This finding implies the-conjugation
nature of the copolymers. This red shift in the PL makes the
fluorescence of PTTML practically redi, = 634 nm).
However, like most known red light-emitting polymers, PBTML
or PTTML suffered from a serious problem of fluorescence
qguenching in the solid state. PBTML showed considerable

TTML, and FTML, were also synthesized to study the photo- flyorescence quenchipg vyith a solid-state fluorescence quantum
luminescence properties and the color tuning of the parent Y/€ldS @) of 13%, which is more than 60% lower than that in
compoundN-(2-ethylhexyl)-3,4-diphenylmaleimide, ML, the solution (Table 1). The situation for PTTML was even worse.
fundamental building block of the 3,4-diphenylmaleimide In thg solid state, t_he red fluorescer?celwas almost invisible,
copolymers studied herein. Conventional Suzuki cross-coupling Meaning that the solid state of PTTML is virtually zero (Table
was used to prepare both BTML and TTML in reasonable yields 1
from BML with 5-bromo-3,3-dioctyl-[2,2]bithiophene and The¢x values of three copolymers reveal more thiophene rings
5-bromo-3,3dioctyl-[2,2;5',2"Tterthiophene, respectively (Scheme in the copolymer structure which correspond to lower fluores-
2). On the other hand, an FTML model compound was prepared cence quantum yields in the solid state (Table 1). Although
from BrTML with 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan- thiophene potently red-shifts the fluorescence of maleimide
2-yl)-9,9-dioctylfluorene again via efficient Suzuki cross- copolymer, itis also a determining structural factor in weakening
coupling (Scheme 2). All copolymers and their synthetic the fluorescent intensity in both solution and the solid state.
precursors were characterized with elemental analysistdhd  This result is consistent with the fact that oligo- and poly-
13C NMR. thiophene are generally not suitable as emissive materials
Photoluminescent Characterization.Previously, we have  because they form aggregates that quench fluorescence in the
shown that the fluorescence color of 3,4-diphenylmaleimide is solid state’® PTML, PBTML, and PTTML have decreasing
quite sensitive to the substituent on the phenyl riffgs series fluorescence quantum yields in solution, which are 40, 36, and
of maleimide model compounds (Scheme 2) were prepared t015%, respectively (Table 1). The structure of the copolymer
examine the variation in the color of fluorescence: the parent was redesigned with a fluorene moiety to replace the thiophene
maleimide ML has a short emission wavelen@ﬂ;lax of 500 rings as in PFTML to solve the problem. This structural change
nm and so exhibits green fluorescence, and TML has an was motivated by the previously known fluorenmaleimide
emission Wavelengthﬂ'nax of 568 nm (Figure 2). As the  copolymer PFML, which has a relatively highin both toluene
number of the electron-rich thiophene rings attached to ML solution ¢ = 65%) and the solid statesy{ = 20%), although
increases, the emission wavelengi,ﬂ;nax of TML approaches its fluorescence is an undesired yellow colb{hag( of 549 nm).
568 nm (yellow) and that of BTML approaches 609 nm (orange- Therefore, the new copolymer PFTML, with a maleimid(&DV
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10] Table 2. EL Characteristics of PFML, PFTML, and PBTML Devices
AR . fwhm CIE21931 peakL LandV® peak efficiency
3 0.84 (nm, nm) (xy)  (cd/m?) (cd/n?, V) (%, cd/A)
<y PFML 566,102 045,052 365 65,11 0.13,0.35
%‘ PFTML 620, 96 0.61,0.39 2020 215,7.8 0.74,1.25
£ 041 PFTML® 614, 86 0.60,0.39 1901 184,75 0.57,0.95
£ PBTML 624, 96 0.61,0.38 207 11,65 0.05, 0.07
4 024 PBTML® 620, 94 0.60,0.37 1290 200, 7.4 0.61,0.89
o PTTML 676,104  0.65,0.33 14 7,12 0.16, 0.46
0.0 a Commission Internationale de L’Eclairage chromaticity coordinates.
b At 20 mA/cn?. ¢ PLED devices containing TPBI as electron-transporting
layer.
electron-deficient TPBI as the electron-transporting layer to form
1.04 ITO/PEDOT:PSS(90 nm)/PFTML or PBTML/TPBI/LIF/AI to
084 balance the electron charge carriers and the hole charge carriers
3 to elevate the EL efficiency of the devices. Without TPBI, the
g 0. device, particularly the PBTML device, is expected to be
@ inefficient because it contains an excess of hole charge carriers,
g ' which is in turn due to the electron-rich bithiophene unit of the
S0 copolymer. The yellow EL of similar maleimideluorene
o copolymers of PFML has been reported beférA. PLED of
0.01 PFML was also fabricated and characterized herein for com-
400 500 600 700 800 900 parison purposes.
Wavelength (nm) Peng et al. reported that PLED of ITO/PEDOT:PSS/PFML

Figure 2. Solution fluorescence spectra of ML, TML, BTML TTML, _(a N-optyl derivative)/Alg/Mg:Ag eXl;iLbited EL with a peak
and FTML (top) and of PFML, PTML, PBTML, PTTML, and PFTML  intensity of 363 cd/rh (18 V) and al,,., of 559 nm3" which
(bottom). values are very similar to those 365 cd/(d5 V) andAq,, of

. o o 566 nm of the PFML device herein (Table 1). Whereas the
thiophene-fluorene triad, is anticipated to have strong fluores- pEML PLED herein showed a relatively low EL efficiency of
cence in the solid state and yet possess sufficiently long 9 139 or 0.35 cd/A, the corresponding EL efficiency data are
Wavelengths In terms of fluorescence IntenSIty, PFTML is QUIte not available in Peng et al.’s previous report_ Although Only
a successful orange-red light-emitting material. PFTML has a gjight or no red-shifting of thét-, of PFTML or PBTML was

. . . . max
solution emission wavelength of around 598 nm with one of ghsered, PEML exhibited a blue-shifting of 14 nm (from 580
the highestgr (37%) of any of the maleimide copolymers 4 566 nm) from the thin film PL to device EL (Table 2). Peng
reported here. In the solid state, the fluorescent wavelength isg; 51 reported similar blue-shifting for PFM#. The small or
. . fl "

only slightly red-shifted tdi,, ~ 601 nm, and the fluorescent jittle emission red-shifting of PFTML or PBTML is quite
intensity remains highdg ~ 22%), unlike from most orange-  inspiring for the implication of eximer formation of these two
red or red Ilght-_emmlng polymers. The highly efficient orange- copolymer. The similarity between th&- and fwhm values
red light-emitting polymer MEHPPV (2-methoxy-5-(2- (91 and 99 nm for PL vs 96 nm for EL) indicates that either
ethylhexyl)-polyphenylenevinylene), a bench mark of long {he excimers are not emissive or only a little excimer formation
wavelength emissive polymer for PLED, hagyeof 10—20% oceurs in PFTML or PBTML.
in the solid staté:’ The PFTML device shows discernible orange-red EL at a

A structure that combines thiophene and fluorene is ideal for oy voltage ¢ 5 V with an emissionA55, of 620 nm,

maleimide-based copolymers. The red shift in the ﬂuorescenceCorresponding to a CJ§ of (0.61, 0.39). Its brightness increases
color is attributable mainly to the thiophene ring, since the \yith the voltage (or current density) and peaks at 2020 &d/m
emissioni,, values of PTML, PBTML, and PTTML are 33,  (Figure 4). This is a relatively high peak electroluminance
60, and 85 nm longer than that of PFML, respectively (Figure compared with other known orange to red PLEBRd can be
2, Table 1). However, the 9,9-dioctylfluorene moiety is respon- attributed to the relatively high fluorescence quantum yields of
sible for most of the fluorescent intensity of the copolymers, as the copolymer in the solid state. External quantum efficiencies
evidenced by the highr of PFTML (22%) in the solid state,  were nearly 1%, or luminous efficiencies exceeded 1 cd/A of
which is almost double that of PBTML (13%). Moreover, the (Table 2, Figure 4) at an electroluminance of 1 ctland a
PBTML fluorescence in the toluene solution is significantly driving voltage of 5 V. The efficiency performance of the PLED
bathochromic-shifted (12 nm) to that in the solid film; PFTML  is reasonably good on the basis of EL characterization of the
exhibits ony a 3 nmdifference in emissior}iﬂ]z,1X (Table 1). simple and unprotected (from water and oxygen) device
This can be attributed to the rigid fluorene moiety that effectively structure. This finding is qualitatively attributed to the relatively
reduces the interaction betwearconjugated polymer chains  high fluorescence quantum yields of PFTML.
in the solid state, helping to prevent the copolymer from  pPBTML exhibited slightly redder EL with an emissidf,
fluorescence quenching. of 624 nm, corresponding to a GlfFof (0.61, 0.38), although
Electroluminescent Characterization.Four PLED devices its performance of electroluminance and efficiency are very poor
were fabricated from toluene solutions by the spin-coating (Table 2, Figure 4). Adding the electron-transporting TPBI into
method with PFML, PBTML, PFTMLand PTTML as the light- the device drastically improved the performance of PLED. The
emitting materials. PLED devices with the similar ITO/PEDOT: PBTML device that contained TPBI had an electroluminance
PSS/maleimide copolymer/LiF/Al configurations were fabri- of 1290 cd/m and an EL efficiency of as high as 0.61% or
cated. PFTML and PBTML devices also incorporated the 0.89 cd/A (Figure 4), which values are comparable with theﬁev
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Figure 4. L—I—luminous efficiency characteristics of PFTML (left) and PBTML (right) devices.

of the PFTML device. Unfortunately, adding TPBI did not
similarly improve the PFTML device (Table 2, Figure 4),

ML, a novel maleimide-thiophene-fluorene triad copolymer,
exhibited the most satisfactory results. Maleimide copolymers

probably because that PFTML does not have as many thiophenevere shown to be potential candidates for orange to red PL

units as PBTML.

Finally, PLED with PTTML which emits light with a long
wavelength was fabricated to test the saturated red EL of the

and EL PLEDs.
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was neither bright (peak EL intensity of only 14 cdjrmor
efficient (peak efficiency of 0.16% or 0.46 cd/A), mainly
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state cannot currently be ruled out. PTTML has the largest red-
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This value is relatively large when compared with only 26 nm
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