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Poly[quinacridone-alt-dithienylquinoxaline](PQCDTQx)s series with alkoxy chains at different anchor-
ing positions (meta- or para-) in quinoxaline were synthesized via Suzuki coupling reaction. The ICT
effects were stronger at the meta than para. Meta-polymers had enhanced - stacking of the polymer
main chains and showed a lower HOMO energy level than those of the para, from —5.26 to —5.16 eV,

because of the greater electron-withdrawing effects of the alkoxy groups. As a result, the photovoltaic
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device comprising a PQCDTQx-mEH/PC;1BM (1:4) blend system exhibited performance, with a PCE, Jsc,
Voc, and FF of 2.1%, 4.8 mA/cm?, 0.73 V, and 59.3%, respectively.
© 2015 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Polymer solar cells (PSCs) have recently received much
attention, because they use an unlimited amount of photovoltaic
energy, which is reproducible. And they offer many advantages,
such as low production costs, lightweight, flexibility and suitability
to large-scale production. Bulk heterojunction (BHJ) systems,
combining conjugated polymers as the electron donors and
fullerene derivatives as the electron acceptors, have played a
significant role in enhancing the photovoltaic performance of PSCs.
Therefore, BH] PSCs have been the subject of diverse studies
[1-5]. The formation of a donor-acceptor (D-A) system by the
alternate copolymerization of an electron-donating unit (D) and
electron-accepting unit (A) is a typical method for designing the
molecular structures of conjugated polymers for high-efficiency
BH] PSCs. An appropriate selection of these D and A building blocks
can be used to effectively tune the energy levels of PSCs [6].

The use of quinacridone (QC) as an electron-donating unit is
well known, because of its red-violet pigments, ordered structure,
self-assembly characteristics, and high hole mobility. It has been
increasingly used in organic thin-film transistors (OTFTs)[7,8]. The
Takimiya group reported the use of a polymer composed of QC
derivatives with a high hole mobility (0.2 cm?/V S) in OTFTs [9].
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Quinoxaline (Qx) derivatives are widely used as the electron-
accepting units owing to their superior electron-withdrawing
properties, caused by the presence of two imine nitrogens. The
structural modification of Qx derivatives has been readily achieved
by using a variety of substituents to change their solubility and
electronic properties [10-12].

An understanding of the correlation between the molecular
structure and the device performance is also important for the
production of high-efficiency PSCs. The open-circuit voltage
(Voc), short-circuit current density (Js¢), and fill factor (FF) play
important roles in determining the power conversion efficiency
(PCE) of PSCs. V¢ is determined from the difference between the
lowest unoccupied molecular orbital (LUMO) of the electron
acceptor and the highest occupied molecular orbital (HOMO) of
the electron donor, i.e., the difference in their electron affinities.
Therefore, the HOMO level of the polymer donor is an important
factor in determining the PCE [13]. A previous study reported the
tuning of the HOMO and LUMO levels of conjugated polymers by
changing their electron affinities according to the positions of the
side chains introduced, while retaining the same polymer
backbone repeating unit [14]. Takimiya et al. reported an
enhancement in the photovoltaic properties by determining its
exciton diffusion, charge separation, and charge transport
properties by using the effect of the type of side chain used on
a polymer’s crystallinity and backbone orientation [15]. More-
over, Wang et al. demonstrated a maximum PCE of 5% using a
thiophene-quinoxaline (TQ)-based alternating copolymer to
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study its aggregation, orientation, and phase behavior as a
function of side chain type [16].

In this study, the deep HOMO levels and backbone orientations
of polymers were observed according to the position and form of
the Qx side chain and the morphological changes caused by the
miscibility of Qx with 1-(3-methoxycarbonyl)propyl-1-phenyl-
[6,6]-C71(PC;;BM). In order to accomplish these characteristics,
different QC-Qx-based conjugated polymers, poly[quinacridone-
alt-dithienyl-(3-octyloxy phenyl)quinoxaline] (PQCDTQx-m8),
poly[quinacridone-alt-dithienyl-(3-(2-ethylhexyloxy phenyl)qui-
noxaline] (PQCDTQx-mEH), poly[quinacridone-alt-dithienyl-(4-
octyloxy phenyl)quinoxaline] (PQCDTQx-p8), and poly[quinacri-
done-alt-dithienyl-(4-(2-ethylhexyl)phenyl)quinoxaline]
(PQCDTQx-pEH), were synthesized by introducing two types of
side chains (linear octyl or branched 2-ethylhexyl) at two different
phenyl ring positions (meta- or para-) on Qx. By UV-visible (UV-
vis) spectroscopy, an absorption shoulder peak (As,) was identified
at the meta position of the polymer in both the solution and thin-
film states. Moreover, the HOMO and LUMO energy levels of the
resulting polymers were regulated according to the differences in
the electron-donating abilities caused by the position of the alkoxy
side chain. The backbone orientations of the polymers, according to
the positions and conformations of the side chains, were confirmed
by X-ray diffraction (XRD) measurements. When PQCDTQx-mEH
was used as the donor polymer, the best photovoltaic performance
(PCE =2.1%) was achieved at PQCDTQx-mEH:PC7:BM (1:4, w/w).

Results and discussion
Synthesis and characterization of polymers

Scheme 1 shows the chemical structures of the monomers and
polymers used, along with their synthetic processes. The relevant
monomers (Qx derivatives) used in this study were synthesized by
introducing two types of side chains (linear octyl or branched
2-ethylhexyl) onto the meta- and para-positions of the phenyl ring
according to the previously reported procedures [27-29]. Thio-
phene was introduced as the conjugated linker on the acceptor unit
to synthesize 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(3-(octylox-
y)phenyl)quinoxaline (M2), 5,8-bis(5-bromothiophen-2-yl)-2,3-
bis(3-(2-ethylhexyloxy)phenyl)quinoxaline (M3), 5,8-bis(5-bro-
mothiophen-2-yl)-2,3-bis(4-(octyloxy)phenyl)quinoxaline (M4),
and 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-(2-ethylhexyloxy)-
phenyl)quinoxaline (M5) according to the procedures as described
in Scheme 1. As shown in Scheme 1, poly[quinacridone-alt-
dithienyl-quinoxaline] (PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-
p8, and PQCDTQx-pEH) was synthesized via the Suzuki coupling
reaction of 2,9-diboronicester-N,N'-di (2-octyl-dodecyl)quinacri-
done (M1) and M2 through M5. The polymerization of the three
polymers, PQCDTQx-m8, PQCDTQx-p8, and PQCDTQx-pEH, was
performed for 24 h at 90-95 °C using toluene, Pd(PPh3)4(0), a2 M
aqueous potassium carbonate solution, and Aliquat 336 as the
solvent, catalyst, base, and surfactant, respectively. However,
because of its low solubility, PQCDTQx-mEH was polymerized for
48 h using toluene/DMF (9:1) as the solvent. After polymerization
was completed, the polymers were end-capped with bromothio-
phene. The polymers were then recovered by precipitation in
methanol. Purification was performed using a Soxhlet extraction,
sequentially with methanol, acetone, and chloroform. Finally, the
polymers were recovered by precipitating the chloroform fraction
in methanol. As a result, the yields of PQCDTQx-m8, PQCDTQx-
mEH, PQCDTQx-p8, and PQCDTQx-pEH were 89, 88, 51, and 91%,
respectively. The derived polymers dissolved easily in common
organic solvents such as tetrahydrofuran (THF), chloroform,
chlorobenzene, and o-dichlorobenzene, forming homogeneous
violet semitransparent films after spin coating. The structures of

the synthesized polymers were confirmed via '"H NMR spectros-
copy (see the electronic Supplemental information (ESI), Fig. S1)
and elemental analysis (EA).

Table 1 shows the measured molecular weights of the
polymers; As shown in Table 1, PQCDTQx-m8, PQCDTQx-mEH,
PQCDTQx-p8, and PQCDTQx-pEH exhibited number average
molecular weights (M,,) of 112, 113, 197, and 129 kDa, respective-
ly, and polydispersity indices (PDIs) of 2.10, 2.01, 2.32, and 2.53,
respectively. Thermogravimetric analysis (TGA) was used to
evaluate the thermal stability of the polymers, and the TGA
results are shown in the ESI (Fig. S2). According to the TGA results,
the temperature at which a 5% thermal weight loss occurred in N,
atmosphere was >340 °C for all the polymers. All the synthesized
polymers exhibited good thermal stability, and their suitability for
device fabrication and application was verified.

Optical properties

To examine the effects of side chain position on the
optoelectronic properties of QC-Qx-based polymers, normalized
UV-vis absorption spectra of the polymers in both the solution and
thin-film states are shown in Fig. 1, and the results are summarized
in Table 2. As indicated in Fig. 1, all the polymers displayed two
absorption peaks between 300 and 800 nm. The peak in the high-
energy region (300-450 nm) was owing to the w—* transitions of
the donor segments (QC group), whereas the peak in the low-
energy region (450-700 nm) was caused by an intramolecular
charge transfer (ICT) transition between the donor and acceptor
[17,18]. The maximum absorption peaks of PQCDTQx-m8 and
PQCDTQx-mEH in solution were 399 and 555 nm (Ag, = 600 nm),
and 402 and 555 nm (As, = 600 nm), respectively, while those for
PQCDTQx-p8 and PQCDTQx-pEH appeared at 393 and 544 nm,
and 393 and 545 nm, respectively. The absorption coefficient
calculated from the maximum absorption peak (Anmax) of each
polymer in the solution was 7.0 x 10%, 7.8 x 10%, 8.2 x 10%, and
6.7 x 10*M~! cm~! for PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-
p8, and PQCDTQx-pEH, respectively. The maximum absorption
peaks of PQCDTQx-m8 and PQCDTQx-mEH in the thin film were
399, 575nm (Agp, =607 nm), and 399, 571 nm (As, =593 nm)
respectively and these values red-shifted by 20 and 16 nm,
respectively, in comparison to the solution-state results.
PQCDTQx-p8 and PQCDTQx-pEH displayed peaks at 393, 541 nm
(Ash =579 nm), and 393, 551 nm (Asy = 585 nm), respectively, and
were similar to the peaks observed in solution. The occurrence of a
red shift in the thin-film state could have been caused by the
aggregation and - intermolecular interactions of the polymer
main chains, which were stronger in the solid state [19,20].
Accordingly, because the polymers in the meta position showed a
greater red-shift, stronger polymer main chain aggregation and
more ordered -7 stacking occurred to induce more effective
intermolecular interactions, enabling smaller optical band gaps to
be obtained from the absorption occurring in a broader region of
the spectrum. Moreover, when the side chain was introduced in
the meta position (PQCDTQx-m8 and PQCDTQx-mEH), shoulder
peaks appeared in both the solution (Agy = 600 nm) and thin-film
(Ash =607 and 593 nm) states, because polymers in the meta
position have strong aggregation and excellent -7 stacking even
in dilute solutions [21,22]. When the side chains were introduced
in the para position (PQCDTQx-p8 and PQCDTQx-pEH), shoulder
peaks were not observed in solution; however, absorption
shoulder peaks at 579 and 585 nm were observed in the thin-
film state, respectively. The position of side chain attachment
affected the stacking properties, polymer chain interaction, and
UV-vis absorption region. However, no significant difference in
the UV-vis spectra was observed by the type of side chain [30]. The
calculation of the optical band gaps (E°"") of the four polymers
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Scheme 1. Synthetic route to polymers.
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Table 1

Physical and thermal properties of polymers.
Polymer Yield [%] M,? [kDa] M,,* [kDa] PDI* T, [°C)
PQCDTQx-m8 89 112 238 2.10 382
PQCDTQx-mEH 88 113 229 2.01 435
PQCDTQx-p8 51 197 460 2.32 355
PQCDTQx-pEH 91 129 328 2.53 341

2 Determined by GPC in chloroform (CHCI3) using polystyrene standards.
b Temperature resulting in 5% weight loss based on the initial weight.
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Fig. 1. UV-vis absorption spectra of polymers in (a) solution and (b) film.

Table 2
Optical and electrochemical properties of polymers.

from the absorption onset (Aonser) Of the solid-state film via the
band edge revealed that PQCDTQx-m8 and PQCDTQx-mEH had the
same E,°”" of 1.74 eV, whereas the E,°°" of PQCDTQx-p8 and
PQCDTQx-pEH were 1.87 and 1.83 eV, respectively.

Electrochemical properties

Cyclic voltammograms (CVs) were used to determine the
electronic energy levels of the polymer films. Measurements were
taken in a 0.1 M tetrabutylammonium-hexafluorophosphate
acetonitrile solution, and the results are shown in Fig. 2 and
Table 2. As shown in Fig. 2 and Table 2, the oxidation onset
potentials (Eq°"*¢") of PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-
p8, and PQCDTQx-pEH were +0.85, +0.88, +0.79, and +0.80 V, while
the HOMO levels were -5.23, -5.26, -5.17, and -5.18 ¢V,
respectively. The LUMO levels were calculated from the difference
between the HOMO levels and E°"", resulting in LUMO levels at
—3.49, —-3.52, —3.30, and —3.35 eV for PQCDTQx-m8, PQCDTQx-
mEH, PQCDTQx-p8, and PQCDTQx-pEH, respectively. When the
side chain was introduced in the para position, the HOMO and
LUMO levels tended to be higher than those in the meta position.
These findings were consistent with that reported by Hou et al.
indicating that an alkoxy group showed greater electron-donating
effects in the para position than in the meta position [14]. You et al.
reported that the HOMO energy level were dependent on the donor
strength in the push-pull system [32]. Therefore, the introduction
of a side chain on the meta position increased electron-donating
property for higher HOMO and LUMO values. In addition, according
to the difference of the type of side chain, 2-ethylhexyl side chains
exhibited slightly higher HOMO levels than the n-octyl side chains.
These results are in good agreement with the branched side chains
stabilized HOMO as a function of structural bulkiness [33].

Theoretical calculations

To understand the electrical properties of the synthesized
polymers, density functional theory (DFT) was used to simulate the
distribution of the electronic density of states (Fig. S3), molecular
geometries, and dihedral angles (Fig. 3 and Table 3). DFT
calculations were performed using Gaussian 09 with a hybrid
B3LYP correlation function and a split valence 6-31G(d) basis set.
For simplification of the computations, the polymer backbones
were modeled as oligomers with a single repeating unit. The
calculated HOMO (LUMO) energy level values of PQCDTQx-m8,
PQCDTQx-mEH, PQCDTQx-p8, and PQCDTQx-pEH were —4.84 eV
(-2.13eV), —4.84eV (-2.14eV), —4.82eV (-2.12eV), and
—4.84eV (-2.12eV), respectively. These values were similar
because of the similarities in the structures of the main polymer
backbones. However, the calculated HOMO and LUMO energy level
of PQCDTQx-p8, and PQCDTQx-pEH had a tendency to upshift.
Moreover, these results are in agreement with the CV data.

Polymer UV-vis absorption Eg°Pt ? [eV] Cyclic voltammetry
CHCl; solution Film Eox°™set [V] HOMOP [eV] LUMO" [eV]
)‘max [l'llTl] )Lsh [nm] )‘max [l'llTl] )‘-sh [nm] )‘onset [nm]
PQCDTQx-m8 399, 555 600 399, 575 607 709 1.74 0.85 -5.23 —3.49
PQCDTQx-mEH 402, 555 600 399, 571 593 709 1.74 0.88 -5.26 -3.52
PQCDTQx-p8 393, 544 - 393, 541 579 663 1.87 0.79 -5.17 -3.30
PQCDTQx-pEH 393, 545 - 393, 551 585 677 1.83 0.80 -5.18 -3.35

@ Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline.

" Etiomo (or Lumo) = —[Eonsee(vs Ag/AgCl) — Eyja(Fc/Fc* vs Ag|AgCl)] — 4.8 eV.
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L clouds were localized up to the acceptor’s core, including Qx and
——PQCDTQx-m8 h This localizati b f th 1

] PQCDTOX-MEH the spacer. This localization was because of the structura
0.0002 ] —— PQCDTQx-p8 characteristics of the nonbinding electron pairs of the nitrogen

—— PQCDTQx-mEH
1 — Ferrocene

and quinoid formed on the bottom of the benzene ring
[23,24]. However, the LUMO of the polymers with a side chain
in the para position were localized at QC, the donor, more than at
Qx, the acceptor. This localization might result from the para
position side chain. Qx had a relatively weaker electron-
withdrawing property than QC. These findings were consistent
with the findings of Biwu Ma et al., indicating that the QC core can
act as a donor or an acceptor under different conditions, depending
on the electron affinity of the attached units [25]. In other words, it
was shown that when an alkoxy group was introduced as a side
-0.0002 -] chain in the para position, Qx was nearly unable to act as an
T " T " T " T electron acceptor.
Fig. 3(a) shows a side view of the optimized geometries of the
polymer backbones and the schematic diagram of the backbones
Fig. 2. Cyclic voltammograms of polymers. according to their dihedral angles. The side view of the meta-
polymers showed a planar configuration of the polymer back-
bones, and the side chain introduced on the phenyl ring of Qx
In Fig. S3, the polymers’ HOMO was delocalized on the polymer was also extended parallel to the polymer backbone. However,
main chains. However, the LUMO had different localized forms that the para-polymers showed a low planarity, caused by tilting the
were determined by the location of the side chain introduced on polymer backbone. The angles between the main chain and side
the acceptor. For the LUMO in the meta position, the electron chain attached to Qx were 13.6 and 15.0° in PQCDTQx-m8 and
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Table 3
Calculated dihedral angles of polymers.

Polymers Dihedral angle (deg)

0, 0> 63 04
PQCDTQx-m8 -22.1 22.4 37.5 39.4
PQCDTQx-mEH -22.2 21.0 39.1 38.6
PQCDTQx-p8 11.6 22.2 374 37.1
PQCDTQx-pEH -19.0 24.6 35.9 38.3

PQCDTQx-mEH, respectively, whereas these angles were 33.2 and
65.9° in PQCDTQx-p8 and PQCDTQx-pEH, respectively.

In the schematic diagram shown in Fig. 3(a), the dihedral angles
between QC and thiophene (6;) were —22.1 and -22.2° for
PQCDTQx-m8 and PQCDTQx-mEH, respectively, whereas the
dihedral angles between Qx and thiophene (6,) were 22.4 and
21.0°. Because the angle between the QC and Qx cores, excluding
the spacer, was offset to ~0°, the overall planarity of the main chain
was maintained. However, the values of 6; were 11.6 and —19.0°
for PQCDTQx-p8 and PQCDTQx-pEH, respectively, whereas the
values of 8, were 22.2 and 24.6°. Because PQCDTQx-p8 had positive
values for both 6, and 6., the angle between the QC and Qx cores
increased, affecting the planarity.

Therefore, the meta position had a more planar structure than
the para position in a manner that was consistent with the previous
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results, demonstrating an enhanced intermolecular m—1r stacking
in the meta-polymers from their UV-vis spectra. The dihedral
angles of the polymers are shown in Fig. 3(b) and Table 3. All the
polymers displayed similar dihedral angles for their phenyl rings,
indicating that the structural changes based on the side chain
position occurred primarily on the polymer backbone without
significantly affecting the inside of the acceptor unit.

XRD measurements

To gain a better understanding of the ordering and crystallinity
of the thin-film polymers as a function of side chain type and
position, XRD measurements were performed at annealing
temperatures.

Fig. 4(a) shows the XRD results for the polymer films measured
in the out-of-plane. Each polymer displayed two diffraction peaks
in the out-of-plane mode, indicating that the polymers formed
both the (h 0 0) lamellar structures and (0 h 0) lamellar structures.
At the (1 00) position, PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-
p8, and PQCDTQx-pEH showed peaks at 3.81, 3.90, 3.69, and 3.84°,
respectively. These angles were used to calculate the ordered
(100) lamellar d-spacing (d;) via Bragg's law (A =2dsin6),
resulting in the d; values of 23.16, 22.62, 23.91, and 22.98 A for
PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-p8, and PQCDTQx-pEH,
respectively. Moreover, PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-
p8, and PQCDTQx-pEH displayed wider peaks at the (010)
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Fig. 4. X-ray diffraction pattern of polymers on a silicon wafer and a polymer: PC7;BM blend on silicon wafer out-of-plane mode (a and c) and in-plane mode (c and d).
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position with the angles of 24.72, 24.90, 24.59, and 24.42°,
respectively. These values were used to calculate the intermolec-
ular 7 —1r stacking distances (d;) of 3.59, 3.57, 3.61, and 3.64 A for
PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-p8, and PQCDTQx-pEH,
respectively. The d-spacing of PQCDTQx-m8 and PQCDTQx-mEH
were shorter than those of PQCDTQx-p8 and PQCDTQx-pEH. These
results well matched with the UV-vis absorption spectra in that
the polymers with meta position side chain showed a shoulder
peak in both the solution and thin-film states. As shown Fig. 4(a),
when —1r stacking was observed on the (0 1 0) plane in the out-
of-plane mode, the crystalline structure inside the polymer film
might have formed a face-on orientation, which was identified by
the in-plane mode XRD measurement. Fig. 4(b) shows the XRD
results for the polymer films measured in the in-plane mode. For
all the polymers, peaks were only observed at low angles,
demonstrating that all the polymers had face-on crystallites [15].

Fig. 4(c) and (d) show the out-of-plane and in-plane modes XRD
measurements of the polymer/PC,;BM blended thin films. Fig. 4(c)
shows that the (1 0 0) peaks disappeared when PQCDTQx-p8 and
PQCDTQx-pEH were compared to the pristine polymer films. The
loss of the (1 0 0) peaks could have been caused by a decrease in the
crystallinity of the para-polymers’ (h 0 0) lamellar structure when
blended with PC;;BM. Moreover, the meta-polymers displayed
distinctive (1 0 0) peaks similar to those of the pristine polymer
film. The XRD results of the PC;1BM blended thin films measured in
the in-plane mode are shown in Fig. 4(d); PQCDTQx-m8, PQCDTQx-
mEH, PQCDTQx-p8, and PQCDTQx-pEH displayed peaks at 18.84,
18.44, 18.20, and 17.88°, respectively, because of the crystallinity
of PC71BM.

Photovoltaic properties and morphology analysis

To investigate the photovoltaic properties of the synthesized
polymers, conventional BHJ PSCs were fabricated. The photovoltaic
properties of the polymers were measured by fabricating PSC
devices with an ITO/PEDOT:PSS/polymer:PC7,BM/Al structure. The
fabricated devices were encapsulated in a glove box. Their current
densities vs. voltage (J-V) characteristics were measured in an
ambient atmosphere with an active area of 7 mm?2. The weight
ratios of polymer/PC;;BM were between 1:1 (w/w) and 1:4 (w/w),
using ~0.5-1 wt% concentrations of o-dichlorobenzene (0-DCB) as
the solvent. Optimized conditions were achieved with 1 wt% o-DCB
at a ratio of 1:2 for PQCDTQx-m8 and PQCDTQx-pEH and with
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Table 4

Photovoltaic properties of polymers.
Polymer PC71BM Voc [V]  Jsc [mA/cm?] FF [%] PCE [%]

ratios

PQCDTQx-m8 1:2 0.70 5.3 52.5 2.0
PQCDTQx-mEH 1:4 0.73 4.8 59.3 2.1
PQCDTQx-p8 1:4 0.67 3.9 59.1 1.7
PQCDTQx-pEH 1:2 0.68 34 58.9 1.5

0.5 wt% 0-DCB at a ratio of 1:4 for PQCDTQx-mEH and PQCDTQx-
p8. The J-V curves of the polymers at their optimized weight ratios
are shown in Fig. 5(a), and the IPCE at the time of measurement is
shown in Fig. 5(b). The photovoltaic properties of the fabricated
PSCs are listed in Table 4.

PQCDTQx-m8/PC71BM (1:2) had a Vo, Jsc, and FF of 0.70V,
5.3 mA/cm?, and 52.5%, respectively, resulting in an equivalent PCE
of 2.0%. Meanwhile, PQCDTQx-mEH/PC7,BM (1:4) had a Vg, Jsc,
and FF of 0.73V, 48 mA/cm?, and 59.3%, respectively, and an
equivalent PCE of 2.1%. PQCDTQx-p8/PC7:BM (1:4) had a Vo, Jsc,
FF, and PCE of 0.67 V, 3.9 mA/cm?, 59.1%, and 1.7%, respectively.
PQCDTQx-pEH/PC7;BM (1:2) had a Vo, Jsc, FF, and PCE of 0.68 V,
3.4 mA/cm?, 58.9%, and 1.5%, respectively. The introduction of the
side chain in the meta position resulted in higher Jsc values than
those achieved with the side chains in the para position, because
side chains in the meta position have strong w— stacking
interactions as observed in the UV-vis spectra of the polymer films.
This finding is consistent with the more effective intermolecular
interactions indicated by the shoulder peak in the UV-vis spectra
and XRD diffraction patterns.

The surface morphologies of the polymer blends were also
critical in determining the efficiencies of the PSCs. Therefore, the
morphologies of the polymer/PC;1BM films were observed using
atomic force microscopy (AFM), and the results are shown in
Fig. 6. The dark- and light-colored areas correspond to PC7;BM and
polymer domains, respectively. The thicknesses of all types of
polymers/PC7;1BM films were in the range ~60-70 nm. The
surfaces of the PQCDTQx-m8 and PQCDTQx-mEH/PC,;BM blended
films were smooth with nanoscale features and low root-mean-
square (RMS) roughnesses of 2.79 and 0.94 nm, respectively.
Intermixing between the polymers and PC;;BM occurred, allowing
the formation of prominent polymer channels, which was
consistent with the high Jsc of the two polymers. Conversely,

404 b ——PQCDTQx-m8
—o—PQCDTQx-mEH
—/—PQCDTQx-p8

——PQCDTQx-pEH

EQE (%)

N
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T v T . T d 1
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Fig. 5. The J-V curves of the PSC based on polymer: PC;;BM (a) under the illumination of AM 1.5G, 100 mW/cm?. The IPCE spectra of the PSC based on polymer: PC;,BM (b).
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Fig. 6. Topographic AFM images (5 x 5 pm?) of (a) PQCDTQx-m8: PC7;BM = 1: 2, (b) PQCDTQx-mEH: PC7;BM = 1: 4, (c) PQCDTQx-p8: PC7;BM = 1: 4, (d) PQCDTQx-pEH:

PC71BM =1: 2.

the separation of macrophases because of the highly aggregated
PC7;BM domains was observed for PQCDTQx-p8 and PQCDTQx-
pEH/PC7,BM blended thin films, and these surfaces were rougher
with the RMS roughnesses of 5.24 and 4.80 nm, respectively. The
smoother blend film based on the meta-polymers may effectively
reduce charge recombination and traps [31]. This is the reason why
PQCDTQx-p8 and PQCDTQx-pEH had a low Jsc and EQE, though
PQCDTQx-p8 showed the highest absorption coefficient in the
UV-vis spectra. The RMS roughness of the para-polymers was
higher than those of the meta-polymers, because steric hindrance
with PC;;BM increased the tilting of the main chain according to
the dihedral angle of the polymer backbone, as mentioned
previously alongside the DFT calculations [4,23]. PQCDTQx-m8
and PQCDTQx-mEH formed smaller domains than PQCDTQx-p8
and PQCDTQx-pEH. Therefore, exciton dissociation and carrier
collection efficiency enhanced to provide higher Jsc values [26]. V¢
was higher for the meta-polymers than for the para-polymers and
was consistent with the HOMO levels measured by CV.

Conclusions

In this study, Suzuki coupling reaction was used to successfully
synthesize four types of poly[quinacridone-alt-dithienyl-quinoxa-
line], PQCDTQx-m8, PQCDTQx-mEH, PQCDTQx-p8, and PQCDTQx-
pEH, according to the position and structure of the side chain. The
polymers with the side chain introduced in the meta position
exhibited more effective ICT effects on the UV-vis absorption,
whereas the meta-polymers demonstrated a stronger stacking
capability as evidenced by the shoulder absorption peaks in solution.
Dihedral angles were calculated via DFT, indicating that the
improved m—r stacking was because of the higher planarity of
the meta-structures. Moreover, the electron affinity of Qx, the
acceptor unit, changed depending on whether an alkoxy group was
positioned at the meta- or para-, indicating that electron localization
in the LUMO electron distribution appeared differently according to
DFT. From these calculations, the electronic properties of the
polymers were found to be regulated by modifying the positions of
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the polymers’ side chains. Consequently, the meta-polymers
exhibited superior Jsc values than those of the para-polymers,
resulting in higher PCEs. Among the polymers studied, PQCDTQx-
mEH/PC7,BM (1:4, w/w) showed the best performance with a PCE,
Voo Jso and FF of 2.1%, 0.73 V, 4.8 mA/cm?, and 59.3%, respectively.

Experimental
Materials

All the starting materials were purchased from Sigma-Aldrich,
Acros, Alfar Aesar, or TCI companies and used without further
purification. Toluene and tetrahydrofuran (THF) were distilled
from benzophenone ketyl and sodium. The following compounds
were synthesized following the modified literature procedures:
2,9-diboronicester-N,N’-di(2-octyldodecyl)quinacridone (M1)
[27], 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(3-(octyloxy)phenyl)-
quinoxaline (M2) [28], 5,8-bis(5-bromothiophen-2-yl)-2,3-bis
(3-(2-ethylhexyloxy)phenyl)quinoxaline (M3) [28], 5,8-bis(5-bro-
mothiophen-2-yl)-2,3-bis(4-(octyloxy)phenyl)quinoxaline (M4)
[29], 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-(2-ethylhexyloxy)-
phenyl)quinoxaline (M5) [29].

Poly[quinacridone-alt-dithienyl-2,3-bis(3-octyloxy )quinoxaline]
(PQCDTQx-m8)
5,8-Bis(5-bromothiophen-2-yl)-2,3-bis(3-(octyloxy)phenyl)-

quinoxaline (M2) (0.131 g, 0.15 mmol), 2,9-diboronicester-N,N’-
di(2-octyl-dodecyl)quinacridone (M1) (0.171g, 0.15 mmol),
Pd(PPhs3)4(0) (0.005 g, 0.0045 mmol), and Aliquat336 were placed
in a Schlenk tube, purged with three nitrogen/vacuum cycles, and
2 M degassed aqueous K,COs; (7.5 mL) and anhydrous toluene
(15 mL) were added under a nitrogen atmosphere. The mixture
was heated to 90 °C and stirred for 24 h. After the polymerization
was completed, the polymer was end-capped with bromothio-
phene. After quenching the reaction, the reaction mixture was
poured in methanol. The precipitate was filtered off and purified by
Soxhlet extraction with solvents in the order methanol, acetone,
and chloroform. The polymer was recovered from the chloroform
fraction and precipitated in methanol. The final product was
obtained as a dark violet solid after drying in vacuum (0.211 g,
89%). 'H NMR (CDCls) d (ppm): 8.5-8.3 (br, 4H), 8.3-8.1 (br, 2H),
8.0-7.73 (br, 4H), 7.70-7.5 (br, 6H), 7.48-7.32 (6H), 7.0 (2H), 4.15
(br, 4H), 3.95 (br, 4H), 2.23 (br, 2H), 1.57-1.1 (br, 88H), 0.83 (br,
18H). Anal. calcd. For: C;04H140N404S5: C,79.34; H, 8.96; N, 3.56; O,
4.06; S, 4.07. Found: C, 78.98; H, 8.84; N, 3.64; 0, 4.12; S, 4.11%.

Poly[quinacridone-alt-dithienyl-2,3-bis(3-(2-
ethylhexyloxy )quinoxaline] (PQCDTQx-mEH)
5,8-Bis(5-bromothiophen-2-y1)-2,3-bis(3-(2-ethylhexyloxy)-

phenyl)quinoxaline (M3) (0.172 g, 0.20 mmol), 2,9-diboronicester-
N,N'-di(2-octyl-dodecyl)quinacridone (M1) (0.225 g, 0.20 mmol),
Pd(PPhs)4(0)(0.007 g,0.006 mmol), and Aliquat336 were placed ina
Schlenk tube, purged with three nitrogen/vacuum cycles, and under
a nitrogen atmosphere, 2 M degassed aqueous K,COs; (10 mL),
anhydrous toluene (18 mL), and DMF (2 mL) were added. The
mixture was heated to 105°C and stirred for 48 h. After the
polymerization completed, the polymer was end-capped with
bromothiophene. After quenching the reaction, the reaction mixture
was poured in methanol. The precipitate was filtered off and purified
by Soxhlet extraction with solvents in the order methanol, acetone
and chloroform. The polymer was recovered from the chloroform
fraction and precipitated into methanol. The final product was
obtained as a dark violet solid after drying in vacuum (0.28 g, 88%).
TH NMR (CDCl5) d (ppm): 8.5-8.32 (br, 4H), 8.3-8.15 (br, 2H), 7.84-
7.74 (br, 4H), 7.74-7.63 (br, 6H), 7.49-7.41 (6H), 6.99 (2H), 3.92 (br,
4H), 3.77 (br, 4H), 2.01 (br, 2H), 1.57-1.1 (br, 88H), 0.83 (br, 18H).

Anal. calcd. For: Cy94H140N404S5: C,79.34; H,8.96; N, 3.56; 0,4.06; S,
4.07. Found: C, 79.23; H, 8.25; N, 3.58; 0, 4.92; S, 3.98%.

Poly[quinacridone-alt-dithienyl-2,3-bis(4-octyloxy )quinoxaline]
(PQCDTQx-p8)

5,8-Bis(5-bromothiophen-2-yl)-2,3-bis(4-(octyloxy)phenyl)-
quinoxaline (M4) (0.23 g, 0.27 mmol), 2,9-diboronicester-N,N’-
di(2-octyl-dodecyl)quinacridone (M1) (0.30g, 0.27 mmol),
Pd(PPh3)4(0) (0.009 g, 0.008 mmol), and Aliquat336 were placed
in a Schlenk tube, purged with three nitrogen/vacuum cycles, and
2 M degassed aqueous K,COs (10 mL) and anhydrous toluene
(20 mL) were added under a nitrogen atmosphere. The mixture was
heated to 90°C and stirred in the dark for 24 h. After the
polymerization completed, the polymer was end-capped with
bromothiophene. After quenching the reaction, the reaction mixture
was poured in methanol. The precipitate was filtered off and
purified by Soxhlet extraction with solvents in the order methanol,
acetone and chloroform. The polymer was recovered from the
chloroform fraction and precipitated into methanol. The final
product was obtained as a dark violet solid after drying in vacuum
(0.23 g, 51%). "H NMR (CDCl3) d (ppm): 8.1-7.92 (br, 4H), 7.9-7.65
(br, 2H), 7.51 (br, 4H), 7.39-7.32 (br, 6H), 7.13 (6H), 6.99 (2H), 4.85
(br,4H),4.32 (br,4H), 2.05 (br, 2H), 1.57-1.1 (br, 88H), 0.83 (br, 18H).
Anal. calcd. For: Cq04H140N404S5: C,79.34; H,8.96; N, 3.56; 0,4.06; S,
4.07. Found: C, 79.22; H, 9.03; N, 3.56; O, 4.09; S, 4.05%.

Poly[quinacridone-alt-dithienyl-2,3-bis(4-(2-
ethylhexyloxy )quinoxaline] (PQCDTQx-pEH)
5,8-Bis(5-bromothiophen-2-yl)-2,3-bis(4-(2-ethylhexyloxy)-
phenyl)quinoxaline (M5) (0.23 g, 0.27 mmol), 2,9-diboronicester-
N,N'-di(2-octyl-dodecyl)quinacridone (M1) (0.30g, 0.27 mmol),
Pd(PPhs3)4(0) (0.009 g, 0.008 mmol), and Aliquat336 were placed in
a Schlenk tube, purged with three nitrogen/vacuum cycles,and 2 M
degassed aqueous K,CO3 (10 mL) and anhydrous toluene (20 mL)
were added under a nitrogen atmosphere. The mixture was heated
to 90 °C and stirred in the dark for 24 h. After the polymerization
was over, the polymer was end-capped with bromothiophene.
After quenching, the reaction mixture was poured in methanol. The
precipitate was filtered off and purified by Soxhlet extraction with
solvents in the order methanol, acetone and chloroform. The
polymer was recovered from the chloroform fraction and
precipitated into methanol. The final product was obtained as a
dark violet solid after drying in vacuum (0.39 g, 91%). 'H NMR
(CDCl3) d (ppm): 8.5-8.3 (br, 4H), 8.3-8.2 (br, 2H), 8.07-7.93 (br,
4H), 7.9-7.7 (br, 6H), 7.65-7.04(6H), 7.18-7.01 (2H), 4.2 (br, 4H),
3.94 (br, 4H), 2.26 (br, 2H), 1.57-1.1 (br, 88H), 0.83 (br, 18H). Anal.
calcd. for Cy94H140N404S5: C, 79.34; H, 8.96; N, 3.56; O, 4.06; S,
4.07. Found: C, 78.72; H, 8.96; N, 3.20; O, 4.07; S, 4.08%.

Measurements

TH NMR (400 MHz) spectra were recorded using a Briiker
AMX400spectrometer in CDCl3, and the chemical shifts were
recorded in ppm with TMS as the internal standard. The absorption
spectra were recorded using an Agilent 8453 UV-vis spectroscopy
system. The solutions that were used for the UV-vis spectroscopy
measurements were dissolved in chloroform at a concentration of
10 pg/mL. The films were drop-coated from the chloroform
solution onto a quartz substrate. All the GPC analyses were
performed using CHCl3 as the eluent and polystyrene standard as
the reference. The TGA measurements were performed using a TG
209 F3 thermogravimetric analyzer. The cyclic voltammetric
waves were produced using a Zahner IM6eX electrochemical
workstation with a 0.1 M acetonitrile (substituted with nitrogen
for 20 min) solution containing tetrabutylammonium hexafluor-
ophosphate (BusNPFg) as the electrolyte at a constant scan rate of
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50 mV/s. An ITO, a Pt wire, and a silver/silver chloride [Ag in 0.1 M
KCl] were used as the working, counter, and reference electrodes,
respectively. The electrochemical potential was calibrated against
Fc/Fc*. The HOMO levels of the polymers were determined using
the oxidation onset value. Onset potentials were values obtained
from the intersection of the two tangents drawn at the rising
current and the baseline changing current of the CV curves. The
LUMO levels were calculated from the differences between the
HOMO energy levels and the optical band-gaps, which were
determined by the UV-vis absorption onset values in the films. The
current density-voltage (J-V) curves of the photovoltaic devices
were measured using a computer-controlled Keithley 2400 source
measurement unit (SMU) equipped with a Class A Oriel solar
simulator under an illumination of AM 1.5G (100 mW/cm?). The
topographic images of the active layers were obtained by atomic
force microscopy (AFM) in the tapping mode under ambient
conditions using an XE-100 instrument.

Photovoltaic cell fabrication and treatment

All bulk-heterojunction PV cells were prepared using the
following device fabrication procedure. The glass/indium tin oxide
(ITO) substrates [Sanyo, Japan (10()/y)] were sequentially
patterned lithographically, cleaned with detergent, ultrasonicated
in deionized water, acetone, and isopropyl alcohol, dried on a hot
plate at 120 °C for 10 min, and treated with oxygen plasma for
10 min to improve the contact angle just before film coating.
Poly(3,4-ethylene-dioxythiophene):poly(styrene-sulfonate) (PED-
OT:PSS, Baytron P 4083 Bayer AG) was passed through a 0.45-mm
filter before being deposited on ITO at a thickness of ~32 nm by
spin-coating at 4000 rpm in the air, and then dried at 120 °C for
20 min inside a glove box. A blend of 1-(3-methoxycarbonyl)pro-
pyl-1-phenyl-[6,6]-C71 (PC;;BM) and the polymer [~1:1-1:4
(w/w)] at a concentration of 7.5 mg/mL in 0-DCB was stirred
overnight, filtered through a 0.2-pm poly(tetrafluoroethylene)
(PTFE) filter, and then spin coated (500-3000 rpm, 30 s) on the top
of the PEDOT:PSS layer. The device was completed by the
deposition of a 200-nm-thick aluminum layer at the pressures
<107® Torr. The active area of the device was 7 mm?. Finally, the
cell was encapsulated using UV-curing glue (Nagase, Japan).
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