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ABSTRACT: Three novel conjugated copolymers containing alkoxylated 4,7-diphenyl-2,1,3-benzothia-
diazole and dialkylfluorene or dialkyloxyphenylene or dialkylthiophene units were prepared by Horner
polycondensation reactions. They are all soluble in common organic solvents such as chloroform, tetra-
hydrofuran, and chlorobenzene. The novel copolymers were characterized by NMR, GPC, and elemental
analysis. Thermogravimetric analysis of the copolymers showed they have good thermal stability with the
decomposition temperature higher than 350 °C. Cyclic voltammetric study shows that the HOMO energy
levels of the three copolymers are deep-lying which implies that these copolymers have good stability in the air
and the relatively low HOMO energy level assures a higher open circuit potential when they are used in
photovoltaic cells. Bulk-heterojunction photovoltaic cells were fabricated with the copolymers as the donors
and PCBM as the acceptor. The cells based on the three copolymers exhibited power conversion efficiencies of
0.65, 1.25, 1.62% with high open circuit potential of 0.76, 0.96, and 1.04 V under one sun of AM 1.5 solar

simulator illumination (100 mW/cm?).

1. Introduction

In recent years, considerable efforts have been directed toward
the development of polymer photovoltaic cells.' ¢ The most
widely used configuration of polymer photovoltaic cells is the
so-called “bulk heterojunction” devices in which the active layer
consists of a blend of an electron-donating conjugated polymer,
and an electron-acceptor such as (6,6)-phenyl Cg;-butyric acid
methyl ester (PCBM).”~'° Recently, such polymer cells with power
conversion efficiency (PCE) as high as 5% have been realized by
using a blend of regioregular poly(3-hexylthiophene) (P3HT) and
PCBM as the active layer.”!'! Further improvement on PCE entails
new conjugated polymers with broader and longer wavelength
absorption of the solar spectrum. However, the polymer cells using
longer wavelength absorption (low band gap) polymer as donors
usually exhibit low open-circuit voltages (V,,.), which results in low
PCE."*" The V,, of polymer photovoltaic cells is determined by
the difference between of the lowest unoccupied molecular orbital
(LUMO) of acceptor and the highest occupied molecular orbital
(HOMO) of donor.'"* !¢ Since we usually use PCBM as the
acceptor, the HOMO energy level is an important parameter to
be considered when designing a new electro-donating polymer.

4.7-Diphenyl-2,1,3-benzothiadiazole (DBT) and its derivatives
are known to be strongly fluorescent dyes,'” which exhibit low-
lying HOMO energy level and less easy oxidization. Because
of their unique electro-optical properties, polymers and small
molecules containing DBT were used in various applications such
as light-emitting diodes,'” liquid crystal displays,'® and two
photon absorption.'” On the other hand, the band gap of DBT
is relatively large (2.8 V) and its absorption locates mainly in the
violet or ultraviolet (UV) area—only a small proportion of sun-
light, which limits its application for photovoltaic cells. However,
the copolymerization of DBT with fluorene, thiophene, or other
suitable aromatic units can probably afford copolymers with
new electron configurations and new optoelectronic properties.
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In addition, the introduction of the vinylene linkage in s-conju-
gated systems has been an effective strategy for modulating their
electronic properties.”!

In this paper, we report the synthesis and photovoltaic pro-
perties of three new 4,7-diphenyl-2,1,3-benzothiadiazole-based
copolymers: poly(fluorenevinylene-al/t-4,7-diphenyl-2,1,3-benzo-
thiadiazole) (PF-DBT), poly(phenylenevinylene-a/t-4,7-diphenyl-
2,1,3-benzothiadiazole) (PP-DBT), and poly(thiophenevinylene-
alt-4,7-diphenyl-2,1,3-benzothiadiazole) (PT-DBT) by Horner
polycondensation which is fit for the synthesis of well-defined
strictly alternating copolymers. The optical and electrochemical
properties of the three copolymers are systematically described.
Photovoltaic cells based on the three copolymers with a structure
of ITO/PEDOT /copolymer:PCBM/LiF/Al exhibit PCEs of 0.65,
1.25 and 1.62% under one sun of AM 1.5 solar simulator
illumination (100 mW/cm?). It should be noted that high Vs
0f0.76,0.96, and 1.04 V have been achieved from these cells due to
the deep-lying HOMO energy levels of the copolymers.

2. Results and Discussion

2.1. Synthesis and Characterization. Synthetic routes of the
monomers and polymers are shown in Schemes 1 and 2.
Monomer (M-1) was synthesized in a multistep synthesis.
Starting from commercially available hydroquinone, in four
steps, 4-formyl-2,5-bis(hexyloxy)phenylboronic acid (6) was
obtained. Similarly, 4,7-dibromo-2,1,3-benzothiadiazole was
synthesized by a modified procedure in high yield. By Suzuki
coupling of 5 with 4,7-dibromo-2,1,3-benzothiadiazole, final
product (M-1) was obtained in good yield. The phosphonate
esters (M-2—M-4) were synthesized by Michaelis—Arbuzov
reaction.”” The purity of the monomers and the intermediate
compounds were confirmed by 'H NMR and elemental
analysis. Monomer (M-1) was copolymerized with monomers
(M-2—M-4) by using the t-BuOK Horner coupling method.?*
The yields of the resulting polymers were over 60%. All the
polymers exhibited excellent solubility in common organic
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Scheme 1. Syntheses of Monomers M-1-M-4*
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“Reagents and conditions: (a) 1-bromohexane, DMSO, KOH, room temperature; (b) CCly, bromine, room temperature; (c) THF, BuLi, DMF,
—78 °C to room temperature; (d) toluene, 1,3-propandiol, BF5-OEt,, 8 h reflux; (e) (i) THF, BuLi, trimethylborate, —78 °C to room temperature, 24 h,
(i) 2 M HCI, room temperature, 20 h; (f) toluene, THF, aqueous K,CO; (2 M), Pd(PPhy),, 85 °C, 36 h; (g) formaldehyde, aqueous HBr, glacial
CH;COOH, room temperature, 24 h; (h) triethylphosphite, 150 °C, 24 h.
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Figure 1. 500 MHz-"H NMR spectra of monomer M-1 and copolymers PF-DBT, PP-DBT, and PT-DBT.

Table 1. Polymerization Results and Thermal Properties of Copolymers

polymer  yield (%) M, (10 M, (10 PDI  TGA (Ty)
PF-DBT 65 2.9 6.30 2.17 389
PP-DBT 70 6.2 122 1.95 358
PT-DBT 68 2.1 5.10 2.41 380

solvents such as chloroform, tetrahydrofuran, and chloroben-
zene. The "H NMR spectra of monomer (M-1) and the three
copolymers are shown in Figure 1. All spectra show signals of
the DBT phenylene protons atabout 7.31,7.51,and 7.81 ppm,
and signals of hexyloxy-substituted chains of DBT in the
region from 0.7 to 1.9 ppm. The signal of the methylene group
adjacent to O atom of the DBT unit appears at around
4.0 ppm.** For the fluorene-containing copolymer PF-DBT,
the signal of the methylene group adjacent to the fluorene
C, atom appears at 2.04 ppm.>* The signals of the fluorene
ring occur at 7.71 and 7.61 ppm. For the dialkoxyphenylene-
based copolymer PP-DBT, the Ar-OCH, protons in the
2-ethylhexyl and Ar—OCHj; protons are merged with Ar-
OCH; protons in DBT, while the Ar—H protons in dialkoxy-
phenylene are merged with Ar—H protons in DBT. For
PT-DBT, the characteristic signal of the oo methylene group
linked to the thiophene occurs at 2.66 ppm.>

The molecular weights and polydispersities of the resulting
polymers were determined by gel permeation chromatogra-
phy (GPC) analysis with a polystyrene standard calibration
with the number average molecular weight (M},) of 21 000—
62000, weight average molecular weight (M) of 51000—
122000, and PDI (poly dispersity index, M,/M,) of 1.95—
2.41. Table 1 summarizes the polymerization results including
molecular weights, PDI and thermal stability of the polymers.

2.2. Thermal Properties. Figure 2 shows the thermogravi-
metric analysis (TGA) curves of the synthesized copolymers
at the heating rate of 10 °C/min under a nitrogen atmo-
sphere. As shown in Figure 2, the decomposition tempera-
tures (Ty4) of the copolymers are in the range of 358—389 °C,
which suggests relatively high thermal stability. The high
thermal stability of the resulting polymers prevents the
deformation of the copolymer morphology and the degrada-
tion of the polymeric active layer under applied electric
fields. The T4 of the copolymers is also summarized in
Table 1.
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Figure 2. TGA curves of copolymers at the heating rate of 10 °C/min
under nitrogen atmosphere.

2.3. Optical Properties. The UV —vis absorption spectra of
the three copolymers in dilute chloroform solution (concen-
tration 1x10~> M) are shown in Figure 3a, and the maximum
absorptions are listed in Table 1. For PF-DBT, two obvious
optical absorption peaks located around 400 and 436 nm are
attributed to the m—x* transitions of the conjugated back-
bone.?® In comparison to PF-DBT, the maximum absorp-
tion peaks for PP-DBT and PT-DBT were located at 462 and
485 nm, which is 26 and 49 nm red-shifted compared to that
of PF-DBT because dialkyloxyphenylene and dialkylthio-
phene units can provide more conjugation than dialkylfluo-
rene unit in the conjugated backbone of the copolymers.

The optical absorption spectra of the copolymers in thin
films (shown in Figure 3b) are generally similar in shape to that
in dilute solution. Compared to their counterparts in dilute
solution, the optical absorption of the polymers in film exhi-
bited red shift by ca. 12—20 nm, presumably indicating the
formation of a zr-stacked structure in the solid state.”**’ From
the low energetic edge of the absorption spectrum of the
individual copolymer, the band gap of PF-DBT was estimated
to be 2.32 eV (absorption edge: ~534 nm), while smaller
band gaps of 2.24 and 2.02 eV were calculated for PP-DBT
and PT-DBT (absorption edges: ~554 and ~613 nm), respec-


http://pubs.acs.org/action/showImage?doi=10.1021/ma900598c&iName=master.img-002.png&w=447&h=220
http://pubs.acs.org/action/showImage?doi=10.1021/ma900598c&iName=master.img-003.png&w=240&h=167

Downloaded by JLIN UNIV on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): July 2, 2009 | doi: 10.1021/ma900598c

4980 Macromolecules, Vol. 42, No. 14, 2009

—_——
= PF-DBT
50000 (a ) _PEDRT
- . A —e— PT-DBT
E
o
" 40000
]
E
2 30000+
w
20000
10000 4
o
T L L) ) L L)
350 400 450 500 550 800 85
Wavelength (nm)
100000
= PF-DBT
(b) A PP-DBT
.~ 80000 —e— PT-DBT
13
5
'% 60000
§ 40000
m
2
2
F=]
@ 20000
n
e e g b snbes
0 T T T ¥ T v T ® I- '-h T “q
350 400 450 500 550 600 esul
Wavelenath (nm)

Figure 3. UV—vis absorption spectra of PF-DBT, PP-DBT, and PT-
DBT in chloroform solution and (b) in thin films.

tively. The decrease of the band gap from PF-DBT to PP-DBT
and PT-DBT can be explained by the greater conjugation
of dialkyloxyphenylene and dialkylthiophene units than the
dialkylfluorene unit in the copolymer backbones.

2.4. Electrochemical Properties. Cyclic voltammetry of the
copolymer films was performed in acetonitrile with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFy) as
the supporting electrolyte at scan rates of 30—50 mV/s.
Platinum wire electrodes were used as both counter and
working electrodes, and silver/silverion (Agin 0.1 M AgNO;
solution, from Bioanalytical Systems, Inc.) was used as a
reference electrode. Ferrocene /ferrocenium (Fc/Fct) was
used as the internal standard.

The redox curves of the copolymers are shown in Figure 4.
On the anodic sweep, all copolymers showed an irreversible
oxidation with an onset potentials of 0.71 V (versus Ag/Ag™)
for PF-DBT, 0.50 V for PP-DBT, and 0.38 V for PT-DBT,
respectively. In contrast, the cathodic sweep showed an onset
reduction potentials of —1.65 V (versus Ag/Ag") for PF-
DBT, —1.73 V for PP-DBT, and —1.71 V for PT-DBT.

From the onset oxidation potentials (E,,°™") and the onset
reduction potentials (E..q"™") of the polymers, HOMO and
LUMO energy levels as well as the energy gap were calculated
according to the following equations:'>*®

HOMO (eV) = —e(Ex "™ +4.73)

LUMO (V) = —e(Epq™™ +4.73)

Egec (ev) — e(EOXOnSCt _Eredonsel)

Wen et al.
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Figure 4. Cyclic voltammograms of copolymer thin films on Pt wires in
0.1 M TBAPF in acetonitrile. The scan rates used were 30—50 mV/s.

where E,,°™, and E,..¢°™" are the measured onset potentials
relative to Ag/Ag”.

The results of the electrochemical measurements and
calculated energy levels of the copolymers are listed in
Table 2. From Table 2 we can see that the oxidation potential
of PT-DBT is higher than that of regioregular polythio-
phenes, which indicates that the oxidative stability of PT-
DBT is higher than that of regioregular polythiophenes.?
The HOMO energy level of the donor polymers in a hetero-
junction photovoltaic cell is very important for high device
efficiency, because the V,. of PVC is determined by the
difference between the HOMO level of the donor polymer
and the LUMO of the acceptor. The relatively low HOMO
level (—5.11 to —5.45 eV) of the synthesized copolymers
compared with polythiophene derivatives, for example
P3HT (HOMO = —4.75 ¢V),>*** may be favored for the
improvement of the V,. when fabricating the PVC with one
of these polymers as donor and PCBM as acceptor.

2.5. Photovoltaic Properties. PVCs were fabricated with
the structure of ITO/ PEDOT/PSS/active layer /LiF/Al,
where the active layer consists of copolymer: PCBM (1:4,
w/w). Figure 5 shows the current—voltage (/—V") curves of
the PVCs based on the three copolymers (PF-DBT, PP-DBT,
and PT-DBT): PCBM under one sun of AM 1.5 solar
simulator illumination (100 mW/cm?) and their photovoltaic
parameters are summarized in Table 3. The V., short-circuit
current (Jy,), fill factor (FF), and PCE were measured to be
1.04 V, 2.80 mA cm ™2, 0.43, and 1.25% for the photovoltaic
cell based on PF-DBT:PCBM; 0.96 V, 3.93 mA cm_z, 0.43,
and 1.62% for that based on PP-DBT:PCBM; and 0.76 V,
2.10 mA ecm 2, 0.40, and 0.65% for that based on PT-DBT:
PCBM, respectively.

Comparing the device based on PT-DBT: PCBM, the V,,.
of the device based on the PP-DBT: PCBM and PF-DBT:
PCBM increases by ca. 0.20 and 0.28 V. Generally, V.. is
related to the difference between the HOMO energy level of
donor (copolymer) and the LUMO energy level of acceptor
(PCBM), so the higher Vs are consistent with the lower-
lying HOMO energy levels of the PP-DBT (—5.23 eV) and
PF-DBT (—5.45¢V).

As for the Jg., the higher J. of the device based on PP-
DBT: PCBM comparing with the device based on PF-DBT:
PCBM could be explained by the broader absorption and
lower bandgap of PP-DBT. However, it is strange that the
device based on PT-DBT exhibits the lowest J,. among the
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Table 2. Optical and Electrochemical Properties of Copolymers

polymers Amaxahs,snl (nm) lmaxﬂbs‘mm (nm) Egnpt (CV)

EOXonsel (V)

HOMO (eV)  E®™ (V)  LUMO (V)  E(eV)

PF-DBT 400/436 400/449 2.32
PP-DBT 462 474 2.24
PT-DBT 485 505 2.02
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Figure 5. J—V curves of the copolymer photovoltaic cells based on
PF-DBT,PP-DBT and PT-DBT under the illumination of AM 1.5,
100 M, /cm?>.

three devices though the absorbance of PT-DBT matches the
solar radiation better than that of PF-DBT and PP-DBT,
which could be due to the relatively low charge carrier
mobility of PT-DBT, which was investigated in the following.
Furthermore, the amount of the absorbed light depends not
only on the edge of absorption wavelength but also on the
intensity of the absorption. Comparing the absorption of PF-
DBT, PP-DBT and PT-DBT in Figure 3, PT-DBT absorbs
longer wavelength photons, which is beneficial to J., but PP-
DBT have higher absorption coefficients than PF-DBT and
PT-DBT, and PF-DBT and PT-DBT have comparable
absorption coefficients in solution and in film. That is one
of the reasons why the device based on PP-DBT has a higher
J,. than the devices based on PF-DBT and PT-DBT.

As we know charge carrier mobility is very important to
Js. To compare the three copolymers contributing the
charge carrier mobility in the blend films, we measured the
hole mobility of the three copolymers: PCBM blend films by
space charge limited current (SCLC) method.*® The hole-
only devices with a structure of ITO/PEDOT/copolymer:
PCBM/Au were fabricated. The hole mobilities were mea-
sured to be 82x 10 °em?> V' s, 24%x10 *em?> V' s,
and 2.1 x 10" ’em® V™' s™' for PF-DBT:PCBM, PP-DBT:
PCBM, and PT-DBT:PCBM, respectively. Then the hole
mobility of PT-DBT:PCBM is estimated to be about 2.1 x
10" 7em? V™' 57!, about one order lower than that of PF-
DBT:PCBM and PP-DBT:PCBM. That is why the J,. of the
cell based on PT-DBT:PCBM is lower than the cells based on
PP-DBT:PCBM and PF-DBT:PCBM.

In bulk-heterojunction solar cells, the surface morphology
of the active layer is very important to their photovoltaic
performance.** % Figure 6 shows the surface morphology of
the active layers of PF-DBT:PCBM, PP-DBT:PCBM and
PT-DBT:PCBM in AFM (atom force microscopy) images.
Their surfaces are quite smooth. The root-mean-square
(rms) roughness of the three active layers is 0.36, 0.88, and
0.63 nm, respectively. The PP-DBT:PCBM and PT-DBT:
PCBM films have similar surface morphologies and rms

0.71 —5.45 —1.69 —3.05 2.40
0.50 —5.23 —1.75 —2.98 2.25
0.38 —5.11 —-1.72 —3.01 2.10

Table 3. Photovoltaic Properties of the Copolymer Photovoltaic Cells
1:4 wt ratio Ve (V) Jy (mAJcm?) FF (%) PCE (%)

PF-DBT: PCBM 1.04 2.80 0.43 1.25
PP-DBT: PCBM 0.96 3.93 0.43 1.62
PT-DBT: PCBM 0.76 2.10 0.40 0.65

roughness, while PF-DBT: PCBM has a different surface
morphology and a lower rms. According to the bulk hetero-
junction solar cell model, the V. is determined by the energy
difference between the HOMO level of the donor and the
LUMO level of the acceptor, 4 and itis also influenced by the
quality of the heterojunction, which is highly influenced by
the film preparation conditions. But typically the changes in
V., by the quality of the heterojunction are less than 0.1 V in
reasonably prepared devices. In our case, the changes of V.
for the three devices (1.05, 0.96, and 0.76 V) are significant.
So we believe that although the morphologies are different
for the three samples, and may play a role in the V. change,
the main reason causing such a large change in V. is the
HOMO level of the copolymer.

Figure 7 shows the input photon to current efficiency
(IPCE) spectra of devices based on PF-DBT:PCBM, PP-
DBT:PCBM, and PT-DBT:PCBM. The device based on PP-
DBT shows the highest IPCE (the maximum IPCE of 40% at
435 nm) among the three devices, while the device based on
PT-DBT exhibits the lowest IPCE in the visible spectral
region due to the higher absorption coefficient of PP-DBT
and the higher hole mobility of PP-DBT: PCBM blend film.

3. Conclusions

Novel 4,7-diphenyl-2,1,3-benzothiadiazole-based poly(hetero-
arylenevinylene)s were prepared by the Horner polycondensation
route and characterized by NMR and elemental analysis. The
polymers exhibit moderate to high molecular weights and are
readily soluble in common organic solvents. The electrochemical
properties indicated that these copolymers had relative low
HOMO energy level and high air-stability, and the low HOMO
energy level assured a relative high open circuit potential when
they were used in photovoltaic cells. Photovoltaic cells prelimi-
nary results show that the PVCs based on PP-DBT delivered
higher performance (1.62%) than those based on PF-DBT and
PT-DBT, which should be ascribed to the relative broader
absorption, lower band gap and higher hole mobility of PP-DBT.

4. Experimental Section

Materials. All starting materials were purchased from either
Acros or Aldrich Chemical Co. and used without further purifica-
tion, unless otherwise noted. In synthetic preparations, diethyl
ether and THF were dried by distillation from sodium/ benzophe-
none under nitrogen. Similarly, DMF and dichloromethane were
distilled from CaH, under nitrogen. 1,4-Dialkoxybenzene (2),’'
1,4-dialkoxy-2,5-dibromobenzene  (3),*>  4-bromo-2,5-bis(di-
alkoxy)benzaldehyde (4),%%9,9-di-n-octylfluorene, 4,7-dibromo-
2,1,3-benzothiadiazole,** 1,4-bis(bromomethyl)-2-methoxy-5-(2-
ethylhexyloxy)benzene (8),'® and 3,4-dihexylthiophene® were
prepared according to known literature procedures.

Measurement. 'H NMR spectra were recorded on Bruker
AVANCE 500-MHz spectrometer with chloroform-d as solvent
and tetramethylsilane (TMS) as internal standard. The elemental
analysis was carried out with a Thermoquest CHNS-Ovelemental
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Figure 6. AFM images showing the morphology of the blend films spin-coated from chlorobenzene for copolymers: (a) height image of PF-DBT/
PCBM (w/w, 1:4); (b) height image of PP-FBT/PCBM (w/w, 1:4); (c) height image of PT-DBT/PCBM (w/w, 1:4).
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Figure 7. Input photon to current efficiency (IPCE) spectra of devices
fabricated with copolymers/PCBM system.

analyzer. The gel permeation chromatographic (GPC) analysis
was carried out with a Waters 410 instrument with tetrahydro-
furan as the eluent (flow rate: 1 mL/min, at 35 °C) and polystyrene
as the standard. The thermogravimetric analysis (TGA) was
performed on a Perkine Elmer Pyris 1 analyzer under nitrogen
atmosphere (100 mL/min) at a heating rate of 10 °C/min. UV—
visible absorption spectra were measured using a Shimadzu UV-
3100 spectrophotometer. Electrochemical measurements of these
derivatives were performed with a Bioanalytical Systems BAS
100 B/W electrochemical workstation. Atomic force microscopy
(AFM) images of blend films were carried out using a Nanoscope
I11a Dimension 3100.

Photovoltaic Device Fabrication and Characterization. The
polymer PVCs were fabricated with the active layer consisting
of the copolymers (PF-DBT, PP-DBT and PT-DBT): PCBM in
1:4 wt/wt ratio, respectively. The ITO glass substrates were
precleaned by detergent, acetone and boiled in H,O,. Highly
conducting poly(3,4-ethylenedioxythiophene):poly(sty-enesul-
fonate) (PEDOT:PSS, Baytron P, Al4083) was spin-casted
(3000 rpm) in a thickness of ~ 40 nm from aqueous solution
(after passing through a 0.45 um filter). The substrate was
annealed at 120 °C for 15 min on hot plate. The copolymers
were dissolved in chlorobenzene to make 5 mg mL ™! solutions,
followed by blending with PCBM (purchased from Lumtec.
Corp) in 80 wt %. The active layers were obtained by spin-
coating the blend solutions at 1000 rpm for 30 s and the
thickness of films were ~ 90 nm, as measured with the Ambios
Technology XP-2. Subsequently, LiF (0.6 nm) and Al (100 nm)
electrodes were deposited via thermal evaporation in vacuum
(5% 107* Pa) in thickness of approximately. The hole-only

devices with a general structure of ITO/PEDOT:PSS/copoly-
mer:PCBM (90 nm)/Au (60 nm) were fabricated for hole mobi-
lity measurement by space-charge-limited current (SCLC)
method. The active area was about 5 mm?. Current—voltage
(J-V) characteristics were recorded using Keithley 2400 Source
Meter in the dark and under 100 mW/cm? simulated AM 1.5 G
irradiation (Sciencetech SS-0.5K Solar Simulator). All the
measurements were performed under ambient atmosphere at
room temperature.

2-(4-Bromo-2,5-bis(hexyloxy)phenyl)-[1,3]dioxane (5). To a
solution of 4-bromo-2,5-bis(dialkoxy)benzaldehyde (4) (8.0 g,
20.78 mmol) and propane-1,3-diol (1.75 g, 22.86 mmol) in
toluene (30 mL) was added BF5- OEt, (3—4 drops). This mixture
was refluxed for 8 h in a Dean—Stark apparatus to remove the
theoretical amount of water. The solution was washed with 1 M
aqueous NaHCOj3 and then with water, dried over MgSQy,, and
concentrated in a vacuum to give 5 (7.02 g, 87%) as a brown
liquid, which was sufficiently pure to be employed in the next
step.

4-Formyl-2,5-bis(hexyloxy)phenylboronic Acid (6). A 2.5 M
solution of n-butyllithium (5.54 mL, 13.84 mmol) was added to a
nitrogen-purged solution of 2-(4-bromo-2,5-bis(hexyloxy)phe-
nyl)[1,3]dioxane (5) (5.57 g, 12.60 mmol) in anhydrous THF
(30 mL) at —78 °C using a syringe. The solution was then stirred
for 2 h. Trimethyl borate (1.57 g, 15.11 mmol) was added with a
syringe. The resulting mixture was allowed to come to room
temperature and stir for 24 h. Then it was cooled to 0 °C, 2 M
HCI (25 mL) was added, and the mixture was held at room
temperature for an additional 20 h. The organic layer was
separated and the aqueous layer was extracted with diethyl
ether (3 x 100 mL). The combined ether layers were washed
twice with 100 mL of water and brine and dried over MgSOy,.
After filtration, solvent was then removed under reduced pres-
sure. The crude product was purified by recrystallization from
hexane to give a light yellow powder. Yield: 3.43 g (78%).

'"H NMR (500 MHz, CDCls): 6 10.50 (s, 1H), 7.50 (s, 1H),
7.31 (s, 1H), 6.10 (br, 2H), 4.10 (t, J=6.0 Hz, 2H), 4.07 (t, J =
6.5 Hz, 2H), 1.86—1.79 (m, 4H), 1.50—1.42 (m, 4H), 1.37—1.33
(m, 8H), 0.92—0.87 (m, 6H). Anal. Calcd for C;9H3;BOs: C,
65.15; H, 8.92. Found: C, 65.02; H, 9.08.

4,4'-(2,1,3-benzothiadiazole-4,7-diyl)bis(2,5-bis(hexyloxy)
benzaldehyde) (M-1). Under a nitrogen atmosphere, 4,7-Dibro-
mo-2,1,3-benzothiadiazole (0.88 g, 3.0 mmol) and 4-formyl-2,5-
bis(hexyloxy) phenylboronic acid (2.53 g, 7.22 mmol) were
added to degassed aqueous solution of potassium carbonate
10 mL (2.0 M), toluene, and THF 40 mL (1:1, volume ratio).
After 30 min of degassing, 3 mol % (104 mg, 0.09 mmol) of Pd-
(PPh3)4 was added. The mixture was stirred vigorously at 85 °C
for 36 h under a nitrogen atmosphere. The reaction mixture was
cooled to room temperature, followed by the addition of toluene
and water. The organic layer was separated and washed with
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water and brine and dried over MgSQO,. After filtration,
solvent was then removed under reduced pressure. The crude
product was purified by silica gel column chromatography
(hexane/ethyl acetate = 20:1) to give a light yellow powder.
Yield: 1.30 g (58%).

"H NMR (500 MHz, CDCl3): 6 10.55 (s, 2H), 7.82 (s, 2H), 7.52
(s, 2H), 7.31 (s, 2H), 4.09 (t, /= 6.5 Hz, 4H), 4.00 (t, J= 6.5 Hz,
4H), 1.88—1.82 (m, 4H), 1.60—1.54 (m, 4H), 1.52—1.46 (m, 4H),
1.38—1.32 (m, 8H), 1.23—1.14 (m, 12H), 0.91 (t, /=7.0 Hz, 6H),
0.80 (t, J = 7.0 Hz, 6H). >*C NMR (75 MHz, CDCl;): 189.38,
155.81, 153.80, 150.67, 134.03, 130.32, 129.84, 125.00, 116.94,
110.66, 69.29, 69.15, 31.52, 31.31, 29.18, 28.95, 25.74, 25.55,
22.58, 22.51, 14.01, 13.93. Anal. Calcd for Cy4HgoN,OgS: C,
70.93; H, 8.12; N, 3.76, S, 4.30. Found: C, 70.68; H, 8.23; N,
3.68; S, 4.26.

2,7-Bis(bromomethyl)-9,9-di-n-octylfluorene (7). A mixture of
2.0 g (5.12 mmol) of 9,9-Di-n-octylfluorene, 0.9 g (30 mmol) of
paraformaldehyde, and 15 mL of 33% concentrated hydrogen
bromide in acetic acid was stirred at 70 °C for 24 h. After cooling
to room temperature, the reaction mixture was slowly poured
into saturated NaHCOj solution, extracted with CH,Cl,, and
washed with water and brine. The combined extract was dried
over Na,SQOy. After removal of the solvent, the crude product
was purified by column chromatography using petroleum ether
as an eluent to obtain 7 in 67% yield.

"HNMR (500 MHz CDCl3): 6 7.63 (d, J=7.5Hz, 2H,), 7.38—
7.32 (m, 4H), 4.60 (s, 4H, —CH,Br), 1.94(m, 4H), 1.22—1.01
(m, 20H), 0.81 (t, J=7.0 Hz, 6H), 0.65—0.55 (m, 4H).

2,7-Bis(methylenediethyl phosphate)-9,9-di-n-octylfluorene (M-2).
A strirred mixture of compound 7 (2.02 g, 3.5 mmol) and triethyl
phosphite (4.0 mL, 24 mmol), under nitrogen was heated at 150 °C
for 24 h. Excess triethyl phosphite was removed by vacuum
distillation. The crude product was purified by column chroma-
tography (AcOEt/MeOH, 95:5) to give 82% of monomer (M-2) as
yellowy liquid.

"H NMR (500 MHz CDCls): 6 7.60 (d, J = 8.0 Hz, 2H,),
7.26—7.24 (m, 4H,), 4.04—3.95 (m, 8H, OCH,CHj3), 3.23 (d, J=
21.5 Hz, CH,P), 1.94 (m, 4H), 1.23 (t, J = 7.0 Hz, 12H,
OCH,CHj3), 0.96—1.2 (m, 20H,), 0.81 (t, /= 7.0 Hz, 6H),
0.56—0.53 (m, 4H). '*C NMR (75 MHz CDCl;): 150.84,
139.51, 130.16, 130.03, 128.40, 128.31, 124.09, 124.00, 119.52,
62.03, 61.94, 54.81, 40.37, 34.86, 33.04, 31.65, 30.01, 29.28,
29.16, 23.75, 22.43, 16.30, 13.94.

2-Methoxy-5-(2-ethylhexyloxy)-1,4-xylylenebis(diethylpho-
sphonate) (M-3). Compound 8 (4.22 g, 10.0 mmol) reacted with
triethyl phosphite (10.3 mL, 60.0 mmol) at 150 °C for 24 h.
Excess triethyl phosphite was removed by vacuum distillation.
The crude product was purified by column chromatography
(AcOEt/ Hexane, 1:2) to give 87% of monomer (M-3) as white
solid.

"H NMR (500 MHz, CDCls): 6.97 (S, 1H), 6.91(S,1H), 4.10—
4.00 (m,8H, OCH,CHj3), 3.85—3.80 (m, SH), 3.28—3.19 (m, 4H,
CH,P), 1.75—1.68 (m, 1H), 1.55—1.37 (m, 4H), 1.35—1.30 (m,
4H), 1.28—1.21 (m, 12H, OCH,CH3;), 0.96—0.89 (m, 6H). '*C
NMR (75 MHz CDCls): 150.35, 118.99, 114.44, 113.57, 70.77,
61.50, 55.76, 39.31, 30.25, 28.76, 26.38, 25.05, 23.57, 22.69,
16.00, 13.71, 10.81.

2,5-Bis(bromomethyl)-3,4-dihexylthiophene (9). A two necked
flask containing 5.0 g (19.8 mmol) of 3,4-dihexylthiophene, and
3.6 g (120 mmol) of paraformaldehyde was placed in an ice bath.
To this flask, 30 mL of 33% HBr solution in acetic acid was
added carefully, and the mixture was stirred for 24 h at 70 °C.
The reaction was diluted with 200 mL of ethyl ether and washed
with water, saturated NaHCOj solution, and brine. After the
solvent removal, 6.06 g of light brown oil was obtained (70%
yield), which was sufficiently pure for next step reaction.

3,4-Dihexyl-2,5-bis(methylenediethyl phosphate)thiophene (M-4).
Compound 9 (4.38 g, 10.0 mmol) reacted with triethyl phosphite
(10.5 mL, 61.2 mmol) at 150 °C for 24 h. The crude product
was purified by column chromatography on silica gel using
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acetone-hexane (25:75) as an eluent to give 4.20 g of light yellow
0il (76% yield).

"H NMR (500 MHz, CDCl5): 6 4.11—4.05 (m, SH, OCH,CH5),
3.30—3.24 (m, 4H, CH,P), 2.49 (t, J = 7.5 Hz, 4H), 1.48—1.29
(m, 28H), 0.92 (t, J= 7.0 Hz, 6H). '*C NMR (75 MHz, CDCl5):
139.96, 124.53, 62.25, 31.63, 30.58, 29.53, 27.48, 27.23, 25.55,
22.59, 16.34, 14.02.

Polymer Synthesis. General Procedure for Horner—Wads-
worth—Emmons Polycondensation Poly( fluorenevinylene-alt-4,7-
diphenyl-2,1,3-benzothiadiazole) (PF-DBT). The dicarboxyal-
dehyde (M-1) (0.30 g, 0.40 mmol) and monomer (M-2) (0.28 g,
0.40 mmol) were dissolved in 20 mL of anhydrous THF under
nitrogen. To this solution was added potassium tertbutoxide
(2 mL of a 1 M solution in THF). The reaction was stirred for
40 h at room temperature under nitrogen. The polymer was
precipitated into 400 mL of methanol and filtered through a
Soxhlet thimble, which was then subjected to Soxhlet extraction
with methanol, hexane, acetone, and chloroform. The fraction
from chloroform was concentrated under reduced pressure and
precipitated into methanol (300 mL), collected by filtration. The
final product was dried under vacuum overnight to afford PF-
DBT as an orange yellow solid (0.31 g, 68%).

"H NMR (500 MHz, CDCl;): 7.84 (br, 2H), 7.71(d, J=7.5 Hz,
2H,) 7.66—7.55(m, 4H), 7.37—7.26 (m, 8H, aromatic and vinylic),
4.12—4.00 (m, 8H), 2.04 (br, 4H), 1.92 (t, J=6.5, 4H), 1.59 (br,
8H), 1.42 (br, 8H), 1.30—1.03 (m, 32H), 0.95 (t, J=16.5, 6H), 0.83
(t, J = 7.5, 12H), 0.76—0.55 (m, 4H). '*C NMR (125 MHz,
CDCl): 154.73, 151.98, 151.34, 141.07, 137.32, 130.88, 130.26,
128.19, 127.28, 126.00, 123.22, 121.48, 120.28, 117.39, 117.09,
69.99, 55.40, 32.21, 32.09, 31.84, 30.57, 30.12, 29.87,29.71, 26.42,
26.09, 24.27, 22.99, 14.49, 14.41. Anal. Calced for (CssHjoo-
N>O04S),: C, 79.68; H, 9.12; N, 2.48; S, 2.84. Found: C, 78.52;
H, 8.93; N, 2.25; S, 2.36.

Similarly, the monomers M-3 and M-4 and dicarboxyalde-
hyde (M-1) were polymerized using potassium tert-butoxide to
obtain the polymers poly(phenylenevinylene-a/t-4,7-diphenyl-
2,1,3-benzothiadiazole) (PP-DBT), poly(thiophenevinylene-
alt-4,7-diphenyloxadiazole) (PT-DBT). The yield and molecular
weights of the polymers are summarized in Table 1.

PP-DBT. Yield = 70%. "H NMR (500 MHz, CDCl5): 7.82
(br, 2H), 7.65—7.54 (m, 4H), 7.43—7.23 (m, 6H, aromatic and
vinylic), 4.15—3.88 (m, 13H, —OCH,— and —OCH3), 1.89(br,
5H),1.67—1.50 (m, 12H), 1.38 (br, 12H), 1.22 (br, 12H), 1.03—
0.89 (m, 12H), 0.83 (br, 6H). Anal. Calcd for (Cs;HgaN,OgS),:
C,75.27;H, 8.70; N, 2.88; S, 3.29. Found: C, 74.85; H, 9.24; N,
2.53;8S,3.01.

PT-DBT. Yield = 65%. '"H NMR (500 MHz, CDCl;): 7.81
(br, 2H), 7.54—7.49(m, 2H), 7.26—7.19(m, 6H, aromatic and
vinylic), 4.10—3.97 (m, 8H), 2.66 (br, 4H), 1.95—1.87 (m, 4H),
1.58 (br, 12H), 1.43—1.32 (m, 18H), 1.20 (br, 12H), 0.96—0.89
(m, 12H), 0.85—0.80 (m, 6H). '*C NMR (75 MHz, CDCl5):
154.21, 150.86, 150.63, 141.56, 136.09, 130.38, 129.70, 127.57,
126.42,123.37,122.25,116.23,112.41,69.53, 69.29, 31.70, 31.60,
31.37, 29.54, 29.41, 29.20, 25.83, 25.60, 22.65, 22.52, 14.09,
13.98. Anal. Caled for (CsyHggN>O4S,),: C, 75.26; H, 8.96; N,
2.83; S, 6.48. Found: C, 74.30; H, 8.40; N, 2.48 ; S, 6.09.
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