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ABSTRACT: Two regiochemically defined polythiophenes con-
taining thiazolothiazole acceptor unit were synthesized by pal-
ladium(0)-catalyzed Stille coupling reaction. The thermal,
electrochemical, optical, charge transport, and photovoltaic
properties of these copolymers were examined. Compared to
P1 with head-to-head coupling of two middle thiophenes, P2
with head-to-tail coupling of two middle thiophenes exhibits
40 nm red shift of absorption spectrum in film and 0.3 eV
higher HOMO level. Both polymers exhibit field-effect hole mo-
bility as high as 0.02 cm? V' s='. Polymer solar cells (PSCs)
were fabricated based on the blend of the polymers and meth-
anofullerene[6,6]-phenyl  C71-butyric acid methyl ester
(PC;4BM). The PSC based on P1:PC;:BM (1:2, w/w) exhibits a

INTRODUCTION Polymer solar cells (PSCs) are promising
candidates for low-cost renewable energy sources for their
advantages, such as low cost, easy fabrication, lightweight,
and the capability to fabricate flexible large-area devices.' So
far, the most successful PSCs are bulk heterojunction-type
(BHJ) devices, which use a blend of electron-rich polymer
donor and electron-poor fullerene acceptor, such as metha-
nofullerene [6,6]-phenyl C61-butyric acid methyl ester
(PCBM), as the photoactive layer.>™® In recent years, power
conversion efficiencies (PCEs) of PSCs under simulated sun-
light conditions more than 7% have been achieved.” Along
with the rapid development of polymer materials, the crea-
tion of novel donor materials mainly focuses on lowering
highest occupied molecular orbita (HOMO) energy level to
get high open-circuit voltage (V,.), tuning bandgaps to get
broad absorption, and improving the hole mobility.2~*3

Regioregular poly(3-hexylthiophene) (P3HT) is the most rep-
resentative donor, and BH] PSCs based on the P3HT/PCBM
system exhibited PCEs of about 5% after device optimization
and post-treatments.'* However, its high HOMO energy level
(ca. —4.8 eV) lead to low V,. (ca. 0.6 V), which limited the
performance of PSCs.'® Thus, the electron-withdrawing
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power conversion efficiency of 2.7% under AM 1.5, 100 mW
cm~2, two times of that based on P2:PC,,BM. The higher effi-
ciency is attributed to lower HOMO (-5.6 eV) and smaller
phase separation scale in P1:PC5,;BM blend. Tiny change in thi-
ophene connection of P1 and P2 lead to great difference in
HOMO, phase separation scale, and efficiency of their photo-
voltaic devices. © 2011 Wiley Periodicals, Inc. J Polym Sci Part
A: Polym Chem 49: 4875-4885, 2011

KEYWORDS: conjugated polymer; field-effect transistor; polymer
solar cell; polythiophene; structure—property relations; synthe-
sis; thiazolothiazole

building blocks,"®** such as benzothiadiazole, diketo-
pyrrolo-pyrrole, 2-pyran-4-ylidenemalononitrile, thienopyra-
zine, thieno[3,4-c]pyrrole-4,6-dione, etc, were introduced
into the main chains of polythiophene to afford the D-A
copolymers which would lower HOMO level.

Thiazolothiazole has a rigid and coplanar fused ring, and
thereby ensures highly extended n-electron system and strong
n-stacking. As a result, conjugated small molecules and poly-
mers based on thiazolothiazole exhibited high charge carrier
mobilities.®?” In particular, McCullough and coworkers?®?”
reported that thiazolothiazole-thiophene copolymers exhibited
hole mobilities as high as 0.3 ecm? V' s~ Recently, several
copolymers of thiazolothiazole with benzodithiophene,?®=°
cyclopentadithiophene,®® carbazole,*? and dithienosilole*® were
synthesized for PSC applications, and PCEs up to 5.59% were
reported. All these thiazolothiazole-containing photovoltaic poly-
mers are based on fused-ring donor-building blocks other than
polythiophene. Moreover, there have been no reports that probe
into impact of side chains on absorption, energy levels, and
charge transport properties of the thiazolothiazole-containing
photovoltaic polymers as well as on morphology and photovol-
taic properties of the donor/acceptor blends.
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FIGURE 1 Chemical structures of copolymers P1 and P2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

In this work, we demonstrate synthesis and characterization
of two regiochemically defined polythiophenes containing
thiazolothiazole acceptor unit (P1 and P2, Fig. 1), which ex-
hibit high hole mobilities (0.02 cm® V™! s™') and low HOMO
levels (—5.3 to —5.6 eV). Slight difference between P1 and
P2 lies only on dodecyl position on one thiophene (labeled
in blue), while great differences on absorption spectra,
HOMO level, blend film morphology, and PCE for their BH]
devices were observed. Although P2 exhibited a similar hole
mobility and red-shifted absorption relative to P1, the PSCs
based on P2/PC,BM blend exhibited PCEs half of that for
P1/PC;;BM (2.7%) due to higher HOMO level and larger
phase separation scale.

EXPERIMENTAL

Measurements and Characterization

The "H NMR and '3C NMR spectra were measured on a
Bruker AVANCE 400 MHz spectrometer using tetramethylsi-
lane (6 = 0 ppm) as an internal standard. Elemental analy-
ses were performed using a FLASH EA1112 elemental ana-
lyzer. Thermogravimetric analysis (TGA) measurements were
performed using a DTG-60 thermal analysis system under N,
at a heating rate of 20 °C min~". Solution (chloroform) and
thin-film (on quartz substrate) UV-vis spectra were recorded
on a JASCO V-570 spectrophotometer. The electrochemical
measurements were performed under nitrogen on a deoxy-
genated solution of tetra-n-butylammonium hexafluorophos-
phate (0.1 M) in acetonitrile with a computer controlled
CHI660C electrochemical workstation, a glassy-carbon work-
ing electrode, a platinum wire auxiliary electrode, and an Ag
wire anodized with AgCl as a pseudo-reference electrode.
Potentials were referenced to the ferrocenium/ferrocene
(FeCp,*/°) couple using ferrocene as an internal standard.
The gel permeation chromatography (GPC) measurements
were performed on a Waters 515 chromatograph connected
to a Waters 2410 refractive index detector, using THF as elu-
ent and polystyrene standards as calibrants, three Waters
Styragel columns (HT3, 5, 6E) connected in series were
used. X-ray diffraction (XRD) pattern of thin films was per-
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formed in the reflection mode at 40 kV and 200 mA with Cu
Ko radiation using a 2 kW Rigaku D/max-2500 X-ray diffrac-
tometer. The morphology of blend films was observed by an
atomic force microscopy (AFM; NanoMan VS, Veeco) in
contact mode.

OFET Device Fabrication and Characterization

Field-effect transistors based on P1 or P2 polymer films
were fabricated in a bottom gate, top contact configuration
at ambient atmosphere. Highly n-doped silicon and thermally
grown silicon dioxide (300 nm) were used as back gate and
gate dielectric, respectively. The substrate were cleaned with
pure water, hot concentrated sulfuric acid-hydrogen peroxide
solution (concentrated sulfuric acid/hydrogen peroxide
water = 2:1), pure water, and pure isopropanol. Then vapor-
ized octadecyltrichlorosilane (OTS) was used for surface
modification of the gate dielectric layer.

Solutions of the polymers in o-dichlorobenzene (about 5 mg
mL™") were spin coated on hot OTS treated substrates (about
80 °C) to form thin films. Before thermal evaporation of top
contacts, the films were baked at 120 °C in a vacuum chamber
for 30 min to remove the residual solvent. Gold contacts (25
nm) for source and drain electrodes (finger parallel source-
drain geometry) were vacuum-deposited at a rate of 0.1 As?
through a metal shadow mask that defined a series of transis-
tor devices with a channel length (L) of 50 um and a channel
width (W) of 1 mm. The characterization was accomplished by
Keithley 4200 SCS with a micromanipulator 6150 probe sta-
tion in a clean shielded box at ambient atmosphere. Then
field-effect mobility was calculated from the standard equation
for saturation region in metal-dioxide-semiconductor field-
effect transistors: Ips = (W/ZL)uCi(VG-VT)Z, where Ipg is the
drain-source current, p is the field-effect mobility, W and L are
the channel width and length, C; is the capacitance per unit
area of the dielectric layer (C; = 9.6 nF cm™?), Vg is the gate
voltage and Vr is the threshold voltage.

PSC Device Fabrication and Characterization
The PSC devices were fabricated with a structure of ITO/
PEDOT:PSS/P1(P2):PC,1BM/Al. The patterned ITO glass
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(sheet resistance = 30 Q [~ %) was precleaned in an ultrasonic
bath of acetone and isopropanol, and treated in ultraviolet-
ozone chamber (Jelight Company, USA) for 30 min. A thin layer
(30 nm) of poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS, Baytron P VP Al 4083, Germany) was
spin-coated onto the ITO glass and baked at 150 °C for 30
min. A chlorobenzene solution of blend of P1 or P2/PC;;BM
(1:1 or 1:2, w/w) was subsequently spin-coated on the surface
of PEDOT:PSS layer to form a photosensitive layer. An alumin-
ium layer (ca. 60 nm) was then evaporated onto the surface of
the photosensitive layer under vacuum (ca. 10~* Pa) to form
the cathode. The active area of the device was 4 mm?
Current-voltage curve was measured with a computer-con-
trolled Keithley 236 Source Measure Unit. A xenon lamp
coupled with AM 1.5 solar spectrum filters was used as the
light source, and the optical power at the sample was 100 mW
cm ™% The incident photon-to-current conversion efficiency
(IPCE) spectrum was measured by Stanford Research Systems
model SR830 DSP lock-in amplifier coupled with WDG3
monochromator and 500 W xenon lamp.

Materials

3,3'-Didodecyl-2,2’-bithiophene,** 2,5-bis(5-bromo-3-dodecyl
thiopher1-2-yl)-thiazolo[5,4-d]thiazole,27 2,5-bis(5-trimethyl-
stannane-3-dodecyl  thiophen-2-yl)-thiazolo[5,4-d]thiazole,?’
and 5,5'-dibromo-3,4’-didodecyl-2,2'-bithiophene®® were syn-
thesized according to the literature methods. Toluene and
tetrahydrofuran (THF) were distilled from sodium benzophe-
none under nitrogen before use. Bio-Rad Bio-Beads S-X1 is a
kind of porous crosslinked polystyrene polymers used for gel
permeation separations of lipophilic polymers and low molecu-
lar weight, hydrophobic materials in the presence of organic
solvents. Unless stated otherwise, the other reagents were pur-
chased from commercial sources, and used without further
purification.

(3,3 -Didodecyl-2,2 -bithiophene-5,5 -diyl)bis(trimethylstannane)
To a solution of 3,3’-didodecyl-2,2-bithiophene (251 mg, 0.5
mmol) in 8 mL of THF was added dropwise a 2.5 M solution
of n-butyllithium in hexane (0.8 mL, 2 mmol) at —78 °C. The
solution was stirred at —78 °C for 30 min and at room tem-
perature for another 1 h. The solution was then cooled to
—78 °C, and trimethyltin chloride (300 mg, 1.5 mmol) was
added in one portion. The solution was warmed to room
temperature and 30 mL of water and 30 mL of diethyl ether
were added. The organic layer was washed twice with 30
mL of water and dried over magnesium sulfate. After filtra-
tion, the solvent was removed from the filtrate in vacuo to
yield the product as a colorless oil (370 mg, 90%). '"H NMR
(400 MHz, CDCl3): o 7.02 (s, 2H), 2.51 (t, ] = 7.9 Hz, 4H),
1.26-1.24 (m, 40H), 0.88 (t, / = 6.7 Hz, 6H), 0.38 (s, 18H).
3¢ NMR (100 MHz, CDCly): d 142.88, 137.34, 136.87,
135.25, 32.02, 31.02, 30.83, 30.06, 29.76, 29.67, 29.57,
29.53, 29.45, 28.82, 22.78, 14.20, —8.20.

Poly{(3,3'-didodecyl-2,2' -bithiophene-5,5' -diyl)-alt-[2,5-bis
(3-dodecyl-thiophen-2-yl)thiazolothiazole-5,5'-diyl]} (P1)
2,5-Bis(5-bromo-3-dodecylthiophen-2-yl)-thiazolo[5,4-d]thiazole
(80 mg, 0.1 mmol) and (3,3'-didodecyl-2,2’-bithiophene-5,5'-
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diyl)bis(trimethylstannane) (83 mg, 0.1 mmol) were dis-
solved in 10 mL of anhydrous toluene and deoxygenated
with N, for 30 min. Pd(PPh3), (11.5 mg, 0.01 mmol) was
then added under N,. The mixture was stirred at reflux for
3 days. To end-cap the polymer chain, tributyl(thiophen-2-
yl)stannane (3.7 mg, 0.01 mmol) was added under nitrogen
and the mixture was stirred at reflux for 10 h. 2-Bromothio-
phene (3.3 mg, 0.02 mmol) was then added under nitrogen,
and the mixture was stirred at reflux for 10 h. After the
reaction mixture was cooled to room temperature, the poly-
mer was precipitated by addition of 80 mL of methanol. The
precipitate was filtered. Finally, the polymer was purified by
size exclusion column chromatography over Bio-Rad Bio-
Beads S-X1 eluting with chloroform. The polymer was recov-
ered as a purple solid from the chloroform fraction by rotary
evaporation (80 mg, 70%). 'H NMR (400 MHz, CDCls): o
7.09-6.91 (br, 4H), 2.93 (br, 4H), 2.55 (br, 4H), 1.75-1.26
(br, 80H), 0.85 (br, 12H). GPC: M, 10,659; M,, 38,986; M,,/
M, 3.66. Anal. Calcd for (CegH104N2Se)n: C, 71.52; H, 9.18; N,
2.45. Found: C, 66.80; H, 9.08; N, 2.31%.

Poly{(3,4 -didodecyl-2,2' -bithiophene-5,5'-diyl)-alt-[2,5-bis
(3-dodecyl-thiophen-2-yl)thiazolothiazole-5,5'-diyl]} (P2)
2,5-Bis(3-dodecyl-5-trimethylstannyl-thiophen-2-yl)-thia-
zolo[5,4-d]thiazole (97 mg, 0.1 mmol) and 5,5'-dibromo-3,4’-
didodecyl-2,2'-bithiophene (66 mg, 0.1 mmol) were dissolved
in 10 mL of anhydrous toluene and deoxygenated with N,
for 30 min. Pd(PPhs), (11.5 mg, 0.01 mmol) was then added
under N,. The mixture was stirred at reflux for 3 days. To
end-cap the polymer chain, tributyl(thiophen-2-yl)stannane
(3.7 mg, 0.01 mmol) was added under nitrogen and the mix-
ture was stirred at reflux for 10 h. 2-Bromothiophene (3.3
mg, 0.02 mmol) was then added under nitrogen, and the
mixture was stirred at reflux for 10 h. After the reaction mix-
ture was cooled to room temperature, the polymer was pre-
cipitated by addition of 80 mL of methanol. The precipitate
was filtered. Finally, the polymer was purified by size exclu-
sion column chromatography over Bio-Rad Bio-Beads S-X1
eluting with chloroform. The polymer was recovered as a
purple solid from the chloroform fraction by rotary evapora-
tion (80 mg, 70%). 'H NMR (400 MHz, CDCl3): § 7.02 (br,
4H), 2.92 (br, 8H), 1.73-1.26 (br, 80H), 0.87 (br, 12H). GPC:
M, 14,816; M,, 74,397; M,/M, 5.02. Anal. Calcd for
(CesH104N2S6)n: C, 71.52; H, 9.18; N, 2.45. Found: C, 68.73;
H, 8.64; N, 2.38%.

RESULTS AND DISCUSSION

Synthesis and Characterization

Scheme 1 shows the synthetic routes to the monomer and
copolymers. Copolymerization was performed by Stille cou-
pling reaction using Pd(PPhs), as catalyst in toluene. The
polymers were purified by size exclusion column chromatog-
raphy over Bio-Rad Bio-Beads S-X1 eluting with chloroform.

Molecular weights of the polymers were determined by GPC
using polystyrene standards as calibrants (Table 1). P1 has a
number-average molecular weight (M,) of 10,659 with poly-
dispersity index (M,,/M,) of 3.66; P2 has a M, of 14,816
with M,,/M, of 5.02. These number-average molecular
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SCHEME 1 Synthetic routes of the polymers.

weights are larger than that (4100-8700) reported for a
similar thiazolothiazole-thiophene copolymers.”® P1 and P2
are soluble in common organic solvents, such as chloroform,
THF and chlorobenzene. Both polymers show good thermal
stability with decomposition temperatures over 340 °C, as
measured by TGA (Fig. 2).

Theory Calculation

We use density functional theory (DFT) at the B3LYP/6-31G
(d, p) level**3” with Gaussian 09 program package®® to pro-
vide an insight into the molecular architecture of the poly-
mers. Here, the molecular simulation was performed for P1
and P2 with a chain length of n = 1. Dihedral angles
between thiophenes (D;, D,, and D3; Fig. 3) are susceptible
to the position of dodecyl on thiophene. In particular, the di-
hedral angle (D;) between two middle thiophenes in P1 is
64°, much larger than that (—18.1°) in P2. The dihedral
angles in P1 and P2 show the same trend reported in the lit-
erature.3? Thus, P1 has a more twisted main chain, whereas
P2 has a more coplanar main chain. The planar conformation
of the main chain leads to strong interchain interaction in
P2.

TABLE 1 Molecular Weights and Thermal Data of Copolymers
P1 and P2

Polymer  Yield (%) M,? M,? Mu/M.2  T4° (°C)
P1 70 10659 38986  3.66 349
P2 70 14816 74397  5.02 370

# Number-average molecular weight (M,), weight-average molecular
weight (M,,), and polydispersity index (M,/M,) were measured by GPC
using THF as an eluent and polystyrene as a standard.

® Temperature at 5% weight loss measured by TGA at a heating rate of
20 °C min~" under nitrogen.
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Figure 4 shows the calculated molecular orbital geometry
and energy levels of the polymers. For P1 and P2, the
HOMOs are delocalized over the polymer backbones. The
lowest unoccupied molecular orbital (LUMO) in P1 is located
on thiazolothiazole and adjacent bithiophene unit, whereas
the LUMO in P2 is delocalized over the polymer backbone.
Relative to P2, P1 has a lower HOMO and a slightly higher
LUMO because of the twisted main chain and relatively local-
ized HOMO and LUMO.

Optical Properties

The normalized spectra of optical absorption of the copoly-
mers in chloroform solution (107® M) and solid film are
shown in Figure 5. The absorption maxima for P1 and P2 in
chloroform are 484 and 500 nm, respectively (Table 2). As a

100 -

80 4

60 4

104

Weight (%)

20 1

L] 3.4 1 L * L] >
100 200 300 400 500
Temperature (°C)

FIGURE 2 TGA curves of polymers P1 and P2. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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FIGURE 3 Several key dihedral angles of the polymers. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

result of the more twisted structure of main chain*® and low
molecular weight,*! polymer P1 exhibits blue-shifted absorp-
tion relative to P2. The absorption maximum of P1 and P2
in solid films red shifts 36 and 60 nm relative to that in
solution, respectively, which can be attributed to the strong

ARTICLE

n-n interchain association and aggregation. Although higher
molecular weight could improve conjugation length to a cer-
tain extent, the significant red shift of absorption for P2 in
solid film mainly benefits from more planar conformation of
the polymer backbone, which extends the conjugation length
of the 7 electrons and causes stronger interchain interaction.
The optical bandgaps estimated from the absorption edge of
P1 and P2 are 1.91 and 1.85 eV, respectively.

Electrochemical Properties

Figure 6 shows the cyclic voltammetry curves of the studied
polymers using polymer film on glassy carbon working elec-
trode in 0.1 M BuyuNPFg4 acetonitrile solution at a potential
scan rate of 50 mV s~ . Apparently, they show a similar pro-
file with one quasi-reversible oxidation peak and one irre-
versible reduction peak. The HOMO and LUMO values of P1
and P2 are estimated from the onset oxidation and reduction
potentials, assuming the absolute energy level of FeCp,*/° to
be 4.8 eV below vacuum (Table 3).*? Because of the incom-
plete reversibility of these processes, the peaks do not neces-
sarily represent the thermodynamic oxidation and reduction
potentials and should be interpreted with caution. However,
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FIGURE 4 Molecular orbital geometry and energy levels obtained from DFT calculations on P1 and P2 with a chain length n = 1 at

B3LYP/6-31G* level. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5 Absorption spectra of P1 and P2 in chloroform (s)
and in thin film (f). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the electrochemical data do reveal an interesting trend: P2
with a more planar main chain has a higher HOMO and a
slightly lower LUMO. The trends in the electrochemical data
are therefore consistent with the trends in the absorption
maxima and theory calculation. Polymer P2 has a more copla-
nar backbone; the w-electrons are more delocalized. Moreover,
the higher molecular weight of P2 extends conjugation length
and lowers the bandgap. Accordingly, polymer P2 is easier to
oxidize and has a smaller bandgap.**** It is worthy noting
that P1 has a low HOMO (—5.60 eV), 0.8 eV lower than that
of P3HT (ca. —4.8 eV)*® due to the electron-withdrawing unit
thiazolo[5,4-d]thiazole and twisted main chain. The difference
between the LUMO (—3.9 eV***®) of the acceptor PC,;BM
and the HOMO of the donor P1 is as large as 1.7 eV, which
could lead to high open-circuit voltage (V,) of solar cells.

Organic Field-Effect Transistors

To ensure effective charge carrier transport to the electrodes
and reduce the photocurrent loss in solar cells, the high hole
mobility is a basic requirement for effective photovoltaic
polymer donors. To measure hole mobilities of the polymers,
organic field-effect transistors (OFETs) based on P1 and P2
were fabricated on OTS-treated SiO,/Si substrates through
spin-coating process. In a top contact geometry using Au as
the source and drain electrodes, both polymers exhibited
typical p-type semiconductor behavior in air. The p-type out-
put curve and the corresponding transfer characteristics are
depicted in Figure 7, which exhibits good current modulation

TABLE 2 Absorption Data of P1 and P2

Amax S @ (nm)

Polymer Solution Film E,°P' P (eV)
P1 484 520 1.91
P2 500 560 1.85

@ Absorption maxima.
b Optical bandgap estimated from the onset edge of absorption spectra
in solid film.
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FIGURE 6 Cyclic voltammograms for P1 and P2 in CH3CN/0.1
M [BusN]*[PFg]~ at 50 mV s~ '. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

and well-defined linear and saturation regions. The highest
hole mobility of all the devices based on P1 and P2 in air
are 0.02 cm? V™' s7! with current on/off ratio of 10* (Table
4). The hole mobilities of P1 and P2 are among the top values
reported for photovoltaic polymers.® In general, for same poly-
mer, a higher molecular weight leads to a higher mobility.
However, P2 has a higher molecular weight than P1, whereas
the mobility of P2 is same as that for P1. This result indicates
that the difference in charge transport does not originate from
the difference in molecular weights of P1 and P2.

Thin films of P1 and P2 on OTS-modified Si/SiO, substrates
were investigated by XRD patterns. Figure 8 shows the XRD
patterns of P1 and P2. No reflection peaks are observed in
20 < 10° region for P1 and P2 thin films, indicating that the
P1 and P2 thin films are amorphous. The slight difference in
XRD patterns of P1 and P2 thin films is a weak broad peak
accompanied with a weak sharp peak appeared at 20 = 21°
corresponding to a distance of 4.2 A in P1, indicating some-
what ordered and n-n stacking structures. Figure 9 shows
the AFM height images of P1 and P2 thin films. The P2 film
are more smooth and flat with a smaller root-mean-square
(RMS) surface roughness of about 0.64 nm than P1 film
(RMS roughness of about 1.89 nm) probably because of its
higher molecular weight. The balance between the more or-
dered n-7n stacking structure of P1 and more smooth mor-
phology of P2 thin films leads to a similar mobilities.

TABLE 3 Redox Potentials and Energy Levels of the Polymers?®

Eo® (V) Ered® (V) HOMO® (eV) LUMOE® (eV)
P1 +0.80 2205 —5.60 —27/%)
P2 +0.50 —2.01 —5.30 -2.79

2 Polymer thin films on glassy-carbon electrode in CH3CN/0.1 M
[BusNI*[PFgl” at 50 mV s .

b E,. is the onset potentials versus ferrocenium/ferrocene correspond-
ing to oxidation, whereas E,.4 is the onset potentials versus ferroce-
nium/ferrocene corresponding to reduction.

° HOMOs and LUMOs estimated from the onset oxidation and reduction
potentials, respectively, assuming the absolute energy level of ferro-
cene/ferrocenium to be 4.8 eV below vacuum.
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FIGURE 7 Typical current-voltage characteristics (Ips vs. Vpg) at different gate voltages (Vgs), and —lps and (—Ips)"? vs. Vgs plots
at Vps of —100 V for a top contact device based on P1 (a, b) and P2 (c, d). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE 4 OFET Characteristics of P1 and P2 in Air
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Photovoltaic Properties

Because of broad absorption, low HOMO levels, and high
hole mobilities of P1 and P2, we investigated the potential
of the polymers for photovoltaic applications. We used P1
and P2 as an electron donor and soluble fullerene derivative
PC,sBM as an electron acceptor,®” and fabricated bulk
heterojunction PSCs with a structure of ITO/PEDOT:PSS/
P1(P2):PC;;BM/AL Figure 10 shows current density-voltage
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FIGURE 8 XRD patterns of thin films of P1 (a) and P2 (b) on OTS-modified Si/SiO, substrates.
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FIGURE 9 AFM topographic (2 x 2 um?) images of thin films of
P1 (a) and P2 (b) on OTS-modified Si/SiO, substrates. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

characteristics and IPCE as a function of wavelength of a de-
vice with the structure ITO/PEDOT:PSS/P1(P2):PC;,BM (1:2,
w/w)/Al Table 5 shows the open-circuit voltage (V,.), short-
circuit current density (Js), fill factor (FF), and PCE of devi-
ces with different weight ratios in the active blend layers.
The weight ratio of P1:PC;;BM strongly affects FF but
slightly affects V,. and J;.. When P1:PC,;BM weight ratio
was 1:2, the device gave a better photovoltaic performance;
Voo Jso FF and PCE of P1 device was 0.93 V, 5.94 mA cm 2,
48.9% and 2.70%, respectively. Similarly, the weight ratio of
P2:PC,1BM affects J;. and FF more significantly than V..
When P2:PC;;BM weight ratio was 1:2, the device gave a
better photovoltaic performance; V., /s, FF, and PCE of P2
device was 0.82 V, 4.49 mA cm 2, 36.1% and 1.33%, respec-
tively. The higher V,. of P1-based device benefits from lower
HOMO of P1.
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As shown in Figure 10, although P1(P2):PC,;BM had a simi-
lar broad absorption plateau between 300 and 700 nm, IPCE

values of P1 were generally 10% higher than that of P2,
lead to higher Js. of P1. Different J;. generally involves three
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FIGURE 10 Current density—voltage characteristics of a device
with the structure ITO/PEDOT:PSS/P1(P2):PC,,BM [1:2, w/w)/Al
(a): P1; (c): P2] and absorption spectrum of a film of
P1(P2):PC,,BM (1:2, w/w) blend and IPCE as a function of wave-
length under the illumination of an AM 1.5 solar simulator, 100
mW cm~? (b): P1; and (d): P2). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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TABLE 5 Photovoltaic Performance of PSCs Based on P1 and
P2 Under the lllumination of AM 1.5, 100 mW cm ™2

Active layer Voo (V) Jsc (MAcm™2)  FF (%) PCE (%)
P1:PC;:BM = 1:1 0.94 5.61 30.4 1.60
P1:PC;+BM = 1:2 0.93 5.94 48.9 2.70
P2:PC,.BM = 1:1  0.81 4.02 335 1.09
P2:PC,.BM = 1:2 0.82 4.49 36.1 1.33

processes in BHJ solar cells, namely the generation of exci-
tons, the diffusion of excitons to the donor/acceptor interfa-
ces, and the transport of separated free charges to the elec-
trodes. The generation of exciton is closely related to the
absorption of the active layers. Because of similar absorption
spectra of the P1(P2):PC;;BM blend, the generation of exci-
ton in the blends is similar and does not cause big difference
of Js.. Therefore, the main origin for different J. is the exci-
ton diffusion and charge transport, which are closely related
to the phase separation state. Larger donor/acceptor interfa-
ces, which facilitate the diffusion and separation of excitons,
and charge transport, could be achieved by reducing the
phase separation scale. An ideal nanoscale phase separation
of less than 20 nm was recommended based on the consid-
eration of the short exciton diffusion length of less than 10
nm in BH] devices.*®* Figure 11 shows the actual phase
separation state of blend films of P1(P2):PC,{BM.
P1:PC7;BM blend film is smooth and flat with a RMS rough-
ness of 0.42 nm, whereas P2:PC;;BM blend film gives
coarser surface with a RMS of 1.02 nm. From the phase
image of P2:PC;;BM [Fig. 9(d)], the distinct phase separation
with domain size of about 50 nm was observed. This large
phase separation scale is not favorable for efficient exciton
dissociation, lead to lower Js.. Moreover, the lower FF in P2-
based device is also attributed to coarse morphology and
large phase separation. In comparison with P1, the head-to-
tail coupling of two middle thiophenes in polymer P2
endows the main chain with more planar structure, which is
supported by theory calculation, absorption, and electro-
chemistry data. The more planar backbone of P2 favors
stronger n-7 interchain interaction and stronger aggregation
in the thin film, lead to coarse morphology and large phase
separation when blending with PC,;BM. In general, for same
polymer donor, a higher molecular weight leads to a higher
PCE when blending with fullerene acceptor.***° However, P2
has a higher molecular weight than P1, whereas the PCE of
PSCs based on P2/PC;;BM blend is only half of that for P1/
PC;1BM device. This result indicates that the difference in
photovoltaic properties does not originate from the differ-
ence in molecular weights of P1 and P2.

CONCLUSIONS

Two regiochemically defined polythiophenes containing thia-
zolothiazole acceptor unit, P1 and P2, have been synthe-
sized. They exhibit high hole mobilities and low HOMO lev-
els. Slight difference between them lies only on the
connection of two middle thiophenes, whereas great differen-
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ces on absorption spectra, HOMO level, blend film morphol-
ogy, and PCE for their BH] devices were observed. In com-
parison with P1 with head-to-head coupling of two middle
thiophenes, the head-to-tail coupling of two middle thio-
phenes in polymer P2 endows the main chain with smaller
torsion angle and more planar structure. The n-electrons in

a) 20.0 nm

d) i} _ 20.0°

3.00

FIGURE 11 AFM topographic (3 x 3 um?) (a and c) and phase
images (b and d) for thin films of P1(P2):PC+BM (1:2, w/w)
blend (a) and (b): P1; (c) and (d): P2.
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P2 are more delocalized. Accordingly, the polymer is easier
to oxidize and has a higher HOMO level and a smaller
bandgap, lead to red shift of absorption spectra. The more
planar backbone of P2 favors stronger n-7 interchain inter-
action and stronger aggregation in the thin film, lead to sig-
nificant red shift of absorption spectra in thin film relative to
that in solution. Moreover, the strong aggregation of P2 in
solid state leads to coarse morphology and large phase sepa-
ration scale in film of P2/PC;;BM blend. This large phase
separation scale is not favorable for efficient diffusion and
separation of excitons, lead to lower Js. and lower FF. The
PSCs based on P1/PC,;BM (1:2, w/w) show PCE of 2.70%
with V,. of 093 V, Ji. of 594 mA/cm? and FF of 48.9%,
whereas the PSCs based on P2/PC,;BM (1:2, w/w) blend ex-
hibit PCE of 1.33%, which is only half of that for P1/PC;;BM
device although P2 exhibited a higher molecular weight, a
similar hole mobility and red-shifted absorption. Although
the PCEs achieved here are not competitive with other
copolymers of thiazolothiazole with benzodithiophene,*® car-
bazole,®* and dithienosilole,*® this work nonetheless demon-
strates thiazolothiazole-containing polythiophenes as poten-
tial photovoltaic materials and an effective way to tune
phase separation scale and key parameters, such as V., Js.
FF, and PCE, in PSCs by simple chemical modification (chang-
ing counit connection).

This work was supported by NSFC (Grants 21025418,
51011130028, 21021091), 973 Project (Grant 2011CB808400),
and the Chinese Academy of Sciences.
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