Organic Electronics 13 (2012) 1322-1328

Contents lists available at SciVerse ScienceDirect

Organic
Electron

Organic Electronics

journal homepage: www.elsevier.com/locate/orgel

Synthesis of thieno[3,4-d]thiazole-based conjugated polymers
and HOMO level tuning for high Vo photovoltaic cell

Jea Woong Jo, Shin Sung Kim, Won Ho Jo™

WCU Hybrid Materials Program, Department of Materials Science and Engineering, Seoul National University, Seoul 151-742, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 27 February 2012

Received in revised form 3 April 2012
Accepted 6 April 2012

Available online 22 April 2012

An electron-accepting building block, thieno[3,4-d]thiazole (TTz) was synthesized through
a new synthetic route. When it was alternatively copolymerized with electron-donating
fluorene, carbazole, or benzodithiophene derivatives via coupling reaction, all of the three
copolymers had the low-lying lowest occupied molecular orbital energy levels around
—3.55 eV, while the highest occupied molecular orbital (HOMO) energy level of the copoly-
mer was dependent upon the electron-donating ability of electron-donating unit in the
Keywords: copolymer. When a fluorene derivative, the weakest electron-donating unit, was used as
Polymer solar cell . s
LUMO electron-donating building block, the copolymer showed the lowest HOMO energy. The
alternating copolymer composed of TTz and fluorene derivative exhibits a high Voc of
0.91 eV, because a weak electron-donating fluorene lowers the HOMO level of the alternat-
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ing copolymer.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decade, bulk heterojunction (BHJ) poly-
mer solar cells have attracted much attention as low cost,
flexible and printable energy devices [1-3]. Alternating
copolymers with electron-donating and electron-accepting
building blocks have been considered to be the most prom-
ising candidate for highly efficient polymer solar cells, be-
cause tunable energy levels of alternating copolymer may
compensate a negative effect of [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCq;BM) on the open circuit voltage
(Voc) due to its relatively low energy level of the lowest
unoccupied molecular orbital (LUMO) (—4.0 to —4.3 eV)
[4,5] and because the internal charge transfer between
electron-donating and electron-accepting units in alternat-
ing copolymer can effectively reduce the bandgap and
therefore extend the absorption range of the polymers
[6,7]. In the recent years, remarkable progress has been
achieved in this area, and as a result, the power conversion
efficiencies (PCEs) over 7% have been obtained by using the

* Corresponding author. Tel.: +82 2 880 7192; fax: +82 2 876 6086.
E-mail address: whjpoly@snu.ac.kr (W.H. Jo).

1566-1199/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.0rgel.2012.04.009

weak electron-donating and strong electron-accepting
building block strategy [8-11].

In developing new conjugated polymers for BH] polymer
solar cells, however, a few studies on electron-accepting
building block in alternating polymer have been reported,
while many studies have been focused on electron-donat-
ing building blocks such as benzo[1,2-b:4,5-b’|dithiophene
[12], dithieno[3,2-b:2’,3'-d]silole [13], 2,7-carbazole [14],
cyclopenta[2,1-b;3,4-b’]-dithiophene [15], and thiophene
—phenylene—thiophene derivatives [16]. Although diketo-
pyrrolopyrrole [17] and thieno[3,4-c]pyrrole-4,6-dione
[18] with alkyl solubilizing group have recently been used
as the electron-accepting building block for low bandgap
donor polymers, the use of thieno-[3,4-b]thiophene (TT) is
relatively unusual. The side alkyl chain of conjugated poly-
mer is an important part of donor polymer in BHJ solar cells,
because it controls aggregation of conjugated polymers
[19,20], which is closely related to solubility, crystallinity,
and morphology, and interaction at the interface between
polymer and fullerene derivatives [21,22]. TT and its deriv-
atives [4,12] have recently emerged as promising building
blocks for synthesis of low-bandgap conjugated copoly-
mers, because they can stabilize the quinoidal structure.
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However, although TT units stabilize the quinoidal struc-
ture of the conjugated polymer, TT-based polymers have
relatively high LUMO energy levels because of electron-rich
characteristics of thiophene ring in TT. When PCg;BM is
used as an electron acceptor in BHJ solar cells, the energy
levels of conjugated polymers should have the highest
occupied molecular orbital (HOMO) energy levels between
—5.2 and -5.7 eV and the LUMO energy levels between
—3.5 and —3.9 eV for obtaining the optimum values of both
Voc and light harvesting [22]. Therefore, in this study, to
lower the LUMO levels of TT and its derivatives, thie-
no|[3,4-d]thiazole (TTz) monomer was synthesized and
used as an electron-accepting building block of alternating
conjugated copolymers. Although the chemical structure
of TTz is similar to TT, TTz has more electron-deficient thia-
zole ring than thiophene. Therefore, it is expected that the
thiazole ring in TTz not only stabilizes the quinoidal struc-
ture of the polymer backbone but also lowers the LUMO en-
ergy levels of alternating polymers.

2. Experimental
2.1. Materials

3-Amino-thiophene-2-carboxylic acid methyl ester (1)
and nonanoyl chloride were purchased from Tokyo Chem-
ical Industry and used without further purification. 2,7-
Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9-(trid-
ecan-7-yl)-9H-carba-zole (6) [14] and 2,6-bis(trimethyl-
tin)-4,8-bis(2-ethylhexyloxy)-benzo[1,2-b:4,5-b’|dithioph-
ene (7) [11,24] were synthesized by following the methods
reported in the literature. Tetrahydrofuran (THF) was dried
over sodium/benzophenone under nitrogen and freshly
distilled before use. Poly(3,4-ethylenedioxy-thiophene):
poly(styrene sulfonate) (PEDOT:PSS) (Clevios P VP Al
4083) was purchased from H. C. Stark and passed through
a 0.45 um PVDF syringe filter before spin-coating. [6,6]-
Phenyl-C7;-butyric acid methyl ester (PC;;BM) was ob-
tained from Nano-C. All other reagents were purchased
from Sigma-Aldrich and used as received.

2.2. Synthesis

2.2.1. 3-Amino-4-bromo-thiophene-2-carboxylic acid methyl
ester (2)

Compound 1 (9 g, 57.3 mmol) was dissolved in acetic
acid (80 mL) followed by dropwise addition of bromine
(3.2 mL, 63 mmol) to the solution. After the reaction mix-
ture was stirred at room temperature for 24 h, it was
poured into saturated sodium thiosulfate solution and ex-
tracted with chloroform. The organic phase was collected
and dried over MgSO,4. The product was purified by column
chromatography on silica gel (1:20 ethyl acetate/hexane as
eluent) to yield the compound 2 as a yellow solid (4.5 g,
33%). 'TH NMR (300 MHz, CDCls): & (ppm) 7.29 (s, 1H),
5.63 (s, 2H), 3.84 (s, 3H). '3C NMR (125 MHz, CDCl5): &
(ppm) 164.25, 150.57, 128.24, 102.63, 100.61, 51.72. m/z
(MS-EI) calcd: 234.9, found: 235.4.

2.2.2. Nonanoic acid (4-bromo-thiophen-3-yl)-amide (3)

To a solution of compound 2 (1 g, 4.25 mmol) in meth-
anol (40 mL), water (7 mL) and NaOH (1 g) were added,
and the mixture was refluxed for 1.5 h. The solution was
then cooled to room temperature before conc. HCl (8 mL)
was added dropwise. After stirring at 40 °C for 1.5 h, the
solution was diluted with water and neutralized with NaH-
COs (6 g). The solution was extracted with ethyl acetate,
washed with water, and dried over MgS0O,4. The solution
was concentrated under reduced pressure, and the concen-
trated solution was dissolved in methylene chloride
(15mL) in the presence of triethylamine (TEA) (1.2 mL,
8.5 mmol). After the solution mixture was cooled by an
ice-water bath, nonanoyl chloride (1.2 mL, 6.38 mmol)
was added dropwise. After stirring overnight at ambient
temperature, the reaction mixture was poured into water
and extracted with methylene chloride. The organic phase
was dried over MgSQ,4, and the solvent was evaporated un-
der reduced pressure. The crude product was purified by
column chromatography on silica gel (1:5 ethyl acetate/
hexane as eluent) to afford compound 3 as a white solid
(670 mg, 50%). '"H NMR (300 MHz, CDCl3): & (ppm) 7.90
(d, 1H), 7.52 (s, 1H), 7.22 (d, 1H), 2.41 (t, 2H), 1.74 (m,
2H), 1.28 (m, 10H), 0.88 (t, 3H). "*C NMR (125 MHz, CDCls):
d (ppm) 170.77, 132.76, 121.46, 110.57, 103.25, 37.43,
32.02, 29.51, 29.42, 29.33, 25.72, 22.85, 14.29. m/z (MS-
El) calcd: 317.0, found: 317.5.

2.2.3. Nonanethioic acid (4-bromo-thiophen-3-yl)-amide (4)
The compound 3 (3.4 g, 10.7 mmol) and Lawesson’s re-
agent (2.4 g, 5.89 mmol) were dissolved in 30 mL of THF.
The reactant was refluxed overnight, and then silica gel
was added. After evaporating the solvent, the product
was purified by column chromatography on silica gel
(1:4 chloroform/hexane as eluent) to afford viscous yellow
oil as product (3.57 g, 82%). '"H NMR (300 MHz, CDCl5): &
(ppm) 9.03 (d, 1H), 8.99 (s, 1H), 7.30 (d, 1H), 2.87 (t, 2H),
1.87 (m, 2H), 1.28 (m, 10H), 0.88 (t, 3H). '*C NMR
(125 MHz, CDCl3): & (ppm), 202.61, 133.68, 121.60,
114.24, 104.97, 49.45, 31.97, 29.70, 29.46, 29.29, 28.98,
22.80, 14.26. m[z (MS-EI) calcd: 333.0, found: 333.3.

2.2.4. 2-Octyl-thieno[3,4-d]thiazole (TTz)

To a solution of compound 4 (800 mg, 2.39 mmol) in N-
methyl-2-pyrrolidone (NMP) (10 mL) was added NaH (60%
dispersion in mineral oil, 115 mg, 2.87 mmol) and the
resulting reaction mixture was heated to 140 °C for 24 h.
Then, it was poured into 1 M NaHCO; solution and ex-
tracted with chloroform. After organic extracts were dried
over MgS0,4 and filtered, the solvent was evaporated under
reduced pressure. The crude product was purified by col-
umn chromatography on silica gel (1:5 chloroform/hexane
as eluent) to yield the compound TTz as a yellow oil
(275 mg, 45%). 'TH NMR (300 MHz, CDCl5): & (ppm) 7.45
(d, 1H), 7.16 (d, 1H), 2.98 (t, 2H), 1.84 (m, 2H), 1.27 (m,
8H), 0.88 (t, 3H). *C NMR (125 MHz, CDCl;): 5 (ppm)
179.07, 160.19, 134.36, 109.91, 109.57, 35.56, 32.01,
29.45,29.33, 29.32, 29.10, 22.84, 14.28. m/z (MS-EI) calcd:
253.1, found: 253.2.
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2.2.5. 4,6-Dibromo-2-octyl-thieno[3,4-d|thiazole (TTz-Br)
The compound TTz (275 mg, 1.09 mmol) was dissolved
in 5ml of THF, to which N-bromosuccinimide (NBS)
(400 mg, 2.25 mmol) was added in the dark. After stirring
the mixture overnight at room temperature, the solvent
was removed under reduced pressure, and then the prod-
uct was purified by column chromatography on silica
(1:20 ethyl acetate/hexane as eluent) to afford TTz-Br as
an orange oil (390 mg, 87%). "H NMR (300 MHz, CDCl5): &
(ppm) 2.97 (t, 2H), 1.81 (m, 2H), 1.28 (m, 8H), 0.88 (t,
3H). 13C NMR (125 MHz, CDCl3): & (ppm) 180.59, 156.94,
135.91, 95.58, 95.44, 35.84, 31.99, 29.40, 29.32, 29.28,
29.24,22.84,14.29. m/z (MS-EI) calcd: 411.2, found: 411.4.

2.2.6. Polymer PFTTz

Monomer 5 (157 mg, 0.37 mmol) and TTz-Br (153 mg,
0.37 mmol) was dissolved in a mixture of THF (16 mL)
and aqueous K,COs3 solution (2 M, 4 mL). After the solution
was flushed with N, for 20 min, 20 mg of Pd(PPhs), was
added. The reaction mixture was stirred at 70 °C for 48 h.
After being cooled to room temperature, the mixture was
poured into methanol. The crude product was filtered
through a Soxhlet thimble, and then subjected to Soxhlet
extraction with methanol, ethyl acetate, hexane, acetone,
and chloroform. The polymer was recovered from the chlo-
roform fraction, and precipitated into methanol to afford
the product as an orange solid (100 mg, 46%). 'TH NMR
(300 MHz, CDCl3): & (ppm) 8.40-8.10 (m, 2H), 7.80 (d,
2H), 7.68 (d, 2H), 3.14 (t, 2H), 2.30-0.80 (br, 41H).

2.2.7. Polymer PCTTz

PCTTz was synthesized by following the same proce-
dure as used in the synthesis of PFTTz. Monomer 6
(232 mg, 0.39 mmol) and TTz-Br (159 mg, 0.39 mmol)
were used as monomers, and an orange solid was obtained
as a product (149 mg, 64%). '"H NMR (300 MHz, CDCl5): &

(ppm) 8.40-6.90 (br, 6H), 4.90-4.40 (br, 1H), 3.30-2.80
(br, 2H), 2.50-0.80 (br, 41H).

2.2.8. Polymer PBTTz

Monomer 7 (160 mg, 0.21 mmol) and TTz-Br (85 mg,
0.21 mmol) was dissolved in toluene. After the solution
was flushed with N, for 20 min, and then 20 mg of
Pd(PPhs), was added. The reaction mixture was stirred at
110 °C for 48 h. After being cooled to room temperature,
the resulting mixture was poured into methanol. The crude
product was filtered through a Soxhlet thimble, and then
subjected to Soxhlet extraction with methanol, ethyl ace-
tate, hexane, acetone, and chloroform. The polymer was
recovered from the chloroform fraction, and precipitated
into methanol to afford the product as a blue solid
(117 mg, 80%). 'TH NMR (300 MHz, CDCl5): 5 (ppm) 7.90-
6.90 (br, 2H), 4.50-3.80 (br, 4H), 3.30-2.80 (br, 2H),
2.40-0.80 (br, 45H).

2.3. Characterization

The chemical structures of compounds were identified
by "H NMR (Avance DPX-300) and '*C NMR (Avance DPX-
500). Molar masses of compounds were measured on a Jeol
JMS600w in electron-impact mode. Molecular weight and
distribution of polymers were measured by GPC (Waters)
with a refractive index detector (Waters 2414). THF was
used as an eluent, and the molecular weight of polymers
were calibrated by polystyrene standards. The optical
absorption spectra were obtained by a UV-Vis spectropho-
tometer (Lambda 25, Perkin Elmer). Cyclic voltammetry
were conducted on a potentiostat/galvanostat (VMP 3,
Biologic) in an electrolyte solution of 0.1 M tetrabutylam-
monium hexafluorophosphate in dichloromethane. Pt wires
(Bioanalytical System Inc.) were used as both counter and
working electrodes, and silver/silver ion (Ag in 0.1 M AgNO3

NH, Br
1. NaOH
/\ 0 B / 0 2 He
/ - -
S Y AcOH S 3. Nonanoyl chloride, TEA
1
CgHq7 CgHy7
o] S:<
Br NH Br NH
;’/ \5 Lawesson's reagent Ef \( NaH
s THF s NMP
3 4
)CiHﬂ' CgHy7
87N 87N
NBS
Z/ \ﬁ THF g M
s Br S Br
TTz TTz-Br

Scheme 1. Synthesis of TTz and TTz-Br.
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solution, Bioanalytical System Inc.) was used as a reference
electrode. The HOMO energy levels of polymers were calcu-
lated by using the equation: HOMO (V) = —[Eox — Eqo(ferro-
cene) +4.8], where E_ is the onset oxidation potential of the
polymer and E »(ferrocene) is the onset oxidation potential
of ferrocene vs. Ag/Ag*. The LUMO energy levels were also
estimated by using the equation: LUMO (V) =—[Eeq — Ey;
»(ferrocene) + 4.8], where Eq is the onset reduction poten-
tial of the polymer.

2.4. Device fabrication and characterization

The polymer solar cells were fabricated with a standard
device configuration of glass/ITO/PEDOT:PSS/polymer:
PC7,BM/Al. To fabricate polymer solar cells, ITO-coated glass
was first cleaned with acetone and isopropyl alcohol. After
complete drying, the ITO-coated glass was treated with
UV-ozone for 15 min. PEDOT:PSS was spin-coated with
40 nm thickness on the ITO-coated glass and annealed at
120 °C for 30 min. A 2 wt.% blend solution of polymer/
PC;1BM are dissolved in chlorobenzene (PBTTz/PC;,BM dis-
solved in o-dichloro-benzene), and spin-coated on the top of
the PEDOT:PSS layer at 800-1200 rpm for 40 s. The film
thickness of the active layer was measured by surface profil-
er (AlphaStep1Q, KLATencor). The active layer thicknesses in
the devices of PFTTz, PCTTz and PBTTz were 90, 80 and
120 nm, respectively. Aluminum (100 nm) was thermally

CeHis CoHis

5
CeHir CeH CeH
6113 8 113
§ N -A‘o T o’é
RN g
3 s oK
Br s)\Br >\° o
TTz-Br 6

OEH
\S | S, S/
. 4
b 7N
OEH

7 EH = 2-ethylhexyl

evaporated on the top of the active layer under vacuum
(<107 Torr). The effective area of the cell was ca. 4 mm?.
The current density-voltage (J-V) characteristics were mea-
sured with a Keithley 4200 source-meter under AM 1.5G
(100 mW/cm?) simulated by a Newport-Oriel solar simula-
tor. The light intensity was calibrated using a NREL-certified
photodiode prior to each measurement. The external quan-
tum efficiency (EQE) was measured using a Polaronix K3100
IPCE measurement system (McScience). The light intensity
at each wavelength was calibrated with a standard single-
crystal Si cell. The morphologies of polymer/PC;,BM blend
films were observed by a transmission electron microscope
(TEM) (JEOL, JEM-1010).

3. Results and discussion
3.1. Synthesis and characterization

The synthetic route for monomers and polymers were
illustrated in Scheme 1 and Scheme 2, respectively. In pre-
vious report [25], TTz was synthesized by cyclization of
thiophene ring from thiazole derivatives, but the method
is very complicated with many synthetic steps. Hence,
we have developed a more effective synthetic pathway
for synthesis of TTz starting from commercially available
thiophene derivative 1. First, bromination of 1 with bro-
mine in acetic acid solution produces the compound 2 with

CsHyr
s”N CeHiz CaHia
Pd(PPh;)4
THF/K,CO, (aq) s af M
PFTTz
CgHyz
s \N CGHGYCGHﬂ
L W G e
THF/K,CO; (aq) s ) n

Pd(PPh;)4

Toluene

Scheme 2. Synthesis of TTz-based copolymers.

Table 1
Characteristics of TTz-based polymers.
Polymer M, (kg/mol) PDI UV-Vis absorption Egopt? (eV) HOMO (eV) LUMO (eV) Egecb (eV)
/max (CHCI3) (nm) /max (film) (nm)
PFTTz 36 2.6 484, 507 491, 519 217 -5.58 -3.55 2.03
PCTTz 43 2.6 495, 525 497, 527 2.11 —5.46 -3.56 1.90
PBTTz 10 1.2 581, 627 583, 634 1.73 -5.24 -3.57 1.67

¢ Determined from the onset of UV-Vis absorption spectra.
b Determined from the cyclic voltammetry.
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a moderate yield (33%). After saponification and decarbox-
ylation of ester group on 2-position of thiophene, the com-
pound 3 was obtained with 50% yield by reacting amine on
thiophene in 2 with nonanoyl chloride in the presence of
TEA. The amide group on 3 was then converted to thioam-
ide group using the Lawesson’s reagent in THF. Ring cycli-
zation of compound 4 with NaH results in TTz with 45%
yield. Finally, TTz is easily brominated with NBS to afford
TTz-Br monomer for polymerization.

Polymers PFTTz, PCTTz and PBTTz were synthesized via
the Suzuki or Stille coupling reactions using Pd(PPhs), as a
catalyst. All synthesized polymers are highly soluble in
common organic solvents such as chloroform, chloroben-
zene, and dichlorobenzene at room temperature. It should
be noted that the molecular weight of polymers and its
polydispersity index (PDI) are measured by GPC and listed
in Table 1.

3.2. Optical properties

The UV-Vis absorption spectra of polymers in chloro-
form solution and film state are shown in Fig. 1, and these
spectroscopic data are summarized in Table 1. The red shift

_—
[
S

—— PFTTz
—— PCTTz
—— PBTTz

Absorbance (a.u.)

1 " 1 " L " 1 n 1

400 500 600 700 800
Wavelength (nm)

—— PFTTz
—— PCTTz
—— PBTTz

—_—
o
S

Absorbance (a.u.)

1 " 1 " 1 " 1 L 1

400 500 600 700 800
Wavelength (nm)

Fig. 1. UV-Vis absorption spectra of polymers in chloroform solution (a)
and in film state (b).

in film state compared to the absorption maximum of
chloroform solution indicates an increased m—m stacking
of polymer backbone in solid film. When the optical
bandgaps of polymers are calculated from the absorption

—— PFTTz
—— PCTTz
—— PBTTz

Current (a.u.)

)

mEE

-5 10 -05 00 05 10 15
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Fig. 2. Cyclic voltammograms of polymers.
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Fig. 3. -V curves of polymer/PC;;BM BH] solar cells under AM 1.5G,
100 mW/cm? (a), and EQE spectra of solar cells (b).
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Table 2
Photovoltaic properties of devices under standard AM 1.5G illumination.
Polymer Polymer:PC7;BM (w/w) Voc (V) Jsc (mA/cm?) FF PCE (%)
PFTTz 1:2 0.91 7.20 0.40 2.64
PCTTz 1:2 0.76 227 0.41 0.71
PBTTz 1:3 0.52 4.64 0.58 1.41
50 consistent with the optical bandgap (Eg;opt) determined
o PFTTz:PC,,BM from UV-Vis absorption spectra. The LUMO energy levels
A PCTTz:PC,,BM of all the polymers are around —3.55 eV, which is lower
401 PBTTz:PC,.BM than those of commonly used TT derivatives (—3.20 to
o —3.45eV) [4,12] and located in ideal LUMO energy level
NE 30 range (—3.5 to —3.9 eV) for high efficient solar cells [23].
-‘-< Furthermore, the LUMO energy offsets between our
Fir copolymers and PCBM (—4.0 eV) are sufficient for exciton
= 20 dissociation at the interface between polymers and PCBM
[26].

10 Since electron-richer environment induced by thio-
phene in benzodithiophene leads to higher HOMO energy
level (—5.24 eV) of PBTTz than the other copolymers, PBTTz

0 . L . L . L . may exhibit the lowest V¢, because Vo is proportional to
0.0 0.5 1.0 1.5 2.0 the difference the HOMO energy level of donor polymer

V.-V, (V)

Fig. 4. Dark J-V characteristics of PFTTz:PC;1BM (1:2 w/w), PCTTz:
PC71BM (1:2 w/w) and PBTTz:PC7;BM (1:3 w/w) blends with hole-only
device. The solid lines are the best linear fit of the data point.

edge of thin film, the bandgaps of PFTTz, PCTTz and PBTTz
are 2.17,2.11 and 1.73 eV, respectively. In donor-acceptor
type alternating polymer, the LUMO energy level of poly-
mer is dominantly affected by electron-accepting building
block, while the HOMO energy level is controlled by elec-
tron-donating unit. Since three polymers synthesized in
this study have identical electron-accepting unit, it is ex-
pected that the LUMO levels of the copolymers are nearly
the same while the HOMO levels are dependent upon the
electron-donating ability of electron-donor unit in the
copolymer, and as a result the bandgaps of the alternating
copolymers are governed by electron-donating units. Since
the electron-donating ability is in the order of benzodithi-
ophene, carbazole and fluorene, the bandgaps of the poly-
mers become lower in the order of PBTTz, PCTTz and PFTTz,
as can be seen in Table 1.

3.3. Electrochemical properties

The electrochemical properties of the polymers were
measured from oxidation and reduction cyclic voltamme-
try (Fig. 2), and the data are listed in Table 1. The electro-
chemically measured bandgaps (Egec) of polymers are well

and the LUMO energy level of acceptor (PCBM).
3.4. Photovoltaic properties

The current density-voltage (J—V) curves are shown
Fig. 3a, from which photovoltaic parameters are evaluated
(Table 2). Since deeper HOMO energy level of donor poly-
mer yields higher Vo, the Voc of PFTTz (0.91 V) is higher
than other two polymers, PCTTz and PBTTz. To this end,
PFTTz exhibits higher PCE of 2.64% than others.

The J,. values caculated from the integration of EQE
spectra (Fig. 3b) agree well with the Js. values from J—V
curves. Although PFTTz shows limited absorption below
550 nm while PBTTz exhibits strong absorption up to
700 nm, as shown in Fig. 1a, PFTTz has larger EQE value
than PCTTz and PBTTz, showing considerably high EQE of
61% at 480 nm.

To investigate the mismatch between absorption and
EQE, hole mobilities were measured from dark J—V curve
by using the space charge limited current model (Fig. 4).
When the hole mobilities of PFTTz/PC;;BM, PCTTz/PC;,BM,
and PBTTz/PC;;BM are compared, the hole mobility of
PBTTz/PC7;BM (1.1 x 107*cm?V~'5s) is still higher than
those of PFTTz/PC;1BM (4.8 x 10~ cm? V! s) and PCTTz/
PC7:BM (4.0 x 107> cm? V' s). When the morphologies of
polymer/PC71BM blend films are examined by TEM, as
shown in Fig. 5, it revealed that the PFTTz/PC;;BM film
exhibits well-developed nanoscale phase-separated

Fig. 5. TEM images of polymer/PC;,BM blend films PFTTz:PC;;BM (1:2 w/w) (a), PCTTz:PC7;BM (1:2 w/w) (b) and PBTTz:PC7;BM (1:3 w/w) (c).
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morphology, whereas the PCTTz/PC;;BM and PBTTz/
PC;:BM films show homogeneously mixed morphology.
Since nanoscale phase-separated morphology with inter-
connected network structure is essential for effective exci-
ton dissociation and charge transport [27], PBTTz does not
show higher EQE and Jsc than PFTTz, although PBTTz exhib-
its stronger absorption and higher hole mobility than PFTTz.

4. Conclusions

We have successfully synthesized TTz by a new and
effective synthetic method and TTz-based alternating
copolymers by coupling reaction. While the copolymers
showed the relatively low-lying LUMO energy levels of
around —3.55eV due to electron-withdrawing thiazole
ring in TTz, the HOMO energy levels and the bandgaps of
the copolymers were dependent upon the electron-donat-
ing ability of electron-donor unit in the copolymers. A PCE
of 2.64% with a high V,. of 0.91V were achieved from
PFTTz/PC;1BM blend under AM 1.5G illumination
(100 mW/cm?). Since higher PCE is expected by a further
precise device optimization, TTz is a promising electron-
accepting building block in donor-acceptor type alternat-
ing copolymer to achieve high performance solar cells.
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