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ABSTRACT: We report the synthesis, characterization, and OFET and OPV M =~0.54 cm/Vs
properties of a series of novel naphthodithiophene (NDT3)-based donor—
acceptor semiconducting polymers. A striking feature of the present polymers is
the very close 7—7 stacking of 3.5 A, most likely as a result of the large 7 system
and the D—A system in the polymer backbone. PNDT3NTz-DT, in particular,
is found to be one of the few examples of versatile polymers that exhibit both
the field-effect mobility of ~0.5 cm*/(V s) and the PCE of ~5%. These results
indicate that NDT3 is a promising versatile core unit for semiconducting
polymers and that the use of highly 7-extended heteroarenes as both the donor
and the acceptor unit is a promising design strategy to develop high PCE = -4.9%
performance polymers.

S emiconducting polymers have been attracting considerable The high performance of PNDT3BTs is rationalized by the

attention in organic electronics owing to their solution formation of the highly ordered 7— stacking structure and the
processability and mechanical properties and, thus, offer a fully distributed HOMO coefficients along the backbone, which
promising pathway to large area and flexible devices, consisting might facilitate the carrier transport between the main chains.®
of organic field-effect transistors (OFETs) or organic photo- It is thus expected that the incorporation of NDT3 into D—A
voltaics (OPVs)." Recent advances in the development of new backbone systems can lead to semiconducting polymers that

semiconducting golymers have achieved field-effect mobilities show high performances both in OFETs and OPVs, that is,
of >1 ecm?/(V s)” and power conversion efficiencies (PCEs) of “versatile polymers”. Herein, we report the synthesis and

>7% in bulk heter30junction (BHJ) devices together with characterization of new NDT3-based D—A copolymers and
fullerene derivatives.” An important design strategy to develop their OFET and OPV performances.

high performance polymers is the construction of strong 7—7
stacking between cofacial backbones, which would facilitate the
charge carrier transport. The use of donor—acceptor (D—A)
systems in the semiconducting polymer backbone, where
electron-rich (donor; D) and electron-poor (acceptor; A)
units are incorporated into the main chain, is a key technology
to promote strong intermolecular interactions and thereby 7—7
stacking, as well as to expand the absorption range, and in turn
has emerged as promising materials both for OFETs* and
OPVs.> Incorporation of z-extended heteroaromatic rings
(heteroarenes) into the polymer main chain is also beneficial
to enhance the intermolecular interaction.® It is therefore quite

Scheme 1 shows the synthetic routes to the polymers.
Benzothiadiazole (BTz), a well-known electron deficient
heteroaromatic ring, is introduced as the acceptor unit
(PNDT3BTzs). Naphthobisthiadiazole (NTz),” a doubly
BTz-fused heteroaromatic ring, is also chosen as the acceptor
unit (PNDT3NTz-DT), with which the polymer includes
highly 7-extended (four-ring-fused) heteroarenes both as the
donor and acceptor and thus is expected to exhibit even higher
device perfomances as compared to the BTz counterpart.
Distannylated NDT3 (1) was copolymerized with comonomer
2 or 3, where BTz or NTz is sandwiched by two thiophenes

reasonable that the use of such 7-extended heteroarenes as with long branched alkyl chains to yield desired polymers,

either the D or A unit for D—A polymers is highly expected to respectively. It was found that PNDT3BTz-HD, with

afford high-performance polymers. hexyldecyl side chains, had limited solubility (soluble in hot
As a family of thiophene-fused heteroarenes, naphthodithio- chlorinated benzenes) and thus it precipitated during the

phenes (NDTs) have been of great interest as a core unit for

organic semiconductors.” Recently, we have reported that Received: February 6, 2012

naphtho[1,2-b:5,6-b']dithiophene (NDT3)-based polymers Accepted: March S, 2012

(PNDT3BTs) exhibited a mobility as high as 0.77 cm?*/(V s). Published: March 13, 2012
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Scheme 1. Synthetic Route to the NDT3-Based Donor—
Acceptor Polymers
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polymerization, resulting in a relatively low molecular weight of
M, = 17.0 kDa (PDI = 1.2). On the other hand, PNDT3BTz-
DT, with longer decyltetradecyl side chains, afforded higher
molecular weight of 30.3 kDa (PDI = 1.8), most probably due
to the increased solubility, and is soluble in warm (>ca. 40 °C)
chloroform and chlorinated benzenes. PNDT3NTz-DT having
decyltetradecyl side chains is found to have M, = 31.0 kDa with
PDI = 10.0 and is soluble in hot (>ca. 100 °C) chlorinated
benzenes. The very large PDI for PNDT3NTz-DT might be
attributed to the high tendency to aggregate in the solution,
resulting in overestimation of M,,. °

UV—vis absorption spectra of the polymers are shown in
Figure 1. In the solution (Figure la), PNDT3BTz-HD exhibits
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Figure 1. UV—vis absorption spectra of the polymers in the solution
(a) and in the thin films (b).

an absorption maximum (4,,,,) at 600 nm with an additional
peak at 650 nm, whereas PNDT3BTz-DT shows a relatively
blue-shifted A, at 582 nm, implying the stronger aggregation
ability of PNDT3BTz-HD than PNDT3BTz-DT. Despite the
same backbone structure, the absorption coefficient of
PNDT3BTz-DT appears to be larger than PNDT3BTz-HD,
which is possibly related to the difference in molecular weight.
PNDT3NTz-DT, with NTz as the acceptor unit, shows
relatively broad absorption and a red-shifted A, of 632 nm
compared to PNDT3BTzs, most likely due to the much
pronounced electron-deficient nature and the more rigid and
planar structure of NTz as compared to BTz. The absorption
coefficient of PNDT3NTz-DT is larger than PNDT3BTzs, as
seen in the copolymer of NTz and BTz with the
quaterthiophene unit.” In the film (Figure 1b), PNDT3BTz-
DT affords slightly broader spectra and slightly blue-shifted
absorption maxima (A,,) than PNDT3BTz-HD. 4, of
PNDT3BTz-HD and -DT are located at 658 and 640 nm,
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respectively. Nevertheless, the onset wavelength is about 740
nm for both PNDT3BTzs, which corresponds to the optical
bandgap (E,) of 1.7 V. 4, of PNDT3NTz-DT was 678 nm
with E, = 1.6 eV, which is red-shifted from that for
PNDT3BTz, as seen in the solution spectra. Ionization
potentials (IP) are evaluated by photoelectron spectroscopy
in air, and both PNDT3BTzs give the same value of 5.15 eV,
whereas PNDT3NTz-DT provides 5.25 eV, which can also be
explained by the difference in the electron-poor nature.
Top-contact/bottom gate OFET devices were fabricated
using polymer thin films spin-coated from o-dichlorobenzene
solutions onto hexamethyldisilazane (HMDS)- or
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FDTS)-treated
Si/SiO, substrates, which were subsequently annealed at 150
°C. Typical transfer and output curves of the FDTS-treated
devices with PNDT3BTz-DT and PNDT3NTz-DT are
depicted in Figure 2, and mobilities calculated from the
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Figure 2. OFET characteristics of the polymers: (ab) transfer and
output curves of a PNDT3BTz-DT-based device; (c,d) transfer and
output curves of a PNDT3NTz-DT-based device. Both devices were
fabricated with FDTS-modified Si/SiO, substrates.

saturation regime and current on/off ratios are summarized in
Table 1. Mobilities for PNDT3BTz-DT-based devices with the
FDTS-treated substrate are as high as 0.12 cm®/(V s), whereas
those with HMDS-treated devices are slightly lower, ~0.080
cm?/(V s). The higher mobility for FDTS-treated devices could
be attributed to the better molecular ordering on the substrate
surface with lower surface energy compared to HMDS-treated
devices.®® PNDT3BTz-HD affords lower mobilities than the
longer side chain analogues, ~0.018 cm?/(V s) and ~0.050
em?/(V s) with HMDS- and FDTS-treated devices, respec-
tively. The mobilities for PNDT3NTz-DT are very high, ~0.54
cm?/(V s) with the HMDS-treated devices, which is similar to
that with the FDTS-treated devices, ~0.41 cm?/(V s).

BH]J solar cells were fabricated by spin-coating the polymer/
PC4BM solutions in o-dichlorobenzene (DCB) onto the
PEDOT/PSS-coated ITO glasses, followed by vacuum
evaporations of LiF and Al as the cathode. Figure 3 depicts
the current density—voltage (J—V) curves and the external
quantum efficiency (EQE) spectra of the polymer devices. The
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Table 1. OFET and OPV Characteristics of the Polymer-Based Devices

OFETs OPVs
polymers Hnps [em?/(V s)]° prprs [em?/(V 5)]b Lo/ Lo p/n° Jsc (mA/cm?) Voc (V) FF PCE (%)
PNDT3BTz-HD ~0.018 ~0.052 ~10° 1:2 7.2 0.60 0.42 ~1.8
PNDT3BTz-DT ~0.080 ~0.12 ~10° 1:1 8.4 0.70 0.64 ~3.8
PNDT3NTz-DT ~0.54 ~0.41 ~107 1:1 11.3 0.83 0.52 ~4.9

“Field-effect mobilities in the HMDS-treated devices. “Field-effect mobilities in the FDTS-treated devices. “Polymer (p) to PC¢;BM (1) weight ratio.
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Figure 3. (a) J-V curves and (b) EQE spectra of the polymer-based
BH]J solar cells.

PNDT3BTz-HD device shows low PCEs of ~1.8% at a
polymer to PC¢;BM weight (p/n) ratio of 1:2, with short-circuit
currents (Jgc) of ~7.2 mA/cm?, open-circuit voltages (V) of
~0.60 V, and fill factors (FF) of ~0.42. In the meantime,
PNDT3BTz-DT, with the longer side chain, exhibits PCEs of
~3.8% at a p/n ratio of 1:1, with Jc = ~8.4 mA/cm?, Vo =
~0.70 V, and FF = ~0.64. High PCEs of ~4.9% was obtained
with the devices using PNDT3NTz-DT (p/n = 1:1). Although
PNDT3NTz-DT-based devices afford a relatively low FF of
~0.52, they show high Jqc of ~11.3 mA/cm? and Vi of ~0.83
V. Plausible reasons for the higher Jsc in the devices with
PNDT3NTz-DT than with PNDT3BTz-DT may be the wider
absorption range and the more intensified absorption (Figure
1). The difference of Vi between these two polymers is in
good agreement with the difference of IP.

Two-dimensional grazing incidence X-ray diffraction (2D-
GIXD) images of pristine polymer films and polymer/PC¢BM
blend films are displayed in Figure 4. In the pristine film
deposited on the FDTS-treated Si/SiO, substrate, PNDT3BTz-
HD gives diffractions corresponding to the lamellar structure
along the g, axis, with up to the third order, and the 7—zx
stacking structure along the g,, axis at about g = 1.8 A
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Figure 4. 2D-GIXD images of polymer-only films (a—c) and polymer/
PC¢;BM blend films (d—f): (a,d) PNDT3BTz-HD, (b,e) PNDT3BTz-
DT, (¢f) PNDT3NTz-DT, where the polymer to PCq,BM (p/n)
weight ratios of the blend films are 1:2, 1:1, and 1:1, respectively.
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respectively, both as arc, indicative of preferential edge-on
orientation (Figure 4a). However, the arcing of diffraction
suggests the misorientation of the polymer lamellae, likely
owing to the introduction of branched alkyl side chains."!
PNDT3BTz-DT, with the longer branched side chain, provides
m—n stacking diffraction as ring, indicating that there is no
preferential orientation throughout the film (Figure 4b). It is
interesting that, despite the lower orientational order,
PNDT3BTz-DT affords higher field-effect mobility than
PNDT3BTz-HD. We speculate that this result might be
rationalized by the higher solubility and higher molecular
weight of PNDT3BTz-DT, which renders better film
uniformity and better domain-to-domain connectivity, in turn,
facilitating bulk charge transport. In PNDT3NTz-DT, both
lamellar and 77— stacking diffractions relatively converge to the
q. and g, axes, respectively (Figure 4c), in sharp contrast to
PNDT3BTz-DT with the same side chains, indicating a higher
tendency of edge-on orientation (though it still forms
misoriented regions), which is in good agreement with the
higher mobility in PNDT3NTz-DT. This might originate in the
symmetry difference between the BTz and NTz core. Having
cetrosymmetry (NTz), PNDT3NTz-DT provides more
straight-shaped backbone than PNDT3BTzs with axisym-
metrical BTz core, perhaps leading to the better molecular
orientation.”® It is noteworthy that the 7—z stacking distance of
all the polymers is estimated to be 3.5 A, from the in-plane
XRD scans (see SI), which is even narrower than that of
PNDT3BTs, 3.6 A, most likely due to the donor—acceptor
nature, which enhances intermolecular 7—7 interactions. This
narrow n—7 stacking distance would be one of the reasons for
high mobilities in this system.

In the blend films deposited on the ITO/PEDOT/PSS
substrate, interestingly, PNDT3BTz-HD preserves the prefer-
ential edge-on orientation as the 77— stacking diffraction
appears on the g, axis (Figure 4d), as seen in the polymer-only
film. Meanwhile, PNDT3BTz-DT, with longer-branched alkyl
side chains, forms an enhanced face-on structure as the 7—x
stacking diffraction appears preferentially on the g, axis, though
arcing of the diffraction is relatively large (Figure 4e). The face-
on rich orientation of PNDT3BTz-DT, which can enhance the
out-of-plane charge transport and light absorzption, explains the
high photovoltaic properties of its cells."®'? PNDT3NTz-DT
has almost no preferential orientation, implying the relatively
low out-of-plane charge transport, which agrees with low FF of
the corresponding cell. Nevertheless, the wider and more
intensified absorption would lead to high Jsc and the larger IP
would lead to higher V¢ in the PNDT3NTz-DT-based cell,
respectively, resulting in high PCE of ~5%.

In summary, we have synthesized a series of novel NDT3-
based D—A semiconducting polymers. A striking feature of the
present polymers is the very close 7—x stacking of 3.5 A, most
likely as a result of the large 7 system and the D—A system in
the polymer backbone. PNDT3NTz-DT, in particular, is found
to be one of the few examples of versatile polymers that exhibit
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both the field-effect mobility of ~0.5 cm?/(V s) and the PCE of
~5%.7%°° These results indicate that NDT3 is a promising
versatile core unit for semiconducting polymers and that the
use of highly 7z-extended heteroarenes both as the donor and
the acceptor unit is a promising design strategy to develop high
performance polymers.
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