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ABSTRACT: A novel electron-accepting bis-lactam building
block, 3,7-dithiophen-2-yl-1,5-dialkyl-1,5-naphthyridine-2,6-
dione (NTDT), and a conjugated polymer P(NTDT-BDT)
comprising NTDT as an electron acceptor and benzo[1,2-
b:4,5-b']dithiophene (BDT) as an electron donor are designed
and synthesized for producing efficient organic solar cells. The
thermal, electronic, photophysical, electrochemical, and struc-
tural characteristics of NTDT and P(NTDT-BDT) are studied
in detail and compared with those of the widely used bis-lactam
acceptor 3,6-dithiophen-2-yl-2,5-dialkylpyrrolo[3,4-c]pyrrole-
1,4-dione (DPPT) and its polymer P(DPPT-BDT). Compared
to DPPT derivatives, NTDT and P(NTDT-BDT) exhibit
remarkably higher absorption coefficients, deeper highest

" 2
—e—P(NTDT-BDT)
"‘E 4 —e— P(DPPT-BDT)
o
<
£ s cg
z
£ 12 § sy
8 = _Poeot
s R b4 - o, Y 40
® ,-.\.. = ::E_ 16 PCE =3.26% _ij;/kk 1)
10.93° /7 3
N -20 = °
Y PCE=8.16%
DPPT 0.0 0.2 04 0.6 0.8
Voltage (V)

occupied molecular orbital energy levels, and more planar conformations. A bulk heterojunction solar cells based on
P(NTDT-BDT) exhibit power conversion efficiency of up to 8.16% with high short circuit current (J.) of 18.51 mA cm™2, one of
the highest J,. values yet obtained for BDT-based polymer. Thus, it is successfully demonstrated that the novel bis-lactam unit
NTDT is a promising building block for use in organic photovoltaic devices.

1. INTRODUCTION

Over the past few decades, 7m-conjugated polymer semi-
conductors have drawn great attention for use in solution-
processed organic photovoltaic devices owing to their
applicability in flexible, large-area devices.' > Recently, bulk
heterojunction (BHJ) type polymer solar cells (PSCs) with a
power conversion efficiency (PCE) greater than 10% have been
reported.”""* Although a PCE of this level for PSCs is quite
impressive, further improvements in the conversion efficiency
are necessary for these devices to find practical use. To this end,
great efforts are being devoted not only to optimizing the
device architecture'”'* but also to developing high-perform-
ance materials."> ™"

Donor—acceptor (D—A) type conjugated polymers, involv-
ing intramolecular charge transfer via an alternative combina-
tion of D and A building blocks along the z-conjugated
backbone, are being investigated intensively for use in PSCs,
since these materials allow for the facile control of the
electronic characteristics based on the rational choice of the D
and A units.'*"*> A large number of studies have revealed that
the photovoltaic properties of D—A conjugated polymers are
closely associated with the characteristics of both the D and the
A moieties in the polymer backbone:***” (a) the quasi-planar
conjugated backbones of these polymers, which contain the D
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and A units, enhance the charge-carrier mobility owing to the
strong 7z-stacking interactions”® and (b) the light absorptivity of
these polymers scales with the oscillator strength of the
conjugated backbone, which, in turn, is modulated by the
transition dipole moments of the D and A units.”” To this end,
numerous studies have reported the synthesis as well as the
optoelectrical properties of conjugated polymers comprising
different D and A building blocks and also the characteristics of
devices based on these polymers.’*~*” However, while many D
building blocks have been studied, only a few A building blocks
have been reported so far. These include benzothiadiazole,**~*°
quinO)(;ilin<e,4l_43 thieno[3,4—6]pyrrole—4,6—dione,44’45
tam moieties.** " Therefore, it is imperative that more A
building blocks should be developed through the proper design
strategy for high-performance D—A type conjugated polymers.

In this context, planar bis-lactam-based materials, such as
thiophenyl substituted diketopyrrolopyrrole (DPPT),”>~>*
isoindigo (IID),>>*° and isoDPPT*>® (Figure 1) have
attracted much attention lately as desirable electron-accepting
building blocks because of their unique features, which include

and lac-
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Figure 1. Molecular structures of widely used bis-lactam acceptors and
NTDT.

(a) a high electron affinity because of the electron-withdrawing
effect of the lactam units, (b) high degree of 7—x stacking,
which is driven by their quasi-planar backbone structure, and
(c) the possibility of controlling their solubility by incorporat-
ing suitable alkyl and aryl side chains in the lactam N-atom
position.59

Inspired by such beneficial effects of bis-lactam compounds,
we attempted to develop a high-performance bis-lactam
compound of 3,7-dithiophen-2-yl-1,5-dialkyl-1,5-naphthyri-
dine-2,6-dione (NTDT) (Figure 1) in this work. NTDT is
structurally based on 1,5-dihydro-1,5-naphthyridine-2,6-dione,

which was first synthesized by Rapoport in 1971°° and barely
used as monomer of conjugated polymer."** While both
NTDT and DPPT are expected to be electron deficient, based
on the bis-lactam unit, their electronic and photophysical
properties are probably different, owing to the difference in the
ring sizes of their lactam units. Interestingly, density functional
theory (DFT) calculations and single-crystal analyses have
revealed that the optimized geometry of NTDT corresponds to
a coplanar conformation. It is worth noting that, through time-
dependent DFT (TD-DFT) calculations, we found that NTDT
has a higher oscillator strength (f value) than that of DPPT,
which is known to be a compound with a high molar
absorption coefficient. In addition, NTDT allows for alkylation
through the introduction of various solubilizing side groups at
the lactam N-position. This could allow for the realization of
simple solubility control without having to use any solubilizing
comonomers.

Given these advantages of NTDT, we designed and
synthesized a new D—A type conjugated copolymer P-
(NTDT-BDT) with NTDT as a novel bis-lactam-based A

Scheme 1. Synthesis of P(NTDT-BDT) and P(DPPT-BDT)
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Table 1. Characteristics of NTDT, DPPT, P(NTDT-BDT), and P(DPPT-BDT)

lmﬂsolc/ﬁlmd €at A, X 10°°  absorption coefficient at HOMO/LUMOS HOMO/LUMO" E '

M,” (kDa) PDI* T, (°C)  (nm) (M Tem™) A X 10% (cm™) (eV) (V) (V)

NTDT - - 350 497/533 S.10 - —5.15/-2.56 —542/-3.13 2.29
DPPT - - 316 549/601 3.14 - —4.97/-2.52 —5.22/-3.26 1.96
P(NTDT-BDT) 60.7 3.15 358 651/667 - 31.7 —4.89/-2.86 —5.33/-3.67 1.66
P(DPPT-BDT) 59.3 2.84 343 748/754 - 15.7 —4.79/-2.93 —5.23/-391 132

“Determined by GPC using polystyrene standards in CHCl,. b59% weight-loss temperature measured by TGA under nitrogen flow. “Measured in
CHCI, solution (5 X 1075 M). “Thin film was spin-coated from CHCI, solution onto a quartz substrate. “Measured from solution absorption spectra
at Ao /Measured from solution absorption spectra at A, *Determined from DFT calculations. "HOMO: measured by cyclic voltammetry.
LUMO: HOMO + E". "Determined from the onset of UV—vis absorption spectra.

building block and the representative D unit of benzo[1,2-b:4,5-
b’]dithiophene (BDT) as the first example of an NTDT-
incorporating polymer semiconductor. P(DPPT-BDT)* ™%
was also synthesized as a reference sample for P(NTDT-BDT),
since the DPPT unit has extensively been used as the most
efficient bis-lactam unit in the D—A type conjugated polymer.
Furthermore, the electronic, thermal, photophysical, electro-
chemical, structural, and photovoltaic properties of P(NTDT-
BDT) were studied in depth, in order to demonstrate the high
potential of NTDT for use in organic optoelectronics.

2. RESULTS AND DISCUSSION

Synthesis and Characterization. The route for synthesiz-
ing the thienyl-substituted NTD monomer (NTDT) is
depicted in Scheme 1. 6-methoxy-1,5-naphthyridin-2(1H)-one
(2) was synthesized as reported.”® The subsequent O-
demethylation of 2 with hydrogen bromide yielded the 1,5-
dihydro-1,5-naphthyridine-2,6-dione compound 3, which was
then N-alkylated with 1-bromooctane in the presence of cesium
carbonate to obtain 1,5-dioctyl-1,5-naphthyridine-2,6-dione (4,
NTD). This compound was brominated with bromine to
obtain 3,7-dibromo-1,5-dioctyl-1,5-naphthyridine-2,6-dione
(5), which was then reacted with tributyl(thiophen-2-yl)-
stannane under typical Stille coupling reaction conditions; this
yielded the NTDT monomer 6. The copolymers containing the
NTDT and DPPT building blocks, namely, P(NTDT-BDT)
and P(DPPT-BDT), were prepared through Stille-coupling
polymerization using BDT as an electron-rich counterpart. The
number-average molecular weight (M,) and polydispersity
index (PDI) values of P(NTDT-BDT) and P(DPPT-BDT)
were determined by gel permeation chromatography (GPC).
The results revealed that both polymers had a high molecular
weight (M, = 60.7 kDa, PDI = 3.15 for P(NTDT-BDT) and
M, = 59.3 kDa, PDI = 2.84 for P(DPPT-BDT)). Thermal
gravimetric analysis (TGA) measurements were performed to
investigate the thermal stabilities of the monomers (NTDT and
DPPT) and polymers (P(NTDT-BDT) and P(DPPT-BDT)).
As shown in Figure S1 (Supporting Information), the NTDT-
based materials (NTDT thermally stable up to 350 °C and
P(NTDT-BDT)) up to 358 °C) exhibited higher thermal
stabilities than the DPPT-based materials (DPPT thermally
stable up to 316 °C and P(DPPT-BDT) up to 343 °C).

Theoretical Calculations. The molecular structures and
optimized geometries of the electron-deficient building blocks
(NTDT and DPPT (R Me)) were analyzed through
theoretical quantum chemical calculations, which were
performed using Gaussian 09 at the B3LYP level with the
basis set of 6-31G**, as shown in Figure S2, parts a and b
(Supporting Information), respectively. As expected, both
NTDT and DPPT exhibited a higher degree of planarity with

a small thiophene-core dihedral angle (<1°), which facilitated
charge-carrier transport via strong 7—7 stacking interactions.®”
The calculated highest occupied molecular orbital (HOMO)/
lowest unoccupied molecular orbital (LUMO) values for the
two building blocks were found to be —5.15/-2.56 eV (for
NTDT) and —4.97/-2.52 eV (for DPPT) (Table 1).
Furthermore, to be able to predict the optimized geometries
of P(NTDT-BDT) and P(DPPT-BDT), we performed
calculations on double-repeat units ((NTDT-BDT), and
(DPPT-BDT),) of the two polymers with methyl-substituted
alkyl chains (Figure S2, parts c and d, Supporting Information).
The computational results confirmed that they also had highly
planar geometries, with the NTDT-based molecules having
deeper HOMO levels than those of the DPPT-based
molecules.

Single Crystal Analysis. To gain a deeper insight into the
conformations of these core units, single-crystal X-ray
diffraction analyses were conducted. Single crystals of NTDT
and DPPT were prepared by the solvent diffusion crystal
growth method using a dichloromethane/methanol (7:3 v/v for
NTDT and 8:2 v/v for DPPT) solution. As shown in Figure 2,
the single-crystal XRD structures of both NTDT (Figure 2a)

Figure 2. Crystal structures and molecular stacking structures of (a)
NTDT and (b) DPPT.
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Figure 3. UV—vis absorption spectra of (a, b) NTDT and DPPT and (¢, d) P(NTDT-BDT) and P(DPPT-BDT) in CHCl, solution and thin-film
form on glass substrates. Energy level diagrams of (¢) NTDT and DPPT and (f) P(NTDT-BDT) and P(DPPT-BDT). Light bars denote data
obtained from DFT calculations while dark bars represent experimental data.

and DPPT (Figure 2b) belong to the monoclinic crystal system
(see Tables S1 and S2 for the crystallographic data, Supporting
Information). It can be seen clearly that, in DPPT, intra-
molecular hydrogen-bonded (O--H) interactions occur with
the bond distance being 2.28 A. In contrast, in NTDT, S---O
interactions occur between the sulfur of the thiophene molecule
and the oxygen of the carbonyl group, with the bond distance
being 2.69 A. These results indicated that the energetically
preferable conformations of the two units are determined by
different nonbonding interactions, which, in turn, are
influenced by the steric factor, inter- and intramolecular
interactions, and the degree of ﬂ'—conjugation.68 Interestingly,
the single crystal of NTDT showed a quasi-planar structure,
with the torsional angle (1.38°) between thiophene and the
mean plane of the NTDT core being much smaller than that in
the case of DPPT (10.93°). In addition, the intermolecular
n—r distance in the NTDT crystal (3.40 A) is slightly smaller
than that in DPPT (342 A), indicating that the z—zx
interaction in the NTDT is as strong as DPPT, owing to the
rigid molecular structure.

Optical and Electrochemical Properties. The photo-
physical properties of the bis-lactam monomers (NTDT and
DPPT) as well as the polymers (P(NTDT-BDT) and
P(DPPT-BDT)) were examined by UV—vis absorption
spectroscopy both in the solution state (1.0 X 1075 M,
CHCL;) and in the film state (using spin-cast films formed on
quartz substrates). NTDT exhibited the maximum absorption
(M) at 497 nm in solution (533 nm in film form) whereas
that of DPPT was observed at 549 nm (601 nm in film form)
(Figure 3a and Table 1), indicating that NTDT exhibits a
relatively weaker intramolecular charge transfer (ICT)
transition between the NTD unit and the flanked thiophene
unit than that seen in DPPT. However, NTDT showed a
markedly larger molar extinction coefficient (51 000 M~ cm™)
at the 4,,,™ level in solution form than that of DPPT, which
was 31400 M~ em™ (Figure 3b). To elucidate the reason for
these differences in the absorption characteristics, TD-DFT
calculations were performed for NTDT and DPPT. As shown
in Figure S3 (Supporting Information), the S,—S; transition
energy spectra of the two units matched well with the
corresponding experimental results. Furthermore, the com-
puted oscillator strength indicated that the f value of NTDT
(=0.9064) was much larger than that of DPPT (=0.4773); this
was consistent with the trend observed in the experimentally

determined molar extinction coefficients. Parts ¢ and d of
Figure 3 show the UV—vis absorption spectra of P(NTDT-
BDT) and P(DPPT-BDT); As for the solid-state film, the
absorption spectra of both polymers are broadly spanned and
extended to the longer wavelength region compared to the
solution-state absorption region. However, both polymers
showed different degrees of bathochromically shifted maximum
absorption (A A,,,*™) in the solid states from those in solution
(16 nm for P(NTDT-BDT) and 6 nm for P(DPPT-BDT)
(Table 1)). Compared to P(DPPT-BDT), P(NTDT-BDT)
showed a larger solution-to-thin film peak shift, indicating that
the intermolecular 7—7 stacking of P(NTDT-BDT) is more
efficient than that of P(DPPT-BDT) in the solid state. Most
significantly, P(NTDT-BDT) exhibits absorption maximum in
the shorter-wavelength but with much higher absorption
coefficient when compared with P(DPPT-BDT) (317000
cm™! for P(NTDT-BDT) and 157000 cm™ for P(DPPT-
BDT)) in the film state). It should be noted that this value of
the absorption coeflicient is one of the highest reported for D—
A type copolymers and would ensure that the material is
suitable for harvesting photons and increasing the short-circuit
current (J,.) in photovoltaic devices.

To estimate the frontier MO energies of the core units and
polymers, cyclic voltammetry (CV) analyses were performed
on the solutions (CH,Cl,/0.1 M Bu,NBF,) and solid-state
films (spin-coated on indium tin oxide (ITO) substrates) of the
compounds (Figure S4, Supporting Information). From the CV
analyses, the HOMO energy levels of NTDT, DPPT,
P(NTDT-BDT), and P(DPPT-BDT) were determined to be
—5.42, —=5.22, —5.33, and —5.23 €V, respectively. In addition,
the LUMO energy levels of these molecules were evaluated
from their HOMO levels and optical band gaps (E™ of
NTDT, 2.29 eV; EgoPt of DPPT, 1.96 eV; EgoPt of P(NTDT-
BDT), 1.66 eV; E;Pt of P(DPPT-BDT), 1.32 eV), as depicted
in Figure 3, parts e and f. The experimental HOMO/LUMO
values of these molecules were in good agreement with the
calculated ones. Specifically, the NTDT monomer and its
polymer were found to exhibit relatively deeper HOMO levels
than those of the corresponding DPPT derivatives. This should
make the former suitable for increasing the open-circuit voltage
(V,.) of PSCs.

Photovoltaic Properties. PSCs were fabricated using each
of the two polymers as the electron donor and PC,BM as the
electron acceptor. The structure of the devices was that of a
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Figure 4. (a) Current density—voltage (J—V) curves and (b) IPCE spectra of optimized inverted photovoltaic devices based on P(NTDT-

BDT):PC,,BM and P(DPPT-BDT):PC,,BM blends.

Table 2. Photovoltaic Parameters of Optimized P(NTDT-BDT):PC,;BM and P(DPPT-BDT):PC,,BM BH]J Devices”

material” V,.5 (V) £ (mA cm™) FE* PCES (%)
P(NTDT-BDT):PC,,BM 0.70 (0.70 + 0.01) 18.51 (17.10 + 0.89) 0.63 (0.64 + 0.01) 8.16 (7.64 + 0.27)
P(DPPT-BDT):PC,,BM 0.66 (0.65 + 0.01) 7.24 (6.74 + 035) 0.68 (0.67 + 0.01) 326 (295 + 0.18)

“ITO/ZnO/PEI/polymer:PC,; BM/MoO,/Ag. bWeight ratio of polymer:PC,BM is 1:2. “Average values were obtained from 10 devices.

conventional BHJ device: ITO/PEDOT:PSS/poly-
mer:PC, BM/Ca/Al In order to optimize the performances
of the PSCs, we fabricated the devices under different
conditions by varying the solvent conditions and polymer
concentrations. To optimize the charge-transporting network of
the photoactive layer, we also used various additives, such as
1,2-dichlorobenzene (DCB) and 1,8-diiodooctane (DIO)
(Table S3, Supporting Information).”””® The PSC devices
without an additive were found to exhibit low PCEs; this was
the case for both P(NTDT-BDT) and P(DPPT-BDT). The
device formed using P(NTDT-BDT)/PC; BM = 1:2 (w/w)
and in which DCB was added to CHCl; (CHCL,/DCB = 85:15
v/v) showed the best performance, with the V. of 0.72 V, the
J.. of 16.99 mA cm™?, the fill factor (FF) of 0.58, and the PCE
of 7.11% (Table S3 and Figure SSa, Supporting Information).
In the case of the P(DPPT-BDT)-based device, the addition of
DIO to CHCl; (CHCL/DIO = 95:5 v/v) resulted in the
optimization of its performance, with V. of 0.66 V, J_ of 7.72
mA cm 2, FF of 0.60, and PCE of 3.08% (Table S3 and Figure
SSb, Supporting Information); these values are comparable to
previously reported results.” "> The higher V. value of the
P(NTDT-BDT):PC,,BM device was consistent with the fact
that the HOMO level of P(NTDT-BDT) was lower than that
of P(DPPT-BDT).

To further improve the performance of the P(NTDT-BDT)
device, inverted devices were fabricated with the ITO/ZnO/
polyethylenimine/polymer:PC,; BM/MoO;/Ag configuration.
Figure 4a shows the current—voltage (J—V) characteristics of
the optimized inverted PSC device; the other related data are
listed in Table 2. The inverted device exhibited higher J,. (18.51
mA cm™2) and FF (0.63) than those of the conventional cell.
To the best of our knowledge, this J,. value of P(NTDT-BDT)
is the highest value yet reported for BDT-based polymer in
PSCs.”* As a result, the inverted device exhibited the highest
PCE, which was 8.16%. The corresponding incident photon-to-
current efficiency (IPCE) of the polymer:PC,BM devices
under the optimized conditions are displayed in Figure 4b; it
can be seen that the integrated current values from the IPCE

spectrum (18.06 mA cm™> for P(NTDT-BDT) device and 7.22
mA c¢cm™ for P(DPPT-BDT) device) are well matched with
the J . values obtained from their J=V curves.

Morphology Investigation. To investigate the ordered
structures of solid-state films of these polymers, grazing
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were carried out on pristine films of the polymers as well
as polymer:PC, BM blended films and polymer:PC, BM
blended films with additives (Figure S). The GIWAXS pattern
of the pristine P(NTDT-BDT) film showed interlamellar
stacking (h00) peaks in the in-plane direction and a 7z—x
stacking peak (010) in the out-of-plane direction at q, = 1.68

Figure S. Two-dimensional GIWAXS images of pristine films of (a)
P(NTDT-BDT) and (b) P(DPPT-BDT), films of (c) P(NTDT-
BDT):PC,,BM and (d) P(DPPT-BDT):PC,,BM blends and
optimized films of (e) P(NTDT-BDT):PC,BM with 15 vol %
DCB and (f) P(DPPT-BDT):PC,;BM with 5 vol % DIO blends.
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Figure 6. (a—d) AFM height images (S ym X 5 um) of (a) P(NTDT-BDT):PC,,BM blend film, (b) P(NTDT-BDT):PC,;BM:additive (DCB; 15
vol %) blend film, (c) P(DPPT-BDT):PC,;BM blend film, and (d) P(DPPT-BDT):PC,;BM:additive (DIO; S vol %) blend film; (e—h) TEM
images of (e) P(NTDT-BDT):PC, BM blend film, (f) P(NTDT-BDT):PC,BM:additive (DCB; 15 vol %) blend film, (g) P(DPPT-
BDT):PC,;BM blend film, and (h) P(DPPT-BDT):PC,,BM:additive (DIO; S vol %) blend film.

A™!, which corresponded to face-on 7—7 stacking. The face-on
orientation of P(NTDT-BDT) is suitable for increasing the
vertical charge-carrier mobility and resulted in a high J,. value in
the corresponding PSCs.””~"* On the other hand, the GIWAXS
pattern of the pristine P(DPPT-BDT) film displayed weak and
broad interlamellar scattering (h00) and (010) peaks in both
the in-plane and the out-of-plane directions, indicating that
P(DPPT-BDT) exhibits a mix of face-on and edge-on
orientations. Furthermore, the z—overlap distances (d,) in
the pristine polymer films were calculated to be 3.74 A (g, =
1.68 A™') and 3.78 A (g, = 1.66 A™") for P(NTDT-BDT) and
P(DPPT-BDT), respectively. When P(NTDT-BDT) was
blended with PC,;BM (Figure Sc) and PC,;BM/DCB additive
(Figure Se), the intensities of the 7—z stacking peak (010) in
the out-of-plane direction somewhat decreased; however, the
blended films exhibited diffraction patterns similar to those of
the pristine polymer films; the only difference was that the
diffraction pattern of PC,BM was present in the case of the
blended films, indicating that the blend films maintain the face-
on orientation due to the highly crystalline nature of P(NTDT-
BDT). In case of P(DPPT-BDT), however, diffraction patterns
of the blended films were quite different from those of the
pristine film. As shown in Figure Sd, the 7—x stacking peak
(010) in the g, direction disappered, indicating that the
molecular ordering of P(DPPT-BDT) could be easily affected
by the presence of PC, BM. After adding the DIO additive
(Figure 5f), however, the molecular orientation largely changed
to normal to the substrate plane again, which is beneficial for
vertical charge transport.

Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were used for investigating the nanoscale
morphologies of the two polymers (Figure 6). The effect of the
additive treatment could be visualized through the AFM and
TEM images. When an additive was not used, both the
P(NTDT-BDT):PC,,BM and P(DPPT-BDT):PC,,BM blend
films exhibited macroscopic phase separation between the
polymer and PC,BM. After treatment with an additive,
however, bicontinuous network with finer nanoscale features
was observed in the P(NTDT-BDT):PC,;BM blend film.

Although the additive treatment of P(DPPT-BDT):PC, BM
blend was also effective to form the nanoscale morphology,
they showed poorer film homogeneity with high root-mean-
square roughness (6.23 nm) than the P(NTDT-
BDT):PC,BM blend film (1.02 nm). Thus, the more extensive
and homogeneous interface formed in the P(NTDT-
BDT):PC;BM blend film led to more efficient charge
separation, resulting in the ], values of the PSC devices
based on this blend film being higher than those of the devices
based on the P(DPPT-BDT):PC,;BM blend film.

Charge Carrier Transport Properties. To further
elucidate the charge-transport characteristics of the polymers,
their charge-carrier mobilities were investigated by using the
space-charge-limited current (SCLC) model as well as organic
field-effect transistors (OFETs). The measured SCLC hole
mobilities of P(NTDT-BDT) and P(DPPT-BDT) were found
to be 3.4 X 1073 ecm? V7! s7! and 2.5 X 107 em? V7! 7},
respectively (Figure S6, Supporting Information). The field-
effect mobilities of the two polymers were determined by using
the polymers for the active layers in typical bottom-gate top-
contact OFETs. As shown in Figure S7 (Supporitng
Information), P(NTDT-BDT) and P(DPPT-BDT) exhibited
p-type organic semiconductor characteristics (hole mobility of
5.8 % 107 cm?* V' s7! for P(NTDT-BDT) and 1.2 X 10> cm?
V™! s7! for P(DPPT-BDT)). That is to say, P(NTDT-BDT)
exhibited a much higher hole mobility than P(DPPT-BDT) in
the vertical direction (SCLC method; the charge carriers flowed
in the vertical direction), while P(DPPT-BDT) showed a
higher hole mobility than P(NTDT-BDT) in the lateral
direction (OFET; the charge carriers flowed in the lateral
direction). From these results, it was concluded that the
preferentially face-on oriented P(NTDT-BDT) film was more
suitable for vertical charge transport than the mixed (face-on +
edge-on) orientation P(DPPT-BDT) film. This leads to a
higher J,. values for P(NTDT-BDT).

3. CONCLUSION

We synthesized and characterized a novel bis-lactam-based A
building block, NTDT, for D—A type conjugated polymers.
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The NTDT unit exhibits a high coplanarity of the conjugated
backbone owing to the intramolecular S--O interactions. The
electron-deficient nature and quasi-planar structure with
remarkably high molar extinction coefficient of the NTDT
unit could allow for the realization of high efficient D—A
copolymer. In fact, the NTDT incorporated conjugated
polymer P(NTDT-BDT) exhibited a deeper HOMO level,
higher absorption coeflicient, and higher vertical charge-carrier
mobility than those of the widely used copolymer P(DPPT-
BDT). Furthermore, P(NTDT-BDT) also exhibited the
appropriate nanoscale morphology and the proper ordered
structure with a coplanar geometry. All these factors ensured
that the PSCs based on P(NTDT-BDT) exhibited better
performance. As a result, a BHJ PSC device based on
P(NTDT-BDT) with PC;BM showed an high PCE of
8.16% with a high J,. value of 18.51 mA cm™> This J,. value
is one of the highest values yet obtained for BDT-based
polymer in PSCs. On the basis of these results, we strongly
believe that the NTDT is a promising A building block for
conjugated polymers and can potentially replace DPPT in
organic solar cells.
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