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ABSTRACT: We report the synthesis and characterization of a

novel donor—acceptor semiconducting polymer bearing naphtho-
bisthiadiazole (NTz), a doubly benzothiadiazole (BTz)-fused ring,  PNTz4T
and its applications to organic field-effect transistors and bulk
heterojunction solar cells. With NTz’s highly 7-extended structure
and strong electron affinity, the NTz-based polymer (PNTz4T)
affords a smaller bandgap and a deeper HOMO level than the BTz-
based polymer (PBTz4T). PNTz4T exhibits not only high field-
effect mobilities of ~0.56 cm?/(V's) but also high photovoltaic
properties with power conversion efficiencies of ~6.3%, both of
which are significantly high compared to those for PBTz4T. This is
most likely due to the more suitable electronic properties and,
importantly, the more highly ordered structure of PNTz4T in the
thin film than that of PBTz4T, which might originate in the different
symmetry between the cores. NTz, with centrosymmetry, can lead to a more linear backbone in the present polymer system than
BTz with axisymmetry, which might be favorable for better molecular ordering. These results demonstrate great promise for
using N'Tz as a bulding unit for high-performance semiconducting polymers for both transistors and solar cells.

B INTRODUCTION both high transistor and photovoltaic performances is highly
desired for effective material development. However, among

Considerable attention has been given to semiconducting
the number of building units studied for this class of polymers,

polymers in the field of organic electronics, because their

solution processability, thermal stability, and mechanical such versatile units are not so many; cyclopentadithiophene
properties allow access to large-area and flexible devices of (CDT)f benzodithiophene (BDT),” and indacenodithiophene
next generations.1 Organic field-effect transistors (OFETs) and (IDT)**” are examples of the donor unit, and benzothiadiazole
solar cells are of particular interest today in the field. Recent (BTz Figure 1),*" thiazolothiazole (TzTz),” thienopyrrole-
advances in the development of new active materials, mostly dione (TPD),**'" diketopyrrolopyrrole (DPP),"" and iso-
small bandgap polymers with donor—acceptor (D—A) systems, indigo (IID)" are examples of the acceptor unit. In particular,
have brought about great improvements in device perform- BTz is one of the first incorporated and most widely used
ances, such as charge carrier mobilities of >1 cm?/(Vs) in acceptor units for high-performance D—A semiconducting
transistors” and power conversion efficiencies (PCEs) of >7% polymers, owing to the strong electron affinity that offers deep
in solar cells.®> A key issue for the development of high- HOMO energy levels and broad absorption ranges, which are
performance materials is to build strong z—n stacking important parameters for semiconducting pOIYmerS-lh
structures, which facilitate charge carrier transport through 7- Naphtho[1,2-¢:5,6-c]bis[1,2,5 ]thiadiazole (NTz, Figure 1), a
orbital overlaps between cofacial polymer backbone.'®* Thus, doubly BTz-fused heterocycle that was first synthesized by
the choice of building units that ensure strong 7—7 stacking is

crucial for the design of high-performance polymers. Moreover, Received: November 14, 2011

a versatile building unit that can be utilized for polymers with Published: January 17, 2012
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Figure 1. Chemical structures of naphtho[1,2-c:5,6-c']bis[1,2,5]thiadiazole- and benzothiadiazole-based compounds (NTz2Ts and BTz2Ts) and

semiconducting polymers (PNTz4T and PBTz4T) studied in this work.

Scheme 1. Synthetic Routes to the Polymers
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Mataka and co-workers in 1991," could be a high-potential
acceptor unit for semiconducting materials, because NTz is
expected to be a stronger acceptor as well as a more 7-extended
ring as compared to BTz. Thus, the incorporation of NTz into
the polymer main chain in combination with a donor unit could
lead to deeper HOMO energy levels (Eyono) and smaller
energy bandgaps (Eg). It can also enhance intermolecular
interactions and thereby promote a strong m—n stacking
structure of polymer backbones due to the more rigid structure.
In fact, during the course of this work, Huang, Cao, and co-
workers reported on an NTz-based D—A semiconducting
polymer incorporating a BDT moiety as the donor unit, which
exhibits high PCEs of ~6.0% in solar cells."* Herein, we report
the synthesis, characterization, and transistor and solar cell
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properties of a novel NTz-based semiconducting polymer,
PNTz4T, in comparison with a BTz-based polymer, PBTz4T
(Figure 1). A simple quaterthiophene moiety is chosen as the
donor unit in the present case to clearly understand the nature
of NTz in the semiconducting polymer. We first discuss the
differences of the optical and electrochemical properties and
the molecular structures between the monomer units of
PNTz4T and PBTz4T (NTz2T and BTz2T), or between the
corresponding model compounds (NTz2T-Me and BTz2T-
Me), respectively (Figure 1). We then show the physicochem-
ical properties, device characterizations, and ordering structures
of the polymers (PNTz4T and PBTz4T) in the thin film and
finally discuss the overall structure—property relationships.

dx.doi.org/10.1021/ja210687r | J. Am. Chem. Soc. 2012, 134, 3498—3507
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B RESULTS AND DISCUSSION

Synthesis and Thermal Property. Synthetic routes to the
polymers are shown in Scheme 1. 3-(2-Decyltetradecyl)-5-
trimethylstannylthiophene (1) and 4,9-dibromonaphthol[1,2-
¢:5,6-c'Ibis[1,2,5]thiadiazole (3) were cross-coupled using the
Migita—Kosugi—Stille reaction to afford NTz2T, which was
then dibrominated with NBS to yield comonomer 4. 4 and
distannylated bithiophene (5) were copolymerized using a
microwave-assisted reaction'® to give the NTz-based copoly-
mer, PNTz4T. The polymer is soluble in warm chlorinated
benzenes such as chlorobenzene (CB) and o-dichlorobenzene
(DCB), and the molecular weight evaluated by GPC at 140 °C
is M, = 52.6 kDa and M,, = 127 kDa with PDI of 2.4 (Table 1).

Table 1. Chemical and Thermal Properties of the Polymers

M, M, T,, (°C)¢ heating/
polymer (kDa)“ (kDa)* PDI* DP,? cooling
PNTz4T 52.6 127 24 42.3 -

PBTz4T 36.1 114 32 35.2 185/170

“Determined by GPC using polystyrene standard and DCB as the
eluent at 140 °C. “Based on the repeating unit. “Melting point
determined by DSC measurements at a scan rate of 10 °C/min.

For comparison, we also synthesized a BTz-based polymer with
2-octyldodecyl side chains, PBTz4T. 3-(2-Octyldodecyl)-5-
trimethylstannylthiophene (2) and 4,7-dibromo-2,1,3-benzothi-
diazole (6) were cross-coupled to give BTz2T, and then the
dibromination was followed to yield BTz-based comonomer 7.
7 was then polymerized with § to provide PBTz4T. PBTz4T
has the molecular weight of M, = 36.1 kDa (M,, = 114 kDa,
PDI = 3.2) and is soluble in chloroform. In addition, 3-methyl-
S-trimethylstannylthiophene was cross-coupled with 3 and 6,
with the same procedure as NTz2T and BTz2T, to give
NTz2T-Me and BTz2T-Me, respectively.

The thermal properties of the polymers were evaluated by
differential scanning calorimetry (DSC). Figure 2 shows the
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Figure 2. DSC thermograms of the polymers.

DSC thermograms of PNTz4T and PBTz4T. While PNTz4T
did not show transition peaks below 300 °C, PBTz4T had a
melting peak at 185 and 170 °C in the heating and cooling
processes, respectively, which implies that PNTz4T is more
rigid than PBTz4T.

Characterization of the Monomers and the Model
Compounds. Optical and electrochemical characterizations
were carried out with NTz2T and BTz2T, the actual monomer
units for the polymers. UV—vis absorption spectra of NTz2T
and BTz2T in the chloroform solution are shown in Figure 3a,
and the optical data are summarized in Table 2. Indeed,
NTz2T, with the NTz core, gave the absorption maximum
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(Amax) at 491 nm, which is 28 nm longer than that for BTz2T,
with the BTz core (463 nm). E, values for these compounds
determined from the absorption onset are 2.26 and 2.32 eV,
respectively. Interestingly, the absorption coefficient is higher in
NTz2T than in BTZz2T, indicating that NTz affords not only
broad but also strong absorption.

Cyclic voltammetry (CV) was carried out with NTz2T and
BTz2T in the solution (Figure 3b), and their onset redox
potentials (E..¢°" and E,,°™), LUMO energy levels (E ymo),
and Eyopmo are summarized in Table 2. As expected, NTz2T
gave a higher oxidation potential, thus deeper Eyopo = —5.54
eV, than BTz2T (Eyomo = —5.46 eV), and a higher reduction
potential, thus higher E; ;0 = —3.52 eV, than BT22T (E ypo
= —3.42 eV), indicating stronger electron affinity of NTz as
compared to BTz. These Eyono values are fairly consistent
with the theoretical MO calculations of the corresponding
model compounds, NTz2T-Me and BTz2T-Me, by the DFT
method, where they provide —5.52 and —5.40 eV, respectively
(Figure 4).

Single-crystal X-ray analysis was performed using the model
compounds with the methyl substituent on thiophene, NTz2T-
Me and BTz2T-Me, instead of NTz2T and BTz2T with the
long branched alkyl substituents, since it is difficult to prepare
single crystals of NTz2T and BTz2T. The analysis revealed that
both molecules are mostly coplanar (Figure S), where for
NTz2T-Me the dihedral angle between the thiophene ring and
the NTz core is 7.4°, and for BTz2T-Me that between
thiophene and BTz is 5.6°. It is interesting to note that the
configuration of the attached thiophenes and the NTz or BTz
core is fixed, where the sulfur atoms in the thiophene rings
point in the opposite direction to the thiadiazole rings, probably
minimizing the steric impact between the hydrogen atoms on
the thiophene rings and the NTz or BTz core. As a
consequence, in NTz2T-Me, the thiophene rings that sandwich
NTz are arranged in the anti manner, whereas, in BTz2T-Me,
the thiophene rings are arranged in the syn manner. The
difference of the arrangement, which originates in the different
symmetry between NTz (centrosymmetry) and BTz (axisym-
metry), seems to influence largely the ordering structure of the
polymers, which will be discussed later.

Physicochemical Properties of the Polymers. UV—vis
absorption spectra of the polymers in the solution and in the
film are shown in Figure 6. In the polymer solution (Figure 6a),
PNTz4T showed 4, = 707 nm, with an absorption coefficient
of 8.7 X 10% which significantly blue-shifted to 616 nm upon
heating, indicating strong aggregation even in the solution. In
the warm solution, which reflects the extent of 77-conjugation of
the single polymer chain, A, = PNTz4T (616 nm) was located
at 66 nm longer wavelength region than that of PBTz4T, 552
nm, suggesting that the substitution of BTz for NTz extends 7-
conjugation. As consistent with the results in NTz2T and
BTz2T, the absorption coefficients of PNTz4T were about
twice as those of PBTz4T. The wider absorption range and the
larger absorption coefficients, compared to those of PBTz4T,
imply the better light-harvesting ability of PNTz4T, and hence
should be beneficial for solar cell applications. In the thin film,
PNTz4T exhibited A, = 725 nm, about 60 nm red-shifted
from that of PBTz4T (Figure 6b). Furthermore, in PNTz4T,
the longer wavelength region of the absorption peak at A,
appears sharper as compared to PBTz4T, indicating better
molecular ordering, likely due to its rigid 7-extended structure.
The absorption onset in the thin film for PNTz4T is

dx.doi.org/10.1021/ja210687r | J. Am. Chem. Soc. 2012, 134, 3498—3507
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Figure 3. (a) UV—vis absorption spectra and (b) cyclic voltammograms of NTz2T and BTz2T in solution (chloroform for UV and dichloromethane

for CV).

Table 2. Optical and Electrochemical Properties

Amax (M)
compound solution” rt/heat film® E, (eV)€ UV—vis/CV
NTz2T 491/— - 2.26/2.02
BTz2T 463/— — 2.32/2.04
PNTz4T 707/616 725 1.54/1.39
PBTz4T 572/550 662 1.65/1.54

“Absorption maxima in the solution at room temperature/at around 80 °C.

Eredonset (V)d

Epumo (eV)° [ = (V)d Enomo (eV)° P (eV)f
—1.28 —-3.52 0.74 —5.54 -
—1.38 —-3.42 0.66 —5.46 -
-1.03 -3.77 0.36 -5.16 5.20
—-1.27 -3.53 0.27 -5.07 S.15

b Absorption maxima in the thin film. “Energy bandgaps determined from

absorption onset/cyclic voltammetry. 9Onset potentials (V vs Ag/AgCl) from reduction (E,;"**) and oxidation (E,,°™*"). All the potentials were
calibrated with the Fc/Fc* (E"? = +0.43 V measured under identical conditions). “Estimated with the following equation: E; 0 = —4.80 — E, "™
Enomo = —4.80 — E,®. /Determined by photoelectron spectroscopy in air.
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Figure 4. Calculated HOMOs and LUMOs of NTz2T-Me and
BTz2T-Me.

NTz2T-Me BTz2T-Me

2 A Bee

Figure 5. Molecular structures of NTz2T-Me and BTz2T-Me
determined by single-crystal X-ray analysis.

determined to be 805 nm, with which E; was calculated to be
1.54 eV, whereas that for PBTz4T was 1.65 eV.

Euomo Of PNTz4T in the thin film was estimated to be
—5.16 eV by CV, which is 0.09 eV deeper than that of PBTz4T
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(Figure 7a), as seen in the comonomer units. On the other
hand, E; o values for PNTz4T and PBTz4T were —3.77 and
—3.53 eV, and the difference between them E; ;o values (0.24
eV) was larger than that of Eygye, resulting in a smaller
electrochemical HOMO—LUMO gap of 1.39 eV for PNTz4T
than for PBTz4T (1.54 eV), which suggests that the
replacement of BTz with NTz has a greater influence on the
LUMO than the HOMO. Ionization potentials (IPs) were also
evaluated by photoelectron spectroscopy in air (Figure 7b)
using polymer thin films, and IP for PNTz4T is determined to
be 5.20 eV, which is 0.05 eV larger than that of PBTz4T, in
good agreement with the electrochemical results. In addition,
Epomo of the polymers are in good agreement with those
obtained from the MO calculation using the model compounds
of the polymer repeat units (NTz4T and BTz4T), which show
—5.15 and —5.04 €V, respectively (Figure S2). MO calculations
also predicted that the HOMO coefficients are fully distributed
over the molecule, as is the case in NTz2T-Me and BTz2T-Me,
which is believed to be favorable for the efficient hole transport
through 7-orbital interactions (Figure $2).2%"7

OFET Application. Transistor characteristics of the
polymers were evaluated using top-contact, bottom-gate
devices fabricated by using polymer thin films spin-coated
from DCB solutions onto hexamethyldisilazane (HMDS)-
modified and 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(FDTS)**""-modified Si/SiO, substrates, which were sub-
sequently annealed at 200 °C. PNTz4T had a very good film
forming property, as it consistently formed uniform films even
on substrates with a very low surface energy, such as the FDTS-
modified substrate. Figure 8 depicts typical transfer and output
curves of the PNTz4T- and PBTz4T-based devices with the
FDTS-modified substrate. In both polymer devices, the transfer
curves give negligible hysteresis (Figure 8a), and the output

dx.doi.org/10.1021/ja210687r | J. Am. Chem. Soc. 2012, 134, 3498—3507
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Figure 6. UV—vis absorption spectra of the polymers (a) in the solution (CB) and (b) in the thin film.
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Figure 7. (a) Cyclic voltammograms and (b) photoelectron spectra of
the polymer thin films.

curves show small contact resistance, as there are slight
nonlinear behaviors in the low Vpg region (Figure 8b,c).
Mobilities evaluated at the saturation regime for PNTz4T were
as high as 0.56 cm*/(V's) and typically in a range of 0.2—0.4
cm?/(V's), with current on/off ratios of ~10” (Table 3). The
mobility of PNTz4T was 1 order of magnitude higher than that
of PBTz4T, typically 0.0S cm?/(Vs), indicating the high
potential of the NTz core. OFETs with the HMDS-modified

substrate showed trends similar to those with the FDTS-
modified substrate, where the mobility for PNTz4T was ~0.35
cm?/(V's) and for PBTZ4T was ~0.021 cm?/(V's). The slightly
high mobility in OFETs with the FDTS-modified substrate is
perhaps due to the better orientation of the polymers.'®
Solar Cell Application. Solar cells were fabricated by spin-
coating the polymer/PC4BM solutions, with appropriate
polymer-to-PC,BM (p:n) ratios, in DCB onto the PE-
DOT:PSS spin-coated ITO glass, followed by vacuum
evaporation of LiF/Al as the cathode. -V curves of the
devices under 1 sun of simulated AM 1.5G solar irradiation
(100 mW/cm?*) and the external quantum efficiency (EQE)
spectra are displayed in Figure 9, and photovoltaic parameters
are summarized in Table 4. While PBTz4T showed the best
PCE of 2.6% at p:n = 1:1, with Jsc = 5.6 mA/cm?, Vi = 0.74
V, and FF = 0.63, PNTz4T showed the best PCE of 6.3% at p:n
= 1:1.5, with Jc = 12.0 mA/cm?, Vo = 0.76 V, and FF = 0.69.
PNTz4T-based cells with p:n =1:1 and 1:2 also showed PCEs
of >5.5%, which decreased to <4.5% with lower Jsc of about 8
mA/cm? at p:n = 1:3. Significantly higher Jqc for the devices
with PNTz4T than with PBTz4T is most likely as a result of, in
part, the wider absorption range and possibly the larger
absorption coefficients of PNTz4T. In fact, devices with both
polymers show photoresponse in the range of the absorption
spectra, and the PN'Tz4T-device provides higher EQEs relative
to the PBTz4T-devices, consistent with the Jsc values (Figure
9b). Vi values of the PNTz4T-devices were similar to those of
the PBTz4T-devices, which could be reasonable because the
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Figure 8. Typical transfer curves of OFETs (a), and output curves of PNTz4T-based (b) and PBTz4T-based (c) devices.
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Table 3. Transistor Properties of the Polymers

HMDS EDTS
polymer p (em?/(Vs)) Vr (V) Ton/Loge p (em?/(V's))* Vr (V) Ton/Ioge
PNTz4T ~0.35 —12 to —6 ~107 ~0.56 —10to —2 ~107
PBTz4T ~0.021 —12 to —8 ~10° ~0.074 —8to—S$ ~10°
“Maximum hole mobility calculated from the saturation regime (Vpg = —60 V).
: T . 100 — . . . .
—o—PNT24T dark @—PNTz4T
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Figure 9. J-V curves (a) and EQE spectra (b) of BHJ solar cells (ITO/PEDOT:PSS/polymer:PC4 BM/LiF/Al); polymer:PC,BM = 1:1.5 for

PNTz4T and 1:1 for PBTz4T.

Table 4. Photovoltaic Properties of the Polymer-Based Solar
Cells

polymer p:n® Jsc (mA/cm?) Voo (V) FF PCE (%)

PNTz4T 1:1 124 0.76 0.61 ~5.6
1:1.5 12.0 0.76 0.69 ~6.3
1:2 11.6 0.74 0.67 ~5.9
1:3 8.7 0.74 0.71 ~4.4

PBTz4T 1:1 5.6 0.74 0.63 ~2.6
1:2 3.1 0.76 0.62 ~L5

“Polymer (p) to PC;;BM (n) weight ratio.

difference in Eyoyo between the polymers is very small (0.05
eV).

Molecular Ordering in the Thin Films. In order to
further understand these higher performances for PNTz4T and
the striking difference in the device performances between
PNTz4T and PBTz4T, the ordering structures in the thin film
were investigated by X-ray diffraction studies. Two-dimensional
grazing incidence X-ray diffraction (2D-GIXD) images of
PNTz4T and PBTz4T films on the FDTS-modified SiO,
substrate, which reflect the ordering structure in the transistors,
are shown in Figure 10a,b. In PNTz4T, diffractions assignable
to the lamellar (g, &~ 0.25 A™") and the 7—x stacking structures
(4, ® 1.7 A™') appear on the g, and q,, axes, respectively,
indicating the predominant edge-on orientation on the
substrate surface, though there are some misoriented fractions,
most likely as a result of the introduction of long branched alkyl
groups in the side chain.”® In contrast, PBTz4T showed largely
arcing diffraction corresponding to the lamellar structure,
indicating that there is no preferential orientation. PBTz4T did
not show clear diffraction corresponding to the 7—7 stacking
structure, indicative of the much lesser crystalline nature of
PBTz4T in the thin film. Comparisons of the ordering structure
between PNTz4T and PBTz4T were also performed using out-
of-plane and in-plane X-ray diffraction (XRD). It is obvious
from the patterns of polymer-only films (Figure 10c, red lines)
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that PNTz4T shows well-ordered structure, though, again, it
contains misoriented (face-on) fractions, as the lamellar (26 =
3.7°) and z—7 stacking (20 = 25.3°) peaks appear in the in-
plane and out-of-plane patterns, respectively. The 7—x stacking
distance (d,) of PNTz4T determined by the in-plane XRD
pattern was 3.5 A, which is very narrow for semiconducting
polymers, and thus this well rationalizes the high mobilities of
PNTz4T-based OFETs. Meanwhile, in PBTz4T (blue lines),
although there are lamellar peaks, the 7—n stacking signal is
almost absent, suggesting that PBTz4T is much less crystalline.
This large difference in the ordering structure between
PNTz4T and PBTz4T is in good agreement with the fact
that the OFET performances are quite distinct.
Polymer/PC,BM blend films on the PEDOT:PSS-coated
ITO glass substrate were also subjected to the 2D-GIXD and
XRD measurements to investigate the ordering structure in the
solar cells. The p:n ratio of the films used in this study is same
as their best cells. In the 2D-GIXD image of the PNTz4T/
PC¢BM (1:1.5) blend film, it is found that PNTz4T mainly
orients in a face-on manner, as the diffraction corresponding to
the 7—x stacking appears on the g, axis (Figure 10d). The
enhanced face-on orientation of PNTz4T in the blend film is
also evident from the XRD patterns (Figure 10f, red lines); the
m—n stacking peak in the out-of-plane appears more strongly
than in the in-plane, and thus the blend film contains mainly
face-on crystallites and some edge-on crystallites and/or
misoriented crystallites. Such a drastic change of the orientation
by blending with PC4BM has also been seen in the TzTz-
polymer system.”® It should also be noted that PNTz4T still has
the narrow d, = 3.5 A in the blend film. In the meantime,
PBTz4T provides much less crystalline feature in the blend
film, where there is no 7— stacking diffraction in both the 2D-
GIXD image (Figure 10e) and the XRD pattern (Figure 10f,
blue lines). The predominant face-on orientation and the
preserved narrow d,; of PNTz4T in the blend film should allow
efficient orthogonal charge transport in the cells,*** which
could be one of the main reasons that PNTz4T shows high
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Figure 10. 2D-GIXD images of the PNTz4T thin film (a), PBTz4T thin film (b), PNTz4T/PC¢BM blend film (d), and PBTz4T/PC4BM blend
film (e). Out-of-plane and in-plane XRD patterns of the polymer-only films (red line, PNTz4T; blue line, PBTz4T) (c), and polymer/PC¢,BM blend
films (red line, PNTz4T; blue line, PBTz4T) (f). The polymer-only films were cast on the FDTS-modified Si/SiO, substrate and subsequently
annealed at 200 °C, and the polymer/PC4BM blend films were cast on the ITO glass/PEDOT:PSS substrate.

PCE of exceeding 6% and greater performances as compared to
PBTz4T with a less ordered structure.

Why Is the 7—z Stacking Structure between PNTz4T
and PBTz4T So Different? NTz is a more highly extended
fused ring as compared to BTz, and thus it is fairly acceptable
that PNTz4T forms a more highly ordered structure as
compared to PBTz4T. However, the difference in crystallinity,
especially the 7—7 stacking, between the present two polymers
in both the polymer-only film and the blend film is markedly
large. We speculate that this marked difference originates in the
difference of symmetry between the NTz and BTz unit.*® As
shown by the single-crystal X-ray analysis of NTz2T-Me and
BTz2T-Me in an earlier section, the NTz (or BTz)—thiophene
linkage is fixed in one configuration; NTz, with a centrosym-
metrical structure, affords an anti arrangement of the thiophene
rings that sandwich NTz, whereas BTz, with an axisymmetrical
structure, affords a syn arrangement of the neighboring
thiophenes (Figure 5). Based on these arrangements,
PNTz4T gives a more linear-shaped backbone as compared
to PBTz4T, which gives a “wavy” shape (Figure 11). The
backbone shape might largely affect the packing structure, and
we believe that this relatively linear backbone shape, together
with the rigidity of NTz, leads to the highly ordered packing
structure in the thin film in PNTz4T."”*" In addition, the alkyl
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(a) PNTz4T
,};}"{E’Hr‘.{;}%b a *‘»{;} .é~ el
(b) PBTZ4T

Figure 11. Optimized backbone structures of (a) PNTz4T and (b)
PBTz4T.

side chains always alternate pointing up and down, and this
could also contribute to the better molecular ordering.

It is interesting to note that a similar BTz-based copolymer
with a quarter thiophene donor unit, but with different alkyl
chain placement (POD2T-DTBT) S is reported to show field-
effect mobilities of ~0.20 cm?/(V's) and PCEs of ~5.9% (with
PC4BM, ~6.3% is reported when PC,BM is used). As has
been shown in some polythiophene-based polymers, the side-
chain placement significantly affects the crystalline structure,”
and thus we speculate that POD2T-DTBT possibly forms a
better ordering structure than PBTz4T due to the same reason,
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though we do not fully understand the nature because XRD
analysis for POD2T-DTBT was not reported in the literature.
This, however, implies that BTz has some limitation on the
choice of donor units when designing semiconducting polymers
in order to achieve high performances. In contrast, NTz may
not have such limitation and thus could be a more versatile unit
for high-performance semiconducting polymers.

Bl CONCLUSION

We have shown that a novel semiconducting polymer based on
NTz (PNTz4T), a doubly BTz fused heteroaromatic,
synthesized in this work exhibits not only high field-effect
mobilities of exceeding 0.5 cm?/(V's) but also high photo-
voltaic properties with PCEs of ~6.3%, demonstrating great
promise for use of the polymer in organic electronic devices.
These values are far better than those for the BTz counterpart
(PBTz4T). With NTz’s strong electron affinity, PNTz4T
showed wide absorption ranging from 350 to 800 nm and a
relatively low-lying Eyopmo of —5.2 €V, ca. 60 nm red-shifted
from and ca. 0.1 eV deeper than the values for PBTz4T. A
striking structural feature of PNTz4T is the strong 7—7
stacking structure with a narrow distance of 3.5 A. The
crystallinity of PNTz4T is found to be markedly higher than
PBTz4T in both the polymer-only film and the PC5;BM blend
film, which likely originates in the difference of symmetry of the
cores. While NTz, with centrosymmetry, leads to a straighter
backbone along with a favorable side-chain placement, BTz,
with axisymmetry, provides a “wavy” backbone when combined
with the quaterthiophene unit, which might significantly differ
ordering structures in the thin film. Due to its strong electron
affinity and its highly #-extended and centrosymmetric
structure, NTz is a promising building block in the develop-
ment of high-performance semiconducting polymers for both
transistors and solar cells.

B EXPERIMENTAL SECTION

Materials. 3-(2-Decyltetradecyl)-S-trimethylstannylthiophene (1)
and 3-(2-octyldodecyl)-5-trimethylstannylthiophene (2),>* 4,9-
dibromonaphtho[1,2-¢:5,6-c'bis[1,2,5]thiadiazole (3),"* 5,5-bis-
(trimethylstannyl)-2,2’-bithiophene,** 4,7-bis(5-bromo-4-(2-
octyldodecyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (7)** were syn-
thesized according to the reported procedure, respectively. All
chemicals and solvents were of reagent grade unless otherwise
indicated. THF was purified by a glass contour solvent system (Nikko
Hanssen & Co., Ltd.), and toluene was distilled with CaH, prior to
use. Polymerization was carried out with a microwave reactor (Biotage
Initiator). NMR spectra were obtained in deuterated chloroform and
1,2-dichlorobenzene (DCB, for polymers) with TMS as internal
reference. EI-MS spectra were obtained on a Shimadzu QP-2010SE
spectrometer using an electron impact ionization procedure (70 eV).
Molecular weights were determined by gel permeation chromatog-
raphy (GPC) with a TOSOH HLC-8121GPC/HT instrument at 140
°C using DCB as a solvent and calibrated with polystyrene standards.

4,9-Bis(4-(2-decyltetradecyl)thiophen-2-yl)naphtho[1,2-c:5,6-c']-
bis[1,2,5]thiadiazole (NTz2T). 1 (584 mg, 1.0 mmol) and 3 (201 mg,
0.5 mmol) were added to 25 mL of toluene in a 100 mL three-neck
flask and purged with N, for 30 min. Tetrakis(triphenylphosphine)-
palladium(0) (11.5 mg, 0.01 mmol) was added to the mixture, which
was then refluxed for 15 h. After the mixture cooled to room
temperature, aqueous KF was added, and the aqueous layer was
extracted with dichloromethane. The organic layer was washed with
water and brine and then dried over anhydrous MgSO,. After removal
of the solvent by vacuum evaporation, the residue was purified by
column chromatography on silica gel with hexane—dichloromethane
(2:1), followed by recrystallization from ethyl acetate to give NTz2T
as a red solid (454 mg, 84% yield). '"H NMR (400 MHz, CDCL,): §
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8.99 (s, 2H), 8.10 (d, 2H, J = 1.2 Hz), 7.10 (d, 2H, ] = 1.2 Hz), 2.67
(d, 4H, J = 6.8 Hz), 1.74 (m, 2H), 1.15—1.40 (m, 80H), 0.80—0.90
(m, 12H). 3C NMR (100 MHz, CDCL,): & 153.5, 152.5, 1432, 138.4,
130.4, 126.7, 124.7, 123.4, 122.0, 38.9, 35.1, 33.3, 31.9, 30.1, 29.7, 29.7,
29.7, 294, 29.4, 26.7, 22.7, 14.1. MALDL-TOE-MS: m/z = 1081.77
(M"). Anal. Calcd for C4H,04N,S,: C, 73.28; H, 9.6; N, 5.18. Found:
C, 73.47; H, 9.83; N, S.14.

4,9-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)naphtho(1,2-
¢:5,6-c']bis[1,2,5]thiadiazole (4). N-Bromosuccinimide (89 mg, 0.5
mmol) was added portionwise to a solution of NTz2T (270 mg, 0.25
mmol) in 15 mL of THF at 0 °C. After the mixture was stirred for 4 h
at room temperature, NaHCOj; solution was added, and the mixture
was extracted with dichloromethane. The organic layer was washed
with water and brine and then dried over anhydrous MgSO,. The
solvent was removed by vacuum evaporation, and the residue was
purified by column chromatography on silica gel with hexane—
dichloromethane (2:1), followed by recrystallization from ethyl acetate
to give 4 as a red solid (242 mg, 78% yield). '"H NMR (400 MHz,
CDCly): 6 8.76 (s, 2H), 7.85 (s, 2H), 2.59 (d, 4H, J = 7.1 Hz), 1.79
(m, 2H), 1.15—1.40 (m, 80H), 0.80—0.90 (m, 12H). *C NMR (100
MHz, CDCL,): § 153.1, 152.0, 142.4, 137.9, 129.4, 125.7, 124.5, 121.3,
113.3, 38.6, 34.3, 33.4, 31.9, 30.1, 29.7, 29.7, 29.7, 29.4, 26.6, 22.7,
14.1. MALDI-TOF-MS: m/z 1239.43 (M*). Anal. Caled for
CoH 04N,S,Bry: C, 63.95; H, 8.29; N, 4.52. Found: C, 63.79; H, 8.13;
N, 4.54.

PNTz4T. 4 (124 mg, 0.1 mmol), S (492 mg, 0.1 mmol),
tetrakis(triphenylphosphine)palladium(0) (2.3 mg, 2 umol), and
toluene (S mL) were added to a 20 mL reaction vial. The vial was
purged with argon and subsequently sealed. The vial was heated in a
microwave reactor at 180 °C for 40 min. After cooling to room
temperature, the reaction mixture was poured into a mixture of
methanol (100 mL) and concentrated hydrochloric acid (S mL) and
vigorously stirred for 6 h at room temperature. The precipitate was
filtered and subjected to Soxhlet extraction with methanol, hexane,
chloroform, and finally chlorobenzene. The chlorobenzene fraction
was concentrated and poured into methanol. The precipitate was
isolated by filtration and dried in vacuo to afford the polymer sample
(117 mg, 94%) as a metallic black solid. Anal. Calcd for C;,H,4sN,Sq:
C, 71.44; H, 8.59; N, 4.50. Found: C, 71.06; H, 8.55; N, 4.43. GPC
(DCB, 140 °C): M, = 52600, M,, = 127000, PDI = 2.41.

PBTz4T. 7 (102 mg, 0.1 mmol), 5§ (49.2 mg, 0.1 mmol),
tetrakis(triphenylphosphine)palladium(0) (2.3 mg, 2 umol), and
toluene (5 mL) were added to a 20 mL reaction vial. The vial was
purged with argon and subsequently sealed. The vial was heated in a
microwave reactor at 180 °C for 40 min. After cooling to room
temperature, the reaction mixture was poured into a mixture of
methanol (100 mL) and concentrated hydrochloric acid (S mL) and
vigorously stirred for 6 h at room temperature. The precipitate was
filtered and subjected to Soxhlet extraction with methanol, hexane, and
finally chloroform. The chloroform fraction was concentrated and
poured into methanol. The precipitate was isolated by filtration and
dried in vacuo to afford the polymer sample (87 mg, 85%) as a metallic
black solid. Anal. Calcd for C4,Hg,N,Ss: C, 72.74; H, 8.86; N, 2.74.
Found: C, 72.05; H, 8.82; N, 2.69. GPC (DCB, 140 °C): M, = 36 100,
M,, = 11400, PDI = 3.16.

Instrumentation and Calculation. UV—vis absorption spectra
were measured using a Shimadzu UV-3600 spectrometer. Thermal
analyses were carried out with differential scanning calorimetry (DSC)
on a Shimadzu DSC-60 instrument at 10 °C/min for both heating and
cooling processes. Ionization potential (IP) was determined from the
onset of photoelectron spectra measured by using a photoelectron
spectrometer, model AC-2, in air (Riken Keiki Co., Ltd). Dynamic
force-mode atomic force microscopy study was carried out on a
Nanocute scanning probe microsope system (SII Nanotechnology,
Inc.). GIXD experiments were conducted at the SPring-8 on beamline
BL19B2. The sample was irradiated at a fixed incident angle on the
order of 0.12° through a Huber diffractometer, and the GIXD patterns
were recorded with a 2-D image detector (Pilatus 100K). GIXD
patterns were recorded with an X-ray energy of 12.39 keV (1 =1 A).
Two images were taken in each measurement due to the limited range
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of the detector, and thus two images are layered to show the entire
pattern; a lateral black line in each GIXD image is to show the
changeover. Out-of-plane and in-plane X-ray diffraction specular scans
were carried out using a Rigaku Ultima IV instrument. Samples for the
X-ray measurements were prepared by drop-casting the polymer
solution on the FDTS-modified Si/SiO, substrate and the polymer/
PC¢,BM solution on the PEDOT:PSS spin-coated ITO glass.

OFET Fabrication and Measurement. OFET devices were
fabricated in a “top-contact” configuration on heavily doped n*-Si
(100) wafers with 200-nm-thick thermally grown SiO, (C; = 17.3 nF/
cm?). The Si/SiO, substrates were carefully cleaned and then treated
with HMDS or FDTS to form a self-assembled monolayer, in which
the silicon wafers were exposed to FDTS vapor in a closed desiccator.
Polymer layers were then spin-coated from warm (~80 °C) 3 g/L
DCB solution at 1000 rpm for 10 s and then 2500 rpm for 45 s and
subsequently annealed at 150 °C for 30 min under nitrogen. On top of
the polymer thin films, Au drain and source electrodes (thickness 80
nm) were deposited in a vacuum through a shadow mask, where the
drain—source channel length (L) and width (W) are 50 ym and ca. 1.5
mm, respectively. Current—voltage characteristics of the OFET devices
were measured at room temperature in air with a Keithly 4200-SCS
semiconductor characterization system. Field-effect mobilities were
calculated in the saturation regime (Vg = —60 V) of the I using the
following equation,

Ipg = (WCi/2L)p(Vg — Vi)?

where C, is the capacitance of the SiO, dielectric, Ijyg is the source—
drain current, and Vpg, Vi, and Vi are the source—drain, gate, and
threshold voltages, respectively. Current on/off ratios (I,,/I;) were
determined from the minimum current around Vg = 0—20 V (I 4) and
the current at Vg = —80 V (I,,,). The mobility data were collected from
more than 10 different devices.

Solar Cell Fabrication and Measurement. ITO substrates were
first precleaned sequentially by sonicating in a detergent bath,
deionized water, acetone, and isopropanol at room temperature and
in a boiled isopropanol bath, each for 10 min. They were then
subjected to a UV/ozone treatment at room temperature for 20 min.
The precleaned ITO substrates were coated with PEDOT:PSS
(Clevios P VP Al4083) by spin-coating (7000 rpm for 30 s, thickness
~50 nm), and then baked at 130 °C for 10 min under N, atmosphere.
The photoactive layer was deposited in air by spin-coating a DCB
solution containing 5 mg/mL of the polymer sample with a respective
amount of PC4BM passed through a 0.45 um poly-
(tetrafluoroethylene) filter at 400 rpm for 20 s and 1500 rpm for S
s, followed by drying in a vacuum for 2 h. The counter electrode,
consisting of LiF (0.8 nm) and Al (100 nm), was deposited by vacuum
evaporation, where the active area of the cells was 0.0314 cm® The
thickness of the film was measured using a surface profiler (Ambios
XP-100). J—V characteristics were measured using a Keithley 2400
source-measure unit in air without encapsulation of the cells under 1
sun (AML.SG) conditions using a solar simulator (Asahi Spectra,
HAL-320, JIS class AAA) at 100 mW/cm® EQE spectra were
measured with a home-built setup consisting of an Asahi Spectra HAL-
320 Xe lamp in combination with an Asahi Spectra CMS-100
monochromator. The number of photons incident on the device was
calculated for each wavelength by using a calibrated Si diode as the
reference.
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