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ABSTRACT: New thienothiophene-flanked diketopyrrolopyrrole and thiophene-con-
taining 7-extended conjugated polymers with various branched alkyl side-chains were
successfully synthesized. 2-Octyldodecyl, 2-decyltetradecyl, 2-tetradecylhexadecyl, 2-
hexadecyloctadecyl, and 2-octadecyldocosyl groups were selected as the side-chain
moieties and were anchored to the N-positions of the thienothiophene-flanked
diketopyrrolopyrrole unit. All five polymers were found to be soluble owing to the
bulkiness of the side chains. The thin-film transistor based on the 2-tetradecylhexadecyl-
substituted polymer showed the highest hole mobility of 1.92 cm® V™' s due to it
having the smallest 7—7 stacking distance between the polymer chains, which was
determined by grazing incidence X-ray diffraction. Bulk heterojunction polymer solar
cells incorporating [6,6]-phenyl-C71-butyric acid methyl ester as the n-type molecule and
the additive 1,8-diiodooctane (1 vol %) were also constructed from the synthesized
polymers without thermal annealing; the device containing the 2-octyldodecyl-substituted
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polymer exhibited the highest power conversion efficiency of 5.8%. Although all the polymers showed similar physical properties,
their device performance was clearly influenced by the sizes of the branched alkyl side-chain groups.
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Bl INTRODUCTION

Solution-processable conjugated polymers have attracted
considerable attention due to their applicability in thin-film
transistors (TFTs) and polymer solar cells (PSCs).' > They are
well-suited for the fabrication of large-scale devices via spin
coating, dip coating, screen printing, and drop casting, although
they do require specific solvents that are precisely selected to
control thin-film crystallinity and polymer chain arrangement
on substrates. Most recently, outstanding TFT device perform-
ance has been observed in soluble donor—acceptor (D—A)
alternating conjugated polymers in which the donors, acceptors,
side-chains, and conjugation length have been fully opti-
mized.*> The alkyl side chains tethered to the polymer
backbone are in particular one of the most important of
these factors; properly selecting tethering position and size, in
providing the appropriate length and bulkiness, directly
controls crystallinity in the solid state and solubility in organic
solvents. Many previous reports show that bulkiness helps to
control the interaction between the polymer chains and to
modulate the lamella and 7—7 stacking distances, which in turn
can affect physical properties and corresponding device
performance.®"°

Linear alkyl side chains were introduced to help solubilize
conjugated polymers at the very beginning of polymer-based
electronics and optoelectronics research. However, several 7-
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extended D—A conjugated copolymers exhibited poor solubility
in common organic solvents when linear alkyl side chains were
used, due not only to the strong intermolecular interactions
caused by extended delocalization but also to possible
interdigitation of the linear side chains as well."'~"*
Fortunately, branched alkyl side chains have been shown to
suppress intermolecular interaction, resulting in improved
solubility;">'¢ this modification has been used in the develop-
ment of multiple copolymers with high device performance that
had been optimized by changing branched alkyl side-chain
length and branching point."’~>* However, despite the
importance of this innovation, a systematic study on the effects
of the bulkiness of branched alkyl side chains has not been
completed previously.

In this work, we synthesized a series of thienothiophene-
flanked diketopyrrolopyrrole (DPPTT)-based copolymers with
2-octyldodecyl,”** 2-decyltetradecyl,”® 2-tetradecylhexadecyl,
2-hexadecyloctadecyl, and 2-octadecyldocosyl branched side
chains to investigate these effects, focusing especially on device
performance. Polymer crystallinity and morphology were
investigated through grazing incidence X-ray diffraction (GI-
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XRD) and atomic force microscopy (AFM). Although each film
showed similar absorption and electrochemical behavior, their
device performances were quite different. Specifically, the 2-
tetradecylhexadecyl TFT exhibited the highest hole mobility of
1.92 cm? V7! 57!, while the blended film combining the 2-
octyldodecyl polymer and [6,6]-phenyl-C71-butyric acid
methyl ester (PC,BM) gave power conversion efficiency
(PCE) of 5.8% in PSCs.

B EXPERIMENTAL SECTION

Materials and Synthesis. All reagents for preparing the five
polymers were purchased from Sigma-Aldrich, TCI (SEJINCI), and
Acros Organics and used as received without any more purification.
Reagent-grade solvents were purified by a Solvent Dispensing System
(J. C. Meyer, Laguna Beach, CA, U.S.A.). Compounds 11, 12, and 16
were synthesized following modified literature methods.>* ¢ The
same applies to PDPPTT-T-10 and PDPPTT-T-12 as well>*72°

Synthesis of Compound 1. Potassium hydroxide (200 mg, 0.004
mol) and nickel powder (60 mg, 0.001 mol) were mixed in hexadecan-
1-ol (15 g, 0.062 mol). The mixed suspension was stirred at 250 °C for
2 h with a Dean—Stark trap to remove water produced during the
reaction. The hot viscous solution was then cooled to room
temperature. The concentrated crude solution was purified using
column chromatography (eluent = hexane/ethyl acetate, 8:1 v/v) on
silica gel to obtain compound 1 as a colorless oil with a yield of 85%.
"H NMR (400 MHz, CDCl;) § (ppm): 3.54 (d, ] = 4.0 Hz, 2H), 1.63
(m, 1H), 1.43—1.09 (m, 56H), 0.88 (m, 6H). 3*C NMR (100 MHz,
CDCLy) & (ppm): 65.94, 40.73, 32.14, 32.10, 31.12, 30.28, 30.14,
2991, 29.87, 29.58, 29.53, 27.10, 22.91, 22.89, 17.12, 14.33. Anal.
Caled for C5,HyO: C, 82.32; H, 14.25. Found: C, 82.46; H, 14.20%.

Synthesis of Compound 2. Compound 2 was obtained by
following a procedure similar to that for compound 1 but by starting
from octadecan-1-ol (15 g, 0.055 mol). Compound 2 was obtained as a
colorless oil with a yield of 73%. 'H NMR (400 MHz, CDCl,) &
(ppm): 3.54 (d, J = 4.0 Hz, 2H), 1.63 (m, 1H), 1.45—1.06 (m, 64H),
0.88 (m, 6H). *C NMR (100 MHz, CDCl;) § (ppm): 65.94, 40.74,
32.14, 32.10, 31.11, 30.28, 30.14, 29.98, 29.94, 29.91, 29.87, 29.82,
29.78, 29.58, 29.53, 27.10, 26.68, 22.91, 22.89, 17.12, 14.33. Anal.
Caled for C34H,,O: C, 82.68; H, 14.26. Found: C, 82.63; H, 14.30%.

Synthesis of Compound 3. Compound 1 (10 g, 0.021 mol),
imidazole (1.76 g, 0.026 mol), and triphenylphosphine (6.82 g, 0.026
mol) were dissolved in methylene chloride (MC, 250 mL), and the
mixture was cooled to 0 °C. After iodine (6.60 g, 0.026 mol) was
added, the mixture was allowed to stir for 15 min at 0 °C. The reaction
temperature was raised to room temperature, and the mixture was kept
under stirring overnight. After quenching the reaction mixture with
sodium metabisulfite, the MC phase was washed with water and
saturated brine a few times, after which it was dried over sodium
sulfate. The filtrate was then isolated, and the solvent was evaporated
to yield the crude product, which was purified by silica-gel column
chromatography (eluent = hexane) to obtain compound 3 as a
colorless oil with a yield of 88%. 'H NMR (400 MHz, CDCl,) §
(ppm): 3.27 (d, J = 4.0 Hz, 2H), 1.55 (m, 1H), 1.44—1.10 (m, S6H),
0.88 (m, 6H). *C NMR (100 MHz, CDCl;) § (ppm): 38.88, 34.61,
32.15, 32.11, 29.93, 29.90, 29.89, 29.85, 29.81, 29.59, 29.55, 26.71,
22.92,22.88, 17.13, 14.34. Anal. Calcd for Cy,Hgl: C, 66.64; H, 11.36.
Found: C, 66.71; H, 11.32%.

Synthesis of Compound 4. Compound 4 was obtained by
following a similar procedure as that for compound 3 but by starting
from compound 2 (10 g, 0.019 mol). Compound 4 was obtained as a
colorless oil with a yield of 83%. 'H NMR (400 MHz, CDCl,) §
(ppm): 3.27 (d, J = 4.0 Hz, 2H), 1.54 (m, 1H), 1.48—1.05 (m, 64H),
0.88 (m, 6H). *C NMR (100 MHz, CDCl;) § (ppm): 38.88, 34.61,
32.15, 32.11, 31.09, 30.15, 30.03, 29.98, 29.95, 29.90, 29.86, 29.82,
29.79, 29.56, 29.54, 26.75, 26.66, 22.90, 22.88, 17.12, 14.33, 14.31.
Anal. Caled for C3Ho3I: C, 68.32; H, 11.63. Found: C, 68.35; H,
11.62%.
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Synthesis of Compound 8. 13-(Iodomethyl)heptacosane (6.3 g,
10.8 mmol) was added to a mixture of compound § (1.5 g 3.62
mmol) and potassium carbonate (1.8 g 12.7 mmol) in dry
dimethylformamide (50 mL) at 120 °C. After the reaction mixture
was kept for 5 h, it was cooled, poured into ice water, and extracted
with chloroform. The combined extracts were washed with water and
brine and dried over sodium sulfate. The filtrate was then isolated, and
the solvent was evaporated to yield the crude product, which was
purified by column chromatography (eluent = MC/hexane, 3:1 v/v)
on silica gel to obtain compound 8 with a yield of 43%. "H NMR (400
MHz, CDCLy) § (ppm): 9.29 (s, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.32
(d, J = 4.0 Hz, 2H), 4.09 (d, ] = 12.0 Hz, 4H), 1.99 (m, 2H), 1.43—
1.09 (m, 96H), 0.88 (m, 12H). *C NMR (100 MHz, CDCl,) &
(ppm): 161.72, 143.22, 140.46, 140.29, 132.03, 131.30, 127.49, 120.14,
46.56, 37.22, 31.94, 3120, 30.05, 29.71, 29.68, 29.59, 29.38, 26.23,
22.71, 14.15. Anal. Caled for C,,H,5N,0,S,: C, 74.19; H, 10.10; N,
2.34; S, 10.71. Found: C, 74.23; H, 10.05; N, 2.38; S, 10.62%.

Synthesis of Compound 9. Compound 9 was obtained by
following a similar procedure as that for compound 8 but by starting
from compound 5 (1.5 g, 3.62 mmol). Compound 9 was obtained as a
dark purple solid with a yield of 38%. 'H NMR (400 MHz, CDCL;) §
(ppm): 9.29 (s, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.32 (d, ] = 4.0 Hg,
2H), 4.09 (d, J = 12.0 Hz, 4H), 1.99 (m, 2H), 1.48—1.04 (m, 112H),
0.88 (m, 12H). C NMR (100 MHz, CDCL) & (ppm): 161.74,
143.25, 140.49, 140.30, 132.02, 131.33, 127.51, 120.11, 46.58, 37.35,
3191, 31.19, 29.95, 29.91, 29.88, 29.85, 29.81, 29.57, 29.33, 26.24,
22.84, 22.68, 17.02, 14.15. Anal. Caled for CgH,3N,0,S,: C, 75.17;
H, 10.46; N, 2.14; S, 9.79. Found: C, 75.10; H, 10.42; N, 2.09; S, 9.73.

Synthesis of Compound 10. Compound 10 was obtained by
following a similar procedure as that for compound 8 but by starting
from compound 5 (1.5 g, 3.62 mmol). Compound 10 was obtained as
a dark purple solid with a yield of 41%. 'H NMR (400 MHz, CDCl,) §
(ppm): 929 (s, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.32 (d, ] = 4.0 Hg,
2H), 4.09 (d, ] = 12.0 Hz, 4H), 1.99 (m, 2H), 1.48—0.98 (m, 128H),
0.88 (m, 12H). C NMR (100 MHz, CDCL) § (ppm): 161.74,
143.32, 140.41, 140.26, 132.07, 131.32, 127.50, 120.12, 46.56, 37.50,
31.90, 31.88, 31.04, 30.14, 30.00, 29.97, 29.95, 29.90, 29.86, 29.59,
29.48, 29.45, 29.38, 2647, 26.02, 22.76, 22.73, 17.01, 1426, 14.15.
Anal. Caled for CooH,,N,0,8,: C, 75.99; H, 10.77; N, 1.97; S, 9.02.
Found: C, 76.07; H, 10.84; N, 1.88; S, 8.96%.

Synthesis of Compound 13. N-Bromosuccinimide (0.13 g, 0.72
mmol) was added slowly to a stirred solution of compound 8 (0.4 g,
0.33 mmol) in chloroform (30 mL) under argon, which was then
allowed to stir at room temperature overnight. The resulting mixture
was extracted with chloroform, after which the combined extracts were
washed with water and saturated brine and dried over sodium sulfate.
The filtrate was then isolated, and the solvent was evaporated to yield
the crude product, which was further purified by column
chromatography (eluent = MC/hexane, 4:1 v/v) on silica gel to
obtain compound 13 as a dark purple solid with a yield of 87%. 'H
NMR (400 MHz, CDCl;) § (ppm): 9.20 (s, 2H), 7.32 (s, 2H), 4.0S
(d, ] = 8.0 Hz, 4H), 1.95 (m, 2H), 1.41-0.92 (m, 96H), 0.87 (m,
12H). *C NMR (100 MHz, CDCl;) § (ppm): 160.70, 141.78, 140.23,
140.03, 130.09, 126.06, 122.26, 118.89, 108.50, 46.54, 37.77, 31.94,
31.17, 30.02, 29.73, 29.68, 29.59, 29.39, 26.15, 22.71, 14.15. Anal.
Caled for CoH,14BrN,0,8,: C, 65.55; H, 8.77; N, 2.07; S, 9.46.
Found: C, 65.60; H, 8.81; N, 2.03; S, 9.40%.

Synthesis of Compound 14. Compound 14 was obtained by
following a similar procedure as that for compound 13 but by starting
from compound 9 (0.4 g, 0.31 mmol). Compound 14 was obtained as
a dark purple solid with a yield of 89%. 'H NMR (400 MHz, CDCl,) §
(ppm): 9.20 (s, 2H), 7.32 (s, 2H), 4.05 (d, J = 8.0 Hz, 4H), 1.95 (m,
2H), 1.44—0.94 (m, 112H), 0.88 (m, 12H). *C NMR (100 MHz,
CDCL,) 5 (ppm): 160.69, 141.89, 140.25, 140.07, 130.14, 126.08,
122.30, 119.00, 108.50, 46.58, 37.33, 31.90, 31.18, 29.96, 29.91, 29.89,
29.83, 29.80, 29.55, 29.32, 26.24, 22.85, 22.67, 17.04, 14.12. Anal.
Caled for Cg,H;3,Br,N,0,S,: C, 67.09; H, 9.20; N, 191; S, 8.74.
Found: C, 67.13; H, 9.25; N, 1.86; S, 8.70%.

Synthesis of Compound 15. Compound 15 was obtained by
following a similar procedure as that for compound 13 but by starting
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Scheme 1. Synthesis of PDPPTT-T Polymers Bearing Different Branched Alkyl Side Chains
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from compound 10 (0.4 g, 0.28 mmol). Compound 15 was obtained
as a dark purple solid with a yield of 81%. '"H NMR (400 MHz,
CDCl,) 6 (ppm): 9:20 (s, 2H), 7.32 (s, 2H), 4.05 (d, ] = 8.0 Hz, 4H),
1.95 (m, 2H), 1.47—0.90 (m, 128H), 0.87 (m, 12H). '*C NMR (100
MHz, CDCL;) 6 (ppm): 160.73, 141.80, 140.24, 140.04, 130.09,
126.04, 12228, 118.95, 108.52, 46.58, 37.53, 31.91, 31.88, 31.06,
30.15, 30.03, 29.98, 29.92, 29.89, 29.85, 29.57, 29.46, 29.46, 29.37,
2647, 26.02, 2275, 22.73, 17.03, 1425, 14.14. Anal. Caled for
CooH;50B1,N,0,S,: C, 68.41; H, 9.57; N, 1.77; S, 8.12. Found: C,
68.37; H, 9.54; N, 1.79; S, 8.15%.

Synthesis of PDPPTT-T-14. Monomer 13 (150 mg, 0.11 mmol)
and monomer 16 (45 mg, 0.11 mmol) were dissolved in dry toluene
(10 mL) that had been degassed with nitrogen for 0.5 h.
Tris(dibenzylideneacetone)dipalladium (0) (2.0 mg, 2 mol %) and
tri-o-tolylphosphine (2.6 mg, 8 mol %) were then added to the
mixture, which was kept at 100 °C for 12 h. After the reaction mixture
cooled to room temperature, it was added dropwise into a 10:1
mixture of methanol and 1 M aqueous HCI. The crude polymer was
collected by filtration and dried at 40 °C under vacuum for 2 h. The
predried polymer was then purified by Soxhlet extraction with
methanol, acetone, hexane, and chloroform, sequentially. The product
was obtained by precipitation of chloroform fraction in methanol and
drying under vacuum for 24 h. PDPPTT-T-14 as a free-standing film
was afforded with a yield of 95% (M, = 69. S kDa, PDI = 2.65). Anal.
Caled for (C,4H,»,N,0,5:),: C, 73.18; H, 9.61; N, 2.19; S, 12.52.
Found: C, 73.21; H, 9.58; N, 2.16; S, 12.58%.

Synthesis of PDPPTT-T-16. PDPPTT-T-16 was obtained by
following a similar procedure as that for PDPPTT-T-14 but by
starting from monomer 14 (0.4 g, 0.27 mmol). PDPPTT-T-16 was
obtained as a free-standing film with a yield of 90% (M, = 75.0 kDa,
PDI = 2.15). Anal. Calcd for (CggH;35N,0,S5),.: C, 74.19; H, 9.99; N,
2.01; S, 11.51. Found: C, 74.22; H, 10.04; N, 2.06; S, 11.46%.

Synthesis of PDPPTT-T-18. PDPPTT-T-18 was obtained by
following a similar procedure as that for PDPPTT-T-14 but by
starting from monomer 15 (0.4 g, 0.25 mmol). PDPPTT-T-18 was
obtained as a free-standing film with a yield of 86% (M, = 58.7 kDa,
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PDI = 1.82). Anal. Calcd for (Cg,H;54N,0,S;),: C, 75.04; H, 10.32;
N, 1.86; S, 10.66. Found: C, 75.02; H, 10.38; N, 1.81; S, 10.74%.

Instrumentation. 'H NMR spectra were recorded using a Varian
Mercury 400 MHz spectrometer using deuterated chloroform (CDCl,,
Cambridge Isotope Laboratories) with tetramethylsilane as a standard.
3C NMR spectra were recorded at 100 MHz as a solution in CDCl,
on Varian Inova-500 spectrometer. Thermo Scientific Flash 2000
(Thermo Fisher Scientific) elemental analyzer was employed to
determine the content of C, H, N, and S. Polymer molecular weights
were determined by gel permeation chromatography (GPC, Waters
GPC, Waters 515 pump, Waters 410 R, 2X PLgel Mixed-B) using a
polystyrene standard in chloroform (T 35 °C) and 12,4-
trichlorobnezne (T = 150 °C) as the eluents at the Korea Polymer
Testing & Research Institute (Koptri, Seoul, Korea).

Absorption spectra for both films and solutions were obtained using
a UV—vis absorption spectrophotometer (HP 8453, photodiode array)
over a wavelength range of 190—1100 nm. A 0.4 wt % chloroform
solution of the pertinent DPPTT-T-based polymer was filtered
through an Acrodisc syringe filter (Millipore 0.45 gm), and the thin
film was prepared by spin-coating method on glass substrate.

Oxidation properties were examined by cyclic voltammetry (CV)
using an eDAQ EAI61 potentiostat. The desired thin film was
deposited on a platinum plate using a polymer solution in chloroform,
while 0.10 M tetrabutylammonium hexafluorophosphate in dry
acetonitrile was selected as the electrolyte. The reference electrode
was composed of Ag/AgCl, while the counter electrode was made of a
platinum wire with a diameter of 0.5 mm. A scan rate of 5.0 mV s™!
was used.

To characterize the polymer surface topography, AFM (Advanced
Scanning Probe Microscope, XE-100, psia) was employed. A silicon
cantilever was used in tapping mode for all scans. Single-polymer and
PC;,BM blend films were prepared in the same way as those used in
the corresponding device fabrication. Two-dimensional GI-XRD
measurements were carried out at the PLS-II 9A ultrasmall angle X-
ray scattering beamline of Pohang Accelerator Laboratory (4 = 1.116
A, 20 = 0°-20°). The scattering vectors g4y and g are the components
parallel and perpendicular to the film surface, respectively. Single-
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Table 1. Optical and Electrochemical Properties of the PDPPTT-T Polymers

absorption spectroscopy (nm)

energy level

HOMO*® LUMO?
polymer M, (kDa) PDI solution film Egptb (eV) (ev) (eV)
PDPPTT-T-10 332.5 (39.1)° 13.7 (147)° 820, 888 821, 886 139 5.16 377
PDPPTT-T-12 562.9 (19.1) 922 (243)" 815, 887 818, 895 138 5.19 3.81
PDPPTT-T-14 69.5 2.65 808, 886 819, 886 1.39 S.18 3.79
PDPPTT-T-16 75.0 2.15 807, 884 820, 883 1.40 5.20 3.80
PDPPTT-T-18 58.7 1.82 803, 880 816, 888 1.39 5.23 3.84

“M, and PDI were measured by using high-temperature GPC. *Optical bandgap calculated by using the equation EP = 1240/ A6 “Calculated by
using the oxidation potentials in CV. 9LUMO level was calculated from the HOMO level and optical bandgap of the film.
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Figure 1. UV—vis absorption spectra of the PDPPTT-T polymers (a) in chloroform solution and (b) as pristine films.

polymer and PC, BM blend films were prepared in the same way as
those used in the corresponding device fabrication. Grain size was
calculated by Scherrer’s formula, where t = (KA/fcos(6)), and K is a
constant depending on crystallite shape; / is the X-ray wavelength, /3 is
the full width at half maximum (fwhm), and 0 is the diffraction angle.

Thin-Film Transistor Device Fabrication and Character-
ization. Bottom-gate top-contact TFTs were fabricated on heavily
n-doped Si as the gate electrode with SiO, (300 nm) dielectric layer. n-
Octyltrichlorosilane (OTS) was used to treat the SiO, gate dielectric,
forming a hydrophobic surface. The polymer film was then deposited
on the surface of OTS-treated SiO, by spin-coating from a chloroform
solution (4 mg mL™") at ambient conditions. Finally, the source and
drain gold electrodes (thickness = 80 nm) were thermally deposited
through a shadow mask under vacuum. Field-effect characteristics of
the devices (channel width = 1500 ym, length = 100 pm) were
determined in air using a Keithley 4200-SCS semiconductor parameter
analyzer. Meanwhile, field-effect mobility at saturation () was
calculated from the equation Ing = (W/2L)Cu(Vg — Vy,)?% where
W and L are the channel width and length, C; is the gate dielectric
layer capacitance per unit area, and V; and Vy, are the gate and
threshold voltage, respectively.

Fabrication and Characterization of Polymer Solar Cells. The
indium tin oxide (ITO) glass was first sequentially cleaned in acetone,
deionized water, and isopropyl alcohol by sonication, then dried in a
vacuum oven for 10 h at 120 °C and treated with O, plasma
(CR403M, 90 W) for 10 min. A 40 nm thick poly(3,4-ethyl-
enedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) film (Bay-
tron P) was deposited onto the ITO glass by spin-coating a stock
solution of PEDOT:PSS and methanol (2:1, v/v) at 4000 rpm for 40 s.
After annealing at 150 °C for 30 min in atmosphere, the substrates
were transferred to a glovebox. Solutions of the photoactive layers
were prepared by dissolving the appropriate PDPPTT-T polymer and
PC,,BM (1:2 wt/wt) at a concentration of 20 mg mL™" in a mixed
solvent of chloroform and 1,2-dichlorobenzene (4:1, v/v) containing 1
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vol % of 1,8-diiodooctane. The blend solution was then spin-coated
onto the PEDOT:PSS layer and dried in vacuo.

Electrode fabrication was accomplished by evaporating a 150 nm
thick aluminum layer on a LiF thin layer. The active area is 0.04 cm?,
and the thickness of the active layer was measured by a Dektak 3
surface profilometer. The current—voltage characteristics were
measured with a Keithley 2400 Source Measure Unit. A 300 W Xe
lamp was used as a light source, providing an intensity of 100 mW
cm™2 An AM 1.5 filter (Oriel) and a neutral density filter were used to
reduce light intensity when necessary so as to provide a light source
that most accurately approximated sunlight. A calibrated broadband
optical power meter (Spectra Physics, Model 404) was used for
measuring incident light intensity.

Bl RESULTS AND DISCUSSION

Synthesis and Properties of DPPTT-Based Polymers.
We employed electron-deficient DPPTT-based monomers as
electron acceptors and thiophene monomers as electron donors
in constructing the conjugated polymer backbone. The
backbone was fixed for all five tested polymers to investigate
only the effect of the branched alkyl side chains on polymer
properties; the structures and syntheses of these materials are
displayed in Scheme 1. PDPPTT-T-14, 16, and 18 had not
been previously synthesized, while PDPPTT-T-10 and 12 were
previously reported.”>>* All polymers were prepared through
typical Pd-catalyzed Stille coupling reaction conditions of 100
°C and 12 h and were purified by Soxhlet extraction with
methanol, acetone, hexane, and chloroform, sequentially.

All synthesized polymers showed excellent room-temper-
ature solubility in common halogenated organic solvents,
specifically chloroform, chlorobenzene, and 1,2-dichloroben-
zene. The M, values of PDPPTT-T-10, PDPPTT-T-12,
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PDPPTT-T-14, PDPPTT-T-16, and PDPPTT-T-18 were
332.5, 562.9, 69.5, 75.0, and 58.7 kDa in the chloroform,
respectively. (Figure S1, Supporting Information) These, along
with PDI values, are displayed in Table 1. Among them,
PDPPTT-T-10 and PDPPTT-T-12 showed unusually high
PDI values; therefore, the M, and PDI of these polymers were
measured through high-temperature GPC using 1,2,4-trichlor-
obenzene as the eluent and also shown in Table 1. In particular,
PDPPTT-T-14, PDPPTT-T-16, and PDPPTT-T-18, all of
which contained relatively long and bulky side chains, showed
better solubility.

Optical and Electrochemical Properties. Figure 1
displayed UV—vis absorption spectra of the five polymers in
solution and film states; the resulting parameters are listed in
Table 1. The solution spectra showed similar characteristic
absorption bands in the range of 600—900 nm, meaning that
differences in side-chain composition do not affect photo-
physical properties in solution (Figure 1a). In contrast, the
maximum absorption peak in the thin-film samples was red-
shifted slightly and showed a more predominant shoulder peak
at ~740 nm, indicating enhanced intermolecular interaction
between the polymer backbones (Figure 1b). Only PDPPTT-
T-10 showed effectively identical spectra between the two
states, with maximum absorption values of 820 and 821 nmy;
this suggests that the polymer chains of PDPPTT-T-10 were
preorganized due to strong intermolecular interaction.
However, both PDPPTT-T-16 and PDPPTT-T-18 showed
differences of ~13 nm between the maximum absorption peaks
of their solution and film spectra, suggesting low interaction in
solution due to chain length and branching,

The electrochemical properties of the thin films were
measured by CV to evaluate electronic energy levels; results
are summarized in Table 1. The highest occupied molecular
orbital (HOMO) level tends to decrease with side-chain length
and bulkiness; for example, Eyopmo = —5.16 and —5.23 eV for
PDPPTT-T-10 and PDPPTT-T-18, respectively. This in-
dicates that the steric hindrance of bulkier side chains disrupts
conjugation along the polymer backbone, slightly weakening
the electron-donating effect. However, while the HOMO levels
of the five polymers are slightly different, the optical bandgaps
remain relatively similar.

Characterization of Thin-Film Transistor Device
Performance. The effects of the bulky side chains on the
charge-transport properties of the synthesized polymers were
investigated by fabricating TFTs. The side chains were found to
modulate 77—z stacking distance between the polymer back-
bones, which can help to increase charge-carrier mobilities and
induce dense molecular packing. Under the strategy mentioned
above, we fabricated top-contact and bottom-gate TFTs by
spin-coating polymer solutions onto OTS-treated substrates
and the as-spun films were employed without thermal
treatment in TFTs. The fabricated TFT devices were
characterized under ambient conditions, with all devices
exhibiting typical p-type transistor behavior characterized by
high current on/off ratios of 1 X 10° to 1 X 10 (Figure 2a). As
shown in Table 2, hole mobilities were measured at 1.23 cm?
V! s7! for PDPPTT-T-10, 0.16 cm®> V! s7! for PDPPTT-T-
12, 1.92 cm® V! s7! for PDPPTT-T-14, 0.35 cm® V™! s7! for
PDPPTT-T-16, and 0.14 cm® V™' ™! for PDPPTT-T-18. This
shows that shorter alkyl side chains give higher hole mobilities,
while longer alkyl chains perform more poorly. There is an
exception to the general trend; PDPPTT-T-12 has a lower hole
mobility, which might be ascribed to the unfavorable internal

3284

10°
i a - 0.018
4 )))))))))l)))))
10 »»»»)»»»»)%:2))))), .
5
:))»»)»»»)»»)»»)Z’,},‘J‘)f”a o0t
m
Sy % [
)55 AN
R -0.014
—J))J"J

- 0.012

—
< [ o
s - 0.010 s
A‘n | E
i [ 0.008 <
. ?
N | \n
- 0.006 ~—
- 0.004
- 0.002
- 0.000
20
V; (V)
50 40 g
=3 W Lamellar distance (b) =
g 40 B 7-7stacking distance v _53
o 8 G
g n 2
2 30 n §
% n ®
» n u 36 ©
2 ] B [ S
T 2| N [ E
2 =
2 3
E 10 34 8
i !
10 12 14 16 18

No. in PDPPTT-T-No.

Figure 2. (a) Transfer characteristics of PDPPTT-T TFT devices at
Vps = =100 V (L = 100 gm, W = 1500 pm); Black: PDPPTT-T-10
(linear Vg range: —28 to —19 V); Red: PDPPTT-T-12 (linear Vg
range: —26 to —13 V); Blue: PDPPTT-T-14 (linear V;; range: —36 to
—21 V); Green: PDPPTT-T-16 (linear Vg range: —27 to —11 V);
Pink: PDPPTT-T-18 (linear Vg range: —18 to —2 V). (b) GI-XRD
data for the PDPPTT-T polymer films.

morphology and chain arrangement on the substrates. It will be
discussed further using the data of GI-XRD and AFM image
analysis.

GI-XRD was employed to investigate film crystallinity and
polymer chain arrangement on the substrate to better
understand the relationship between side-chain bulkiness and
TFT charge transport; the same films that were used for the
TFT devices were tested here (Figure 3a—e). The polymers all
showed (100) and (010) diffraction patterns, which are due to
periodic lamellar packing and w—7 stacking of polymer chains
in the out-of-plane profiles, respectively. PDPPTT-T-10 and
PDPPTT-T-14 showed fourth-ordered (h00) diffraction peaks
(Figure 3), which resulted in fairly well-ordered crystalline
lamellar structures built off of the substrate. In addition, the two
polymers exhibited relatively strong (010) diffraction peaks at
~17.9-18.1°. Therefore, they showed a dominant edge-on
orientation over face-on orientation, while the others showed a
face-on orientation predominantly with respect to the substrate.
In particular, PDPPTT-T-12, PDPPTT-T-16, and PDPPTT-
T-18 exhibited stronger in-plane diffraction peaks of (h00),
which are comparable to those in the out-of-plane profiles, as
shown in Figure 3b,gh. The 7z—rn stacking distance of
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Table 2. TFT and PSC Characteristics of the PDPPTT-T Polymers

polymer I./Lg Vi (V) u (em? V1 V.. (V) Jo. (mA/cm?) FE PCE? (%) thickness® (nm)
PDPPTT-T-10 1x 107 -50 123 (L.15) 0.60 -17.26 0.56 579 (5.60) 171
PDPPTT-T-12 1% 10° -20 0.16 (0.10) 0.62 ~15.02 0.53 493 (4.71) 168
PDPPTT-T-14 1x 107 —60 1.92 (1.78) 0.60 —7.20 0.50 2.16 (2.14) 166
PDPPTT-T-16 1% 10° -0 0.36 (0.32) 0.60 —4.68 045 126 (1.20) 161
PDPPTT-T-18 1% 10° 5.0 0.14 (0.12) 0.60 -381 0.34 0.78 (0.71) 157

“Unannealed film. bOptimized devices with a polymer/PC,BM ratio of 1:2 (w/w) with DIO (1%) additive. “The average thickness of active layer
for OPVs. y (em® V™' s71), I, /I.¢ and V, (V) are the hole mobility, the current on/off ratio, and the threshold voltage, respectively. J,. (mA/cm?) is
the short-circuit current density, V.. (V) is the open circuit voltage, FF is the fill factor, PCE (%) is the power conversion efficiency. Average
mobilities and power conversion efliciencies are in parentheses for >20 devices.

(b)zﬂ ©°

AR AT ALY AN

0 1 0 1 0 1 b 1
G (&) Goy (AY) Gy (AY) Gy (A

- PDPPTT-T-10
PDPPTT-T-10 (h) PDPPTT-T-10
PDPPTT-T-12 PDPPTT-T-12 )
PDPPTT-T-14 ) % A PDPPTT-T-14 ,

PDPPTT-T-16 PDPPTT-T-16
PDPPTT-T-18 PDPPTT-T-18

-

(9)

ae raw
ae ra e

Intensity (a. u.)
Intensity (a. u.)

5 10 15 20
26(deg) 26(deg)

Figure 3. Two-dimensional GI-XRD patterns of (a) PDPPTT-T-10, (b) PDPPTT-T-12, (c) PDPPTT-T-14, (d) PDPPTT-T-16, and (e) PDPPTT-
T-18. (g, h) Out-of-plane and in-plane profiles, respectively. (i) Schematic packing diagrams of the polymer chains on the substrates.

Figure 4. AFM height images (S um X S ym) of (a) PDPPTT-T-10, (b) PDPPTT-T-12, (c) PDPPTT-T-14, (d) PDPPTT-T-16, and (e) PDPPTT-
T-18 polymer films.

PDPPTT-T-14 was calculated to be the smallest, as shown in conclusion that PDPPTT-T-10 and PDPPTT-T-14 displayed
Figure 2b, which indicates that the polymer can affect more higher charge-carrier mobility.

efficient charge transport to a small extent. On the other hand, Polymer Solar Cell Performance and Characterization
highly resolved lamellar diffraction and negligible (010) of the Blend Films. To optimize device performances of
diffraction peaks were observed for PDPPTT-T-12, PDPPTT-T based solar cells, various devices were fabricated

PDPPTT-T-16, and PDPPTT-T-18 in plane-profiles, which with the kind of solvent and acceptor molecules. (Figures S2—
resulted in lowér charge-carrier mobilities ’ S6, Supporting Information) Eventually, alkyl side-chain effects

. . on PSC performance were investigated by fabricating bulk
AFM was employ.ed to 1nvest1gat§ the su}'fa(fe topography of heterojuncﬁion devices with a star%dard I’?O/ PEDOTg:PSS/
the thin films, as this feature contributes significantly to TFT PDPPTT-T:PC, BM/LiF/Al configuration. The solar cell
performance. All polymer films were relatively smooth, with photoactive layers were fabricated using the same PDPPTT-
roughness values of less than 2 nm (Figure 4). The surfaces of T/PC,,BM = 1:2 (w/w) blend ratio and 20 mg mL™" solution
PDPPTT-T-10 and PDPPTT-T-14 were filled with relatively concentration so as to control for all potential variables. Device
fine domains, while those of PDPPTT-T-12, PDPPTT-T-16, performance was measured under 100 mW/cm?> AM 1.5 G
and PDPPTT-T-18 were less dense, further supporting the illumination.
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Figure S shows the current density—voltage (J—V) curves of
the PDPPTT-T-based PSCs, while device performance is
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Figure S. (a) J-V characteristics and (b) EQE spectra of the
PDPPTT-T polymer/PC,BM devices.

summarized in Table 2. All devices showed similar open-circuit
voltages, an observation that is supported by the similar
HOMO levels determined by CV. Meanwhile, short-circuit
current density (J,.), PCE, and the fill factor (FF) were found
to decrease as side chain size increased. PDPPTT-T-10
exhibited the highest J,. of 17.26 mA cm™, giving a PCE of
5.79%, whereas PDPPTT-T-14 gave a J,. of 7.20 mA cm?,
resulting in a lower PCE of 2.16% despite the higher carrier
mobility observed in the TFT. In contrast, PDPPTT-T-12,
with its lower M,, exhibited much better device performance,
with a J,. of 15.02 mA cm™ and a PCE of 4.93%.

The external quantum efficiency (EQE) spectra of the PSC
devices are shown in Figure 5b; all five polymers exhibited
broad and highly efficient light-harvesting, ranging from 300 to
900 nm in the visible and near-infrared wavelength. The
PDPPTT-T-10 device in particular showed EQE values that
were consistent with the fact that it had the highest ], in the J—
V analysis. This can be attributed to greater miscibility, leading

to the formation of nanophase-separated domains between the
polymer and PC,BM crystallites/crystallite aggregates.

The surface morphology of the active PSC layer was
measured by AFM to better understand the basis for the
improved performance observed. As shown in Figure 6, the
PDPPTT-T-10:PC,,BM blended film showed very fine surface
morphology, with a root-mean-square roughness of 2.5 nm;
such a quality might be favorable for exciton generation and
migration through nanoscopically separated domains, thereby
contributing significantly to the higher J,. value observed.
Compared to the surface morphological textures of PDPPTT-
T-10 and PDPPTT-T-12, PDPPTT-T-14, PDPPTT-T-16,
and PDPPTT-T-18 exhibited much coarser texture and large
phase separation between polymer and PC,BM crystallites,
which results in poor PCEs.

GI-XRD patterns of the PDPPTT-T:PC,,BM blended films
were analyzed to expand on the conclusions drawn from the
AFM data (Figure 7a—e). The (h00) diffraction patterns were
clearer in the out-of-plane profile as the bulkiness of the alkyl
side chains increased. In the in-plane profiles, the blend films
did not exhibit significant difference except for PDPPTT-T-18.
This suggests that increased bulkiness resulted in poor
miscibility between the polymers and PC;BM, leading to
microphase-separated domains that reduced exciton diffusion
and yielded decreasing J,. values. (Figure 7f,g) The surface
roughness observed by AFM analysis showed same tendency
with the #—n stacking distance between the polymer
backbones. In addition, the z—7 stacking distance decreased
throughout when bulkiness decreased (Figure 7h). PDPPTT-
T-10 had the smallest 7—7 stacking distance (d(g;0) = 3.54 A)
as well as the smallest grain size calculated with fwhm of d(;o)
peak, which can contribute to increased J. values, and,
consequently, improved PCE (Figure 7i). In Figure 7j, the
schematic images of internal morphology of blend films with
PDPPTT-T-10 and PDPPTT-T-18 were illustrated for
comparison. In brief, increased bulkiness of the side chain
reduces J;. and FF due to the resulting increased domain size
and surface roughness; these factors elicit poor exciton diffusion
and poor charge separation, which in turn induce charge
recombination and a corresponding reduction in PSC device
performance.”” %’

Bl CONCLUSIONS

We systematically designed and synthesized new DPPTT- and
thiophene-containing 7-extended conjugated polymers bearing
2-octyldodecyl, 2-decyltetradecyl, 2-tetradecylhexadecyl, 2-
hexadecyloctadecyl, and 2-octadecyldocosyl bulky branched
alkyl side chains tethered to the N-positions of the
thienothiophene-flanked diketopyrrolopyrrole unit. All five
conjugated polymers were soluble due to the side-chain

-2

Figure 6. AFM height images (S um X S ym) of (a) PDPPTT-T-10, (b) PDPPTT-T-12, (c) PDPPTT-T-14, (d) PDPPTT-T-16, and (e) PDPPTT-

T-18 blended films with PC, BM.
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Figure 7. Two-dimensional GI-XRD patterns of (a) PDPPTT-T-10, (b) PDPPTT-T-12, (c) PDPPTT-T-14, (d) PDPPTT-T-16, and (e) PDPPTT-
T-18 blended films with PC,;BM. (f) Out-of-plane and (g) in-plane profiles. (h, i) Roughness and GI-XRD data for the blended films. (j) A

schematic of the blended film morphology.

bulkiness. The PDPPTT-T-14-based TFT had the highest hole
mobility of 1.92 cm® V™! 57!, the result of having the smallest
m—r stacking distance. Meanwhile, the PDPPTT-T-10 device
showed the highest PCE of 5.8% when integrated into
heterojunction-type PSCs and mixed with PC, BM. The alkyl
side chains in the conjugated polymer backbone play important
roles to improve solubility and to vary solid-state morphology.
Although there is no absolute rule in side-chain engineering, the
size of alkyl side chain should be optimized to give high
performance of electronic and optoelectronic devices.
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