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Abstract

The incorporation of a highly extended 7-electron system into a polymer backbone is an effective strategy to develop high-
performance donor—acceptor (D—A) polymers suitable for organic electronics because this strategy can facilitate a dense 7-7
stacking structure, leading to efficient carrier transport. With this in mind, we developed phenanthro[1,2-5:8,7-b]
dithiophene (PDT) because this new phenacene-type molecule has a highly crystalline nature, deep HOMO level, and high
hole mobility, which are characteristics known to be suitable for a donor unit in high-performance D—A polymers. In this
focus review, we report recent progress in PDT-containing D-A polymers combined with various strong acceptor units.
Incorporation of PDT into a polymer backbone results in deep HOMO energy levels of —5.4~—5.5 eV, strong aggregation,
and a dense packing structure with a short 77-stacking distance of 3.5~3.6 A. PDT-based polymers with appropriate alkyl side
chains exhibit high hole mobilities of up to 0.18 cm® Vs~ in organic field-effect transistor (OFET) devices due to their
tendency to form highly ordered edge-on structures. Furthermore, we can adjust their level of molecular orientation from
edge-on to face-on by increasing their molecular weight, leading to a high power conversion efficiency of over 6% in
polymer solar cell (PSC) applications. These results demonstrate that PDT is a good candidate as a high-performance

building block in D-A polymers.

Introduction

Organic field-effect transistors (OFETSs) and polymer solar
cells (PSCs) are next-generation electronic devices because
they can replace conventional silicon technologies owing to
their potential features, such as low-cost and low-energy
production, light weight, flexible characteristics, and use in
wearable devices [1-4]. Among developed organic semi-
conductors, donor—acceptor (D-A) polymers consisting of
electron-donating and electron-deficient aromatic rings
(Fig. 1la) have been widely recognized as significant
molecules for developing high-performance OFETs and
PSCs [5-11]. The push-pull effect of D—A polymers facil-
itates electron delocalization and the construction of qui-
noidal structures through a mesomeric effect. Thus, broad
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absorption with a reduced energy gap (E,) and strong
intermolecular interactions due to the Coulombic interac-
tions between conjugated backbones can be obtained
(Fig. 1b) [5, 6, 8, 10]. These features can provide a strong
light-harvesting ability, high charge carrier mobility, and
highly ordered thin-film structures [5—11]. In terms of the
design of high-performance D—A polymers, the following
general strategy is suggested. The electronic structures of
D-A polymers are strongly determined by the highest
occupied molecular orbital (HOMO) energy level of the
donor unit and the lowest unoccupied molecular orbital
(LUMO) of the acceptor unit (Fig. 1c) [5, 6, 8], and we can
easily control the HOMO and LUMO energy levels of D-A
polymers by modifying the various donor and acceptor
units. Furthermore, structural features, including the back-
bone shape, position and shape of the side chains, and
symmetry of each building block, strongly affect the crys-
tallinity, molecular orientation, and 7-stacking distance and,
thus, the polymer carrier transport capacity [12—19].
Therefore, a careful combination of appropriate donor and
acceptor units is essential to optimize the performance of
D-A polymers in organic electronics.
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To produce high-performance OFETs and PSCs, the
most important issue is the construction of dense z-7
stacking with a long-range ordered structure in the solid
state, which enables efficient carrier transport along the
intermolecular 7-stacking direction and/or intramolecular
polymer main chain, leading to a high carrier mobility in
OFETs and a high fill factor (FF) in PSCs [13, 14, 20-22].
Among a number of design strategies, one method to
achieve such a highly oriented structure in the solid state is
to incorporate extended m-electron cores in a polymer
backbone, which can provide strong intermolecular inter-
actions and a high crystallinity. In addition, the existence of
a large 7-plane can promote particularly effective m-orbital
overlap, leading to a strongly self-assembly nature with
short 7-stacking distances (3.5~3.7 A) and minimal con-
formational disorder [9, 13, 14]. Polymers containing n-
extended aromatic cores also have a high thermal stability
owing to their rigid and planar backbone. Indeed, D—A
polymers based on cores with over four fused aromatic
rings, such as naphthodithiophene [23, 24], tetrathienoacene
[25], dithienobenzodithiophene [26], naphthobisthiadiazole
[11, 18], and thienobenzothiophene isoindigo [27], show
high field-effect hole mobilities in OFETs or good photo-
voltaic performances in PSCs. However, such m-extended
molecule-based polymers are still limited by their multi-step
synthesis and difficult selective functionalization in the late
stage. In addition, controlling the molecular orientation,
crystallinity, and thin-film morphology is difficult because
the incorporation of a m-extended core into the polymer
backbone drastically reduces the solubility of the polymer.
Therefore, the development of new building units with
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efficient synthesis methods is highly important for devel-
oping high-performance polymeric semiconductors in
organic electronics.

[n]Phenacenes, such as picene ([S]phenacene) and ful-
minene ([6]phenacene), are well known as representative p-
type semiconductors in OFETs (Fig. 1d) [28-31]. In gen-
eral, m-extension by increasing the number of fused rings
generally elevates the HOMO energy level of organic
molecules. However, [n]phenacenes have deep HOMO
energy levels of approximately —5.8eV [32, 33], which
result in high chemical and air stabilities. This phenomenon
has been explained in detail by several researchers from a
theoretical viewpoint [34, 35]. Moreover, n-extended [n]
phenacenes can facilitate densely packed herringbone
structures in thin films, leading to a high hole mobility of
over 1 cm?V~!s™! [28-31]. However, when [n]phenacenes
are incorporated into a polymer backbone, there are two
significant problems. First, selective functionalization at the
terminal benzene ring of picene is very difficult, requiring a
multi-step synthesis [32, 33, 36]. Second, the large steric
repulsion between the terminal benzene rings of the [rn]
phenacenes and the neighboring 7-cores produces a highly
twisted backbone (Fig. le), which prevents effective -
orbital overlap and results in poor packing structures and a
poor OFET performance [9, 37]. Focusing on a superior
hole-transport ability and excellent chemical stability in air,
we designed a new picene analogue, phenanthro[1,2-5:8,7-b
']dithiophene (PDT, Fig. 1d), by replacing the terminal
benzene rings with thiophene rings. Very recently, we
developed PDT as a new p-type semiconductor for OFETs
with an efficient gram-scale synthetic route [38, 39]. This
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new picene-type molecule has several advantages. For
example, 2,9-functionalized PDT can easily be synthesized
because of the high acidity at the a-positions of the terminal
thiophene rings and has a deep HOMO energy level of
—5.6eV, which is similar to that of picene, and results in a
high air stability [38]. In addition to its rigid, planar
n-framework, highly delocalized HOMO orbital, and its high
coplanarity due to the absence of steric hindrance between
the terminal thiophene rings of PDT and the neighboring
aromatic cores, the structure (Fig. le) can enhance the
effective 7-orbital overlap between neighboring molecules to
construct a highly crystalline and densely packed structure
that shows a high hole mobility of up to 0.11cm*V~!s™!
[38]. Therefore, PDT is a potential donor unit for high-
performance D—A polymers in organic electronics.

This focus review describes recent progress in the design
of PDT-based D—A polymers and the application of these
polymers to organic electronics involving OFETSs and PSCs.
The relationship between their device performance and thin-
film structures is also discussed.

PDT-diketopyrrolopyrrole copolymers: First
synthesis of PDT-based D-A polymers

Among several combinations of donor and acceptor units,
the weak donor-strong acceptor concept results in ideal
HOMO and LUMO energy levels for D-A polymers [6, 40]
because the concept can yield the desired low-lying HOMO
energy level, broad absorption in the visible region, and a
high air stability. A weak donor unit, PDT, was first com-
bined with diketopyrrolopyrrole (DPP) as an acceptor unit,
which is a well-known strong acceptor for high-
performance D—A polymers [41].

PDT was synthesized by sequential Negishi coupling,
epoxidation, and InCl;-catalyzed cycloaromatization [39].

Fig. 2 a Chemical structures of a
P-PDT-DPP-R and the (b)
HOMO and LUMO geometries
of P-PDT-DPP-R calculated
from DFT (B3LYP/6-31 G(d))

Then, stannylation of PDT with n-BuLi and trimethylstannyl
chloride gave the corresponding PDT monomer. P-PDT-
DPP-R (R denotes the branched alkyl chains, Fig. 2a) was
synthesized by Migita-Kosugi-Stille coupling with the cor-
responding PDT and DPP monomers [42]. The P-PDT-
DPP-R polymers have a high thermal stability, strong
aggregation behavior, and dense packing structure with a
short 7-stacking distance of 3.5~3.6 A, indicating that the
incorporation of a rigid and 7-extended PDT framework into
the polymer main chain can enhance the intermolecular
interactions. Interestingly, the compounds exhibited sig-
nificantly extended absorption spectra up to 1000 nm with a
very narrow bandgap of ca. 1.2 eV in the solid state. How-
ever, conventional solar cells with the device configuration
of ITO/(PEDOT:PSS)/P-PDT-DPP-R:PCq;BM/Ca (10 nm)/
Al (80 nm) yielded a low power conversion efficiency (PCE)
value of up to 2.03% for P-PDT-DPP-DT (DT denotes 2-
decyltetradecyl) and 0.83% for P-PDT-DPP-DP (DP
denotes 3-decylpentadecyl). Moreover, the fabricated P-
PDT-DPP-DT and P-PDT-DPP-DP-based OFETs exhib-
ited moderate hole mobilities of 1.0x 1072 and 9.2x 1072
em? V= !s7! respectively. One of the possible reasons for
the poor performance of the P-DPP-DPP-R polymers is
their low solubility due to their strong intermolecular inter-
actions, which limit their molecular weight. The actual
number-average molecular weights (M,) of the two PDT-
DPP polymers could not be determined because of their
strong aggregation tendencies even in a high-temperature
solution. However, both polymers are soluble in hot
chloroform, and broad peaks were also observed in the
longer retention time regions in gel-permeation chromato-
graphy. From these results, we speculated that the molecular
weights of the two polymers are rather low, i.e., oligomers.
Such oligomeric features and their strong aggregation
tendency prevented crystallization into an ordered structure
in OFETs and promoted large-scale phase separation of the

o"b
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blended films with PCqBM in PSCs, leading to less
effective carrier transport and charge separation [43, 44]. In
addition, since the HOMO coefficients of P-PDT-DPP-R
are localized on the DPP framework (Fig. 2b), the effective
m-conjugation significantly elevated the HOMO energy
levels to approximately —5.2 eV [45], which led to a low
Voe of down to 0.65V [46]. Thus, further optimization,
including the side chains and choice of appropriate strong
acceptor units, is essential for achieving high-performance
electronics.

PDT-isoindigo copolymers: effect of the
length and topology of the side chains on
the solar cell performance and molecular
ordering

P-PDT-DPP-R polymers have some superior features as
described above, but some critical improvements are
required, as follows: (i) appropriate acceptor units to
maintain the low-lying HOMO energy levels (HOMO
delocalization over the entire molecule); (ii) increased
number of alkyl side chains to ensure an adequate solubility
and molecular weight. To address these issues, bis(alkyl-
thienyl)isoindigo (IID) was selected as an appropriate
acceptor for PDT-based D-A polymers [47]. IID is a well-
known functional dye and strong electron-acceptor in D-A
molecules with low-lying HOMO and LUMO energy levels
owing to the strong electron affinity of its two lactam
moieties in the IID core [48]. When such an IID core is
combined with PDT as a weak electron-donating unit, the
HOMO is efficiently delocalized over the entire molecule,
leading to a deeper HOMO energy level than that of the P-
PDT-DPP-R polymers (Fig. 3c). In addition, four alkyl side
chains can be installed on the N-position of the IID core and
the p-position of the neighboring thiophenes, which can
improve the solubility and molecular weight. In most cases,
the length, topology, and number of side chains strongly
affect the morphology and molecular orientation [12—14].
Therefore, optimization of the side chains can control the
phase separation structure and molecular orientation, which
can also provide additional knowledge concerning the
structure-property relationship. With these issues in mind,
five PDT-IID copolymers (P-PDT-IID-R!R2, R' denotes
linear or branched alkyl chains on thiophene rings and R>
denotes branched alkyl chains on the N-position of an IID
unit; abbreviated nomenclature of the polymers is shown in
Fig. 3a) with different alkyl side chains were designed and
synthesized [47]. Alkyl side chains with similar carbon
numbers were chosen to facilitate a face-on orientation, as
suggested in published reports [49].

Since the PDT-IID copolymer 1DT has poor solubility, it
cannot form a wuniform thin film, resulting in no
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photovoltaic response due to short circuiting. However, the
other four copolymers with long alkyl side chains have
enough solubility to allow their inclusion as working
components of solar cell devices. All polymers showed a
broad absorption up to 780nm with energy gaps of
1.6~1.7eV. From the temperature-dependent UV-vis
absorption spectra in solution, 120D and BOBO, with
shorter alkyl chains, have stronger intermolecular interac-
tions than 12DT and HDHD, with longer alkyl chains. In
particular, BOBO formed large aggregates, even in a high-
temperature solution. The polymers with all branched alkyl
chains (HOMO = —5.50eV for BOBO and —5.51eV for
HDHD) tended to have deeper HOMO energy levels than
the polymers with linear and branched alkyl chains
(—5.45¢eV for both 120D and 12DT).

Inverted solar cells with the device structure of ITO/ZnO/
(P-PDT-IID-R'R*PC;;BM)/M00O; (6 nm)/Ag (50 nm)
were fabricated and characterized. The solar cells based on
120D and BOBO with shorter alkyl chains showed better
PCEs of up to 5.06% (J.=9.99 mAcm 2, V,.=0.80V,
FF = 0.63) and 5.28% (J,. = 10.70 mA cm ™2, V,, =0.82V,
FF = 0.60), respectively, while the 12DT and HDHD-based
cells with longer alkyl chains exhibited poor PCEs of up to
3.10% (Jyo=6.63mA cm 2, V,.=0.82V, FF=0.57) and
1.09% (Je=2.05mAcm >, V,,=0.90V, FF=0.59),
respectively. From the grazing incidence wide-angle X-ray
scattering (GIWAXS) analyses of blended films with
PCBM, all polymers showed first or second-order (£00)
diffraction on the ¢, axis and weak (010) diffraction
(Figs. 3d—g). These results indicate that all the polymers
formed structures with predominant edge-on orientation
(Fig. 3b), which is not favorable for efficient carrier trans-
port in PSCs [13, 14]. Interestingly, the face-on ratios of
12DT and HDHD were 0.08 and 0.41, respectively, which
are higher than those of the corresponding polymers 120D
(0.03) and BOBO (0.12) with shorter alkyl chains.
Although polymers 12DT and HDHD, with longer alkyl
chains, assembled with better molecular orientations, sig-
nificantly lower performances were observed. This is due to
the lower molecular weight and smaller intermolecular
interactions of 12DT and HDHD, which promote large
phase separations, resulting in poor charge separation and
carrier transport and, thus, a poor PCE [44]. In the case of
polymers with shorter alkyl chains, 120D and BOBO
formed a well-separated structure with an appropriate
interpenetrating network, leading to efficient carrier trans-
port and charge separation. Although BOBO has longer 7-
stacking (3.7 A) than 120D (3.6 A), BOBO formed a better
molecular orientation with a slightly higher face-on ratio
and almost amorphous structure than that of 120D. The
slightly better structural orientation of BOBO can enhance
the carrier transport efficiency, resulting in a slightly higher
Jo.. However, the PCE difference between 120D and
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P-PDT-IID-R'R2

1DT: R' = methyl, R? = 2-decyltetradecyl (M, = 9.4 kDa, PDI = 1.27)
120D: R' = dodecyl, R? = 2-octyldodecy! (M, = 26.8 kDa, PDI = 1.39)
12DT: R = dodecyl, R? = 2-decyltetradecyl (M, = 13.5 kDa, PDI = 1.52)
BOBO: R" = R2 = 2-butyloctyl (M, = 56.9 kDa, PDI = 1.87)

HDHD: R' = R? = 2-hexyldecyl (M,, = 19.0 kDa, PDI = 1.51)

q, (A"

q, (A"

0 0.5 1.0 15 20
Gy (A1)

Fig. 3 a Chemical structures of P-PDT-IID-R'R? and b schematic
images of the edge-on orientation. ¢ HOMO and LUMO geometries of
P-PDT-IID-R'R?> calculated from DFT (B3LYP/6-31 G(d)).
GIWAXS images of P-PDT-IID-R'R*PC¢BM blended films; d

BOBO was not as large, which was likely due to their
almost amorphous nature, as evident from their weak dif-
fraction in the blended films. One possible reason for the
low-crystalline nature of all the PDT-IID systems may be
the axisymmetrical structure of PDT, which reduces the
regularity of the polymer backbone. Since the alkyl side
chains do not point in the same direction in the PDT-IID
copolymers, there was less 7-7 overlap and a less ordered
structure (Fig. 3h) [47].

b

120D, e 12DT, f BOBO, and g HDHD [47]. h Proposed polymer
structure of BOBO [47]. Reprinted with permission from ref. 47.
Copyright (2015) American Chemical Society

PDT-isoindigo copolymers: effect of the side
chains on the transistor performance and
molecular ordering

Most PDT-IID copolymers preferentially form with an
edge-on orientation, which is a suitable structure for effi-
cient carrier transport parallel to the substrate [13, 14, 22].
This indicates that PDT-IID copolymers may have a high
potential for use in OFET devices. To evaluate their
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Fig. 4 GIWAXS images of (a)
120D and (b) BOBO films on
an FOTS-treated n™-Si/SiO,
substrate annealed at 250 °C
[50]. ¢ Calculated structures of a
model compound. Structural
optimization was performed by
B3LYP/6-31 G(d). Linear and
branched alkyl chains were
replaced with n-propyl and
isobutyl groups, respectively
[50]. Reproduced with
permission from Ref. 50.
Copyright (2015) Chemical
Society of Japan

0 0.5 10 1.5
Gy (A1)

potential for OFETs and to further explore their structure-
property relationships, typical OFET devices were fabri-
cated and characterized [50]. In these devices, 120D and
BOBO, which show a strong intermolecular interaction,
were used as the active layer.

Typical bottom gate-top contact OFET devices were
fabricated and characterized. Either 1H,1H,2H,2H-trideca-
fluorooctyltriethoxysilane (FOTS) or octadecyltriethox-
ysilane (ODTS) was used as the self-assembled monolayer.
The hole mobilities of both polymer-based OFETs
increased with the increasing thermal annealing tempera-
ture, and the maximum hole mobility was produced by
annealing at 250 °C. In the case of 120D, the hole mobility
reached 0.11 (for FOTS) and 0.16 cm®* V™' s™! (for ODTS).
In contrast, the BOBO-based OFETSs showed ca. 2-3 times
lower hole mobilities (0.052 for FOTS and 0.041 cm?>V~'s
~! for ODTS) than those of the 120D-based devices. This is
strongly attributable to their thin-film structure, as indicated
by the following evidence. From the GIWAXS images of
the 120D film on an n"-Si/SiO, substrate (Fig. 4a), fourth-
order (h00) diffractions were observed as spots on the g,
axis and (010) diffraction as a short arc on the g,y axis,
which indicated the existence of a highly ordered edge-on
orientation. In contrast, the BOBO thin film showed only
three orders of (h00) diffraction on the ¢, axis (Fig. 4b).
These diffraction patterns showed that BOBO also formed
the edge-on orientation, but its crystallinity was sig-
nificantly lower than that of 120D. The weakly crystalline
nature of BOBO significantly reduced the efficient carrier
transport parallel to the substrate, resulting in a lower hole
mobility. The optimized geometry of a model compound
calculated by DFT (B3LYP/6-31 G(d)) indicated that 120D
and BOBO have almost the same coplanarity (Fig. 4c).
However, the partial alkyl moiety of the branched side
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120D
annealed at 250 °C
dmn=20.7 A
d, =3.60 A

BOBO
annealed at 250 °C
dn =169 A

2.0

chains in BOBO pointed in a direction orthogonal to the
polymer backbone (Fig. 4c). The presence of such sterically
hindered side chains prevents effective m-orbital overlap
between the polymer backbones, leading to a less ordered
structure in the solid state [50].

Dependence of PDT-IID copolymer solar cell
performance on molecular weight and
molecular ordering

In developing high-performance D-A polymers for solar
cells, controlling the molecular weight is also a critical
issue. For instance, polymers with a high M, show a better
miscibility with soluble Cgy, which can provide a well-
separated and appropriate interpenetrating network [51]. In
other cases, high M), polymers can crystallize into a micro-
phase separation structure because the aggregation tendency
of polymers increases with M, [51]. Thus, cells based on
typical high-M, polymers show higher PCEs than cells
based on low-M, polymers, owing to the enhanced J. and
FF. Moreover, controlling the molecular weight can change
the molecular orientation, but few examples of this have
been reported [52-54].

For these reasons, we focused on controlling the M, in
the PDT-IID system. Copolymer 120D showed a good
solar cell performance with a PCE of over 5%, but it has a
low-crystalline nature and predominantly edge-on orienta-
tion, which limit its solar cell performance. One possible
reason for its low crystallinity may be its relatively low M,
(~26.8 kDa). To improve its PSC performance, high-M,
120D was synthesized and characterized [55].

Typically, in a Migita-Kosugi-Stille coupling poly-
merization, many factors, such as the purity, stability, and
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120D (H)/PCq,BM
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Fig. 5 GIWAXS patterns of the 120D-based films blended with PCs;BM: a 120D (H) and b 120D (L) [55]. ¢ Calculated face-on ratio of 120D
films with different concentrations of PCq;BM [55]. Reprinted with permission from ref. 55. Copyright (2017) American Chemical Society

stoichiometry of the monomers, strongly affect the M, of
the polymer [56]. Thus, both PDT and IID monomers were
carefully purified by triple recrystallization. When poly-
merization was performed with highly purified monomers,
high-M, 120D (~50.7kDa) was obtained, which was
double the M, of the previously synthesized 120D. By
controlling the polymerization temperature and time, we
obtained low-molecular-weight 120D with a M,
(~29.0kDa) similar to that of the previously synthesized
120D (M, = 26.8 kDa). Herein, 120D (L) and 120D (H)
denote the low-molecular-weight and high-molecular-
weight polymers, respectively.

UV-vis absorption and cyclic voltammetry revealed that
120D (L) and 120D (H) have the same energy gap of ca.
1.6eV and a HOMO energy level of approximately
—54¢eV. In the low-M, 120D (29.0 kDa) synthesized in
this work, the fabricated solar cells showed a lower PCE of
3.51% with the same V. and FF as that of the previously
synthesized 120D (M,, = 26.8 kDa), although both low-M,,
120D had comparable molecular orientations, crystal-
linities, and phase separation structures. One possible rea-
son for the difference in the OPV performances is batch-to-
batch deviation, which may change the optimal conditions,
such as the optimal thickness and p/n ratios. In fact, the
120D (29.0kDa) synthesized in this work has a slightly
higher solubility than that of the previously synthesized
120D (M, =26.8kDa), which may affect the thin-film
structure. On the other hand, a 120D (H)/PCs;BM-based
inverted solar cell exhibited a higher PCE (5.88%) with the
same V. (0.81 V) and FF (0.68) and higher Js. (10.68 mA
cm2) than a 120D (L)/PC¢;BM-based cell (PCE = 3.51%,

Joe=6.51 mA cm 2, V,.=0.80 V, FF = 0.68). In addition,
when PC7; BM was used as the n-type semiconductor, a
120D (H)-based solar cell showed a further increase in the
PCE of up to 6.11%.

To understand these differences, a GIWAXS analysis
was performed. The GIWAXS analyses revealed that the
120D (H)/PC4BM film formed a face-on orientation with a
long-range ordered structure (Fig. S5a), while a low-
crystalline edge-on structure was observed in the blended
film of 120D (L)/PC¢BM (Fig. 5b). The high crystallinity
and ideal molecular orientation could promote light
harvesting and hole transport ability, resulting in a high J,,
and excellent PCE. To further explore the reasons for the
change in the molecular orientation of 120D (H),
GIWAXS analyses with different blend ratios were
performed. Before the addition of PCg;BM, both 120D (L)
and 120D (H) predominantly formed an edge-on
orientation with almost the same crystallinity. After the
addition of PCyBM, the molecular ordering of 120D (L)
gradually decreased, but no significant change in the
face-on ratio was observed with any blend ratio (Fig. 5c).
In contrast, the face-on crystallite of 120D (H) was
gradually enriched by increasing the blend ratio of PC¢BM.
When an equimolar amount of PC¢;BM was added, 120D
(H) formed a highly ordered face-on orientation with
long-range order. The detailed GIWAXS analysis indicated
that the orientation change of 120D (H) was induced by the
addition of PCgBM. We speculate that the strong
aggregation ability of 120D (H) can drive the
crystallization and active interaction with PC4;BM to form a
face-on orientation [13].
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Fig. 6 a Chemical structures of P-PDT-(DF)BT-DT. b HOMO and
LUMO geometries of P-PDT-BT-DT calculated from DFT (B3LYP/
6-31 G(d)). GIWAXS patterns of polymer films blended with PCq;BM
on an ITO/ZnO substrate; ¢ P-PDT-BT-DT and d P-PDT-DFBT-DT

q, (A

PDT-benzothiadiazole (BT) copolymers:
development of high-crystallinity D-A
polymers

Because typical dyes/pigments such as DPP and IID have a
strongly polarized core, they dramatically enhance inter-
molecular interactions [41, 48]. In this case, bulky or
additional side chains are required to ensure enough solu-
bility, but they often lead to less effective 7-7 overlap and a
low crystallinity. In order to overcome this problem, ben-
zothiadiazole (BT) was chosen as the acceptor unit. BT is a
well-known electron-acceptor unit in high-performance
organic electronics with a strong electron affinity and
deep HOMO energy level owing to the electron-poor nature
of the thiadiazole ring and the o-benzoquinoidal structure of
the BT unit [6, 8, 45, 57]. In combination with PDT, the
HOMO coefficients delocalize over the end of the PDT
moiety, which is similar to the case of IID, leading to a deep
HOMO energy level, as is evident from the DFT calculation
(Fig. 6b). Incorporation of a non-polar BT core into a PDT-
based polymer backbone can provide a sufficient solubility
without bulky or additional solubilizing groups. Further-
more, the C,, symmetry of the BT core can increase the
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[59]. GIWAXS patterns of polymer films on an n™-Si/SiO, substrate; e
P-PDT-BT-DT and f P-PDT-DFBT-DT [59]. Reproduced from ref.
59. with permission from The Royal Society of Chemistry

regularity of the polymer backbone, which can enhance the
effective 7-m overlap to yield high-crystallinity films [14,
18, 58]. In view of these effects, two PDT-BT copolymers
(P-PDT-(DF)BT-DT, DFBT  denotes  5,6-difluor-
obenzothiadiazole, Fig. 6a) were designed and synthesized
[59].

P-PDT-BT-DT and P-PDT-DFBT-DT have strong
intermolecular interactions and sufficiently deep HOMO
energy levels of —5.28 and —5.42 eV and relatively small
energy gaps of 1.63 and 1.65 eV, respectively. Although the
fluorine-substituted polymer P-PDT-DFBT-DT showed
stronger aggregation behavior than the non-fluorinated
polymer P-PDT-BT-DT due to its higher coplanarity
[60], it also had a limited solubility, leading to a low
molecular weight (~15.9 kDa). Inverted PSCs based on P-
PDT-BT-DT and P-PDT-DFBT-DT showed low PCEs of
up to 3.48% (Jo. = 7.35mA cm ™2, Voo =0.71 V, FF = 0.67)
and 3.79% (J.=7.96 mA cm 2, V,.=0.81 V, FF = 0.59),
respectively, but they formed appropriate microphase
separation structures. The GIWAXS analysis revealed that
both polymers formed well-ordered thin film structures with
a predominantly edge-on arrangement (Figs. 6c, d). In
particular, more pronounced and high-order (400)
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diffraction signals were observed in the blended film of P-
PDT-DFBT-DT. In addition, the n-stacking distance of P-
PDT-DFBT-DT (3.53 A) was shorter than that of P-PDT-
BT-DT (3.63 A). Furthermore, P-PDT-DFBT-DT formed a
denser packing structure with long-range order due to its
stronger intermolecular interactions. However, the highly
crystalline edge-on orientation limited carrier transport in
both PSCs, resulting in low Jy. values below 8 mA cm 2
and low PCEs [13, 14].

In OFET devices, both P-PDT-BT-DT and P-PDT-
DFBT-DT formed highly crystalline edge-on orientations
when polymer films were thermally annealed at 250 or 300 °
C (Fig. 6e, f). However, the face-on orientation also coex-
isted in the P-PDT-BT-DT film, leading to a lower hole
mobility of up to 0.072 cm? V! s7!. On the other hand, a P-
PDT-DFBT-DT-based OFET showed a high hole mobility
of up to 0.18 cm> V~!s™! due to the formation of a highly
crystalline and densely packed structure with an optimal
arrangement, which can promote efficient carrier transport in
OFETs [13, 22]. These results imply that an increase in
regularity can enhance the r-orbital overlap between polymer
backbones, leading to a high crystallinity. Such a highly
crystalline and well-ordered structure is very beneficial for
high-performance D—A polymers, showing that PDT has
high potential as a construction unit in D-A polymers. Thus,
the PDT-DFBT copolymer could be one of the more pro-
mising candidates for high-performance electronics.

Conclusion

This focus review has described our recent progress in
investigating phenanthrodithiophene (PDT)-based D-A
polymers as a new class of p-type semiconductors for
OFETs and PSCs. Additionally, the relationship
between the detailed thin-film structure and device
properties was discussed, leading to a new strategy for
molecular design. By optimizing the combination of a
strong acceptor unit with side chains, PDT-based polymers
can provide optimal energy levels with sufficiently deep
HOMO energy levels of —5.4~—5.5 eV, strong aggregation
tendencies, and densely packed structures with short n-
stacking distances of 3.5-3.6 A, originating from the rigid
and highly 7-extended PDT framework. Their strong self-
assembling nature yields a highly ordered edge-on orien-
tation in the solid state, leading to high hole mobilities of up
to 0.18cm*V~'s™! in OFET devices. In addition, an
increase in the molecular weight can change the molecular
orientation from edge-on to a fully face-on structure, which
was induced by the addition of PCq;BM, resulting in high
PCEs of over 6%. These results demonstrate that PDT has
high potential as an electron donor in high-performance
D-A polymers.
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