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Dithieno[3'2":5,6;2",3":7,8]naphtho[2,3-c][1,2,5]thiadiazole (DTNT) was designed to control the band energies of the polymers for
photovoltaic materials. Electrochemical analysis showed that DTNT acts as both an electron donor and an electron acceptor, revealing
the ambipolar nature of the DTNT unit. The direct arylation polymerization of DTNT with 2,2"-bithiophene (BTh) and 3,6-bis(2-
thienyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) afforded four polymers that differed in either the unit of copolymerization or the chosen
side chains. In the PDTNT-BTh series, a shoulder absorption band was observed at a longer wavelength than the intense absorption band.
The PDTNT-DPP series exhibited a narrow band gap of less than 1.4 eV and a low HOMO energy of —-5.43 eV. An organic photovoltaic
cell that contained a PDTNT-BTh polymer with 2-ethylhexyl groups and [6,6]-phenyl C;; butyric acid methyl ester (PC;,BM) as an
active layer afforded the best performance among the studied compounds, with a Jsc of 6.98 mA/cm™, a Voc 0f 0.758 V, a FF of 0.52,
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and a PCE of 2.76%.

Introduction

1!

a

Organic photovoltaics (OPVs) have attracted significant attention
as they are a complementary of silicon solar cells, rather than
being an alternative, with characteristic lightness, flexibility,
transparency, and potential for fabrication of large-area modules
at low cost.™? In the past decade, enormous efforts have been
devoted to achieving power conversion efficiencies (PCEs) of
OPVs up to over 10%.® However, to improve the PCE of OPV
devices, numerous issues still need to be addressed, such as
effective light harvesting,* energy level control of the highest
occupied molecular orbital (HOMO) of polymers and the lowest
unoccupied molecular orbital (LUMO) of fullerene derivatives,®
increased solubility and miscibility of the materials by
introducing solubilizing groups to attain the best bulk
heterojunction structure,® the use of additives to control the
crystallinity of the materials during solvent evaporation,’” and the
blending of other dyes to aid light collection.? With respect to the
general design of the polymer scaffold, the light absorption and
HOMO and LUMO levels of the polymers can be modulated by a
combination of the component monomer units.

There are two main approaches to develop narrow band gap
polymers for OPV cells, which are able to collect more sunlight
of strong intensity ranging from the visible to the near-infrared
region to improve a short-circuit current density (Jsc). The first
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approach to lowering the band gap is to enhance the quinoid
0 character of the backbone, which can be accomplished via the

incorporation of fused ring systems like benzo[c]thiophene,
thieno[3,4-b]pyrazine, thieno[3,4-b]thiophene and a variety of
other related systems.>*! The second approach involves the use
of a donor—acceptor (D-A) polymer, in which an electron rich
s donor and an electron deficient acceptor are covalently linked
alternatively to form a long polymer chain. In general, given the
proper structures and energy levels for the donor and the acceptor
parts, this approach results in intramolecular charge-transfer
(ICT) and a lowering of the band gap.***®
A system with broad absorption is also important to collect light
and provide a high Jsc value. Reynolds and coworkers presented
models for the case of dual-band absorption in D-A polymers.'*
In their proposed models for D-A polymers, the absorption with
the longest wavelength originates from an ICT transition between
s5 a donor and an acceptor, and the absorption with second longest
wavelength originates from a m-n* transition in a continuous
array of donors or acceptors in a repeat unit. The intensity of
these two absorption bands can be controlled by varying the
concentrations of electron-rich and electron-deficient components
along the polymer backbone. In other words, the dual absorption
can be tuned by altering the number of linking units between a
donor and an acceptor.
The introduction of m-chromophores into conjugated polymers
through a double bond is another way to harvest more sunlight.*®
s In a uniform, alternative, or random backbone, a pendant donor
acts as an independent pigment to absorb sunlight in the shorter-
wavelength region, and a pendant acceptor can exhibit an ICT
band to collect sunlight at longer wavelength.
A decrease in the HOMO energy of a polymer leads to an
70 improvement of an open-circuit voltage (Voc). As the strength of
electron donating ability of a donor moiety affects the HOMO
energy of the polymer, weak donors were first used as
components in photovoltaic copolymers. Subsequently, many
researchers tried to introduce electron-withdrawing groups into
7 electron acceptors, e.g., groups such as fluoro,'® cyano,*” ester,®
and added nitrogen to the electron deficient scaffold in the
conventional linker and acceptors (e.g., thiazole, thiazolothiazole,
pyridinothiadiazole etc.)™ to decrease the HOMO energy of D-A
polymers.
s As a part of our program aimed at developing polymers that
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satisfy the requirements outlined above for light absorption and
HOMO and LUMO energies, we designed a T-shaped monomer,
dithieno[3',2":5,6;2",3":7,8]naphtho[2,3-c][1,2,5]thiadiazole
(DTNT) as shown in Figure 1. The thiophene parts are electron-

s donating units and these also act as linkers to another unit due to
the high reactively at the « positions. The thiadiazole unit acts as
an electron acceptor to decrease the HOMO energy of the system.
With a proper combination of the electron donor and acceptor
part in the DTNT, it can possibly exhibit unique donor and/or

10 acceptor properties. Such dual donor and acceptor behaviour in
related systems has been recently reported by Rasmussen, who
has proposed the term “ambipolar” to describe this simultaneous
donor and acceptor nature.?’ The fused naphthalene ring plays an
important role in extending the m system of the molecule, in a

15 manner similar to the acene series, to cause a bathochromic shift
in the absorption maximum of the molecule. For example, the
longest absorption maxima for the acene series are markedly red-
shifted on increasing the number of phenyl rings (anthracene, 380
nm;?! tetracene, 470 nm;?? pentacene, 670 nm?).

S
electron donor
linker | / N\ |
Acene-like
m-extension
electron acceptor /oA
P NN

Dithienonaphthothiadiazole (DTNT)

20
Figure 1. Design concept for DTNT

This study describes the synthesis of the novel ambipolar DTNT
unit with two aims in mind: (i) to broaden the range of the
absorption wavelength and (ii) to obtain a narrow band gap with a

s low HOMO energy. Four polymers (Figure 2) were prepared by
direct arylation polymerization®*? due to the low solubility of
DTNT in common solvents. Since DTNT contains both donor and
acceptor moieties, the counterparts that have different electronic
character are employed, namely 2,2’-bithiophene (BTh) and 3,6-

30 bis(2-thienyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP). The optical,
electrochemical, and solubility properties were characterized and
the OPV applications of three polymers were evaluated under
AM1.5G conditions. It was successfully demonstrated that the
combination of DTNT and the electron-donating BTh group

3 enables the absorption range to be broadened by creating an
absorption band in longer-wavelength region. It was found that
the combination of DTNT, which has a weak electron-accepting
ability, and a strong electron acceptor (DPP) provides a narrow
band gap polymer with low HOMO and LUMO energies.

PDTNT-BTh series PDTNT-DPP series
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R = 2-ethylhexyl (EH) or 2-octyldodecyl (OD)

Figure 2. Chemical structures of the PDTNT-BTh series and PDTNT-
DPP series

40

Results and discussion

Synthesis and physical properties of DTNT

45 The Suzuki coupling of 4,5-dibromobenzothiadiazole with 3-
thiopheneboronic acid followed by oxidative cyclization using
FeCl; afforded DTNT as a red powder (Scheme 1). It was
difficult to prepare a fine thin film of DTNT by either thermal
deposition or spin-coating due to island formations.
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Scheme 1. Synthetic route for dithienonaphthothiadiazole (DTNT, 2).

The absorption spectrum of DTNT in o-dichlorobenzene (0DCB)
is shown in Figure 3. In solution, for DTNT, two absorption

ss maxima in the region at 368 and 386 nm and one weak broad
absorption band in the visible region at 449 nm were observed
with an onset wavelength of 506 nm (= 2.45 eV).
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Figure 3. Absorption spectra of DTNT in oDCB. Bars indicate the
60 oscillator strength of DTNT calculated by TD-DFT at the B3LYP/6-
311G(d,p) level of theory.
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Figure 4. Frontier orbitals of DTNT. The arrows show the assignment of
transitions for each absorption band in the bar graph in Figure 3.

The absorption bands were assigned by carrying out a TD-DFT
calculation at the B3LYP hybrid functional with the 6-311G(d,p)
basis set. Geometry optimization and vibrational frequency
analysis were conducted at the B3LYP/6-31G(d) level of theory.
The frontier orbitals of DTNT are shown in Figure 4. Three
absorption bands were calculated for the absorption of DTNT, as
shown in the bar graph in Figure 3. The longest wavelength
absorption band at 449 nm corresponded to the transition from
the HOMO to the LUMO. The second longest wavelength band at
368-386 nm could be assigned to the transition from the HOMO-
1 to the LUMO, and the other band at 320 nm was assigned to
that from the HOMO to the LUMO+1. The energy difference
between the absorption maxima at 368 and 386 nm was 0.157 eV
(= 1267 cm™); hence, the absorption maximum at 368 nm is
considered to be due to the transition to a higher vibration level
than that at 386 nm. The HOMO-1 and the LUMO+1 were
delocalized over the molecule, whereas the HOMO was
primarily localized on the dithienonaphthalene moiety of DTNT,
and the LUMO disproportionately localized to the
naphthothiadiazole moiety.

The cyclic voltammogram of DTNT in dichloromethane (DCM)
containing 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAPFg) as a supporting electrolyte under argon is shown in
Figure 5. One reversible redox wave was observed at Ey = —
1.72 V (vs Fc/Fc*) with an onset potential of -1.60 V. DTNT
exhibited an irreversible oxidation at 1.08 eV, probably due to the
electrochemical condensation reactions of DTNT. The onset
potential was 0.78 V. Thus, DTNT can act as both an electron
donor and electron acceptor. Electrochemical HOMO and LUMO
energies (E*nomo and E*_ymo) Were estimated from the onset of
the oxidation and reduction peaks to be -5.88 and -3.50 eV,
respectively, according to equations 1 and 2.2

E%homo = —(E°™*,, (vs Fe/Fc*) +5.1) (1)
E® umo = —e(E°™ o4 (vs Fc/Fch) +5.1) (2)

Here E°™, and E°™ ., represent the onset potentials of
oxidation and reduction. The energy of the HOMO of a drop-cast
film of DTNT was also estimated to be —6.06 eV using
photoelectron spectroscopy in air (PESA) on an AC-3
spectrometer (RIKEN KEIKI Co., Ltd.). The LUMO energy
estimated using the work function (-6.06 eV) and the optical gap
energy (2.45 eV) was -3.61 eV.
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Figure 5. Cyclic voltammogram of 3.1 mM of DTNT in DCM.
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Generally, conjugated copolymers are prepared via Suzuki or
Stille coupling with a dibrominated precursor and a diborylated
or distannylated one. The latter is synthesized by lithiation
followed by metallation. In the case of DTNT, no lithiation took
place in THF at RT, probably due to the limited solubility. The
bromination of DTNT even in H,SO, with NBS proceeded only
up to monobromination. Fortunately, we found later that the
electrochemical polymerization of the unsubstituted DTNT can
take place, we therefore tried direct arylation using this
unsubstituted DTNT for polymer preparations. Electrochemical
measurement showed that DTNT acts as both an electron donor
and an electron acceptor; hence, we employed an electron donor
and an electron acceptor as counterparts, BTh and DPP units with
2-ethylhexyl (EH) and 2-octyldodecyl (OD) groups as
solubilizing groups in  appropriate  positions.  Direct
polymerization was conducted with potassium carbonate, 1-
adamantane carboxylic acid, and palladium acetate in N,N-
dimethylacetamide (DMACc), as modified by Kanbara and
coworkers. 2 Finally, four DTNT-based polymers were afforded:
PDTNT-BThEH, PDTNT-BThOD, PDTNT-DPPEH, and
PDTNT-DPPOD (Scheme 2). Details for the synthesis of the
precursors are provided in the Supporting Information. After
polymerization, the reaction mixtures were poured into methanol
and the precipitates were filtrated using a membrane filter with a
pore size of 0.45 pum. The resulting polymers had different
solubilities; therefore, the purification method was different for
each polymer. For PDTNT-BThEH, PDTNT-DPPEH, and
PDTNT-DPPOD, successive Soxhlet extractions were performed
with hexane, acetone, and chloroform (CF). In the case of
PDTNT-DPPEH, a further extraction step with chlorobenzene
(CB) was conducted, and the final fractions were collected.
PDTNT-BThOD was soluble even in hexane, and purification
was therefore performed successively with BioBeads®, first with
an exclusion limit of 16000 and second with an exclusion limit of
2000 to remove the low molecular weight fraction. Number
average molecular weights (M,), approximate degrees of
polymerization (n), and polydispersity indices (PDI) were
determined by GPC with THF as eluent at 40 °C, and the results
are summarized in Table 2 and Figure S4. The results indicate
that the polymers synthesized by the direct arylation of the DTNT
gave higher fractions of low molecular weight polymers,
probably due to the low solubility and/or reactivity of the DTNT
unit toward the direct arylation conditions used. We have
repeated the direct arylation using microwave heating or other
solvent such as N-methylpyrrolidone (NMP) that could increase
the solubility, however, all attempts gave similar results with no
improvement. Nevertheless, the GPC chromatograph (Figure S4)
show small fractions (~5%) of higher molecular weight polymers
over 10 kDa, and the characterization of energy levels for these
materials will manifest the property of polymers containing the
ambipolar DTNT unit.

R

5 )_\ s
{w{r‘s’ <77,
R

Br. R
X e
s s R S g, )/ / PDTNT-BThEH
i f 40 R=EH (8) K,COy N §,  PDTNT-BThOD
N R=0D(@9) 1-AdCOOH s R=0D
VY Br Pd(OAc),
T s ¢ DMAG, 100 °C, 1 day i
N N LMo ‘ R I
5 \\4\ (e, sy g”i s
2 (DTNT A \DaY e
(DTNT) oANL@ \ o )
R SﬁB 7\ R
r
R=EH(14) PDTNT-DPPEH
R=0D (15) N._ N R=

PDTNT-DPPOD
R=0D

Scheme 2. Synthesis of DTNT based polymers
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Table 2. Molecular weights and polydispersity indices of the polymers Table 3. Absorption maxima and their extinction coefficients and band
20 gap energies, the HOMO and the LUMO levels of the polymers

polymer M, /kDa M,/kDa PDI n

PDTNT-BThEH 51 6.0 1.17 ~7 In solution Thin film
PDTNT-BThOD 5.2 6.2 119 -5 a b E® E®omo! E®Lumo™/
PDTNT-DPPEH 1.2 16 132 -2 L VA VA
PDTNT-DPPOD 55 9.1 1.66 ~5 374 (6.7),
. . PDTNT- 390 (7.9),
Physical properties of polymers BThEH 435 55-92 390,481 180  -521 341
s 525 (sh)
374 (28),
. 378 (sh),
PDTNT- 390 (32), 392, 481, 1.79 -5.26 -3.47
e 15 o BThOD 436 (24), 590 (<h)
: sne
3 g - o
g 067 L, 8 PDTNT 388 (6.9), 374,676 139 546  —4.07
2 2 DPPEH
5 o 675 (11)
£ g POTNT- 100 395 395
- 0.5 - ' _ -
oD SBE iy 13 B4 407
0 J T \ T T T 0 2 Measured in 0DCB, sh = shoulder, extinction coefficients in 10°s/ M~
19 em™ are listed in parentheses. ® Measured in a film. ¢ Calculated from the
-4 following equation: E®z, = 1240/ Aonset. “E™Lumo = E®Homo — E®'gep.
5 0.8+ o]
s 3 8 The band at around 380 nm was similar in shape and position to
B o P aga
& 0.6 g 25 that due to the original ©-n* transition of the DTNT monomer. In
§ |, & the films, the intensity of the second lowest energy absorption
8 041 a band was greater than that of the absorption band at around 380
L, nm. PDTNT-DPPOD exhibited two absorption bands in both
02- N . _ sorpior
solution and film samples. Only a very slight shift was observed
0 : . . . i - 0 % in the band at around 380 nm on comparing the film and solution
300 400 500 600 700 800 900 1000 spectra, while the lowest energy absorption band at 675 nm was
Wavelength/ nm red-shifted to 702 nm in the film spectrum. The intensity ratio of

Figure 6. Absorption spectra of PDTNT-BThOD (top) in oDCB (black) the first and second bands was virtually identical in both solution
s or film (red), and PDTNT-DPPOD (bottom) in oDCB (black) or film and film spectra. It is noteworthy that all of the polymers

(red). Bars in the graph are the calculated absorption bands. investigated here retained the intense m-m* transition of the

original DTNT at around 380 nm.

The absorption onsets were 690 nm (=1.80 eV) for PDTNT-

BThEH, 694 nm (=1.79 eV) for PDTNT-BThOD, 891 nm

(=1.39 eV) for PDTNT-DPPEH, and 915 nm (=1.36 eV) for
40 PDTNT-DPPOD, respectively. Electrochemical data for
polymers were not obtained due to the difficulty in processing the
polymers into film samples for electrochemical measurements.
The HOMO energies of the polymer films were measured by
PESA, and the band gaps of the polymers estimated from the
onset of the absorption spectrum were used to determine the
HOMO and LUMO energies. The values are —-5.21 eV and -3.41
eV for PDTNT-BThEH, -5.26 eV and -3.47 eV for PDTNT-
BThOD, -5.46 eV and -4.07 eV for PDTNT-DPPEH, and -5.43
eV and -4.07 eV for PDTNT-DPPOD. Despite the higher
so content of small molecular weight fractions for the PDTNT-
DPPEH (Figure S4), it still exhibited similar HOMO and LUMO
energies to that of PDTNT-DPPOD. The shape of the UV-visible
spectra may be different from the polymers that have higher
molecular weight because the extinction coefficients vary with
the length of the polymer. Nevertheless, the HOMO and LUMO
energy levels are sensitive to the high-molecular-weight polymer
fractions, and the results indicate that small amount of high
molecular weight polymers with enough number of repeating
units to exhibit the saturation of the electronic and optical
60 properties exist in all the polymer samples.

3

&

The optical properties of the polymers were investigated by UV-
Vis spectroscopy in oDCB solution and of thin films. The
absorption spectra of PDTNT-BThOD and PDTNT-DPPOD are

10 shown in Figure 6. The spectra of PDTNT-BThEH and PDTNT-
DPPEH, which exhibited poor film formation properties, are
shown in Figure S1 and S2. The optical data for the polymer
films are summarized in Table 3. Three absorption bands were
observed in both solution and thin film spectra of PDTNT-

15 BThOD. In the films, the absorption band at around 380 nm was
hardly shifted at all in comparison to that in solution, whereas the
others were shifted from 530 and 436 nm (solution) to 590 and
481 nm (film), respectively.
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HOMO-LUMO transition of PDTNT-BTh, the experimental
absorption energies are much higher than those for the PDTNT-
DPP polymers.

(a) PDTNT-BTh series

Photovoltaic performance

)OS 2 (a)

o

LUMO

-2

08

HOMO

0\

A,
Current density/ mA cm

(b) PDTNT-DPP series 0 o0z 04 06 08 1
Voltage/ V
LUMO

HOMO

T T T T
400 500 600 700 800 900

Wavelength/ nm
Figure 7. Frontier orbitals of PDTNT-BTh (a) and PDTNT-DPP (b) %

series and assignment of the transitions of each absorption band obtained
from TD-DFT calculations at the B3LYP/6-311G(d,p) level of theory.

Figure 8. J-V curves (a) and IPCE spectra (b) of the polymer-based OPV
cells for PDTNT-BThEH/PC-BM (black), PDTNT-BTHOD/PC-,BM
(red), PDTNT-DPPOD/PC+;BM (green) and PDTNT-DPPOD/Cs, (blue).
The IPCE spectrum in green is obtained from the six OPV cells connected

To gain further insights into the electronic structure of the
40 in parallel.

polymers, DFT studies were conducted at the B3LYP/6-31G(d)
level for geometry optimization obtained with the Gaussian 09
program. TD-DFT was performed on the optimized structure with
the B3LYP/6-311G(d,p) level to provide the first 10 excited states. polymer fullerene weight Jso/ MA  Vod/ V FF PCE
Oligomer systems with DTNT at the terminal ends were used for ratio cm™?

the calculation, and the solubilizing substituents were replaced PDTNT- PC,BM 11 6.98 0.758 0.52 276

3

Table 4. Photovoltaic properties of the polymer/fullerene blend cells

=
15}

with a methyl group for ease of calculation. The frontier orbitals BThEH _

obtained from the calculations are shown in Figure 7. In PDTNT- Fé?_ﬁgg PCBM 11 0.35 0.245 0.22 0.019

BTh, thq calculated dihedral ang_le between two mean planes of PDTNT- PC,BM 11 023 1.08 0.10 0.025
15 methylthiophenes was 2°, while that between DTNT and DPPOD

methylthiphene was 19° due to the steric hindrance caused by the PDTNT-  Ce 11 1.46 0.378 0.33 0.182

methyl group in the £ position of thiophene in a neighboring DPPOD

DTNT. In PDTNT-DPP, the polymer had a planar structure with

a dihedral angle of 0° for the mean planes between The photovoltaic properties of the polymers were evaluated with
diketopyrrolopyrrole and thiophene moieties and 1° between the optimized cell structures of ITO/PEDOT:PSS (40
thiophene and DTNT moieties. ss nm)/polymer:fullerene/HBL/AI (80 nm) under AML1.5G

2

S

a

In PDTNT-BTh, the HOMO was delocalized over the polymer
backbone, whereas the LUMO was localized on the DTNT
moieties at the center of the polymer. Based on the TD-DFT
calculations, the absorption shoulder (the longest absorption
band) can be attributed to the HOMO to LUMO transition. On the
other hand, in PDTNT-DPP, the HOMO and the LUMO orbitals
were delocalized over its backbone. The strongest absorption can
be assigned to the HOMO-LUMO transition. While the
a0 calculations predict a strong charge transfer character for the

conditions. For optimized PDTNT-BThEH and PDTNT-
DPPOD, Ca (20 nm) was used as the hole blocking layer, and in
the case of PDTNT-BThOD, a blocking layer was not used.
Active layers were prepared from oDCB for PDTNT-BThEH

s0 and from CB for PDTNT-BThOD and PDTNT-DPPOD with

appropriate concentrations of 1:1 mixtures of polymer and
fullerene. The active layers were obtained as amorphous films.
OPV cells could not be fabricated with PDTNT-DPPEH because
it was not sufficiently soluble in CB or oDCB for the cell

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5
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fabrication process. The J-V curves, IPCE spectra, and
photovoltaic characteristics of the best devices are displayed in
Figure 8 and Table 4. PDTNT-BThEH, which has short branched
alkyl chain, showed the highest PCE of the investigated cells with
a value of 2.76% and a Jsc of 6.98 mA cm™, a V¢ of 0.76 V, and
a fill factor (FF) of 0.52. On the other hand, PDTNT-BThOD
and PDTNT-DPPOD, which have a long branched alkyl chain,
did not exhibit effective power conversion. The low PCE value
obtained for PDTNT-BThOD and PDTNT-DPPOD could be
caused by the low molecular weight of the polymers, which in
turn could not lead to the migration of charge carriers among the
polymer backbone. Furthermore, large alkyl chains only enhance
polymer solubility; they do not contribute to light harvesting and
charge transfer. The IPCE spectrum of the cell prepared with
PDTNT-BThEH covered a broad wavelength range from 350 to
700 nm with an IPCE maximum of 57% at 480 nm and a
shoulder at 400 nm (49%). These values are in good agreement
with the UV spectrum of the PDTNT-BThEH film. The PDTNT-
BThOD cell showed a weaker but similar spectrum to the
ethylhexyl system, with peaks observed at 380 and 470 nm. The
IPCE spectrum of the PDTNT-DPPOD cell (green line in Figure
8b) was different from the UV-Vis spectrum of the films but
similar to that of PC,,BM, indicating that electron transfer did not
occur between PDTNT-DPPOD and PC;BM. In this case,
however, only hole transfer did occur. The replacement of
PC,;:BM with Cgg, which has a lower LUMO energy, led to an
IPCE spectrum (blue line in Figure 8b) that was similar to the
UV-Vis spectrum of the PDTNT-DPPOD film, with a maximum
absorption at 670 nm. The result suggests that both electron and
hole transfer occurred between PDTNT-DPPOD and Cg.

Conclusions

The control of the absorption band and a narrow band gap with
low HOMO and LUMO energies were achieved in two out of the
four polymers based on T-shaped DTNT, which consists of donor
and acceptor moieties fused through a naphthalene ring. DTNT
could not be converted to the precursor for Suzuki or Stille
coupling, and tried polymerizations with a C—H activated direct
arylation technique, even though the reaction can possibly take
place at not only « positions but also £ positions to give rise to a
cross-linking polymer. Electrochemical study results showed that
DTNT acts as both an electron donor and an electron acceptor,
revealing the ambipolar nature of the DTNT. The copolymers
with bithiophene as a counterpart, i.e., PDTNT-BThEH and
PDTNT-BThOD, showed three clear absorption bands in the
UV-Vis spectra. The combination of a strong electron acceptor
(DPP) and DTNT afforded narrow band gap polymers (PDTNT-
DPPEH and PDTNT-DPPOD) with a band gap energy of ~1.4
eV and low HOMO energy of —5.43 eV. Electron transfer did not
occur between PDTNT-DPPOD and PC;;BM, resulting in poor
PCE performance. However, electron transfer did occur between
PDTNT-DPPOD and Cg, to exhibit higher PCE performance.
The best photovoltaic performance was obtained in an OPV cell
with a 1:1 blend ratio of PDTNT-BThEH/PC,,BM, which gave a
Jsc of 6.98 mA/cm™, a Ve of 0.758 V, a FF of 0.52 and a PCE of
2.76%. We are in progress in preparation of soluble ambipolar
monomer units for general polymerization procedures.

Experimental

IS}

S

S

1S}

1S}

a

used as received unless stated otherwise. Air- and moisture-
sensitive reactions were conducted under an argon atmosphere
using standard Schlenk techniques. THF (deoxidized, Wako Pure
Chemical) was used for the electrochemical measurement of
DTNT. DMACc (dehydrated, Wako Pure Chemical) was used for
polymer syntheses. Column chromatography was conducted
using silica gel N60 (spherical, neutralized) with a particle size of
40-50 pm from Kanto Chemical Co. Inc. Size exclusion
chromatography was carried out using Bio-Beads® S-X1 and S-
X3 Beads (Bio-Rad) with THF as the eluent.

Instruments

Automated column chromatography was performed on an
EPCLC-W-Prep 2XY A-Type apparatus (YAMAZEN) with
cartridges HI-FLASHTM Column packed with 40 um of silica
gel. Preparative gel permeation chromatography (GPC) was
performed on an LC-9201 system (Japan Analytical Industry Co.
Ltd.) equipped with two columns (JAIGEL-1H and JAIGEL-2H).
NMR spectra were recorded on a JNM-ECA400 spectrometer
(JEOL Resonance). Chemical shifts in CDCl; were calibrated
using residual chloroform (CHCIs) at 7.26 ppm for *H NMR and
77.16 ppm for *C NMR.?" UV-Vis spectral measurements were
performed on a V-570 spectrophotometer (JASCO Corporation)
for solution and thin films, and an integrating sphere was attached
to measure the reflectance spectrum of crystalline-state DTNT.
The electronic spectra in the reflectance mode were converted to
absorbance spectra in accordance with the Lambert—Beer law.
Cyclic voltammetry (CV) was conducted on a Compactstat
system with lviumSoft (lvium technologies) under an argon flow.
TBAPFg (0.1 M) was used as a supporting electrolyte. A
conventional three-electrode cell was used with a platinum (Pt)
working electrode and a Pt wire as the counter electrode. The
potentials were measured with respect to the Ag/AgNO; (0.01 M
acetonitrile solution containing 0.1 M of tetrabutylammonium
perchlorate; TBAP) reference electrode. Potentials (vs Ag/Ag™)
were converted to the values vs Fc/Fc* by subtracting 0.05 V. The
shifted value was estimated from the redox potential of Fc/Fc* in
DCM,?"?® and the redox potentials of Ag/Ag" and Ag/AgCl
couples vs standard hydrogen electrode.?® To estimate molecular
weights, analytical GPC was conducted on a Shodex GPC-101
(Showa-Denko) equipped with a guard column (Shodex GPC KF-
G), and two 30-cm columns (KF-803 and KF-804) with an
internal differential refractive index detector. Samples were
eluted with THF at 40 °C at a flow rate of 0.8 mL min™, and the
system was calibrated with polystyrene standards. The HOMO
energies of the films were estimated by photoelectron
spectroscopy in air (PESA) on an AC-3 photoemission yield
spectrometer (RIKEN KEIKI).%® Theoretical calculations based
on density functional methods were performed with the
Gaussian09 program.®! Becke’s three-parameter®? gradient-
corrected functional (B3LYP) with 6-31G(d) basis was used for
the geometry optimizations and vibrational frequency analyses.
Time dependent-DFT (TD-DFT) calculation and energy
optimization was conducted at B3LYP/6-311G(d,p) basis set. The
obtained geometry and frontier orbitals were depicted with a
GaussView 5 program.®® High-resolution mass spectrometry was
performed at the Instrumental Analysis Division, Equipment
Management Center, Creative Research Institution, Hokkaido
University.

Fabrication and Characterization of OPVs

General 120 The OPV cells were fabricated in the following configuration:

ITO/PEDOT:PSS/active layer/HBL/AI. The patterned ITO

All chemicals were purchased from commercial suppliers (Wako
(conductivity: 15 Q square™) glass was precleaned in an

s Pure Chemical, TCI, Kanto Chemical Co. Inc., and Aldrich) and
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ultrasonic bath with detergent, water, and 2-propanol and then
treated in an ultraviolet-ozone chamber. A thin layer (40 nm) of
PEDOT:PSS was spin coated at 5000 rpm and subsequently dried
at 140 °C for 10 min on a hot plate under air. In an N, glove box,
a CB or oDCB solution of the polymer and fullerene blend was
spin coated onto the PEDOT:PSS surface to form the active layer.
For the device with Cg,, 0DCB was used. The thicknesses of the
blend films and PEDOT:PSS layers were measured using a
Dektak 6M stylus profiler (Veeco Instruments Inc.). Thermal
evaporation of Al (80 nm) electrode with or without Ca (20 nm)
hole blocking layer at a chamber pressure of less than 1 x 107 Pa
resulted in the final devices. This process provided devices with
an active area of 1.5 x 4 mm? and they are sealed using UV-
curable resins before the subsequent measurements in ambient
conditions. The current density—voltage (J-V) curves were
measured using an ADCMT 6244 DC voltage current
source/monitor under AM 1.5G solar simulated light irradiation
of 100 mW cm™ with a WXS-90S-L2 Super solar simulator
(Wacom Electric Co. Ltd.) using an aperture mask of 0.0435 cm?.
Photocurrent action spectra and incident photon-to-current
conversion efficiency (IPCE) were measured using a CEP-2000
system (Bunkoukeiki Co. Ltd.).

Synthesis

5,6-Di(thiophen-3-yl)benzo[c][1,2,5]thiadiazole (1)
5,6-Dibromo-2,1,3-benzothiadiazole (6.53 g, 22.2 mmol) and 3-
thiopheneboronic acid (6.28 g, 49.0 mmol) were dissolved in
dioxane (150 mL) and a solution of potassium carbonate (20.3 g,
147 mmol) in water (60 mL) was added. Ar was bubbled through
the reaction mixture for 20 min, and palladium acetate (502 mg,
2.2 mmol) and tri(o-tolyl)phosphine (1.36 g, 4.5 mmol) were
added. The reaction mixture was heated at 100 °C overnight. The
mixture was cooled to room temperature, dichloromethane
(DCM) was added, and the organic phase was washed three times
with water. The organic layer was dried over magnesium sulfate,
and the solvent was removed under reduced pressure. The crude
product was purified by silica gel column chromatography (2:1
hexane/DCM as eluent) to give a pale yellow solid (5.87 g, 88%).
'H NMR (400 MHz, CDCl3) & (ppm): 8.04 (s, 2H), 7.23 (dd, J =
4.8, 2.4 Hz, 2H), 7.18 (m, 2H) 6.81 (dd, J = 5.2, 1.2 Hz, 2H). °C
NMR (100 MHz, CDCl3) § (ppm): 154.44, 140.85, 138.56,
128.88, 125.45, 124.23, 121.42. HRMS (APCI) m/z calcd for
C14HgN,S;3 300.9922, found 300.9919.
Dithieno[3'2":5,6;2",3":7,8]naphtho[2,3-c][1,2,5]thiadiazole
(DTNT, 2)

Ar was bubbled through a solution of 1 (1.24 g, 4.1 mmol) in
DCM (500 mL) for 15 min. Ar was bubbled through a solution of
iron(I11) chloride (1.49 g, 9.18 mmol) in nitromethane (30 mL)
for 15 min, and this solution was added to the reaction mixture.
The mixture was stirred for 2 h, and methanol (100 mL) was
added. The solvent was evaporated under reduced pressure. The
crude product was passed through a plug of silica gel with DCM,
and the product was purified by silica gel column
chromatography (1:1 hexane/DCM as eluent) to afford a red
powder (698 mg, 57%). *H NMR (400 MHz, CDCls) & (ppm):
8.98 (s, 2H), 8.05 (d, J = 5.2 Hz, 2H), 7.54 (d, J = 4.8 Hz, 2H).
13C NMR (100 MHz, CDCls) & (ppm): 152.75, 134.10, 133.47,
130.62, 124.47, 123.93, 115.16. HRMS (APCI) m/z calcd for
CyH/N,S;  298.9766, found 298.9768. UV-vis (extinction
coefficient in oDCB as 103/ M~ cm™ are listed in parentheses):
320 (12), 368 (15), 386 (19), 449 (3.4).

PDTNT-BThEH

A mixture of 2 (246 mg, 0.82 mmol), 8 (452 mg, 0.82 mmol), 1-
adamantane carboxylic acid (45 mg, 0.25 mmol), potassium
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carbonate (288 mg, 2.1 mmol), and palladium acetate (5.5 mg,
0.024 mmol) in a 50 mL round-bottom flask was purged with
argon for 15 min. DMAc (8.2 mL) was added, and the mixture
was stirred at 100 °C for 24 h. The mixture was cooled to room
temperature, and poured into methanol (300 mL) using a
minimum amount of CF. The precipitate was filtrated using a
membrane filter (0.45 mm) and successively extracted using a
Soxhlet apparatus with hexane, acetone, and CF. The CF fraction
was concentrated, dissolved in the minimum amount of CF, and
poured into methanol (300 mL). The precipitate was collected on
a membrane filter (0.45 mm) and dried under vacuum to give a
brown powder (272 mg, 48%). *H NMR (400 MHz, CDCl;) &
(ppm): 9.01-8.50 (m, br, 2H), 8.11-7.64 (m, br, 2H), 7.21-6.79
(m, br, 2H), 2.98-2.39 (m, br, 4H), 1.90-1.72 (s, br, 2H), 1.51-
1.16 (s, br, 16H), 1.05-0.78 (s, br, 12H).

PDTNT-BThOD

A mixture of 2 (138 mg, 0.46 mmol), 9 (409 mg, 0.46 mmol), 1-
adamantane carboxylic acid (25 mg, 0.014 mmol), potassium
carbonate (162 mg, 1.2 mmol), and palladium acetate (3.7 mg,
0.016 mmol) in a 50 mL round-bottom flask was purged with
argon for 15 min. DMAc (4.6 mL) was added, and the mixture
was stirred at 100 °C for 24 h. The mixture was cooled to room
temperature and poured into methanol (300 mL) using minimum
amount of CF. The precipitate was passed through a column of
Bio-Beads®, first with an exclusion limit of 16000 and then with
a limit of 2000 using CF as eluent. After solvent removal, the
residue was dissolved in a small amount of CF and poured into
methanol (300 mL). The precipitate was filtrated using a
membrane filter (0.45 mm) and dried under vacuum to give a
brown powder (333 mg, 70%). *H NMR (400 MHz, CDCl;) &
(ppm): 9.02-8.40 (m, br, 2H), 8.10-7.53 (m, br, 2H), 7.18-6.79
(m, br, 2H), 2.99-2.36 (m, br, 4H), 1.91-1.78 (s, br, 2H), 1.50-
1.07 (m, br, 62H), 0.92-0.75 (m, br, 12H).

PDTNT-DPPEH

A mixture of 2 (198 mg, 0.66 mmol), 14 (452 mg, 0.66 mmol), 1-
adamantane carboxylic acid (36 mg, 0.20 mmol), potassium
carbonate (230 mg, 1.7 mmol), and palladium acetate (7.7 mg,
0.034 mmol) in a 50 mL round-bottom flask was purged with
argon for 15 min. DMAc (6.6 mL) was added, and the mixture
was stirred at 100 °C for 24 h. The mixture was cooled to room
temperature and poured into methanol (200 mL) using the
minimum amount of CF required to maintain fluidity. The
precipitate was filtered using a membrane filter (0.45 mm) and
successively extracted using a Soxhlet apparatus with hexane,
acetone, CF, and CB. The CB fraction was concentrated and
poured into methanol (200 mL) to give a dark blue powder (89
mg, 16%). The *H NMR spectrum of PDTNT-DPPEH could not
be recorded because of low solubility in CDCls.

PDTNT-DPPOD

A mixture of 2 (181 mg, 0.61 mmol), 15 (618 mg, 0.61 mmol), 1-
adamantane carboxylic acid (37 mg, 0.21 mmol), potassium
carbonate (203 mg, 2.0 mmol), and palladium acetate (5.4 mg,
0.024 mmol) in a 50 mL round-bottom flask was purged with
argon for 15 min. DMAc (12 mL) was added, and the mixture
was stirred at 100 °C for 24 h. The mixture was cooled to room
temperature and poured into methanol (300 mL) using minimum
amount of CF required to maintain fluidity. The precipitate was
filtered using a membrane filter (0.45 mm) and successively
extracted using a Soxhlet apparatus with hexane, acetone, and CF.
The CF fraction was concentrated, dissolved in a minimum
amount of CF and poured into methanol (300 mL). The
precipitate was collected on a membrane filter (0.45 mm) and
dried under vacuum to give a dark blue powder (487 mg, 69%).
'H NMR (400 MHz, CDCly) & (ppm): 9.42-6.87 (m, br, 8H),
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4.52-3.66 (s, br, 4H), 2.15-1.79 (s, br, 2H), 1.64-1.06 (m, br,
62H), 0.93-0.72 (m, br, 12H).
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