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ABSTRACT: Efficient low-band-gap polymers are one key
component for constructing tandem solar cells with other
higher-band-gap materials to harvest wide absorption of the
solar spectrum. The N-acyldithieno[3,2-b:2/,3’-d]pyrrole
(DTP) building block is used for making low-band-gap
polymers. It is attractive because of its strong donating ability
and relatively low highest-occupied-molecular-orbital level in
comparison with the N-alkyl DTP building block. However,
additional solubilizing groups on the accepting units are
needed for soluble donor—acceptor polymers based on the N-
alkanoyl DTP building block. Combining N-benzoyl DTP with
a 4,7-dithieno-2,1,3-benzothiadiazole building block, a polymer
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with a low band gap of 1.44 eV, delivers a high short-circuit current of 17.1 mA/cm* and a power conversion efficiency of 3.95%,
which are the highest for the devices with DTP-containing materials. Herein, an alcohol-soluble diamine-modified fullerene
cathode interfacial layer improved the device efficiency significantly more than the mono-amine analogue.

KEYWORDS: polymer solar cells, low-band-gap polymers, N-acyldithienopyrrole, amine-modified fullerene, interfacial materials

B INTRODUCTION

Polymer solar cells have attracted broad interest in academic
and industry settings as renewable energy sources because of
their unique advantages of being light weight and flexible and of
having a low cost of fabrication.! The highest efficiency solar
cells that have been recently reported are tandem solar cells
with a power conversion efficiency (PCE) of 10.6 % and single
inverted solar cells with an alcohol-soluble conjugated-polymer
cathode interfacial layer or a fullerene-modified ZnO cathode
interlayer with a PCE of 9.2 and 9.35%, respectively.” Tandem
solar cells provide an effective way to harvest a broader
spectrum of solar radiation by combining two or more solar
cells with different absorption profiles to achieve higher PCE
values.”>~” Other ways to harvest wide light absorption include
the use of a ternary blend composed of two donors with
different but complementary absorption properties to the solar
spectrum® ™' as well as reflective tandem solar cells.""

One of the significant features of the record tandem solar cell
is the novel low-band-gap polymer.” There are very few highly
efficient low-band-gap polymers (<1.5 eV), and most of them
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have strong electron-accepting building blocks.”™”">7'¢ As the
band gaps of the donor materials become low, the requirements
for high-efficiency devices will not be easily achieved. For
example, suitable highest-occupied-molecular-orbital (HOMO)
and lowest-unoccupied-molecular-orbital (LUMO) levels and
high mobility along with sufficient solubility are needed.'’~*°
Therefore, the design and synthesis of new materials with low
band gaps remains of great importance.

Among the various donor moieties used in donor—acceptor
(D-A) polymers, dithieno[3,2-b:2,3'-d]pyrrole (DTP) has
attracted attention previously. DTP is a fused bithiophene
with a bridging nitrogen that is strongly electron-donating and
planar. This leads to materials with low band gaps and high
mobilities.”’ >* However, DTP-based materials suffer from
high HOMO levels and thus low open-circuit voltages (V,.)
and low PCEs. Recently, N-acyl-substituted DTPs were
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Scheme 1. Synthesis of N-Alkanoyldithieno[3,2-b:2",3"-d]pyrrole- and 2,1,3-Benzothiadiazole-Based Monomers
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reported, and the introduced carbonyl group was shown to
lower the HOMO level.>® Rasmussen and co-workers have also
reported N-acyldithieno[3,2-b:2',3’-d]pyrrole-based oligomeric
models to demonstrate further the extent of HOMO energy
modulation.’® Thus, we chose to incorporate this building
block into the polymers reported in this work. Changing from
N-alkanoyl- to N-benzoyl-substituted DTP, a polymer with a
band gap of 1.44 eV, gives a PCE of 3.95% with the help of an
alcohol-soluble fullerene cathode interlayer.

The cathode interfacial material, is one of the key
components for the record single-junction solar cell.>*
Poly[(9,9-bis(3’-(IN,N-dimethylamino)propyl)-2,7-fluorene)-
alt-2,7-(9,9-dioctyl-fluorene)] (PFN) has previously been used
as an electron-injection layer for organic light-emitting
diodes®” ™ and more recently has been applied to polymer
solar cells.**”™* Many different organic cathode interlayers
have been reported recently.*’ " The interfacial dipole
formation between an amine and a metal electrode, n-doping
of conducting fullerenes, and hole traps accumulation at the
electron-collecting electrode are claimed to be the main reasons
for the improvement in device performance.*’ "% Recently, we
reported two new amine group-modified PCBM derivatives,
[6,6]-phenyl-C61-butyric acid 2-((2-(dimethylamino)ethyl)-
(methyl)amino)-ethyl ester (PCBDAN) and [6,6]-phenyl-
C61-butyric acid 2-((2-(trimethylammonium)ethyl)-
(dimethyl)ammonium)ethyl ester diiodonium, and these
cathode interlayers improved the device performance signifi-
cantly in high-efficiency PSCs.%® In this work, the diamine-
modified interlayer PCBDAN improved the efficiency of low-
band-gap polymer solar cells from 2.21 to 3.95%, which is
better than a new mono-amine-modified interlayer, [6,6]-
phenyl-C61-butyric acid dimethylaminoethyl ester (PCBAN),
that improved the efficiency to 3.49%. The PCE of 3.95% with
a short-circuit current (J,.) of 17.1 mA/cm? are the highest with
DTP materials-based solar cells.”' ~>*

B RESULTS AND DISCUSSION

Both N-alkanoyl and N-benzoyl DTP building blocks were
prepared, and polymers from both building blocks were
evaluated in solar cells.

N-Alkanoyl DTP Building-Block-Based Polymers. The
N-alkanoyl DTP monomer 2 was made according to a
literature,® and the synthetic route is shown in Scheme 1.
Polymerization of this electron-donating monomer with two
electron-accepting monomers, 4,7-bis(S-(trimethylstannyl)-thi-
ophen-2-yl)-2,1,3-benzothiadiazole and 4,7-bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole, were
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attempted by a Stille coupling reaction and a Suzuki coupling
polymerization respectively (Scheme 2). Unfortunately, the

Scheme 2. Materials Based on the N-Alkanoyldithienol3,2-
b:2',3'-d]pyrrole Building Block
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resulting materials were not soluble even when the monomer
feed ratios for both reactions were changed to 1:1.1. The
unbalanced monomer feed ratios should have given low
molecular weights for better solubility. To improve the
solubility of N-alkanoyl DTP-based polymers, a hexyl group
was introduced on each thiophene of the accepting unit, and a
polymer, PDTPHTBT, was obtained as a soluble material
(Scheme 2). Photoelectron spectroscopy in air (PESA) was
used to estimate the HOMO level of the polymer.®”~® PESA
has been more often used for estimating the HOMO levels of
organic semiconductors in solid state directly, and it provides a
simple method in addition to electrochemical methods that
usually need an oxygen- and moisture-free environment. The
HOMO level of the polymer was measured as 5.00 eV with
PESA (see the Supporting Information). From the onset of its
UV—vis absorption (see the Supporting Information), the band
gap was estimated to be 1.52 eV. The LUMO was thus
calculated to be 3.48 eV. The moderate band gap and suitable
HOMO and LUMO offsets with PCBM encouraged us to
explore its application as a donor material in polymer solar
cells. The device structure for evaluating the material was ITO/
PEDOT-PSS/PDTPHTBT:PC4,,BM/Ca/Al, where PE-
DOT:PSS and PC4BM represent poly(3,4-ethylenedioxythio-
phene) doped with poly(styrene sulfonate) (Baytron-P 4083,
Bayer AG) and [6,6]-phenyl-Cg;-butyric acid methyl ester,

dx.doi.org/10.1021/am4032289 | ACS Appl. Mater. Interfaces 2013, 5, 10995—11003
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Table 1. Performance of Devices ITO/PEDOT—PSS/PDTPHTBT:PC4,BM/Ca/Al

PDTPHTBT:PC,BM (by weight) V. (V) Jo (mA/cm?)
1:1 0.60 5.13
1:2 0.58 3.36
1:3 0.52 3.36

FF (%) PCE (%) PCE % average (five devices)
37.1 1.14 1.02
358.5 0.69 0.59
32.6 0.57 0.48

Scheme 3. Synthesis of N-Benzoyldithieno[3,2-b:2’,3’-d]pyrrole-Based Monomer and Polymer PDTPTBT
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respectively The device performance is listed in Table 1. A 05 T T T
relatively high open-circuit voltage, V.. (0.60 V), and a
reasonable PCE (1.14%) were obtained. The V. is the highest 044 A
among the DTP-based materials.?} ™3 However, the short- £ s
circuit current, J,. (5.13 mA/cm?), and fill factor, FF (37.1%), 2 %9 1
are relatively low. The introduced hexyl side chains on the g’ 02
accepting units may weaken the intermolecular interaction, 2
lower the charge;gransl?or.t mobilities, and result in high V.OC but < ) o PDTPTBT i
low PCE values.” A similar phenomena was found previously —o— PDTPTBT:PC71BM
with a polyfluorene copolymer having an octylyphenyl side 0.0 ~—PDTPTBT:PC71BM(DIO)

chain on the same electron-accepting unit, which delivered a
high V. of 1.15 V but a relatively low PCE.”!

It was reported that the introduction of a fraction of short-
branch side chains onto long side chain polyfluorenes can form
denser films that exhibited both higher charge-carrier mobility
and higher photoluminescence efficiency.”? Our strategy here is
to keep the accepting building block unalkylated to increase the
interchain interaction and to introduce bulky solubilizing side
chain on the donating monomer to maintain the solubility.
Thus, monomer 7 was made according to Scheme 3.

N-Benzoyl DTP Building-Block-Based Polymer. The N-
benzoyl DTP monomer 7 was obtained similarly to the N-
alkanoyl DTP monomer 2. The polymer, PDTPTBT, was
synthesized through the Stille coupling reaction of monomer 7
with 4,7-bis(S-(trimethylstannyl)-thiophen-2-y1)-2,1,3-benzo-
thiadiazole, as shown in Scheme 3. The polymer is soluble in
common solvents such as chloroform, chlorobenzene, and
dichlorobenzene (DCB). The number averaged molecular
weight is 21.6 k, with a polydispersity index (PDI) of 1.51,
measured by gel-permeation chromatography (GPC). The
thermal stability of the polymer was investigated by
thermogravimetric analysis (TGA) under a nitrogen atmos-
phere. The polymer shows good thermal stability with 5%
weight loss at 389 °C (see the Supporting Information). No
thermal-phase transition was detected by differential scanning
calorimeter (DSC) from —60 to 300 °C, indicating an
amorphous structure. The UV—vis absorption spectrum of
the polymer film is shown in Figure 1. From its onset, a band
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Figure 1. UV—vis absorption spectra of films for pure PDTPTBT and
its blends with PC,;BM with and without DIO.

gap of 1.44 eV was estimated. The HOMO level was measured
with PESA to be 5.00 eV. This HOMO level is slightly lower
than that for a similar polymer that has exactly the same
structure except that no carbonyl group is present on the DTP
unit (4.9 eV).* Although it is hard to directly compare these
two values, the literature on other polymers showed that a small
HOMO level shift towards lower energy did exist with a
carbonyl group.”

PDTPTBT was also evaluated as a donor in polymer solar
cells using the same device structure, ITO/PEDOT-PSS/
PDTPTBT:PC4BM/Ca/Al. The device performance is
summarized in Table 2. A PCE of around 2.0% was obtained
for donor-to-acceptor weight ratios of 1:1 and 1:2. The ], and
FF are now significantly improved compared with the devices
on the hexyl-substituted polymer PDTPHTBT.

To explore further the potential of the polymer in solar cells,
PC;,BM was used as an acceptor because it absorbs light in the
high-energy range, as can be seen in Figure 1. Amine-modified
fullerene cathode interlayers were also evaluated in the low-
band-gap 6polyrner solar cells. The interlayers PCBAN and
PCBDAN®® were synthesized via the route shown in Scheme 4.

dx.doi.org/10.1021/am4032289 | ACS Appl. Mater. Interfaces 2013, 5, 10995—11003
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Table 2. Performance of Devices ITO/PEDOT—PSS/
PDTPTBT:PC,,BM/Ca/Al

PCE %
average

PDTPTBT:PCyBM I (five
(by weight) Vo (V) (mA/cm?) FF (%) PCE (%) devices)

1:1 0.56 791 44.9 1.99 1.90

1:2 0.52 8.57 45.0 2.01 1.93

1:3 0.50 7.19 41.8 1.50 141

Scheme 4. Synthesis of [6,6]-Phenyl-Cg;-butyric Acid
Dimethylaminoethyl Ester (PCBAN) and PCBDAN

PCBDAN

The device structure ITO/PEDOT-PSS/
PDTPTBT:PC,;BM/interlayer/Al was used. Table 3 summa-
ries the device performance with and without the interlayers.
Devices prepared using a methanol treatment only, where
methanol was spin-coated onto the blend films, were also
prepared for comparison. 1,8-Diiodooctane (DIO) has also
been used as a solvent additive in the active layer to improve
device performance.”* DIO (0.5%) in the blend of
PDTPTBT:PC,;BM gave the best device, with improved
parameters such as V, J, FF, R, and Ry, as well as the
highest PCE of 2.21%, which is 20% higher than the control
device without DIO. The addition of DIO did not red shift the
absorption of the blend film, as shown in Figure 1. This

optimized conditions with DIO as an additive were used to
study the effects of the methanol treatment and fullerene
interlayers. Methanol treatment improved all of the parameters
such as V, J,, FF, and PCE, the PCBAN interlayer further
enhanced all of the parameters, and the most significant
improvement was achieved with a PCBDAN interlayer. With a
PCBDAN interlayer, V. increased from 0.47 to 0.52 V, FF
increased from 40.4 to 44.4%, R, reduced from 16.0 to 1.94 Q
cm?, Ry, increased from 3.33 to 5.36 kQ cm?, ], increased from
11.7 to 17.1 mA/cm® (which is extraordinarily high), and the
PCE increased from 2.21 to 3.95%. To the best of our
knowledge, the PCE and ], values are the hi§hest among
devices based on the DTP-containing materials,? showing
that both the low-band-gap polymer and the PCBDAN
interlayer are promising for application in PSCs.

The hole mobilities of the pure polymer film and the blend
with or without interlayer modification processed with 0.5%
DIO were approximated using space-charge-limited current-
voltage measurements of hole-only devices,”® and the results
are summarized in Table 4. The hole mobility increased from

Table 4. Hole Mobilities of the Devices ITO/PEDOT-PSS
(38 nm)/Polymer Film (95 nm)/with or without Interlayer/
MoO3 (10 nm)/Ag (100 nm)

films interlayer hole mobility (cm®/(V s))
PDTPTBT none 9.01 X 107°
PDTPTBT:PC,,BM none 2.06 X 107
PDTPTBT:PC,,BM MeOH 2.87 x 107
PDTPTBT:PC,BM PCBAN 487 x 107*
PDTPTBT:PC,,BM PCBDAN 8.70 X 10~

9.01 X 107° cm?/(V s) for the pure polymer film to 8.70 X 10™*
cm?/(V s) with PCBDAN interlayer. The sequence of the hole
mobility matches the increase of the efficiency of the devices. It
was reported that the electron mobility remains similar but the
hole mobility increases with the interlayer modification.*>*’
The increased hole mobility could balance the charge transport
and reduce the build-up of space charges and charge
recombination, improving the device efficiency.

To understand the effects of the interfacial modification, four
types of devices were compared that were all based on an active
layer with 0.5% DIO additive. The current density versus
voltage characteristics under illumination and dark are shown in
Figure 2, and the incident photon to current efficiency (IPCE)
is shown in Figure 3. From the dark currents in Figure 2b, it is
evident that the built-in potentials are slightly increased and the
leak currents reduced with the interfacial treatments. It has
been reported that the amines or methanol treatment could

Table 3. Performance of Devices ITO/PEDOT-PSS/PDTPTBT:PC,;BM (1:1 wt)/Interlayer/Al

interlayer DIO (%) V. (V) Joc (mA/cm?) FF (%)
none no 0.46 11.2 36.2
none 0.5 0.47 11.7 40.4
none 1 0.49 10.5 37.8
none 2 0.49 7.73 43.7
MeOH 0.5 0.49 14.6 41.9
PCBAN 0.5 0.50 154 45.1
PCBDAN 0.5 0.52 17.1 444

“Shunt resistance, R, was measured from dark currents from slopes at 0 V bSeries resistance, R, was measured from dark currents from slopes at 2

V.
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PCE (%) PCE % average (ten devices) Ry, (kQ cm?)* R, (Q cm?)?
1.86 1.78 3.01 17.6
221 2.11 3.33 16.0
1.95 1.82 3.16 16.3
1.66 1.54 2.67 17.3
3.01 2.93 5.08 3.33
3.49 3.37 S5.11 2.86
3.95 3.81 5.36 1.94
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Figure 2. Current density versus voltage characteristics of devices
ITO/PEDOT-PSS/PDTPTBT:PC,,BM/interlayer/Al under AM
1.5G (a) and dark (b).
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Figure 3. IPCE of devices ITO/PEDOT-PSS/PDTPTBT:PC,BM/
interlayer/Al.

form surface dipoles or interfacial dipoles with Al and help
electron collection from the Al cathode.>*”~°%7%”7 Interfacial
dipoles could also work in the cells produced here. The
topography and surface roughness of the films were studied by
atomic force microscopy and are shown in Figure 4. The root-
mean-square (rms) roughness of the blend film changed from
1.12 to 0.76 nm after the methanol treatment, whereas the
coating of PCBAN and PCBDAN made it a little bit rougher
(0.98 and 0.84 nm, respectively) than the methanol treatment,
which probably indicates some coverage of the of the
interlayers on top of the active layer.

We note that the V. for the PDTPTBT:PC,;BM-based
device with the highest PCE of 3.95% is 0.52 V. This V. is not
significantly higher than solar cells based on an analogue

Figure 4. Surface morphology AFM images: (a) without interlayer, (b)
with methanol treatment, (c) with PCBAN interlayer, and (d) with
PCBDAN. The scan area is 5 X 5 gm? and the scan rate is 0.86 Hz.

polymer without the carbonyl group.®® In that polymer-based
solar cell, the V. varies from 0.394 to 0.511 V, depending on
processing solvents and polymer/PCBM ratio in the active
blend.*® The V,_ is 0.436 V when DCB was used.*® In our
devices, we always used DCB as the solvent, and the V__ varies
from 0.46 to 0.56 V, depending on the donor/acceptor ratio,
interlayers, cathodes, and the amount of the processing additive
DIO. V. usually relates to the HOMO level of donor polymers.
However, there are many factors that could determine the V..
For example, it was reported that strong intermolecular
interaction in donor materials could result in a lower V. but
a high J,.”° Our N-alkanoyl-substituted DTP materials have
solubility issues, whereas the N-alkyl analogues in the literature
are soluble.”® This may indicate that N-acyl-substituted
materials have stronger intermolecular interaction and thus
V. is not enhanced significantly if the lower of HOMO level
does exist with the carbonyl group. Of course, charge mobility,
morphology, charge recombination, and other factors could all
affect the V.. However, the J, is relatively high, but FF is still
low. The factors affecting the FF could be complicated, but the
low V,. could be one of the reasons.”® Further molecular
engineering such as the introduction of electron-withdrawing
atoms or groups and side-chain modification could bring down
the HOMO level further to enhance the V. and the overall
performance.

B CONCLUSIONS

By modifying the side-chain structure of the N-acyldithieno-
[3,2-b:2/,3'-d]pyrrole-based polymers, we obtained a soluble
polymer with a band gap of 1.44 eV that gave a PCE of 3.95 %
and a very high J. of 17.1 mA/cm? Therefore, N-acyldithieno-
[3,2-b:2/,3'-d]pyrrole could become one of the donor building
blocks that form highly efficient low-band-gap photovoltaic
materials and has great potential for application in tandem solar
cells. In addition, the diamine-modified fullerene PCBDAN
could be used as the cathode interlayer in various active blends
in general. Because of its structural similarity with the acceptor
PCBM, some other interesting properties could be expected,
and this work is in progress.

dx.doi.org/10.1021/am4032289 | ACS Appl. Mater. Interfaces 2013, 5, 10995—11003
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B EXPERIMENTAL SECTION

Materials. 3,4,5-Tris(dodecyloxy)benzoic acid,”® 4,7-bis(5-
(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole,**®" ~ 4,7-bis-
(4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (3),** PCBA,® PCBA-
CL** and PCBDAN®® were synthesized according to literature
methods.

N-(2-Octyldecanoyl)-2,6-bis(trimethylsilyl)dithieno[3,2-
b:2’,3’-dlpyrrole (1). The compound was synthesized using a
modified procedure described in the literature.®® To a 100 mL
round-bottomed flask were added potassium carbonate (15.0 mmol,
2.07 g), N,N'-dimethylethylenediamine (DEMDA, 0.22 mL, 2.0
mmol), and copper(I) iodide (0.50 mmol, 95 mg). Then toluene
(20 mL) was injected under an argon atmosphere. The mixture was
stirred for about 30 min, and then 2-octyldecanamide (6.00 mmol,
1.70 g) was added followed by 3,3'-dibromo-5,5'-bis(trimethylsilyl)-
2,2’-bithiophene (5.00 mmol, 2.34 g). The mixture was heated and
stirred for 24 h just below reflux temperature and then was cooled to
room temperature. The mixture was quenched with water and
extracted with hexane. The organic layers were combined, dried, and
purified by column chromatography (petroleum eluent) to give the
product (1.04 g, yield 38.0%). '"H NMR (500 MHz, CDClL, §): 7.90
(s, 1H), 7.24 (s, 1H), 3.35—3.29 (m, 1H), 1.92—1.84 (m, 2H), 1.68—
1.61 (m, 2H), 1.39—1.34 (m, 4H), 1.28—121 (m, 20H), 0.84 (t, ] =
7.0 Hz, 6H), 0.36 (s, 18H) ppm. *C NMR (125 MHz, CDCl,, §):
173.36, 146.36, 143.11, 140.96, 140.37, 127.31, 126.26, 124.10, 120.87,
45.11, 32.11, 32.03, 30.06, 29.66, 29.46, 27.71, 22.84, 14.29, 0.12 ppm.

2,6-Dibromo-N-(2-octyldecanoyl)-dithieno[3,2-b:2’,3"-d]-
pyrrole (2). To a solution of compound 1 (2.018 g 342 mmol) in 30
mL of CHCl;/AcOH (1:1 v/v) was added NBS (1.25 g, 7.01 mmol)
portion by portion at 0 °C under an argon atmosphere. The mixture
was stirred for about 3 h. To this, 30 mL of water was added, the
mixture was extracted with DCM three times, and the organic layers
were combined and washed with water, dried over anhydrous
magnesium sulphate, and purified by column chromatography (eluent
petroleum) to give a white solid. The yield was 97%. "H NMR (400
MHz, CDCl,, §): 7.80 (s, 1H), 7.24 (s, 1H), 3.19—3.12 (m, 1H),
1.86—1.80 (m, 2H), 1.66—1.53 (m, 2H), 1.30—1.20 (m, 24H), 0.84 (t,
J = 6.8 Hz, 6H) ppm. *C NMR (100 MHz, CDCl,;, §): 173.07,
140.29, 137.54, 121.20, 118.59, 111.80, 45.03, 32.06, 32.00, 29.95,
29.54, 29.41, 27.31, 22.85, 14.31 ppm. HRMS calcd for
C,6H;,Br,NOS,, 603.0658; found, 603.0655.

4,7-Bis(4-hexyl-5-(trimethylstannyl)thiophen-2-yl)-2,1,3-
benzothiadiazole (4). Ten milliliters of anhydrous THF was added
into a 100 mL round-bottomed flask under an argon atmosphere, and
the mixture was cooled to —78 °C. LDA (3.0 equiv, 20.28 mmol) was
added, and the solution was stirred for 30 min. Compund 3 (1.00 eq,
6.67 mmol, 3.17 g) was added in one portion, and the mixture was
stirred for 1 h, then warmed to room temperature, stirred for 30 min,
and cooled to —78 °C again. Trimethylchlorostannane (4.00 equiv,
27.0 mmol) was added dropwise, and the solution was stirred for 30
min at this temperature. The solution was warmed to room
temperature and was kept stirring for 3 h. The mixture was quenched
with water and extracted with ethyl acetate, washed with an aqueous
potassium fluoride solution, and dried over anhydrous magnesium
sulphate, and the solvents were removed under reduced pressure. The
crude grease was recrystallized from ethanol, and solid was obtained
(yield 85%). '"H NMR (400 MHz, CDCl,, §): 8.06 (s, 2 H), 7.80 (s, 2
H), 2.66 (t, ] = 8.0 Hz, 4 H), 1.68 (m, 4 H), 1.40—1.29 (m, 12H), 0.88
(t,J = 6.8 Hz, 6 H), 0.42 (s, 18 H) ppm. *C NMR (100 MHz, CDCl,,
S5): 152.88, 151.23, 144.75, 13472, 130.13, 126.04, 125.86, 33.25,
32.39, 32.02, 29.60, 22.86, 14.32, —7.58 ppm.

3,4,5-Tris(dodecyloxy)benzamide (5). To a 150 mL round-
bottomed flask were added 3,4,5-tris(dodecyloxy)benzoic acid (25.0
mmol, 16.88 g) and 50 mL of thionyl chloride. The mixture was stirred
at room temperature overnight. The excess thionyl chloride was
distilled off under vacuum to give the acyl chloride. The acyl chloride
was dissolved in 25 mL of dry acetonitrile, and 50 mL of an aqueous
ammonium hydroxide solution (25 %) was added dropwise at 0 °C.
The mixture was stirred for 2 h and was then extracted with ethyl
acetate (300 mL). The organic phase was washed with an aqueous

sodium hydroxide solution and dried over magnesium sulphate, and
the solvents were removed under reduced pressure. The white solid
product was obtained after recrystallization with ethyl acetate and
petroleum ether (15.0 g, 89.0%). "H NMR (400 MHz, CDCL,, §): 6.98
(s,2 H), 5.89 (b, 1 H), 5.47 (b, 1 H), 3.99-3.96 (m, 6 H), 1.81-1.67
(m, 6 H), 1.46—1.40 (m, 6 H), 1.28—1.24 (m, 48 H), 0.86 (t, ] = 8.0
Hz, 9 H) ppm. ®C NMR (100 MHz, CDCl,, §): 169.53, 153.28,
141.87, 128.37, 106.39, 73.74, 72.08, 69.61, 32.14, 30.53, 29.96, 29.94,
29.91, 29.87, 29.85, 29.79, 29.60, 29.58, 2629, 22.90, 14.32 ppm.

N-(3,4,5-Tris(dodecyloxy)benzoyl)dithieno[3,2-b:2",3"-d]-
pyrrole (6). To a 100 mL round-bottomed flask under an argon
atmosphere were added potassium carbonate (18.0 mmol, 2.48 g),
DMEDA (1.20 mmol, 106 mg), copper(I) iodide (1.20 mmol, 229
mg), and then 20 mL of dry toluene by injection. The mixture was
stirred for 30 min, and 3,4,5-tris(dodecyloxy)benzamide (6.60 mmol,
445 g) was added followed by 3,3’-dibromo-2,2'-bithiophene (6.00
mmol, 1.94 g). The reaction mixture was heated to just below reflux
for 24 h and was then cooled to room temperature, quenched with
water, and extracted with hexane. The combined organic layers were
dried over magnesium sulphate and purified by column chromatog-
raphy with petroleum ether to give the product (1.76 g 35%). 'H
NMR (400 MHz, CDCl,, 6): 7.10 (d, J = 6.0 Hz, 2 H), 6.92 (d, ] = 6.0
Hz,2 H), 691 (5,2 H), 4.05 (t, J= 6.8 Hz,2 H), 3.92 (t, ] = 6.4 Hz, 4
H), 1.80—1.73 (m, 6 H), 1.51—-1.18 (m, 54 H), 0.88—0.84 (m, 9 H)
ppm. *C NMR (100 MHz, CDCl,, §): 166.92, 153.43, 143.21, 141.62,
128.84, 124.20, 121.56, 116.68, 107.40, 73.87, 69.47, 32.17, 32.15,
30.58, 29.99, 29.97, 29.93, 29.91, 29.88, 29.84, 29.83, 29.62, 29.58,
29.44, 26.32, 26.24, 22.93, 22.92, 14.34 ppm.

2,6-Dibromo-N-(3,4,5-tris(dodecyloxy)benzoyl)dithieno[3,2-
b:2',3’-dlpyrrole (7). Solid NBS (4.27 mmol, 0.76 g) was added
slowly to a solution of compound 6 (2.03 mmol, 1.70 g) in 30 mL of
CHCI;/AcOH (1:1) at 0 °C under an argon atmosphere. The mixture
was stirred for 3 h, and 30 mL of water was added. The aqueous layer
was extracted with dichloromethane three times, and the combined
organic layers were washed with water, dried over anhydrous
magnesium sulphate, and purified by column chromatography
(petroleum ether) to give a white solid (1.04 g, yield 52%). 'H
NMR (400 MHz, CDCly, 8): 6.95 (s, 2 H), 6.87 (s, 2 H), 4.06 (t, ] =
6.4 Hz, 2 H), 3.94 (t, ] = 6.4 Hz, 4 H), 1.81-1.73 (m, 6 H), 1.51—1.16
(m, 54 H), 0.88—0.84 (m, 9 H) ppm. *C NMR (100 MHz, CDCI3,
5): 16646, 153.51, 142.19, 140.01, 127.77, 121.11, 119.50, 111.48,
107.63, 73.92, 69.58, 32.17, 32.15, 30.56, 30.05, 29.98, 29.97, 29.96,
29.92, 29.88, 29.84, 29.81, 29.74, 29.62, 29.59, 29.56, 29.41, 26.30,
26.24, 22.92, 14.35 ppm. HRMS calcd for C,,H,4Br,NOS,, 993.3786;
found, 993.3795.

PDTPTBT. Compound 7 (497 mg, 0.500 mmol), 4,7-bis(S-
(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (313 mg,
0.500 mmol), Pd,(dba); (11.5 mg, S mol %), and P(o-tol); (15.2
mg, 10 mol %) were added to a S mL microwave reaction vial. The vial
was transferred to a glove box and sealed after chlorobenzene (3 mL)
was added. The vial was then placed into a microwave reactor and
heated at 150 °C for 150 min with stirring. The end-capping reagent 2-
tributyltinthiophene (19 mg, 10 mol %) was added and heated at 150
°C for 15 min in the microwave reactor. Finally, bromobenzene (11.8
mg, 15 mol %) was added, and the vial was heated for 15 min at 150
°C in the microwave reactor again to complete the reaction. After
cooling to room temperature, the mixture was precipitated into a
mixture of methanol (250 mL) and hydrochloric acid (25 mL). The
polymer was filtered off and dried under vacuum. The polymer was
washed via Soxhlet extraction with methanol, acetone, ethyl acetate,
and then petroleum ether. The polymer was collected and dried under
vacuum to yield a black solid (528 mg, 93%). GPC (in chloroform):
M, = 32700; PDI = 1.51. 'H NMR (500 MHz, C,D,Cl,, 150 °C, 5):
7.17 (br, 10 H), 4.27 (br, 6 H), 1.98 (br, 6 H), 1.37 (br, 54 H), 0.96
(br, 9 H).

PDTPHTBT. The synthesis procedure is similar to that for
PDTPTBT except that the reaction time is 180 min. The yield was
60%. GPC (in chloroform): M,, = 27 600, PDI = 1.84. 'H NMR (400
MHz, CDCl,, §): 7.5-8.1 (br), 3.35 (s), 2.5-3.0 (br), 0.5—2.1 (m).
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PCBAN. A solution of PCBA-Cl (0.10 g 0.098 mmol), 3-
(dimethylamino)-1-propanol (0.041 g 0.39 mmol), and pyridine
(0.3 mL) in dry toluene (30 mL) was stirred at room temperature for
24 h. After removal of the solvent under reduced pressure, the residue
was purified by neutral aluminum oxide column chromatography using
chloroform as the eluent to give a brown solid PCBAN (0.09 g,
93%). "H NMR (400 MHz, CDCL,, 8): 1.75—1.85 (m, 2H), 2.14—2.28
(m, 8H), 2.25—2.35 (m, 2H), 2.49 (t, 2H, J = 6.0 Hz), 2.85—2.93 (m,
2H), 4.12 (t, 2H, ] = 6.0 Hz), 7.41—7.48 (m, 1H), 7.49—7.58 (m, 2H),
7.93 (d, 2H, J = 8.0 Hz). '*C NMR (100 MHz, CDCI3, §): 22.6, 27.1,
33.9, 34.3,45.6, 52.1, 56.4, 63.1, 80.1, 128.4, 128.6, 132.3, 136.9, 137.7,
1382, 1409, 1412, 14228, 14230, 142.35, 142.4, 143.09, 143.15,
143.19, 14329, 143.9, 1442, 144.6, 1447, 144.82, 144.85, 144.95,
14520, 14525, 145.31, 145.36, 146.0, 148.0, 149.0, 173.2. MALDI-
TOE-MS: calcd for C,4H,;NO,, 981.2; found [M + H]*, 981.8.

Instrumentation. '"H NMR and "*C NMR spectra were measured
on a Bruker DMX-400 spectrometer or a Bruker BioSpin Av500 with
chloroform-d or C,D,Cl, as the solvents. For '"H NMR, CDCl, (6 =
7.24 ppm) and C,D,Cl, (6 =6.00 ppm) were used as internal
standards, and data are reported as follows: chemical shift, integration,
multiplicity (s = singlet, d = doublet, t= triplet, q = quartet, m =
multiplet, and br = broad), and coupling constant (Hz). For *C
NMR, CDCl; (§ = 77.23 ppm) was used as an internal standard, and
spectra were obtained with complete proton decoupling. High-
resolution mass spectra were obtained either with a Thermo Scientific
Q Exactive FTMS employing an ASAP probe or with a Bruker autoflex
III MALDI TOF/TOF MALDI mass spectrometer. Thermogravi-
metric analysis (TGA) was conducted on a Mettler Toledo TGA/
SDTAS8S1e thermogravimetric analyzer at a heating rate of 10 °C/min
under a nitrogen flow rate of 30 mL/min. Differential scanning
calorimetry (DSC) was conducted on a Mettler Toledo DSC821e
analyzer. Molecular weights of the polymers were measured by gel-
permeation chromatography (GPC) using a Waters 2695 separations
module with a Waters 2414 refractive index detector and a Waters
2996 photodiode array detector, a series of four Polymer Laboratories
PLGel columns (3 X S ym Mixed-C and 1 X 3 ym Mixed-E), and
Empower Pro software. The molecular weights were calibrated with
narrow polydispersity polystyrene standards (Polymer Laboratories
EasiCal, MW from 264 to 256 000), and molecular weights are
reported as polystyrene equivalents based on the refractive index
detector using chloroform as the eluent at a rate of 1.0 mL/min at 30
°C . UV—vis spectra were measured with a Hewlett Packard Model
8453 UV—vis spectrophotometer. The HOMO levels of the films were
measured by photo-electron spectroscopy in air (PESA) with a Riken
Keiki AC2. A light density of S nW was used. The roughness analysis
and atomic force microscopy (AFM) images were carried out on
MFD-3D AFM instrument. The thickness of the active layer was
determined by an Ambios Tech. XP-2 profilometer. Current density-
voltage (J—V) characteristics of the devices were measured using a
Keithley 2410 source meter unit. Solar-cell performance was measured
under an Air Mass 1.5 Global (AM 1.5 G) Oriel solar simulator fitted
with a 1000 W Xe lamp that was filtered to give an output of 100 mW/
cm? in a glove box. The incident photon to current efficiency (IPCE)
spectra were measured using an Oriel 150 W Xe lamp coupled to a
monochromator and an optical fibre. The IPCE was calibrated with a
standard, unfiltered Si cell.

Devices Fabrication. Two device structures were used: ITO/
PEDOT:PSS(38 nm)/polymer:PC4BM (95 nm)/Ca(20 nm)/Al(100
nm) or ITO/PEDOT:PSS(38 nm)/polymer:PC,;BM (95 nm)/with
or without interlayer/Al(100 nm). ITO substrates were cleaned with a
neutral detergent solution, deionized water, acetone, and isopropyl
alcohol sequentially. They were then treated with UV/ozone at 30 °C
for 10 min. The PEDOT:PSS layer (about 38 nm) was spin-coated
onto the substrates and annealed at 150 °C for 10 min in air. After
that, the devices were transferred to a glove box where the active layers
were spin-coated at 700 rpm for 90 s onto the PEDOT:PSS layer from
blend solutions of the polymers and fullerene derivatives in
dichlorobenzene. Before evaporation of 100 nm of Al at a pressure
below 2 X 107 Pa, 20 nm Ca was thermally deposited. In the case of
the methanol treatment or interlayer modification, methanol or

PCBAN and PCBDAN solutions (0.1 mg/mL in methanol with a trace
amount of acetic acid) was spin-coated at 3000 rpm for 30 s on top of
the active layer, and no calcium was evaporated. For the hole-only
device, a layer of 10 nm MoO; was thermally evaporated onto the
active layer at a rate of 0.2 A/s followed by a layer of 100 nm silver at 3
AJsata pressure below 2 X 107 Pa. A mask defined the active area of
the solar-cell device as 10 mm?.
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