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ABSTRACT: Two new soluble alternating phenylenevi-
nylene copolymers S and L which contained dithienben-
zothiadiazole moieties were synthesized by Heck
coupling. The repeating unit of L was longer than that of
S and contained two additional phenylene rings and two
cyano-vinylene bonds. Both copolymers were stable up to
about 350°C and afforded char yield of 52-66% at 800°C
in Ny. Their absorption spectra were broad and extended
up to about 600 nm with a longer wavelength maximum
at 447-502 nm and optical band gap of ~ 2.0 eV. These
copolymers emitted yellow light in solution with PL max-

imum at 551-580 nm and orange-red light in thin film
with PL maximum at 588-661 nm. The emission maxi-
mum of L was considerably red-shifted relative to S. Pho-
tovoltaic cells based on S (or L) as donor and [6,6]-
phenyl Cé61-butyric acid methyl ester as acceptor were
investigated. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
114: 2740-2750, 2009
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INTRODUCTION

Bulk heterojunctions fabricated by blending poly-
mers with fullerene have resulted in great improve-
ments in the polymer solar cells (PSCs) efficiencies.
The most commonly used materials for the fabrica-
tion of bulk heterojunctions are poly(3-hexylthio-
phene) (P3HT) and PCBM.™® With optimized device
structure and fabrication conditions, P3HT/PCBM
bulk heterojunction solar cells can reach efficiencies
as high as 4.4-5.0%.' However, novel materials
with lower energy gaps need to be developed to
improve the coverage of the solar spectrum and
consequently improve the efficiency.
Poly(p-phenylenevinylene)s (PPVs) are greenish-
yellow light-emitting polymers.'™ Nevertheless, to
be utilized in the single-layer LED devices with
higher work function metal as the cathode, PPV has
the drawback that it is a poor electron acceptor due
to its high LUMO energy. To improve the electron
injection ability of the polymers, abundant deriva-
tives of PPV have been reported with electron-with-
drawing substituents such as halide,'*'* cyano,'>'
triﬂuoromethyl,17 or methylsulfonyl—phenyl18 on the
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arylene rings. Other examples with electron-with-
drawing groups on vinylene group of conjugated
polymers have also been reported.'**® A power-con-
version efficiency (n,) value of 1% and IPCE (inci-
dent-photon-to-current conversion efficiency) of 6%
at low light intensities have been reported for a bulk
heterojunction-PV system formed from two different
conjugated polymers: poly[2-methoxy-5-(2-ethylhex-
yloxy)-1,4-phenylene vinylene] (MEH-PPV) as the
donor, in composite with cyano-PPV (CN-PPV) as
the acceptor.** Recently, much higher IPCEs of 23,*
25,26 and 30%2" have been measured in PPV-based
binarsy-blend devices with white-light efficiencies of
0.75* and 1.7%.”

At present, the optical band gaps (Eg") of the sub-
stituted PPVs and the polythiophenes commonly
used in the PSCs are typically 2.0-2.2 eV*** and not
optimized with respect to the solar spectrum (ca.
350-1500 nm).***" Organic solar cells are a major
driving force for research in band gap engineering.
However, polymers with Eg" > 2.0 eV only absorb
radiation in the UV and green part of the visible
range. Therefore, chemists have been making efforts
to synthesize new low-band gap polymers (i.e., poly-
mers with EgP' < 1.9-2.0 eV) to harvest more photon
energies at long wavelengths to increase the photo-
current. The low band gap can be achieved by incor-
porating alternating donor (D) and acceptor (A)
moieties in the polymer main chains.>*™** The basic
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Figure 1 'H-NMR (a) and *C-NMR (b) spectra in CDCl;
solution of the key-dibromide 6. The solvent peak is
denoted by an asterisk in the '"H-NMR spectrum.

idea is that conjugated systems with a regular alter-
nation of electron-rich donor and electron-deficient
acceptor groups will exhibit a broadening of the va-
lence and conduction bands and thus band gap
reduction.***¢ 2,1 3-Benzothiadiazole****® and thio-
phene*”! derivatives have been widely used as -
conjugating spacers in push—pull chromophores
designed for the production of low-band gap conju-
gated polymers.

The main objective of this investigation was the
synthesis of two conjugated alternating phenylenevi-
nylene copolymers S and L with dithienbenzothia-
diazole moieties that could be used for photovoltaic
cells. They were successfully prepared by Heck cou-
pling and carried solubilizing hexyloxy side groups.
The repeating unit of L was longer than that of S
and contained cyano-vinylene bonds. The character-
istic of these copolymers is that the vinylene bonds
were incorporated between the electron-rich units
(dihexyloxybenzene) and electron-deficient units
(dithienbenzothiadiazole). The introduction of the
cyano groups onto the PPV main chain is expected

to lower the LUMO level of the copolymer. The ther-
mal, photophysical, and photovoltaic properties of
the copolymers were investigated and correlated
with their chemical structures.

MATERIALS AND METHODS
Characterization methods

IR spectra were recorded on a Perkin-Elmer 16PC
FTIR spectrometer with KBr pellets. 'H-NMR (400
MHz) and *C-NMR (100 MHz) spectra were
obtained by using a Bruker spectrometer. Chemical
shifts (& values) are given in parts per million with
tetramethylsilane as an internal standard. UV-vis
spectra were recorded on a Beckman DU-640 spec-
trometer with spectrograde THF. The PL spectra
were obtained with a Perkin Elmer LS45 lumines-
cence spectrometer. The PL spectra were recorded
with the corresponding excitation maximum as the
excitation wavelength. Thermogravimetric analysis
(TGA) was performed on a DuPont 990 thermal ana-
lyzer system. Ground samples of about 10 mg each
were examined by TGA and the weight loss compar-
isons were made between comparable specimens.
Dynamic TGA measurements were made at a heat-
ing rate of 20°C/min in atmospheres of N, at a flow
rate of 60 cm?/min. Elemental analyses were carried
out with a Carlo Erba model EA1108 analyzer.

Reagents and solvents

Tributyl-2-thienyl-stannane was prepared from the
reaction of thiophene with n-Buli in hexane and
subsequently with tributylchlorostannane according
to the literature.”® 1,4-Divinyl-2,5-bis(hexyloxy)-ben-
zene was synthesized by Stille reaction™ of 1,4-
dibromo-2,5-bis(hexyloxy)-benzene with tri-n-butyl-
(vinyl)tin according to the literature.>* N,N-Dime-
thylformamide (DMF) and tetrahydrofuran (THF)
were dried by distillation over CaH,. Triethylamine
was purified by distillation over KOH. All other
reagents and solvents were commercially purchased
and were used as supplied.

Preparation of monomers
2,1,3-Benzothiadiazole (1)

Compound 1 was prepared from the reaction of 1,2-
diaminobenzene with thionyl chloride in dichloro-
methane in the presence of triethylamine.”

4,7-Dibromo-2,1,3-benzothiadiazole (2)

Compound 2 was prepared by brominating 1 in
aqueous hydrobromic acid.”

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 FTIR spectra of copolymers S (top) and L
(bottom).

4,7-Di-2-thienyl-2,1,3-benzothiadiazole (3)

Compound 3 was prepared by coupling 2 with
tributyl-2-thienyl-stannane in THF in the presence of
PACl,(PPh),.3*

4,7-Bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (4)

Compound 4 was prepared from the reaction of 3
with N-bromosuccinimide in chloroform.>®

5,5'-(2,1,3-Benzothiadiazole-4,7-diyl)bis-2-thiophene-
carboxaldehyde (5)

Compound 5 was prepared from the reaction of 3
with DMF and POCI; in 1,2-dichloroethane.””

4,7-Bis[a-(p-bromophenyl)-2-thiopheneacrylonitrile]-
2,1,3-benzothiadiazole (6)

A flask was charged with a solution of 5 (0.50 g, 1.40
mmol) and 4-bromophenylacetonitrile (0.55 g, 2.80
mmol) in anhydrous ethanol (25 mL). Sodium hy-
droxide (0.12 g, 2.94 mmol) dissolved in anhydrous
ethanol was added portion-wise to the stirred solu-
tion under Ny. Stirring of the mixture was continued
at ambient temperature in a stream of N, overnight.
The purple precipitate was filtered, washed thor-
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oughly with water, and dried to afford 6 (0.18 g,
18%, mp 200-202°C).

FTIR (KBr, cm™): 3100, 3042, 2208, 1588, 1486,
1438, 1402, 1346, 1272, 1200, 1076, 1048, 1008, 822,
704, 528.

'H-NMR (CDCls, ppm) [Fig. 1(a)]: 7.69 (m, 2H,
benzothiadiazole protons labeled “a”); 7.52-7.43 (m,
2H, olefinic protons “c”); 7.28-7.05 (m, 12H, phenyl-
ene and thiophene protons “b”).

13C-NMR (CDCls, ppm) [Fig. 1(b)]: 154.1, 143.2,
137.4, 135.7, 133.6, 131.4, 129.7, 128.5, 128.3, 127.9,
127.7, 122.4, 118.7, 105.4.

Anal. Calcd. for C3H;¢BroN4Ss: C, 53.94; H, 2.26;
N, 7.86. Found: C, 53.17; H, 2.38; N, 7.62.

Preparation of copolymers
Copolymer S

The preparation of S is given as a typical example
for the preparation of copolymers. A flask was
charged with a mixture of 4 (0.1567 g, 0.3420 mmol),
1,4-divinyl-2,5-bis(hexyloxy)-benzene  (0.1130 g,
0.3420 mmol), Pd(OAc), (0.0032 g, 0.0143 mmol),
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Figure 3 'H-NMR spectra in CDCl; solution of copoly-
mers S (top) and L (bottom). The solvent peak is denoted
by an asterisk.
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Scheme 1 Synthesis of monomers 1-4 and copolymer S.

P(o-tolyl); (0.0239 g, 0.0785 mmol), DMF (7 mL), and
triethylamine (3 mL). The flask was degassed and
purged with N,. The mixture was heated at 90°C for
24 h under N,. Then, it was filtered and the filtrate
was poured into methanol. The purple precipitate
was filtered and washed with methanol. The crude
product was purified by dissolving in THF and pre-
cipitating into methanol (0.19 g, 89%).

FTIR (KBr, cm™) [Fig. 2(a)]: 3100, 2926, 2866, 1654,
1458, 1420, 1180, 1036, 965, 834, 704, 512.

"H-NMR (CDCls, ppm) [Fig. 3(a)] 7.65 (m, 2H, aro-
matic “h”); 7.32 (m, 4H, olefinic “f”); 7.18 (m, 4H, ar-
omatic “g”); 7.10 (m, 2H, aromatic “e”); 3.94 (broad,
4H, aliphatic “d”); 1.78 (broad, 4H, aliphatic “c”);
1.34 (m, 12H, aliphatic “b”); 0.94 (t, ] = 7.3 Hz, 6H,
aliphatic “a”).

Anal. Caled. for C34H3sN,O,Ss: C, 68.97; H, 6.11;
N, 4.47. Found: C, 68.05; H, 6.04; N, 4.23.

Copolymer L

Copolymer L was similarly prepared in 82% yield
from the reaction of 6 with 1,4-divinyl-2,5-bis(hexy-
loxy)-benzene.

FTIR (KBr, cm™) [Fig. 2(b)] 2936, 2882, 2209, 1660,
1450, 1392, 1172, 1036, 995, 702.

'"H-NMR (CDCl;, ppm) [Fig. 3(b)] 7.68 (m, 2H, ar-
omatic “i”); 7.44 (m, 2H, olefinic “h”); 7.34 (m, 4H,
olefinic “f”); 7.19-7.07 (m, 12H, aromatic “g”); 6.96
(m, 2H, aromatic “e”); 3.88 (m, 4H, aliphatic “d”);
1.88 (m, 4H, aliphatic “c”); 1.41 (m, 12H, aliphatic
“b”); 0.92 (t, | = 7.3 Hz, 6H, aliphatic “a”).

Anal. Calcd. for C54H48N402S32 C, 7360, H, 54:9,
N, 6.36. Found: C, 72.98; H, 5.87; N, 6.12.

Preparation of photovoltaic devices

PSCs were fabricated in the following steps. ITO
glass was cleaned by detergent and acetone and
treated in boiled H,O,. A thin PEDOT : PSS (~ 40

nm, by Veeco DEKTAK 150 surface profilometer)
layer was spin coated on cleaned ITO and annealed
at 120°C for 20 min on a hot plate. Then the active
layers (about 70 nm) were spin coated from chloro-
benzene (CB) solution. Finally, The cathode of LiF
(0.6 nm)/Al (80 nm) was thermally deposited to fin-
ish the device fabrication. The device area is 5.5
mm?. Afterwards, the devices with S : PCBM and
L : PCBM active layers were annealed at 120°C for 5
min in N, before measurement. Current-voltage (J-
V) characteristics were recorded by using Keithley
2400 Source Meter in the dark and under one sun of
AML.5 illumination by Solar Simulators (SCIENCE-
TECH SS-0.5K). All fabrication and characterizations
were performed in an ambient environment.

RESULTS AND DISCUSSION
Synthesis and characterization

Copolymers S and L were prepared by the reaction
sequences, which are presented in Schemes 1 and 2.

Compounds 1% 2° 3% 4° and 57 were
N Ncu.c@m
DMF, POCT, K K § .
3} ——— OHC A CH) —————=
CICH,CH,CI s — ) Et0H, NaDH
1
N_ N
5
5
. OC:H;;
. y
B M/H"/_S/ :>*
Br O C 8T o S CHyy0
CHN M., .N S

Scheme 2 Synthesis of monomers 5, 6, and copolymer L.
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TABLE I
Molecular Weights, Thermal, and Optical
Properties of Copolymers
Sample S L
M,? 8700 11,500
My/M,? 18 2.3
M,,/M,? 1.8 2.3
T.? (°Q) 469 540
Y.E (%) 52 66
Aamax in 312, 453 308, 390, 477
solution (nm)
A max” iN 551 580
solution (nm)
Ao max N 312, 447 312, 406, 502
thin film (nm)
A max’ in 588 661
thin film (nm)
EP 2.00 eV (618 nm) & 1.96 eV (634 nm)®

The PL emission spectra were recorded at 450 nm exci-
tation wavelength.

* Molecular weights determined by GPC using polysty-
rene standard.

" Decomposition temperature corresponding to 5%
weight loss in N, determined by TGA.

¢ Char yield at 800°C in N, determined by TGA.

hamax: the absorption maxima from the UV-vis spectra

in THF solution or in thin film.

¢ Mmax: the PL maxima in THF solution or in thin film.

f E,: The optical band gap calculated from the onset of
the thin film absorption.

& Numbers in parentheses indicate the thin film absorp-
tion onset.

synthesized according to the literature. Moreover,
1,4-divinyl-2,5-bis(hexyloxy)-benzene®* was synthe-
sized by Stille reaction®® of 1,4-dibromo-2,5-bis-
(hexyloxy)-benzene with tri-n-butyl(vinyl)tin. The
synthesis of 6 has not been previously reported and
it was achieved from the reaction of 5 with 4-bromo-
phenylacetonitrile in anhydrous ethanol in the pres-
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Figure 4 TGA thermograms of copolymers S and L. Con-
ditions: N flow, 60 cm”/min, heating rate, 20°C/min.

ence of sodium hydroxide. Compound 6
precipitated as purple solid from the reaction mix-
ture. tert-BuOK could be used instead of sodium hy-
droxide. Finally, the Heck™® coupling of 1,4-divinyl-
2,5-bis(hexyloxy)-benzene with dibromides 4 and 6
afforded the copolymers S and L, respectively. They
were very soluble in THEF, chloroform, dichlorome-
thane, toluene, and other common organic solvents
owing to the presence of the hexyloxy side groups.
These copolymers were purified by dissolution in
THF and precipitation into methanol. The number-
average molecular weights (M,) of S and L, which
were determined by GPC, were 8700 and 11,500
with polydispersity of 1.8 and 2.3, respectively (Ta-
ble I). The Heck reaction usually gives polymers
with relatively low molecular weights.”

Structural characterization of the key-dibromide 6
was accomplished by FTIR, 'H-NMR [Fig. 1(a)], and
3C-NMR spectroscopy [Fig. 1(b)]. Figures 2 and 3
present the FTIR and 1H-NMR spectra of copolymers,
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Figure 5 Normalized UV-vis absorption spectra of copolymers S and L in THF solution (a) and thin film (b).
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Figure 6 Normalized PL emission spectra of copolymers S and L in THF solution (a) and thin film (b). The PL emission
spectra were recorded using the maximum excitation wavelength (450 nm).

which were consistent with their chemical structures.
Copolymer S [Fig. 2(a)] showed characteristic absorp-
tion bands at 2926, 2866 (C—H stretching of aliphatic
chains); 3100, 1458 (aromatic); 1654, 1420, 834, 704
(benzothiadiazole and thiophene rings); 1180, 1036
(ether bond); and 965 cm ! (trans olefinic bond).
Besides the absorptions at these spectrum regions, co-
polymer L [Fig. 2(b)] displayed absorption at 2209
cm ! associated with the cyano group.

The 'H-NMR spectrum of S [Fig. 3(a)] showed an
upfield signal at 7.65 ppm assigned to the benzothia-
diazole protons labeled “h.” The olefinic protons “f,”
the thiophene protons “g,” and the aromatic protons
“e” resonated at 7.32, 7.18, and 7.10 ppm, respec-
tively. Finally, the aliphatic protons “a,” “b,” “c,”
and “d” gave signals at 0.94, 1.34, 1.78, and 3.94
ppm, respectively. Copolymer L [Fig. 3(b)] exhibited
a comparable '"H-NMR spectrum, but it was more
complex than that of S due to the differentiation of
the olefinic proton shifts. In particular, the olefinic
protons “f” resonated at 7.34 ppm, while the olefinic
protons “h” resonated at a higher shift of 7.44 ppm,
because of the electron-withdrawing cyano group.

The thermal stability of copolymers was evaluated
by TGA in N, (Fig. 4). Their decomposition tempera-
ture (T;) and the char yield (Y,) at 800°C are listed
in Table I. Copolymer L showed a slightly higher
thermal stability than S due to the lower content of
the hexyloxy groups per repeating unit. Generally,
the copolymers were stable up to about 350°C, had
T, of 469-540°C, and Y. of 52-66%.

Photophysical properties

The normalized UV-vis absorption spectra (Fig. 5)
and PL emission spectra (Fig. 6) of copolymers S

and L in both dilute (107> M) THF solution and thin
film were recorded. All the spectroscopic data are
summarized in Table I.

The absorption spectra of S (Fig. 5) showed two
maxima (A, ;.y) at 312 and ~ 450 nm in solution and
thin film. The absorption spectra of L were similar
with three A, ;. at 308, 390, and 477 nm in solution
and 312, 406, and 502 nm in thin film. The 2, at
shorter wavelength (below 450 nm) are attributable to
the n-n* transitions, while the A, ,,,, at longer wave-
lengths (above 450 nm) correspond to the m—mn* transi-
tion of the copolymer backbone. The longer
wavelength absorption peak of L in both solution and
thin film is significantly more intense than that of S.
Copolymer S had the most blue-shifted 2, ,,, at lon-
ger wavelength (453 and 447 nm) between the two
copolymers, suggesting increased disruption of n-con-
jugation. L had the most red-shifted A, ., at longer
wavelength (477 and 502 nm), indicating relatively

ITO

Glass |

Scheme 3 Schematic structure of the devices. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 7 Current-density (J) versus voltage (V) curves of the devices with blend films (a) L : PCBM and (b) S : PCBM
under one sun of AM1.5 illumination by Solar Simulators (SCIENCETECH SS-0.5K). [Color figure can be viewed in the
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longer conjugation length. The elongation of the
repeating unit of L by inserting two additional phen-
ylene rings and two cyano-substituted vinylene bonds
relative to S should be responsible for this behavior.
The absorption onset in thin film of copolymers S and
L were 618 and 634 nm, from which the optical band
gaps (Eg" ") of the copolymers were determined to be
2.00 and 1.96 eV, respectively. The Eg*' of the present
copolymers is lower than that of MEH-PPV60 (2.10
eV). PPV-copolymers derived from 1-methoxy-4-octy-
loxyphenylene, 2,1,3-benzothiadiazole, and trans-1,2-
bis(tributylstannyl)ethylene® had Eg** of 2.12-1.78 eV.
Finally, a Eg"' of 1.94 eV has been reported for
poly[(dioctyloxyfhenylene ethynylene)-alt-(2,1,3-ben-
zothiadiazole)].®

By photoexcitation at 450 nm, the copolymers
emitted yellow light in solution and orange-red light
in thin film (Fig. 6). The emission maximum (A ax)
of S was located at 551 nm in solution and 588 nm
in thin film. Again, the Af,. of L was red-shifted
relative to S and was located at 580 nm in solution
and 661 nm in thin film. This supports that the color
of the emitted light could be tuned by elongation of
the repeating unit.

Photovoltaic properties

Photovoltaic properties of devices with active layers
containing 50, 67, 75, 80 wt % PCBM in S and L was
investigated. Optimization of film composition and
morphology and the thermal annealing treatment
strategies ware done to optimize the performance of
the devices. To investigate the photovoltaic proper-
ties of the S and L compounds, as shown in Scheme
3, solar cells with a structure of ITO/PEDOT-PSS/
compound S (or L) : PCBM/LiF/Al were fabricated.
The compounds S and L were used as donor and
PCBM as acceptor. The active layers were prepared
by spin-coating the blend solution of the compounds

Journal of Applied Polymer Science DOI 10.1002/app

and PCBM with weight ratio from 1: 1 to 1 : 4. The
current-density (J) versus voltage (V) curves of the
devices are shown in Figure 7. All of the device pa-
rameters (PCE, Ve, Jsc, FF) are summarized in
Table II. Through thermal annealing at 120°C for 5
min, the V,. of all devices decreased. The device
based on S : PCBM had a PCE almost 0% after
annealing. For devices based on L : PCBM, the best
device performance was obtained at a ratio of 1 : 1
(L : PCBM) with Jsc = 0.17 mA/cm?, Vo = 045, FF
= 018, and PCE = 0.014%, but all parameters
decrease to 0 after annealing. So for the devices
based on S and L, the annealing process could lead
to a decrease of the photovoltaic properties. The
results quite differ from the case in P3HT : PCBM.
Much research has been shown independently to
have a positive effect on solar cell performance with
the thermal treatment.®***

We have investigated the morphology of the blend
films with 50, 67, 75, 80 wt % PCBM in S and L.

TABLE II
Short-Circuit Current (Js¢), Open Circuit-Voltage (Vo (),
Fill Factor (FF), and Power Conversion Efficiency (PCE)
as a Function of Annealing and for the PV Devices
Based on S (or L) : PCBM with Different PCBM

Concentrations

Sample : PCBM  Annealing Jsc FF V. PCE

(W :w) (120°C)  (mA/cm?) (%) (V) (%)
L:PCBM (1:1) 5 min 0 0 0 0
L:PCBM (1:1) None 0.17 18 045 0.014
L:PCBM (1:2)  5min 0.06 21 022  0.003
L:PCBM (1:2) None 0.08 14 045 0.005
L:PCBM (1:3) 5 min 0.04 22 040 0.004
L:PCBM (1:3) None 0.04 19 058 0.004
L:PCBM (1:4) 5 min 0.04 21 045 0.004
L:PCBM (1:4) None 0.05 17 0.58 0.005
S:PCBM (1:1) None 0.001 30 0.04 1.2%107°
S:PCBM (1:2) None 0.002 28 0.12 6.7*107°
S:PCBM (1:3) None 0.002 23 024 1.2%107*
S:PCBM (1:4) None 0.001 24 020 4.8*107°
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Figure 8 AFM image of the blend film of S : PCBM with different PCBM concentrations before (a-d) and after (e-h) thermal
annealing treatment. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9 AFM image of the blend film of L : PCBM with different PCBM concentrations before (a-d) and after (e-h) thermal
annealing treatment. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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|
|-e=ITO/PEDOT/L/Av]

.g '
E ,/
T

Voltage (V)

Figure 10 |-V curve in the dark of an ITO/PEDOT/L/
Au device in log axis for estimating the hole mobility of L.
The thickness of L is around 50 nm. The open rectangle
symbols are the experimental data. The solid line from
0.01 to 0.40 V means log ] is fitted linearly dependent on
log V with a slope of 1. The solid line from 0.4 to 1 V log |
is fitted linearly dependent on log V with a slope of 2
(SCLC area). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

They have been studied by AFM before and after
thermal annealing at 120°C for 5 min.

As shown in Figure 8, for the blend films with 50,
67, 75, 80 wt % PCBM in S before annealing, the
RMS were 1.7, 0.7, 0.5, and 0.7 nm, respectively, and
the relative high current densities obtained for the
75 wt % PCBM composition film in S, which has the
lowest RMS. The smooth surface of the blend film
ensures better contact with the LiF/Al electrode,
which is also helpful to the increase of carrier collec-
tion efficiency. After annealing the blend film with
50 wt % PCBM shows significant phase separation.
That is why the PCE decrease dramatically after
annealing.

As shown in Figure 9, for the blend films with 50,
67, 75, 80 wt % PCBM in L, the RMS were 1.2, 1.6,
1.5, and 1.3 nm before annealing, and after annealing
the RMS were 0.3, 0.6, 0.9, and 1.1 nm, respectively.
Photovoltaic performance of the blend film with
50 wt % PCBM in L with RMS of 1.2 nm showed the
highest PCE.

Previously Colladet et al.”” and Thompson et a
reported cyano-vinylene containing polymers as
donors and PCBM as acceptor for PSCs. Their PCE
are about 0.1%, which is possibly due to the low
hole mobility in these polymers.

We estimated the hole mobility of L approxi-
mately by the space charge limited current (SCLC)
methods.”” Devices with a structure of ITO/
PEDOT/L/Au were fabricated. Their |-V curves in
the dark are shown in Figure 10. It can be seen that
in low-voltage area (from 0.01 to 0.40 V) log | is line-

1.65 1.66

arly dependent on log V with a slope of 1. In a rela-
tively high-voltage area (from 0.4 to 1V) log | can
also be fitted to be linearly dependent on log V and
the slope is 2. The J-V in this high-voltage area is
corresponding to the SCLC behavior. The work func-
tion of ITO/PEDOT is about —5.2 eV and that of Au
is about —5.0 eV. We estimated the hole mobility of
L according to the equation:

(V= Vi)

9
s [

8

where V is the applied voltage, | is the current den-
sity, €, and g are the relative dielectric constant and
the permittivity of the free space (8.85 x 10~ '* F/m),
respectively, ph is electron mobility, and L is the
thickness of the organic layer. Here we fit €, to be 3.
Vi is fitted to be about 0.2 V, which is determined
by the difference between the work functions of
cathode and anode. Then the hole mobility of L is
estimated to be about 1.639 x 107 cm®V'S™! and
the low PCEs could be probably due to the low hole
mobility.

CONCLUSIONS

The alternating phenylenevinylene copolymers S
and L were prepared by Heck reaction of 1,4-
divinyl-2,5-bis(hexyloxy)-benzene with dibromides 4
and 6, respectively. They contained dithienbenzo-
thiadiazole (acceptor) and dihexyloxybenzene (do-
nor) moieties. The copolymers dissolved in common
organic solvents were stable up to about 350°C and
afforded char yields of 52-66% at 800°C in N,. The
absorption spectra showed a longer wavelength
maximum at 447-502 nm and optical band gap of
~ 2.0 eV. The copolymers emitted yellow light in so-
lution and orange-red light in thin film. The emis-
sion maximum of L was red-shifted as compared to
S. In PSCs based on S (or L), PCBM exhibit a low
PCE under one sun of AML.5 illumination by Solar
Simulators, which is possibly due to the low hole
mobility in these polymers.
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