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A new conjugated copolymer PBDTTT-TIPS containing thiazolothiazole acceptor unit and triisopropylsilylethynyl (TIPS)-
functionalized benzodithiophene donor unit was synthesized by Pd-catalyzed Stille coupling and compared with its alkoxy-
substituted analogue PBDTTT-C12. PBDTTT-TIPS exhibits decomposition temperature of 377 °C, absorption maximum of
598 nm, HOMO level of —5.3 €V, and hole mobility as high as 1.2 x 10> cm®V~'s~'. Without any post-treatments, polymer solar
cells based on the blend of PBDTTT-TIPS and PC;;BM exhibited power conversion efficiency as high as 4.33%, which is 2 times
that for device based on the PBDTTT-C12:PC,;BM blend. TIPS and C12 side chains exhibit a little impact on absorption, HOMO
level, and hole mobility of the polymers, but they significantly influence blend film morphology and photovoltaic performance. TIPS
side chains induces excellent compatibility between PBDTTT-TIPS and PC,;BM, and the PBDTTT-TIPS:PC,,BM blend exhibits
perfect phase separation scales around 10—20 nm, which is beneficial to charge separation and enhanced efficiency of the device,
while C12 side chains leads to large phase separation, which is responsible for the lower efficiency.

B INTRODUCTION

Polymer solar cells (PSCs) have attracted increasing attention
because they have shown promising potential as a result of their
unique advantages such as low cost, light weight, and large-area
fabrication on flexible substrates." Recently, great advances have
achieved in development of novel photovoltaic polymers and
device structures.”” > The power conversion efficiencies (PCEs)
can now reach 7—8%.">~'® It is worthy of mentioning that the
large planar benzo[1,2-b:4,5-b'|dithiophene (BDT) unit has
emerged as an attractive building block for high-efliciency
photovoltaic polymers."***~'® For solution processing, the use
of long alkyl or alkoxy side chains has been a common approach
to modify the BDT unit.">~'”'*">* However, the side-chain
nature not only affects the molecular weight and solubility of the
polymers but also affects the absorption, energy levels, and
charge transport properties.”> >* In particular, the side chain
affects morphology of blends of polymer donors and fullerene
acceptors and finally affects the photovoltaic performance of
devices.”> "’ In order to further improve solar cell efficiency, it is
necessary to explore other type side chains to modify the BDT
unit, for example, thiophene side chains.'®*%*!
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Bulky triisopropylsilylethynyl (TIPS) groups on acene deri-
vatives not only improve the solubility and oxidative stability of
the semiconductors but also promote the sr-orbital overlap. As a
result, TIPS-functionalized acenes gained importance as a class of
highly soluble, air-stable, high-performance p-type organic
semiconductors.*”**> The small molecules and polymers based
on TIPS-substituted acenes were also used in organic photo-
voltaic cells as electron donors or acceptors with PCEs as high as
2.25%.>* %7 Stefan and co-workers reported synthesis of poly-
mers based on phenylethynyl-substituted BDT and their applica-
tion in PSCs with PCEs up to 1.05%.>* Watson and co-workers
reported synthesis of a small molecule based on TIPS-substituted
BDT unit but not any device applications.>® There have been no
reports on small molecules or polymers based on TIPS-func-
tionalized BDT unit for organic solar cells.

Thiazolothiazole (TT) has a rigid and coplanar fused ring and
thereby could facilitate highly extended s-electron system and
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Figure 1. Chemical structures of BDT-TT copolymers.

strong 7T-stacking. As a result, conjugated small molecules and
polymers based on thiazolothiazole exhibited high charge carrier
mobilities up to 0.3 cm” V' s '.>*7*! Recently, several copol-
ymers of thiazolothiazole with fused-ring donor building blocks
such as benzodithiophene, cyclopentadithiophene, carbazole, or
dithienosilole were synthesized for PSC applications, and PCEs
up to 5.88% were reported.***

In this paper, we designed and synthesized a copolymer of
TIPS-functionalized BDT and TT (PBDTTT-TIPS, Figure 1)
and compared with its alkoxy-substituted analogue PBDTTT-
C12. Slight difference between these two polymers lies only on
the side chains on BDT unit, while big difference in phase
separation scale of the polymer donor/PC,;BM blend films
was observed. PSC devices based on PBDTTT-TIPS exhibit
PCEs as high as 4.33% without post-treatments, which is double
that for PBDTTT-C12-based solar cells.

B EXPERIMENTAL SECTION

Measurements and Characterization. The "H NMR spectra
were measured on a Bruker AVANCE 400 MHz spectrometer using
tetramethylsilane (TMS; & = 0 ppm) as an internal standard. Elemental
analyses were carried out using a FLASH EA1112 elemental analyzer.
Thermogravimetric analysis (TGA) measurements were performed
using a DT G-60 thermal analysis system under N, at a heating rate of
20 °C min~". Solution (chloroform, 10~ M) and thin-film (on quartz
substrate, spin-coated from chloroform solution) UV—vis spectra were
recorded on a JASCO V-570 spectrophotometer. The electrochemical
measurements were carried out under nitrogen on a deoxygenated
solution of tetra-n-butylammonium hexafluorophosphate (0.1 M) in
acetonitrile with a computer-controlled CHI660C electrochemical
workstation, a glassy-carbon working electrode, a platinum-wire auxilia-
ry electrode, and an Ag-wire anodized with AgCl as a pseudoreference
electrode. Potentials were referenced to the ferrocenium/ferrocene
(FeCp2+/ %) couple by using ferrocene as a standard. The gel permeation
chromatography (GPC) measurements were performed on a Waters
515 chromatograph connected to a Waters 2414 refractive index
detector, using THF as eluent and polystyrene standards as calibrants;
three Waters Styragel columns (HT2, 3, 4) connected in series were
used.

OFET Device Fabrication and Characterization. Field-effect
transistors based on PBDTTT-TIPS polymer films were fabricated in a
bottom gate, top contact configuration at ambient atmosphere. Highly
n-doped silicon and thermally grown silicon dioxide (500 nm) were used
as back gate and gate dielectric, respectively. The substrates 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 vaporized octadecyltrichlorosilane
(OTS) was used for surface modification of the gate dielectric layer.

Solution of PBDTTT-TIPS in o-dichlorobenzene (about 10 mgmL ™~ D)
was spin-coated onto OTS-treated substrates to form thin films. Prior to
thermal evaporation of top contacts, the films were baked at 120 °Cin a
vacuum chamber for 30 min to remove the residual solvent. Gold
contacts (25 nm) for source and drain electrodes were vacuum-
deposited at a rate of 0.1 A s™" through a metal shadow mask that
defined a series of transistor devices with a channel length (L) of S0 um
and a channel width (W) of 1 mm. The characterization was accom-
plished by a Keithley 4200 SCS with a micromanipulator 6150 probe
station 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: Ing =
(W/2L)uCi(Vg — Vir)?, where Ipg is drain-source current, 4 is field-
effect mobility, W and L are the channel width and length, C; is the
capacitance per unit area of the dielectric layer (C; = 7.5 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/
PBDTTT-TIPS (or PBDTTT-C12):PC,,BM/Ca/Al. The patterned
ITO glass (sheet resistance =30 Q O~ ") was precleaned in an ultrasonic
bath of acetone and isopropanol and treated in ultraviolet-ozone cham-
ber (Jelight Co.) for 0.5 h. A thin layer (30 nm) of poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Baytron P
VP AI 4083, Germany) was spin-coated onto the ITO glass and baked at
150 °C for 0.5 h. A solution of PBDTTT-C12/PC,,BM (1:2, w/w) or a
solution of PBDTTT-TIPS/PC,;BM (1:1 or 1:2, w/w) in chloroform
or chlorobenzene was subsequently spin-coated on the surface of PEDOT:
PSS layer to form a photosensitive layer. Calcium (ca. 1S nm) and
aluminum (ca. 50 nm) layers were subsequently 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-controlled 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. 2,5-Bis(3-dodecyl-5-(trimethylstannyl)thiophen-2-yl)-
thiazolo[ $,4-d]thiazole,*  2,6-dibromo-4,8-bis(triisopropylsilylethynyl)-
benzo[1 ,2—17:4,5—17/]dithiophene,50 and PBDTTT-C12* were synthesized
according to the literature methods. Toluene was distilled from sodium
benzophenone under nitrogen before use. Unless stated otherwise, the
other reagents were purchased from commercial sources, and used
without further purification.

Poly{(4,8-bis(triisopropylsilylethynyl)benzodithiophene-
2,6-diyl)-alt-[2,5-bis(3-dodecyl-thiophen-2-yl)thiazolothia-
zole-5,5'-diyll} (PBDTTT-TIPS). 2,6-Dibromo-4,8-bis(triisopro-
pylsilylethynyl)benzo[1,2-b:4,5-b']dithiophene (71 mg, 0.1 mmol)
and  2,5-bis(3-dodecyl-S-(trimethylstannyl)thiophen-2-yl)thiazolo-
[5,4-d]thiazole (97 mg, 0.1 mmol) were dissolved in 10 mL of
anhydrous toluene and deoxygenated with N, for 30 min. Pd(PPh;),
(11 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-Bromothiophene (3.3 mg, 0.015 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
polymer was precipitated by addition of 80 mL of methanol. The
precipitate was filtered. Finally, the polymer was purified by size exclusion
gravity column chromatography over Bio-Rad Bio-Beads S-X1 (a kind of
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Scheme 1. Synthetic Route of the Polymer
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Figure 2. TGA curve of polymer PBDTTT-TIPS at a heating rate of
20 °C min ! under nitrogen.

porous cross-linked polystyrene polymers used for gel permeation separa-
tions of lipophilic polymers and low molecular weight, hydrophobic materi-
als) eluting with chloroform. The polymer was recovered as a purple solid
from the chloroform fraction by rotary evaporation (70 mg, 59%). "H NMR
(400 MHz, CDCl,): 6 7.05 (br, 2H), 6.54 (br, 2H), 2.97 (br, 4H), 1.55—
1.25 (br, 82H), 0.88 (br, 6H) (Figure S1, Supporting Information). GPC: M,
12 000; M, 19 000; M,,/M,, 1.6. Anal. Calcd for (CgsHogN,SSir),.: C, 68.63;
H, 8.13; N, 2.35. Found: C, 63.02; H, 7.72; N, 2.34%.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 1 shows the syn-
thetic route to PBDTTT-TIPS. Copolymerization of 2,6-dibro-
mo-4,8-bis(triisopropylsilylethynyl)benzo[1,2-b:4,5-b"]dithio-
phene and 2,5-bis(3-dodecyl-5-(trimethylstannyl )thiophen-
2-yl)thiazolo[$,4-d]thiazole was carried out by Stille coupling
reaction using Pd(PPh;), as catalyst in toluene. The polymer was
purified by size exclusion column chromatography over Bio-Rad
Bio-Beads S-X1 eluting with chloroform. PBDTTT-TIPS is
soluble in common organic solvents, such as chloroform, THF,
chlorobenzene, and dichlorobenzene. Molecular weights of the
polymer were determined by gel permeation chromatography
(GPC) using polystyrene standards as calibrants. PBDTTT-
TIPS has a number-average molecular weight (M,) of 12 000,
weight-average molecular weight (M,,) of 19000, and polydis-
persity index (M,,/M,) of 1.6. PBDTTT-TIPS shows excellent
thermal stability with decomposition temperature of 377 °C
(at 5% weight loss), as measured by thermogravimetric analysis
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Figure 3. Absorption spectra of PBDTTT-TIPS in chloroform
(107° M) and in thin film (spin-coated from chloroform solution).
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Figure 4. Cyclic voltammogram for PBDTTT-TIPS in CH;CN/0.1 M
["BuyN]*[PF4]~ with ferrocenium/ferrocene as a standard, at SO
mV s . The horizontal scale refers to an anodized Ag wire pseudor-
eference electrode.

(TGA) at a heating rate of 20 °C min~ ' under nitrogen
(Figure 2).

Optical Properties. Figure 3 shows the UV—vis absorption
spectra of PBDTTT-TIPS in chloroform solution (10~° M) and
in thin film (spin-coated from chloroform solution). The copol-
ymer PBDTTT-TIPS in solution shows two intense absorption
peaks at 548 and 586 nm, which red shift 6 and 12 nm from
solution to film, respectively. Compared with PBDTTT-C12,
PBDTTT-TIPS exhibits red-shifted absorption (4 nm in solu-
tion; 14 nm in film). The red shift of absorption for PBDTTT-
TIPS mainly benefits from the weak electron-withdrawing and
conjugated TIPS side chains. The optical bandgap of PBDTTT-
TIPS estimated from the absorption edge in film is 1.94 eV,
which is a little lower than that (1.99 eV) of PBDTTT-C12.

Electrochemical Properties. The cyclic voltammetry (CV)
curves of copolymer PBDTTT-TIPS and FeCp,™° are illu-
strated in Figure 4. PBDTTT-TIPS displays irreversible oxida-
tion and reduction waves. The onset oxidation and reduction
potentials versus Ag are 1.0 and —1.3 V, respectively. The onset
oxidation and reduction potentials versus FeCp,*® (half-
wave potential of 0.5 eV) are 0.5 and —1.8 V, respectively.
Therefore, the HOMO and LUMO energies are estimated
to be —5.3 and —3.0 eV from the onset oxidation and
reduction potentials, respectively, assuming the absolute
energy level of FeCp,™° to be 4.8 eV below vacuum.
Compared with PBDTTT-TIPS, PBDTTT-C12 exhibits
same HOMO level but 0.2 eV higher LUMO level. The
trends in the electrochemical data are therefore consistent
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Figure S. (a) Typical current—voltage characteristics (Ips vs Vpg) at
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Figure 6. Current density—voltage characteristics of a device with the
structure ITO/PEDOT:PSS/PBDTTT-TIPS:PC,,BM(1:1, w/w)/Ca/Al
(a) and ITO/PEDOT:PSS/PBDTTT-CI2:PC,,BM(12, w/w)/Ca/Al
(b) under the illumination of an AM 1.5 solar simulator, 100 mW cm ™.

with that in the absorption maxima and also can be attributed
to the weak electron-withdrawing TIPS group. The lower

Table 1. Photovoltaic Performances of PSCs Based on
PBDTTT-TIPS and PBDTTT-C12 under the Illumination of
AM 1.5, 100 mW cm 2

active layer Voe (V) Joe (mA cm™?) FF (%) PCE (%)

PBDTTT-TIPS:PC, BM = 1:1  0.89 9.77 498 433
PBDTTT-TIPS:PC, BM = 12 0.85 9.46 456  3.67
PBDTTT-CI12:PC,.BM =12  0.80 4.36 628 219
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Figure 7. Absorption spectrum of a film of PBDTTT-TIPS:PC,;BM-
(1:1, w/w) (a) and PBDTTT-C12:PC,;BM(1:2, w/w) (b) blend and
IPCE curve as a function of wavelength.

LUMO level deduced from TIPS side chain was also reported
in the literature.*®

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
electron donors. To measure mobilities of PBDTTT-TIPS, or-
ganic field-effect transistors (OFETs) were fabricated on octade-
cyltrichlorosilane (OTS)-treated SiO,/Si substrates through spin-
coating process. The typical p-type output curve and the corre-
sponding transfer characteristics in air are depicted in Figure S,
which exhibits good current modulation and well-defined linear and
saturation regions like PBDTTT-C12.** The highest hole mobility
of the devices based on PBDTTT-TIPS in the saturation regime is
12 % 10 *em*V 's™ !, while average mobility (5 devices) is 9.4 x
10 *em® V' s, a little lower but in the same order with that of
PBDTTT-C12 (2.8 x 1072 ecm> V"' s ). The average on/off
current ratio (Io,/Iog) is 600.

Photovoltaic Properties. We use PBDTTT-TIPS as an
electron donor and PC,;;BM as an electron acceptor and
fabricate bulk heterojunction PSCs with a structure of ITO/
PEDOT:PSS/PBDTTT-TIPS:PC,;BM/Ca/Al to demonstrate
the potential application of PBDTTT-TIPS in PSCs. The
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Figure 8. AFM topographic (left) and phase images (right) (3 x 3 um) for thin films of PBDTTT-TIPS:PC,,BM (1:1, w/w) (top) and PBDTTT-

C12:PC,;BM (1:2, w/w) blend (bottom).

solvents used for device fabrication will dramatically affect the
morphology of blend film and the resulting device performance.
Compared to PBDTTT-C12, PBDTTT-TIPS has a better
solubility in common solvents, such as chloroform, THF, chlor-
obenzene, and dichlorobenzene. The PBDTTT-C12/PC,,BM
blend has good solubility in chloroform but poor solubility in
chlorobenzene. Therefore, the best device performance based on
PBDTTT-CI12 was obtained from chloroform solution. How-
ever, the PBDTTT-TIPS/PC;;BM blend has good solubility
in chloroform and in chlorobenzene. The devices based on
PBDTTT-TIPS:PC,;BM = 1:1 spin-coated from chlorobenzene
solution exhibited much higher PCE (4.33%) than that obtained
from chloroform solution (1.3%) since the solvent with high
boiling point would be more beneficial to forming good-quality
films. Therefore, we choose chlorobenzene other than chloro-
form for PBDTTT-TIPS-based device fabrication.

Figure 6 shows current density—voltage curves, and Table 1
summarizes the open circuit voltage (V,.), short circuit current
density (J,.), fill factor (FF), and power conversion efficiency
(PCE) of the devices. When PBDTTT-TIPS:PC,,BM weight
ratio is 1:2, the PCE of device is 3.67%, which is higher than that
for PBDTTT-C12-based device (2.19%). When PBDTTT-
TIPS:PC,;BM weight ratio is 1:1, the device exhibit the highest
PCE of 4.33% with V. of 0.89 V, J.c of 9.77 mA cm ™2, and FF of
49.8%. The change in performance with donor/acceptor weight
ratio has correlation with the tendency of donor polymer to mix
with fullerene acceptor, phase separation, and charge transport.
Generally, for polymer donors with high hole mobilities
(>107% em® V"' s7"), such as poly(3-hexylthiophene) (P3HT)
and PBDTTT-TIPS, the percolation pathways for hole transport
are well formed at donor/acceptor weight ratio of 1:1, leading to
higher PCEs. While for polymer donors with low hole mobilities
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(<107 em® V' "), such as poly[2-methoxy-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene] (MEH-PPV), the percolation
pathways for electron transport are well formed at high acceptor
concentration (e.g,, 80%), leading to higher PCEs.

As shown in Figure 7, the incident photon to converted
current efficiency (IPCE) curve resembles absorption spectrum
of the blend thin film of PBDTTT-TIPS:PC,,BM (1:1, w/w),
and the IPCE exhibits a broad plateau with IPCE values over 50%
between 350 and 620 nm, leading to a high J,. of 9.77 mA cm %
However, the PBDTTT-C12:PC,BM (1:2, w/w) blend gives a
lower IPCE level between 300 and 700 nm, leading to a lower J,.
of 436 mA cm ™%, which is only half of that for PBDTTT-TIPS:
PC,,BM device.

Although PBDTTT-TIPS and PBDTTT-C12 exhibit similar
absorption, HOMO level, and hole mobility, they exhibit big
difference in photovoltaic performance. To elucidate the origin,
we investigate blend film morphology using atomic force micro-
scope (AFM) (Figure 8). For PBDTTT-TIPS:PC,,BM (1:1,
w/w) blend, the films exhibit a typical cluster structure with many
aggregated domains and a root-mean-square (rms) roughness of
1.472 nm. The domain sizes estimated by cross-section profiles
are about 10—20 nm. Therefore, the nanoscale aggregated
domains and perfect phase separation are beneficial to charge
separation and enhanced efficiency of the PSC. In contrast, the
PBDTTT-C12:PC;;BM blend film exhibits large phase separa-
tion and large rms roughness up to 8.218 nm. This large phase
separation scale is not favorable for efficient exciton dissociation,
leading to relatively low J;.. The blend film morphology indicates
that PBDTTT-TIPS has a better compatibility with PC;;BM
than PBDTTT-C12. Nguyen et al. found that in a poly
(3-alkylthiophenes)(P3AT):PCy,BM system the longer side
chains of P3AT enable the higher diffusion rate of PCsBM in
the polymer matrix and ultimately lead to a larger scale phase
separation.51

Bl CONCLUSIONS

A new conjugated copolymer PBDTTT-TIPS containing
thiazolothiazole acceptor unit and TIPS-functionalized benzo-
dithiophene donor unit is synthesized by Pd-catalyzed Stille
coupling. PBDTTT-TIPS exhibits excellent thermal stability,
broad absorption, high hole mobility, and relatively low HOMO
level. Without any post-treatments, solution-processed PSCs
based on the blend of PBDTTT-TIPS and PC,,BM exhibit
PCEs as high as 4.33%, which is 2 times that for device based on
the PBDTTT-C12:PC,,;BM blend. TIPS and C12 side chains
exhibit a little impact on absorption, HOMO level, and hole
mobility of the polymers, but they exhibit significant impact on
blend film morphology and photovoltaic performance. Relative
to C12 side chains, TIPS side chains induced better compatibility
between polymer donor and PC,;BM; the PBDTTT-TIPS:
PC,;BM blend exhibits perfect phase separation with domain
sizes around 10—20 nm, which is beneficial to charge separation
and enhanced efficiency of the PSC.
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© Supporting Information. 'H NMR spectrum of PBDT
TT-TIPS. This material is available free of charge via the Internet
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