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ABSTRACT: Alternating conjugated copolymers comprised of 9,9-dihexylfluorene and unsubstituted/substituted
thieno[3,2b]thiophene moieties were synthesized using the Suzuki coupling reaction. The structures of these
polymers were characterized, and their thermal, photophysical, electrochemical, and electroluminescent properties
were investigated. Bg-substitution of thieno[3,b]thiophene moiety with alkyl chain, the thermal, electrochemical,

and electroluminescence properties of the resulted polymers were tuned. The polymers exhibited good thermal
stability with decomposition temperaturg) in the region of 308431 °C and their glass transition temperatures

(Tg) ranging from 126 to 148C. Incorporation ofs-alkyl chain onto thieno[3,bjthiophene of the alternating
copolymers led to loweredly and Tq and blue-shifted maximum wavelengths in both absorption and emission
spectra. The influence @ralkyl substitution on the conformation of the polymer chains was evaluated by simulating
the optimized geometries of three model oligomers using density functional theory. Light-emitting diode devices
were fabricated with a configuration of ITO/PEDOT:PSS/polymer/Ca/Ag for all the polymers. A device based
on fluorene and unsubstituted thieno[®]ghiophene polymerR2) exhibited pure green emission with a maximum
brightness of 6000 cd/frand current efficiency of 2.7 cd/A. More importantly, this device demonstrated very
good spectral stability and robust emission, with only 21% decay in luminance after 64 h driving at 1 mA of
constant current. In addition, the potential application of the copolymers for photovoltaic solar cells was discussed.

Introduction tuted thieno[3,]thiophene by Suzuki coupling reactions and

Great efforts have been undertaken in the past decades tdnvestigated its potential applications for PLEDsnd field-
develop flexible and tunable polymeric light-emitting diodes €ffect transistors (FETY: We have also independently inves-
(PLEDs) from conjugated polymets? In order to realize full tigated t_he light-emitting and photovoltaic properties of thieno-
color display, various emissive colors have been achieved by [3:2-bjthiophene-based PF copolymers. _ _
the design and manipulation of the conjugated backbone In this contrlbutlon_, we present thg syn_thg&s of alternating
structures such as polyphenylenevinylene) (PP\?)poly(p- copolymers of 9,9-d|hexylfluoren'e with b|Fh|ophene and un-
phenylene, polythiophene (PTJ, and polyfluorene (PF3? subst|tuteq or al_kyl-subs'_ututed thleno[{b}ahlophene thr(_)ugh
Among the three primary colors, red and green emissions havethe Suzgkl coupling _reactlcﬁ%AIkyI substitutions for_the thlen(_)T
reached the sufficient efficiencies and lifetime to commercial- [3:2-bjthiophene unit and different structural regioregularities
ization level, while the pursuit of blue light-emitting materials aré attained so that we can study the structymeperty
with long-term stability and good color purity still remains as "elationship of the polymers. The general properties of these
a challengé?® copolymers, mc!udmg thermal, optical, and eleqtrochemlcgl

PF and its derivatives are one of the most widely studied properties, are discussed. Eurthermore, the potential appllcatlpn
blue-light emitters due to their high photoluminescence quantum ©f these copolymers as active layers in PLEDs and photovoltaic
efficiency and facile color tunability However, these materials ~ Solar cells is investigated.
suffer from poor spectral stability caused by their tendency to
form long-wavelength excimers or ketonic defects in solid
state$P 11 The general strategies to suppress the red-shifted and Synthesis and Characterization. Three new alternating
less efficient excimer emission are either introduction of a small copolymers P2—P4) based on 9,9-dihexylfluorene (FL) and
amount of low-band gap chromophores and bulky side chains thieno[3,2b]thiophene (TT) were synthesized by using the
into PF backbones or copolymerization with suitable comono- Suzuki coupling reactio’ The comparable copolymeP{)
mers!213 For the copolymer approach, the utilization of based on FL and bithiophene was also prepared using the same
thiophene-based comonomer is much attractive because of theénethod. The general synthetic routes and structures of synthe-
versatility in its structure modification and thus great ease in sized polymers are shown in Scheme 1. Their chemical
electronic tunability21415Moreover, different structural regio- ~ Structures were verified biH NMR, 13C NMR, and MALDI-
regularities arising from side-chain substitutions in PTs offer TOF-MS. The synthesized polymers are all readily soluble in
additional opportunities for tuning electronic properties by chloroform, THF, and toluene. The number-average molecular
controlling the coupling configuratiori§. There have been a  Weight (M) of the synthesized polymeFl, as determined by
few reports on the synthesis of random copolymers of fluorene gel permeation chromatography (GPC) using polystyrene as the
and thiophene or bithiophene through the Still coupiirand standards, was 26 300 (PIM/M, = 1.99). Because of the
the Suzuki coupling reactiod8 Shim et al. recently synthesized  rigidity of the TT ring, polymers$?2—P4 were found to possess
an alternating copolymer of 9,9-dioctylfluorene with unsubsti- lower My, ranging from 8300 to 15 200 with PDI in the1:8

2.4 region. With increasing the side-chain length of the thieno-

*To whom correspondence should be addressed: Fax 65-6872-0785;[3:2-bJthiophene unit, the corresponding polymé&3 andP4
email zk-chen@imre.a-star.edu.sg. achieved decreaseéd, and larger PDI values due to the steric
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Table 1. Molecular Weights* and Thermal Properties of Polymers linkage between FL and alkylated TT unifsThe relative
yield T T integration ratios of theis- to trans-a-methylene prontons of

polymer (%) Mn My PDI  DP (°C) (°C) copolymersP3andP4 are 1:1, indicating the equal opportunity

P1 61 26300 52400 1.99 53 438 104 Of two kinds of linkages when coupling of fluorenyl boronic

P2 57 15200 26800 1.76 32 431 146 ester and TT bromo compounds.

P3 46 8900 21200 2.38 16 342 126 i i

pa 4 8300 20100 242 13 308 128 Thermal Stability. The thermal stability of the polymers was

evaluated by thermogravimetric analysis (TGA), and the results
a Molec_ulart\)/veights determined‘ by_GPC _using polystyrene standards in gre summarized in Table 1. It is apparent that all the polymers
THF solutions.” Degree of polymerization, with referenceN. “Decom- oy hinited good thermal stabilities as weight loss less than 5%
position temperature, determined by TGA in nitrogen, based on 5% weight . . . .
loss. Glass transition temperature, determined by DSC in nitrogen at scan O heating to 308C. Thermal induced phase transition behavior
rate of 20°C /min. of the polymers was investigated with differential scanning
calorimetry (DSC) under a nitrogen atmosphere. The glass
hindrance caused in the coupling reaction. The average repeatransition temperaturesT¢s) of all polymers are also sum-
unit numbers of the polymeR1—-P4 were 53, 32, 16, and 13, marized in Table 1Tgs of polymersP2—P4 are in the range
respectively. The polymer yields were 42%1% after purifica- 126-146 °C. With incorporation of long side chains into the
tion. These results for the synthesized polymers are summarizedT T unit, polymersP3 andP4 generally exhibited lowefy than
in Table 1. nonsubstituted TT-based polynfe2. However, all the TT-based
The chemical structures of the synthesized polymers were copolymersP2—P4) showed highey than that of bithiophene-
verified byH NMR and3C NMR spectra. From th&H NMR based copolymeP1 (Tq 104 °C). The increasedy of P2—P4
spectra and hydrogen assignment analysis (see in Experimentaghould be due to the more rigidity of TT unit than bithiophene

Section), the signals of fluorenyl, thienyl, and thieno[B]2-  structure in the polymer backbone. The relatively high glass
thienyl were clearly observed. For examp®; 6 (ppm) 7.55- transition temperature of conjugated polymers is essential for
7.73 (m, 8H, 6 aromatic protons from FL ang#rotons from many applications such as in PLEDs as emissive matéfials.
TT unit), 2.05 (br, 4H, protons from 2#;,CH; of FL), 1.02- Optical and Photoluminescence PropertiesThe spectro-
1.22 (m, 12H, protons from 2€5(CH2)sCH; of FL), 0.77 (m, scopic properties of all polymers were measured at room

10H, protons from 283CH,C4Hg of FL). The integration temperature in solutions (CH£I The UV—vis absorption and
indicates that the ratio of FL and TT units in the polymer PL spectra of polymers in chloroform (ca.>d 107° M) are
backbone is 1:1. In th&C NMR spectra ofP1 and P2, there shown in Figure 1 and Figure 2, respectively. Their optical data
are 10 well-resolved signals in the aromatic region and 7 well- are summarized in Table 2. Compared with bithiophene-based
resolved signals in the alkyl region for these polymers. For polymerP1, TT-based polymerB2—P4 presented significantly
polymer P3, the 13C NMR spectrum shows 13 well-resolved blue-shifted absorption maxima due to the obviously shorter
signals in the aromatic region and 12 well-resolved signals in effective conjugation length along polymer backbones. It is
the alkyl region, indicating the incorporation gfpentyl group noted thatP1 exhibits an absorptiofnax at 454 nm, whileP2,

in the TT moiety. It is worthy to note that two kinds of linkage P3, and P4 display shorterimax at 430, 388, and 383 nm,
occurred between FL and alkylated TT units when synthesizing respectively. Close examination dfax values for polymer®2—
regiorandom copolymeR3andP4. The regiochemistry of these P4 shows a ca. 42 nm red shift Axnax cOmparing regioregular
copolymers can be determined by analyzing ¢hmethylene polymerP2to regiorandom polymei3 andP4. This red shift
peaks. When FL and alkylated TT units are in the cis indicates that regioregular polym&2 has a longer effective
configuration, thecis-a-methylene peak occurs at ca. 2.77 ppm conjugation length and lower energyto-7* transition com-
and thetrans-o-methylene peak at 2.87 ppm for the trans- pared to those regiorandom polymers. This likely results from



6166 Tang et al. Macromolecules, Vol. 40, No. 17, 2007

10*
- —v—P1 AdAA, R avaYs
10 _i_ P2 " A‘Q‘QV'VVV'Q*XKXZA
3 —+—P1 10°F = P3 Vo aal
S 0.84 —v—P2 _ o P4 ALY
8 P3 “E i
Io- P4 S 10°E 4 .
2] - e ¥ ..l
a 0.6 Py n "
o g 1 f / bl -
? s 10 ¢ | _pooon .
e £ X w3 bo B,
% 0.4 g N WOO0g0qy O
E - 10°L B
=] A a
Z 0.2
10-1 T T T T T T T T
0 2 4 6 8 10 12 14 16
0.0 - Voltage (V)
— T
300 350 400 450 500 550 600 650 Figure 3. Voltage-luminance Y—L) characteristics of PLEDs from
P1-P4.
Wavelength (nm)
Figure 1. UV—vis absorption spectra oP1—P4 measured from 700 ——
A 5 -
chloroform solutions {1 x 10> M) at room temperature. _ eoof g /,\\\ AAAA‘A
320 oo, A
Ng 500 | %1'5 “‘7/ ?‘K“w:\‘« A g
1.0 < E' 1.0 1]‘ [ Woy\v\i“‘”‘” v
£ w i / \ A v
£ 400} :-5 | . Pl
- g F v L oltage
— - 8 g 5 A Vv x P3
] 5 =—P3 o o
g ) —o—P4 z 200f N P4
€ 0.6- g4 8 Y
: g & 5 100} Ay Ll
£z o & " oo
5 P 0 sa2tommnnzasiinoees
g 0.4- g 3 FEREEEREE
B 1 1 1 1 1 1 1 1
S g5 0 2 4 6 8 10 12 14 16 18
i §
E 0.2 g g Voltage (V)
‘z‘-' g ? i Figure 4. Voltage—current density {—I) characteristics of PLEDs
0.0 from P1—-P4. Inset: voltage-efficiency characteristics of PLEDs from
0 P1-P4.
T T T T T T T T
400 500 600 700 800 on the TT unit, the emissiobmax further shifted to ca. 495 nm

Wavelength (nm) for P3and 469 nm foP4une to the inc_rea;e of steric hindrance
Fiqure 2. Photoluminescence specira BfL—P4 measured from between F!_ and TT units. The steric hlndra.nce effect gf the
ch?oroforr'n solutions£1 x 10°5 M)pat room temperature. [B-alkyl chain on _the optical and electrochemical properties of
the polymers will be further elaborated through theoretical

calculation.

Electrochemical Property. The electrochemical behavior of
the polymers was investigated by cyclic voltammetry (CV). The
results of the electrochemical measurements are summarized
in Table 2.

As observed from the cyclic voltammograms, all polymers

the steric repulsion betweghalkyl chain on TT unit and hexyl
chains from FL unit, causing a decrease in the effective
conjugation length of the polymer chain. Polymé&3and P4
in dilute CHCE solutions display similaimax (388 and 383 nm,
respectively) and onset values: 453 nm (2.74 eV) and 445 nm
(2.78 eV), respectively (Figure 1), which indicates the two > - = LYLI ¢ !
polymers possess similar effective conjugation length. exhibited partial reversibility in both n-do.plng and p-doping
Fluorescence spectra of the polymers in Ciliutions are ~ Processes. The onset potentials for oxidatid; t) were
depicted in Figure 2. The fluorescence spectra of the polymersobserved in the region of 0.72.87 V for polymersP1—P4.
from P1 to P4 were blue-shifted, following the same trend as On the other hand, the onset potentials for reductigi;f)
their absorption spectra, when the polymers were excited at theirwere found in—1.76 to —2.05 V region. From the values of
maximum absorption wavelengths. Polynfet displayed an ~ Egy - and Eqg®, the HOMO and LUMO energy levels and
emissioNmax at 534 nm. On contrast, an emissibp.x at 508 band gapsE£3°) of all polymers were calculated. The HOMO
nm was observed fdP2. With introduction of g3-alkyl chain values of polymer$1—P4 were estimated to be in the range

Table 2. Optical and Electrochemical Properties of Polymers in Chloroform Solutions

onseliv)/ Ease(v)/ optical electrochemical
polymers 2358 (nm)p Aedge(NM)P A (NM) HOMO (eV) LUMO (eV) EP(ev)y Egevy
P1 454 524 534 0.7345.13 —1.76/-2.54 2.36 2.49
P2 430 488 508 0.8%#5.27 —1.82/-2.58 2.54 2.69
P3 388 453 495 0.72/5.12 —1.98-2.42 2.74 2.70
P4 383 445 469 0.7545.15 —2.05(2.35 2.78 2.80

21 x 1075 M in anhydrous chloroform, wavelength of maximum absorbahdeqygeis the onset value of absorption spectrum in long wavelength range.
¢ The optical band garE,™) was obtained from the empirical formuy = 1240%eqgeeV. ¢ Eg° = Egr*®' — Errg®'eV, HOMO = —(Eqr°*'+ 4.4) eV, LUMO
= —(EXS*'+ 4.4) eVB
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Table 3. Optimized Geometries of Three Model Oligomers (Left Panel) and the Corresponding Dihedral Anglés

®(12,34) 22127, ®(523.6) 22343
(a) ®(12°,3°4°): 22.405% D(5°2°3°.6): -22.228°

®(12,34).  38.002° ®(5.2.3,6):  39.322°
by O(.23.4):35421% B(5°,2°,3°6°): -35.129°

®(1.2,3,4);  41.834% &(5,2.3,6):  39.919°
() @(1°.2°.3.4°): -27.889" d(5°,2°3°.6"): -28.846°

a2The model oligomer structures selected are analogous to the repetition unit for (a) copdiwers (b) cis and (c) trans Configuration between FL
and TT units for copolymeP3.
of —5.12 to —5.27 eV, with the LUMO energy levels in the (SCF) density convergence was £0The orbital cutoff 4 A
range of—2.35 to—2.58 eV. The band gaps of all polymers was used for all atoms. The dihedral angles were obtained at
were calculated to be in the range of 23678 eV. Comparing  the final optimized geometries of these model oligomers, with
the electrochemistry of regioregular polyméd?4 and P2 to their atomic numbering schemes shown in the corresponding
regiorandom polymer®3 and P4, the regiorandom polymers  repetition units of copolymerB2 andP3. As shown in Table
were found to possess both higher reduction potentials and larger3, the average dihedral angles between FL ring and TT ring
band gaps, indicating that alkylation on TT disrupted the increased significantly with incorporation offapentyl group
planarity between the FL unit and TT unit of the polymers. This in TT ring when comparing the model geometries of model a
observation is consistent with the measurement of the absorptionfor P2 with model b and model ¢ fdP3. The steric hindrance
and emission spectra of the polymers. of the pentyl group resulted in larger dihedral angles at the

The influence off-alkyl substitution pattern on the optical pentyl-substituted side than unsubstituted side (model c). The
and electrochemical properties of polymers was appreciated bycis configuration (model b) brought larger average torsion angles
examining the preferred conformations of models for different than the trans one (model c). Therefore, a relatively low level
linkages. The geometries of three model oligomers (Table 3) of conjugation through the polymer backbone was observed in
were fully optimized using density functional theory (DFT) in  polymersP3 andP4 compared with polymelP2, which readily
the generalized gradient approximation with nonlocal exchange explained the shorter absorption maxima and larger band gaps
and correlation functions according to PerdeWang (GGA- observed for polymer®3 and P4 thanP2.
PW91)?* The DFT calculations were performed using the Light-Emitting Diode and Photovoltaic Devices.To evalu-
DMol® module in the Materials Studio Modeling software ate the efficiency of three TT-based polymers as emissive
package (Accelrys Inc® The convergence tolerances for materials for light-emitting diodes, PLED devices were fabri-
energy change, maximum force, and maximum displacementcated with the configuration of ITO/PEDOT:PSS (20 nm)/
between optimization cycles were set as9@artree, 0.002 polymer (90 nm)/Ca (20 nm)/Ag (200 nm). For simplification,
hartree/A, and 0.005 A, respectivély.Self-consistent-field the devices fabricated with polymeld, P2, P3, andP4 were
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Figure 5. EL spectra of PLEDs fronP2 driven at low noise constant current 1 mA up to 64 h. Inset: voltage and luminance as a function of
operation time.

named as devic®l, device P2, device P3, and deviceP4, decay as a function of operation time for devid@&and P1
respectively. The voltageluminescence\(—L) and voltage- when driven continuously at a constant current of 1 mA at room
current density (—I) characteristics of the devices are shown temperature. The inset figures depict the voltage and luminance
in Figure 3 and Figure 4, respectively. The deviedsandP2 variations with operation time. Clearly shown in Figure 5, device
showed very low turn-on voltage¥+). Vr for deviceP1 and P2 displays pure green emission with a maximum emission

deviceP2 are 2.2 and 2.4 V, respectively, which is lower than centered at 546 nm. By contrast, devieg displays yellow-
the devices based on PFTT and PFT2 with the Configuration of orange emission with a Strong ye”ow emission~a&80 nm
ITO/PEDOT:PSS (40 nm)/polymer (80 nm)/LiF (1 nm)/Al (100  and weaker orange emission-a615 nm. A ca. 38 and 46 nm
nm)* The maximum brightness of 6000 and 5560 ctias  pathochromic shift in maximum emission wavelength were
achieved for deviceB1andP2, which are 6-fold improvement  ohserved respectively fdP2 and P1 in comparison with the
in comparison with PLEDs from PFTT (970 cdand PFT2 ¢ responding polymers in chloroform solutions. The red shift
(860 cd/nf).*® The Vr of devicesP3 andP4 were 5.2 and 5.8 iy maximum emission wavelength was commonly observed for
V with maximum brightness of 82 and 5 cdmespectively,  conjygated polymers when transforming from solution to the
which were mugh poprer.than the pe.rformance of devlléllas solid state, mainly due to the better structural ordering and
apd PZ As deplcteq in Figure 4, devicdsl and P2 exhibit increased planarity of the polymer chains leading to an increased
$E1_herr]_CLr1]rrent densﬂg compared tg those_olfl devR;%anddP4. h conjugation lengti728The EL spectra remained stable in both
is higher current density may be partially attributed to the - :
morphc?logical effect of po)I/yme)r/ filmg on I'IYO surface. With th? maximum .Wavelength and .shape even after Iong?tlme
. ) . - . driving, indicating the suppression of troublesome excimer
regioregular configuration, better structural ordering and align- formatior?®1 and thus resulting in stable green emission for

ment of polymer chains was obtained in polymersand P2 deviceP2 and yellow-orange emission for devied. As shown
In comparison to the regiorandom polym&3andPa. Loosely in the inset Figure 5, the initial luminance BR is ca. 705 cd/

and more randomly packed polymer chains R8 and P4 ) L . . .
brought thicker injection/transporting barrier for charges and me. After driving up to 64 h, the .deV|ce. (.jllsplays.a luminance
of ~525 cd/n?, only 21% decay in the initial luminance. The

thus lower current density and luminance (Figure 3). The ) . .
difference in molecular weight of the polymers may also affect 'uminance even levels off after being driven 50 h. Actually,
the current density in the devices. The average repeat unittn€ lifetime experiments for devic€x andP1 continued for 1
numbers irP1andP2 chains are 53 and 32. Their average chain Month and found their robust emission still remained. On the
length is much longer than that 83 and P4 (average repeat ~ Pasis of the linear fitting of the curves of luminance against
unit numbers are 16 and 13 f88 andP4, respectively). Both operation time, the lifetimes for device32 and P1 were
intrachain and interchain charge transport will be faster in longer estimated to be 1700 and 900 h, respectively. Similar experi-
polymer chains than in shorter ones. The inset figure of Figure Mments were conducted on devicB8 and P4. Their color

4 shows the current efficiency vs voltage of the devices for all Stabilities were remained during their shorter lifetime (ca. 10
polymers. It is evident that devid®2 displays the highest current  h). However, two equally strong yellow and orange emissions

efficiency, nearly double that of deviceB3 and P4. The were observed, and they decayed at the same speed. The poor
maximum current efficiencies for devic€d—P4 are 2.0, 2.7, device efficiency and short lifetime in devic®8 and P4 are
1.5, and 1.0 cd/A, respectively. most likely due to the poor charge transport ability of the

The spectral stability of PLEDs remains a challenge for PF- polymers in the films, which requires higher electric field to
based materials. Figure 5 and Figure 6 show the EL intensity drive the current and then causes the polymer degraded faster.
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Figure 6. EL spectra of PLEDs fronP1 driven at low noise constant current 1 mA up to 32 h. Inset: voltage and luminance as a function of
operation time.

25 Ifluorene and substituted or unsubstituted thienofgtBiophene.
= 2000 RPM, 80°C Their potential applications in PLED and photovoltaic solar cells
2000 RPM, 120°C are discussed. The polymers were characterized by_ thermal,
optical spectroscopy, cyclic voltammitry, and electroluminescent
analysis. Good solubility in common organic solvents and
thermal stability, efficient blue-to-green emission, and high glass
transition temperatures were demonstrated with these backbone
structures. The structurgoroperty relationship was studied with
theS-alkylation on the thieno[3,Bjthiophene ring. The optical,
thermal, and electrochemical properties of these polymers were
very sensitive to the substitution. The PLED device based on
poly[2,7-(9,9-dihexylfluorenegt-thieno[3,2b]thiophene] P2)
showed very good device efficiency and excellent emission
0.0 . : . — 0, | stability and color purity when being driven at 1 mA of constant
300 400 500 600 current for even 64 h. The application of these polymers in
Wavelength (nm) photovqltaig cells is not promising due to low IPCE and narrow
Figure 7. IPCE spectra of the solar cells based on polyrRer absorption in the solar spectrum.
prepared at different spin-coating speed and annealing temperature. Experimental Section
General Methods.All new compounds were characterized via
1 1 i
Photovoltaic cells with the configuration of ITO/PEDOT-PSS/ DHP;I “ﬁ?_ﬁﬁpr':ng;nf gtiﬁtr:sgor%gsu;'gga?ys;uEgirngog glrﬂier
polymer: PCBM (1:1, w/w)/Ca/Ag were fabricated based on s toflex TOF/TOF mass spectrometry. The bVis absorption
polymersP2—P4.2° The incident photon to converted electron  ang photoluminescence (PL) spectra were recorded on a Shimadzu
current efficiency (IPCE) was found to be extremely low200) UV 3101 spectrophotometer and on a Perkin-Elmer LS-50B
leading to limited power conversion efficiencies, partially due luminescence spectrometer, respectively. The number- and weight-
to the poor fill factor and narrow range of absorption for the average molecular weights of all polymers were determined via
polymers in the solar spectrum. Figure 7 shows the IPCE spectraGPC on a Waters 2696 instrument, using polystyrene as the standard
of polymer P2-based solar cells, which were fabricated at and THF as the eluent. TGA and DSC were performed under a

different spin-coating speed and annealing temperature. Thenitrogen atmosphere at a heating rate of’20min with DuPont
TGA 2050 and TA 2920 analyzers, respectively. The weights of

2.0

154

IPCE (%)

1.04a o

0.5

absorption of all devices only covered the range-3500 nm. ;
all the samples were in the range @ mg. CV measurements were
Conclusions conducted on a three-electrode AUTOLAB (model PGSTAT30)
workstation in a solution of BINBF, (0.10 M) in dichloromethane

We have described the synthesis and characterization of newat a scan rate of 100 mV/s at room temperature under the protection
conjugated copolymers comprised of alternating 9,9-dihexy- of argon.
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Device Fabrication and Characterization.The PLED devices K>COs (15.5 g, 112.2 mmol) in DMF (150 mL), ethyl thioglycolate
were fabricated with the configuration of ITO/PEDOT:PSS/ (6.97 mL, 63.6 mmol) was added. The resulting mixture solution
polymer/Ca/Ag. Commercially available ITO-coated glass substrateswas stirred for 24 h at ambient temperature. A solution of NaOH
were cleaned by sonicating and rinsing in acetone, isopropanol, (0.64 g, 16 mmol) in ethanol (35 mL) was added, and the reaction
and deionized water, followed by oxygen plasma treatment. The was continued for another 24 h. The reaction mixture was poured
hole-transporting PEDOT:PSS layer (20 nm) was spin-coated ontointo water (150 mL) and extracted with ethyl acetate (200 mL).

ITO, followed by spinning coating the emitting polymer layer
(90 nm) from polymer solution in chloroform (7.5 mg/mL). Calcium

The organic layer was washed with water{4200 mL) and dried
over anhydrous MgS©The crude product dsawas obtained by

(20 nm) and silver (200 nm) contacts were deposited sequentially removing organic solvents and used directly for the next step
by thermal evaporation through a shadow mask. Thermal evapora-without further purification!H NMR (400 MHz, CDC}): 6 (ppm)
tion was carried out in a ULVAC system at a base pressure of 2.0 0.89 (t,J = 6.8 Hz, 3H), 1.24-1.32 (br, 16H), 1.40 () = 7.2 Hz,
x 1078 Torr. The resulted devices were protected by encapsulation 3H), 1.69-1.77 (tt,J = 7.6, 6.8 Hz, 2H), 3.16 (t} = 7.6 Hz, 2H),

of a capping glass sealed with epoxy. The currénininance-

voltage (—L—V) curves were measured using a fully computer-
controlled system consisting of a dynamic multimeter (Keithley
DMM 2001), a source meter (Keithley 3A 2420), and eight

4.35 (q,d = 6.8 Hz, 2H), 7.23 (dJ = 5.2 Hz, 1H), 7.51 (d) =

5.2 Hz, 1H). MS (MALDI): m/z = 366.385 (calcd for

Con3oSzOzZ 366168)
3-Undecylthieno[3,2b]thiophene-2-carboxylic Acid, 6a.To a

calibrated Si photodiodes. The software was based on LabView. mixture solution of esteba (48.7 g, 48.7 mmol) in ethanol (160

The device lifetime and EL spectrum were performed simulta-

mL), NaOH (5.4 g, 135.3 mmol) was added. The resulting solution

neously by driving the devices with low noise constant current of was heated to reflux for ca. 3 h. After starting materials was

1 mA inside a shielded box.

completely consumed by TLC indication, the solvent was removed

Synthesis.All starting materials and reagents were purchased in vacuo. 200 mL of water was added to the residue. The pH was

from Sigma-Aldrich Chemical Co. and used without further

adjusted to 1 with 10 M HCI to precipitate the titled product.

purification. THF was dried over sodium/benzophenone and freshly Recrystallization from hexane gave the product &&ad(14.1 g,

distilled before use. 2,7-Dibromo-9,9-dihexylfluorefie?,7-bis-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexylfluo-
rene3! 2,5-dibromothieno[3,bjthiophene3? 2,5-dibromo-3-unde-
cylthieno[3,2b]thiophene, and 2,5-dibromo-3-pentylthieno[3,2-
bjthiophené® were prepared accordingly by following the procedure
adapted from the literature.

2,7-Dibromo-9,9-dihexylfluorene, 13° Yield: 60.2%.!H NMR
(400 MHz, CDC}): 6 (ppm) 0.60 (m, 4H), 0.78 (1) = 7.2 Hz,
6H), 1.04-1.17 (m, 12H), 1.91 (m, 4H), 7.44 (d,= 1.1 Hz, 2H),
7.46 (d,J= 1.8 Hz, 2H), 7.53 (dJ = 8.0 Hz, 2H). MS (MALDI):
m/z = 492.106 (calcd for gH3,Br,: 492.085).

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di-
hexylfluorene, 23! To a solution ofl (5.0 g, 10.1 mmol) in THF
(100 mL) at —78 °C was added 13.3 mL (21.2 mmol) of
n-butyllithium (1.6 M in hexane) by syringe. The mixture was
stirred at—78 °C for 30 min. 2-Isopropoxy-4,4,5,5-tetramethyl-

82.0%)."H NMR (400 MHz, CDC}): 6 (ppm) 0.88 (t,J = 6.8
Hz, 3H), 1.32-1.46 (br, 16H), 1.721.79 (tt,J = 7.6 Hz,J = 6.8
Hz, 2H), 3.19 (tJ = 7.2 Hz, 2H), 7.31 (dJ = 5.2 Hz, 1H), 7.60
(d,J=5.2 Hz, 1H), 12.9 (br, 1H). MS (MALDI):m/z = 338.264
(calcd for GgH265,0,: 338.137).

3-Undecylthieno[3,2b]thiophene, 7a.A mixture of acid6a (4.0
g, 11.3 mmol), copper (0.38 g, 5.9 mmol), and quinoline (20 mL)
was heated to reflux for 3 h. The resultant solution was concentrated
by vacuum distillation. Ethyl acetate (50 mL) was added, and the
collected organic layer was washed lwit M HCI (4 x 50 mL)
and dried over anhydrous Mg3QOThe solvent was removed in
vacuo, and the residue was passed through a silica gel column
eluting with hexane to yield@a (2.2 g, 62.3%)*H NMR (400 MHz,
CDCl3): 6 (ppm) 0.88 (t,J = 6.8 Hz, 3H), 1.26-1.44 (br, 16H),
1.72-1.80 (it,J = 7.6 Hz, 6.8 Hz, 2H), 2.73 (1] = 7.6 Hz, 2H),
6.99 (d,J = 1.2 Hz, 1H), 7.24 (dJ = 5.2 Hz, 1H), 7.35 (dd) =

1,3,2-dioxaborolane (4.4 g, 23.8 mmol) was added rapidly to the 5.2 Hz, 1.2 Hz 1H)!3C NMR (100 MHz, CDC}): 6 (ppm) 14.42,
solution, and the resulting mixture was warmed to room temperature 23.03, 29.01, 29.53, 29.69, 29.75, 29.84, 29.93, 29.99, 30.35, 32.28,

and stirred for 24 h. The mixture was poured into water and

120.26, 122.06, 126.88, 131.04, 135.32, 139.17. MS (MALDi)z

extracted with ether. The organic extracts were washed with brine = 294.428 (calcd for GH26S,: 294.147).

and dried over anhydrous Mg3OTrhe solvent was removed by

2,5-Dibromo-3-undecylthieno[3,2b]thiophene, 8a.To a solu-

rotary evaporation, and the residue was purified by column tion of 7a (0.6 g, 2 mmol) in DMF (15 mL) at 0°C, N-
chromatography (silica gel, 5% ethyl acetate in hexane) to provide bromosuccinimide (0.7 g, 4 mmol) was added in portions over 30

4.1 g (66.2%) produc® as a white solid!H NMR (400 MHz,
CDCl): ¢ (ppm) 0.55 (m, 4H), 0.74 () = 7.2 Hz, 6H), 1.08
0.98 (m, 12H), 1.39 (s, 24H), 2.01 (m, 4H), 7.73 {d= 7.2 Hz,
2H), 7.75 (s, 2H), 7.82 (d] = 7.2 Hz, 2H). MS (MALDI): m/iz=
586.511 (calcd for €HseB,0,: 586.437).
2,5-Dibromothieno[3,2b]thiophene, 332 1H NMR (400 MHz,
CDCl): 6 (ppm) 7.17 (s, 2H). MS (MALDI): m/z = 297.982
(calcd for GH2SBro: 297.794).
1-(3-Bromothien-2-yl)dodecan-1-one, 4& To a stirring mix-
ture solution of 3-bromothiophene (17.4 g, 107 mmol) and
dodecanoyl chloride (23.4 g, 107 mmol) in &, (100 mL), AICkL
(13.3 g, 100 mmol) was added in portions over 30 min. The
resulting solution was stirred fd3 h atroom temperature. Cold

min. After stirring the solution fo3 h at 0°C, water (10 mL) was
added, and the mixture solution was extracted with ethyl acetate
(3 x 20 mL). The combined organic layers were dried over
anhydrous MgSQ After the removal of solvent in vacuo, the
residue was subjected to flush column (silica gel) with hexane as
eluant. The product was obtained as white solid with a yield of 0.9
g (89.3%).'H NMR (400 MHz, CDC}): 6 (ppm) 0.87 (tJ = 6.8
Hz, 3H), 1.21-1.27 (br, 16H), 1.761.82 (it,J = 7.6 Hz, 6.8 Hz,
2H), 2.67 (t,J = 7.6 Hz, 2H), 7.15 (dJ = 1.2 Hz, 1H). MS
(MALDI): m/z = 452.204 (calcd for GH24S,Br,: 451.966).
1-(3-Bromothien-2-yl)-henxan-1-one, 4b*H NMR (400 MHz,
CDCl): ¢ (ppm) 0.89 (t,J = 6.8 Hz, 3H), 1.28-1.44 (br, 4H),
1.71-1.75 (t,J = 7.6 Hz,J = 6.8 Hz, 2H), 3.00 (tJ = 7.2 Hz,

water (50 mL) was then slowly added to quench the reaction. The 2H), 7.08 (d,J = 5.2 Hz, 1H), 7.49 (dJ = 5.2 Hz, 1H). MS

crude product was extracted from the mixture solution with,CH
Cl; (3 x 50 mL). The combined organic layers were washed with
brine and dried over anhydrous Mgg@Removal of the organic

(MALDI): m/z = 262.207 (calcd for @H13SBro: 261.984).
3-Pentylthieno[3,2b]thiophene-2-carboxylic Acid, 6b.*H NMR
(400 MHz, CDC}): 6 (ppm) 0.91 (tJ = 6.8 Hz, 3H), 1.321.41

solvent gives the product as colorless liquid mixture (31.6 g, 85.6%) (br, 4H), 1.74-1.79 (tt,J = 7.6 Hz,J = 6.8 Hz, 2H), 3.19 () =

of 4a.'H NMR (400 MHz, CDC}): 6 (ppm) 0.88 (tJ = 6.8 Hz,
3H), 1.24-1.43 (br, 16H), 1.69-1.77 (tt,J = 7.6 Hz,J = 6.8 Hz,
2H), 3.04 (t,J = 7.6 Hz, 2H), 7.31 (dJ = 5.2 Hz, 1H), 7.60 (d,
J=15.2 Hz, 1H). MS (MALDI): m/z= 346.102 (calcd for GH2s
SBrO: 346.078).

3-Undecylthieno[3,2b]thiophene-2-carboxylic Acid Ethyl Es-
ter, 5a. To a stirring mixture solution ofa (20.7 g, 60 mmol) and

7.2 Hz, 2H), 7.29 (dJ = 5.2 Hz, 1H), 7.61 (dJ = 5.2 Hz, 1H),
12.9 (br, 1H). MS (MALDI): m/z = 254.212 (calcd for
012H148202: 254043)

3-Pentylthieno[3,2b]thiophene, 7b. 'H NMR (400 MHz,
CDCl): ¢ (ppm) 0.94 (t,J = 6.8 Hz, 3H), 1.35-1.44 (br, 4H),
1.76-1.82 (tt,J = 7.6 Hz, 6.8 Hz, 2H), 2.75 (1) = 6.4 Hz, 2H),
7.02 (d,J= 1.2 Hz, 1H), 7.27 (d) = 5.2 Hz, 1H), 7.37 (ddJ =
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5.2 Hz, 1.2 Hz 1H)13C NMR (100 MHz, CDCY): ¢ (ppm) 14.48,

22.85, 28.73, 30.35, 31.97, 120.30, 122.12, 127.25, 135.30, 139.18,

140.43. MS (MALDI): m/z = 210.208 (calcd for @H14S;:
210.053).
2,5-Dibromo-3-pentylthieno[3,2b]thiophene, 8b. H NMR
(400 MHz, CDC¥): 6 (ppm) 0.90 (tJ = 6.8 Hz, 3H), 1.2+1.27
(br, 4H), 1.76-1.82 (it,J = 7.6 Hz, 6.8 Hz, 2H), 2.68 (1 = 7.6
Hz, 2H), 7.16 (s, 1H). MS (MALDI): m/z = 368.102 (calcd for
C11H1,S,Br: 367872)
Poly[2,7-(9,9-dihexylfluorene)alt-thieno[3,2-bjthiophene], P2
To a three-necked flask was added mono&h¢.88 g, 1.5 mmol),
2,5-dibromothieno[3,djthiophene (0.45 g, 1.5 mmol), and 3.6 mL
of anhydrous toluene. The air-sensitive catalyst Pd§RR2 mol
%, 0.034 g) was added into the mixture under a nitrogen
atmosphere. Deaerat@ M aqueous potassium carbonate (2.4 mL,
4.8 mmol) was transferred to the mixture via cannula. The reaction
mixture was stirred and heated under nitrogen at@5or 72 h.
At the end of polymerization, the terminal boronic ester group was

Fluorene-Thieno[3,2b]thiophene 6171

397,121. (b) Rees, |. D.; Robinson, K. L.; Holmes, A. B.; Towns, C.
R.; O'Dell, R. MRS Bull.2002 27, 451.

(2) (a) Heeger, A. JSolid State Commuri998 107, 673. (b) Sheats, J.
R.; Antoniadis, H.; Hueschen, M.; Leonard, W.; Miller, J.; Moon, R.;
Roitman, D.; Stocking, ASciencel996 273 884.

(3) Kraft, A.; Grimsdale, A. C.; Holmes, A. BAngew. Chem., Int. Ed.
1998 37, 402.

(4) (a) Hancock, J. M.; Gifford, A. P.; Zhu, Y.; Lou, Y.; Jenekhe, S. A.
Chem. Mater2006 18, 4924. (b) Zhu, Y.; Champion, R. D.; Jenekhe,
S. A. Macromolecule006 39, 8712.

(5) (a) Gustafsson, G.; Cao, Y.; Treacy, G. M.; Klavetter, F.; Colaneri,
N.; Heeger, A. JNature (London{1992 357, 477. (b) Greenham, N.
C.; Moratti, S. C.; Bradley, D. D. C.; Friend, R. H.; Holmes, A. B.
Nature (London)1993 365, 628.

(6) (a) Grem, G.; Leditzky, G.; Ullrich, B.; Leising, G\dv. Mater.1992
4, 36. (b) Tour, J. MAdv. Mater. 1994 6, 190.

(7) (&) Roncali, J.Chem. Re. 1997, 97, 173. (b) Perepichka, I. F;
Perepichka, D. F.; Meng, H.; Wudl, Adv. Mater. 2005 17, 2281.

(8) (a) Pei, Q.; Yang, YJ. Am. Chem. S0d.996 118 7416. (b) Grell,
M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, E.A&dv. Mater.1997,

9, 798.

end-capped by adding excess 2-bromofluorene (37.0 mg, 0.15 (9) (a) Kim, J. S.; Friend, R. H.; Cacialli, Appl. Phys. Lett1999 74,

mmol) and refluxing 12 h. The reaction mixture was cooled to about
50°C and slowly added to a vigorously stirred mixture of methanol
(100 mL) amd 1 M aqueous HCI (10 mL). The precipitate was

collected by filtration from methanol. The polymers were further
purified by Soxhlet extraction in acetone for 2 days to remove

3084. (b) Jenekha, S. A.; Osaheni, J.Sciencel994 265, 765.

(10) Bernius, M. T.; Inbasekaran, M.; O'Brien, J.; Wu, W./A8l. Mater.
2000 12, 1737.

(11) (a) Scherf, U.; List, E. J. WAdv. Mater. 2002 14, 477. (b) Grell,
M.; Bradley, D. D. C.; Ungar, G.; Hill, J.; Whitehead, K. S.
Macromolecules1999 32, 5810.

oligomers and catalyst residues. The polymer pellets were collected(12) (a) Setayesh, S.; Grimsdale, A. C.; Weil, T.; Enkelmann, V.lidfy

by filtration and precipitation from methanol and acetone. The final
product was obtained as a yellow solid with a yield of 0.51 g
(58.0%).'H NMR (400 MHz, CDC}): 6 (ppm) 0.77 (m, 10H),
1.02-1.22 (m, 12H), 2.05 (br, 4H), 7.557.73 (m, 8H).13C NMR
(100 MHz, CDC}): 6 (ppm) 14.30, 22.90, 24.24, 30.05, 31.82,

40.79, 55.84, 115.74, 120.35, 120.57, 125.16, 125.34, 134.13,

139.74, 140.87, 146.95, 152.33.
Poly[2,7-(9,9-dihexylfluorene)alt-bithiophene], P1. By fol-
lowing the similar methods?1 was synthesized with monomar
and 5,5-dibromo-2,2-bithiophene. The final product, an orange
polymer, was obtained with a yield of 0.47 g (62.8%). NMR
(400 MHz, CDC¥}): 6 (ppm) 0.76 (m, 10H), 1.021.21 (m, 12H),
2.06 (br, 4H), 7.33-7.72 (m, 10H)13C NMR (100 MHz, CDC}):

S (ppm) 14.29, 22.90, 24.21, 30.05, 31.82, 40.82, 55.78, 120.29,
120.57, 124.11, 124.92, 125.16, 133.43, 137.00, 140.77, 144.30,

152.28.
Poly[2,7-(9,9-dihexylfluorene)alt-2,5-(3-pentylthieno[3,2b]-
thiophene], P3. By following the similar methodsP3 was
synthesized with monomér(1.1 g, 1.88 mmol) and 2,5-dibromo-
3-pentylthieno[3,]thiophene (0.72 g, 1.88 mmol). The final
product was obtained as yellow solid with a yield of 0.24 g (42.6%).
1H NMR (400 MHz, CDC}): d (ppm) 0.77 (m, GHoC;Hs), 0.93
(m, QHgCHg), 1.02-1.25 (m, CHC3HCoH5 and CaH7CHch3),
1.74-1.86 (br, CHC,H4CHz), 2.05 (br, G,CsH14), 2.77 (TT ring-
CHa, FL-cis-TT), 2.89 (TT ring-Cl,, FL-trans-TT), 7.46-7.84 (m,
aromatic protons from FL and TT)C NMR (100 MHz, CDC}):
0 (ppm) 14.31, 22.91, 24.20, 28.15, 29.55, 30.02, 31.82, 32.14,

40.44, 40.62, 40.81, 55.68, 115.59, 119.50, 119.72, 120.59, 120.97
124.21, 125.15, 125.32, 129.33, 134.26, 140.82, 146.70, 152.09.

Poly[2,7-(9,9-dihexylfluorene)alt-2,5-(3-undecylthieno[3,25]-
thiophene], P4 Brownish-yellow solid (yield, 61.0%)H NMR
(400 MHz, CDC¥): 6y 0.75 (m, GHyC;Hs), 0.88 (m, GHgCH3),
1.02-1.40 (m, CHC3HeC,Hs and GH;CH,CHs), 1.73-1.84 (br,
CH202H4CH3), 2.04 (br, CH2C5H11), 2.77 (TT ring-CHz, FL-cis-
TT), 2.87 (TT ring-GH,, FL-trans-TT), 7.457.80 (m, aromatic
protons from FL and TT).
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