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Abstract: A pentacyclic benzodipyrro-
lothiophene (BDPT) unit, in which two
outer thiophene rings are covalently
fastened with the central phenylene
ring by nitrogen bridges, was synthe-
sized. The two pyrrole units embedded
in BDPT were constructed by using
one-pot palladium-catalyzed amination.
The coplanar stannylated Sn-BDPT
building block was copolymerized with
electron-deficient thieno[3,4-c]pyrrole-
4,6-dione (TPD), benzothiadiazole
(BT), and dithienyl-diketopyrrolopyr-
role (DPP) acceptors by Stille poly-
merization. The bridging nitrogen

Yen-Ju Cheng*!!

electron-abundant and structurally co-
planar, which allows for tailoring the
optical and electronic properties of the
resultant polymers. Strong photoin-
duced charge-transfer with significant
band-broadening in the solid state and
relatively higher oxidation potential
are characteristic of the BDPT-based
polymers. Poly(benzodipyrrolothio-
phene-alt-benzothiadiazole)

(PBDPTBT) achieved the highest

Keywords: arenes catalysis
copolymerization - field-effect tran-
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field-effect hole mobility of up to
0.02cm?’V~'s'.  The photovoltaic
device using the PBDPTBT/PC, BM
blend (1:3, w/w) exhibited a V. of
0.6V, aJ, of 10.34 mAcm>, and a FF
of 50%, leading to a decent PCE of
3.08%. Encouragingly, the device in-
corporating  poly(benzodipyrrolothio-
phene-alt-thienopyrrolodione)
(PBDPTTPD)/PC; BM  (1:3, w/w)
composite delivered a highest PCE of
3.72%. The enhanced performance
arises from the lower-lying HOMO
value of PBDPTTPD to yield a higher
Vo of 0.72 V.

atoms make the BDPT motif highly

Introduction

Polymer solar cells (PSCs) have attracted considerable inter-
est because of their low-cost, light-weight, large-area, and
flexible photovoltaic devices.l'! To achieve high efficiency of
PSCs, the most critical challenge at the molecular level is to
develop solution processable conjugated polymers that pos-
sess a low band-gap (LBG) to capture more solar photons
and high hole mobility for efficient charge transport. The
most effective method to develop a LBG polymer is to con-
nect electron-rich donor and electron-deficient acceptor
units along the conjugated polymer backbone.”’ On the
basis of this molecular strategy, extensive research has been
directed to developing new electron-rich donor segments for
p-type materials. Forced planarization by covalently fasten-
ing adjacent aromatic units in a polymeric backbone can fa-
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cilitate m-electron delocalization and elongate effective con-
jugation length, thus effectively reducing the optical band-
gap.P! Furthermore, chemical rigidification restricts the rota-
tional disorder around interannular single bonds to reduce
the reorganization energy, thus enhancing intrinsic charge
mobility.”! Consequently, multifused aromatic rings with
forced planarity is a common structural feature of donor
segments for recent successful LBG conjugated polymers.
Thiophene and benzene aromatic rings are the most impor-
tant structural ingredients to comprise photoactive p-type
conjugated polymers. Integration of thiophene and benzene
units into a rigid and coplanar entity has furnished a variety
of fascinating ladder-type m-conjugated units.”! For instance,
the tricyclic benzodithiophene unit represents one of the
most successful building blocks for making various low-band
gap polymers that have made a breakthrough to achieve
highly efficient polymer solar cells.”! However, further elon-
gation of mutually fused thiophene/benzene conjugated sys-
tems is synthetically challenging and it is inevitable to en-
counter solubility problems due to strong intermolecular ag-
gregation. Another useful molecular design is to chemically
coplanarize two adjacent thiophene/benzene units through
a bridging element that allows for introducing solubilizing
aliphatic side chains.”! In this regard, carbon (C), silicon
(Si), and nitrogen (N) are the most suitable bridging atoms
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to fasten two neighboring aryl rings, thereby forming five-
membered cyclopentadiene, silole, and pyrrole rings, respec-
tively, that are embedded in a multifused system.”! Utiliza-
tion of bridging elements featuring different steric and elec-
tronic properties will provide a useful tool to manipulate
electronic and optical properties of the conjugated system.
Pentacyclic indacenodithiophene (IDT) (Scheme 1) is a Cy-
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Scheme 1. Pentacyclic C-bridged IDT, Si-bridged BST, and N-bridged
BDPT based on the thienyl-phenylene—thienyl structure.

symmetrical and coplanar unit with sp®> carbon bridges to ri-
gidify the central benzene ring and the two outer thiophene
rings.®! The IDT-based polymers have shown good charge-
transporting properties leading to the high performance of
solar cells and high field-effect mobilities.”) Recently, Jen
and co-workers reported the synthesis of a silicon-bridged
analogue of the IDT unit, benzobis(silolothiophene) (BST),
and the BST-based donor-acceptor polymer has also shown
promise for photovoltaic applications."” It is highly desira-
ble to chemically modify this thienyl-phenylene-thienyl
system by employing a nitrogen element to substitute
carbon bridges in IDT or silicon bridges in BST. As such,
a new pentacyclic benzodipyr-

rolothiophene (BDPT) struc-
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cussed in detail. These polymers have shown promise for ap-
plications in field-effect transistors and solar cell devices.

Results and Discussion
Synthesis

The synthetic procedure is shown in Scheme 2. Treatment of
2,3-dibromothiophene 1 with n-butyllithium followed by
treatment with zinc bromide generated intermediate com-
pound 2 that undergoes Negishi coupling with 1,4-dibromo-
2,6-diiodobenzene 3 to afford 2,2'-(2,5-dibromo-1,4-phenyle-

I
ture with two pyrrole units in- B Br Bl
. r .
serted between the thiophene m 1) nBuLi = Br Br IS a
and benzene units has been re- s~ "Br  2)7ZnBr, s~ ~ZnBr I 3 % S
BBr

porte{ﬂ] recently by Donaghey 1 2 [PACL,(PPhy),| 4 30%
etal.'" In parallel research, we
report here a one-pot cycliza- CHy CanYCs“n CBH”YCSH”
tion approach to successfully HN—~ N N
construct a BDPT structure by s CsH \S J\ DnBuli  (Me)Sn \S 7 N\
palladium-catalyzed amination 4 BINAP S 2)Sn(Me)Cl N §7 " Sn(Me);
of a key intermediate, 2,2'-(2,5- [Pdydbas] . o o CyHyy” “CyH
dibromo-1,4-phenylene)bis(3- L s

30% BDPT 92%  Sn-BDPT

bromothiophene).  The  N-
bridged BDPT monomer was
used as the electron-rich donor
to copolymerize with the ben-
zothiadiazole (BT), thieno[3,4-c]pyrrole-4,6-dione (TPD),
and dithienyl-diketopyrrolopyrrole (DPP) acceptors, afford-
ing three alternating donor—acceptor copolymers poly(ben-
zodipyrrolothiophene-alt-benzothiadiazole)  (PBDPTBT),
poly(benzodipyrrolothiophene-alt-thienopyrrolodione)

(PBDPTTPD), and poly(benzodipyrrolothiophene-alt-di-
thienyldiketopyrrolopyrrole) (PBDPTDPP). Their thermal,
optical, and electrochemical properties have been carefully
characterized. The electronic and steric effect of the
bridged-nitrogen on the molecular properties will be dis-
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Scheme 2. Synthetic route for the Sn-BDPT monomer.

ne)bis(3-bromothiophene) 4. In the presence of [Pd,(dba)s]
(dba=dibenzylideneacetone) as the catalyst and 2,2’-bis(di-
phenylphosphino)-1,1’-binaphthyl (BINAP) as the ligand,
BDPT was successfully synthesized by treating tetrabromo-
intermediate 4 with 1-octylnonylamine by means of Buch-
wald-Hartwig amination. It should be noted that an excess
amount of 1-octylnonylamine (11 equivalents) is required to
successfully carry out intramolecular amination to form two
pyrrole units in one pot. An attempt to carry out bromina-
tion at the 2,7-positions of the thiophene units was not suc-
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cessful due to the fact that the 5,10-positions at the central
phenylene ring are also highly reactive as a result of the ni-
trogen-activation effect. Fortunately, the 2,7-positions of
BDPT can be efficiently lithiated by #n-butyllithium followed
by reacting with trimethyltin chloride to afford Sn-BDPT in
92% yield. With the pentacylic Sn-BDPT monomer in
hand, the copolymers PBDPTBT, PBDPTTPP, and
PBDPTDPP were prepared by treating Sn-BDPT with 6, 7,
and 8 monomers by using microwave-assisted Stille polymer-
ization (Scheme 3). The molecular weights and PDI values
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Scheme 3. Stille polymerization toward PBDPTBT, PBDPTDPP, and
PBDPTTPD.

of the resultant polymers are shown in Table 1. All of the
monomers and corresponding copolymers were fully charac-
terized by NMR spectroscopy (see the Supporting Informa-
tion). As a result of the branched 1-octylnonyl side chains
used to promote solubility, the resulting copolymers showed
excellent solubilities in common organic solvents, such as
chloroform, toluene, chlorobenzene, and 1,2-dichloroben-
zene.

Thermal Properties

Thermal properties of the copolymers were analyzed by dif-
ferential scanning calorimetry (DSC) and thermal gravimet-
ric analysis (TGA) and summarized in Table 1. PBDPTBT
and PBDPTTPD showed higher decomposition tempera-
tures (7,) at approximately 430°C, whereas PBDPTDPP

Table 1. Summary of the intrinsic properties of the BDPT-based polymers.
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exhibited a lower T, at 395°C (see Figure S1 in the Support-
ing Information), which demonstrated the sufficiently high
thermal stability for PSCs applications. Based on the DSC
analysis, PBDPTBT and PBDPTTPD are amorphous,
whereas PBDPTDPP using DPP as the acceptor showed
a crystalline nature with the observation of a melting point
at 253°C during heating and a crystallization point at 230°C
during cooling (Figure 1).

—— PBDPTDPP|
3
2
=
-
15
W
=
Endo T =253°C
n 1 I 1 " 1 " 1 " 1 n 1 L
120 150 180 210 240 270 300 330

Temperature (‘C)

Figure 1. Differential scanning calorimetry (DSC) of PBDPTDPP at

a heating rate of 10°Cmin"".

Optical Properties

All the N-bridged copolymers showed significant band-
broadening and bathochromic-shift from the solution state
to the solid state, which indicated that strong interchain m—m
interactions take place due to the coplanar pentacyclic struc-
tures. It is noteworthy to mention that PBDPTDPP should
have the highest degree of the intermolecular ordering in
the solid state, considering that the full width at half maxi-
mum (FWHM) is dramatically increased from 128 nm in the
solution state to 322 nm in the solid state, which is highly
correlated with its crystalline nature. The optical band gaps
(Ey™") deduced from the absorption edges of thin film spec-
tra are in the following order: PBDPTDPP (1.25eV)<
PBDPTBT (1.52¢V)<PBDPTTPD (1.77¢V) (Figure 2),
which means that the electron-accepting strength is in the
order of: DPP>BT >TPD. Also note that the absorption
edge of PBDPTDPP is located at a very low energy of ap-
proximately 1200 nm, which indicates that strong intramo-
lecular charge transfer occurs from the highly electron-rich
BDPT unit to the highly electron-deficient DPP unit and

strong intermolecular

interaction in the solid

state. To gain more in-

Polymer M,[kDa] PDI T,[°C] T,[°C] T,[°C] E}[eV] Apux[nm] HOMO [eV] LUMO [eV] . .
(Film) sight into the struc-
toluene film ture—property rela-
PBDPTBT 74 137 63 430 - 1.52 418, 691 431731 =511 -3.25 tionship, it is of impor-
PBDPTDPP 264 349 64 395 253 1.25 424,745 431829  —4.89 -341 tance to compare the
PBDPTTPD 123 1.60 64 430 - 1.77 512,584, 516605  —5.14 -3.13 optical properties of
232 630 656

PBDPTBT with its
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Figure 2. Normalized absorption spectra of PBDPTBT (top),
PBDPTDPP (middle), and PBDPTTPD (bottom) in toluene solution
and the solid state.

carbon-bridged poly(indacenodithiophene-alt-benzothiadia-
zole) PIDTBT® and silicon-bridged poly(benzobis-
(silolothiophene)-alt-benzothiadiazole) PBSTTBT!? ana-
logues with identical polymer composition except that the
bridge atoms are different in the pentacyclic moieties. It is
found that PBDPTBT exhibited a pronounced redshift ab-
sorption maximum wavelength 4., at 731 nm and smallest
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E‘gj"‘ of 1.52 eV, relative to PBSTTBT with a 4,,, at 636 nm
and Egpt of 1.8 eV, and PIDTBT with 4,,, at 630 nm and E‘g’pI
of 1.75 eV."1% Both the electronic and steric effects of the
bridging atoms come into play in determining the optical be-
haviors. First, BDPT is the most electron-rich unit due to its
nitrogen-donating ability, thereby inducing ICT with the
lowest transition energy. Second, relative to the sp® hybridi-
zation of C and Si bridges consisting of two side chains
sticking out of the conjugation plane, one branch aliphatic
side chain on the nitrogen bridges in BDPT releases the
steric hindrance near the backbone, which in turn promotes
stronger intermolecular interactions.

Electrochemical Properties

Cyclic voltammetry (CV) was used to evaluate the electro-
chemical properties and determine the HOMO and LUMO
levels of the polymers (Table 1 and Figure 3). All of the
polymers showed stable and reversible p-doping processes,
which are prerequisites for semiconductor materials. The

% PBDPTBT

PBDPTDPP

—_—

Current (mA)

PBDPTTPD

1 . 1 . 1 N 1 . 1 s
-1.5 -1.0 -0.5 0.0 0.5 1.0

-2|4o
Potential (V vs Fc/Fc+)

Figure 3. Cyclic voltammograms of PBDPTBT, PBDPTDPP, and
PBDPTTPD in the thin film at a scan rate of S0 mVs™".
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Figure 4. HOMO and LUMO energy levels of the polymers estimated by
CV.
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HOMO energy levels are estimated to be —5.14, —5.11, and
—4.89eV for PBDPTTPD, PBDPTBT, and PBDPTDPP,
respectively. This variation indicates that the electron-defi-
cient unit is an important factor to determine the HOMO
energy levels, and the TPD-based polymers generally have
a lower-lying HOMO energy level.'”” Again, relative to the
HOMO level of carbon-bridged PIDTBT at —5.36 ¢V and
silicon-bridged PBSTTBT at —5.32 eV, the relatively higher
HOMO energy of PBDPTBT (—5.11 V) is consistent with
the more electron-rich nature of BDPT leading to the
higher oxidation potential. The HOMO-LUMO energy dia-
gram of the polymers is shown in Figure 4.
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Figure 5. Typical output curves and transfer plots of the OFET devices based
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Organic Field-Effect Transistors (OFETs) and Photovoltaic
Characteristics

It is desirable to utilize these polymers for application in or-
ganic field-effect transistors in view of the coplanar geome-
try and rigid structure of BDPT. The hole mobilities of solu-
tion-processed polymers were measured by using a bottom-
gate, top-contact device configuration with evaporated gold
source/drain electrodes and octadecyltrichlorosilane-modi-
fied SiO, gate dielectric on an n-doped silicon wafer surface.
The output and transfer plots of the devices exhibited typi-
cal p-channel OFET characteristics (Figure 5). The hole mo-
bilities were obtained from the transfer characteristics of the
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devices in the saturation regime. PBDPTDPP and / I l
PBDPTTPD annealed at 200 and 250°C for 10 min under I [ —=—pBDPIBT

nitrogen and showed high hole mobilities of '—e— PBDPTDPP

0.003cm?’V~'s™! with an on-off ratio of 2.5x10* and = —A— PBDPTTPD

0.003 cm?V~'s™! with an on—off ratio of 1.1 x 10°, respective-
ly (Table 2). More encouragingly, PBDPTBT exhibited the
highest hole FET mobilities of 0.02 cm*V~'s™"' with a good
on—off ratio of 1.5x10° in the optimal conditions of anneal-
ing at 120°C for 10 min. The thermal treatment is essential
for BDPT-based polymers to induce stronger intermolecular
stacking and thus enhance the hole mobility. Because each
BDPT-containing polymer has different electron-deficient =L
units (i.e. BT, DPP, TPD), the heating conditions required
for achieving optimal morphology are different. However,
elucidation of the annealing temperature-device perfor-
mance relationship is rather complicated. It should be also
noted that the FET mobility of PBDPTBT is one order
higher than that of silicon-bridged PBDPTBT with 2.2 x

Current density (mA cm”)

0.0 0.2 0.4 0.6 0.8
Bias voltage (V)

Figure 6. Current density—voltage characteristics of ITO/PEDOT:PSS/
polymer:PC; BM/Ca/Al devices under illumination of AM 1.5 G at
100 mWcm 2

might be attributed to the un-

Table 2. Optimized device characteristics.
favorable morphology of the

Pol Blend ratio with 4, [em?V-'s7Y] 4, [em®V-'s] V.. [V] J.[mAcm™?] FF[%] PCE [% ) .
olymer : CenB I{; io wi ™ [em* Vs ™ [em* Vs Vi [V] J [mAcem ] [%] [%] active layer. Encouragingly,
71 . . .
PBDPIBT 13 58x10°° 0.02 060 1034 497 308 the —device incorporating
: OX N A . . . A

PBDPTBTY 13 0.60 887 49 2.61 PBDPTTPD/PC,BM (1:3, wi
PBDPTTPDY 133 11x10* 0.003 075  9.69 512 372 w) composite delivered a high
PBDPTTPD 13 0.74 9.3 49.04 337 PCE of 3.72%. This enhanced
PBDPTDPP 13 3.0x10™ 0.003 0.56 4.95 485 134

performance is ascribed to the
lower-lying HOMO value of

[a] Hole mobility of polymers determined by space-charge limit current (SCLC). [b] Hole mobility of the polymers
determined by OFET. [c] Thermal annealing at 130°C over 15 min. [d] Thermal annealing at 150°C over 15 min.

10 cm®V~!S™! reported in the literature.'™ This result
shows that the nitrogen-bridged BDPT-containing donor—ac-
ceptor polymers are very promising for FET applications.
Moreover, the BDPT derivatives are suitable to function as
superior hole-transporting materials for optoeletronic appli-
cations.

Bulk heterojunction PSCs were fabricated on the basis of
a ITO/PEDOT:PSS/polymer:PC,; BM/Ca/Al configuration
and their performances were measured under 100 mW cm 2
AM 1.5 illumination. Hole-only devices (ITO/PEDOT:PSS/
polymer/Au) were also fabricated to estimate the hole mobi-
lities of these polymers through space-charge limit current
(SCLC) theory. The characterization data with the opti-
mized fabrication conditions are summarized in Table 2 and
the J-V curves of these devices are shown in Figure 6. The
SCLC hole mobility of the polymers follows the trend:
PBDPTDPP (3.0x10*cm’V 's)>PBDPTTPD (1.1x
10 ecm?*V~'sT)>PBDPTBT (5.8x10”° cm?*V~'s™"). The
device using the PBDPTBT/PC,;BM blend (1:3, w/w) exhib-
ited a V,, of 06V, a J. of 10.34 mAcm™> and a FF of
49.7 %, thus leading to a decent PCE of 3.08 %, whereas the
device based on PBDPTDPP/PC,; BM blend (1:3, w/w)
showed a lower V. of 0.56V and a J, of 4.95mAcm7>,
thereby resulting in a relatively poorer efficiency of 1.34%.
The decreased V. value of the device is mainly owing to the
higher-lying HOMO value of the polymer, and the lower J,
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PBDPTTPD to yield a higher
Voe of 0.75V. Although
PBDPTTPD and PBDPTBT
have similar HOMO energy levels, the PBDPTTPD device
showed a larger V. value. The discrepancy may be due to
the morphological factor. Donaghey et al. reported two con-
jugated polymers similar to PBDPTBT and PBDPTTPD
except that they used 2-octyldodecyl side chains in the
BDPT units and an octyl group in the TPD units."!! Howev-
er, compared with their reported studies, some improvement
and advance in our research should be noted. First, a one-
pot amination to synthsize a BDPT unit in our case is more
straightforward and simpler than the two-step synthesis re-
ported.[“] Second, under similar device fabrication, our devi-
ces using PBDPTBT/PC,,BM (1:3, w/w) and PBDPTTPD/
PC,;,BM (1:3, w/w) showed PCEs 3.9 and 3.4 times higher
than those reported previously (i.e. 3.08 vs. 0.8% for
PBDPTBT-based devices and 3.72 vs. 11% for
PBDPTTPD-based devices). Such improvement comes
from the much higher J, and V. values. Relative to the
branched and chiral 2-octyldodecyl side chains in the previ-
ous reported polymers, PBDPTBT and PBDPTTPD with
shorter and achiral 1-octylnonyl side chains in our research
may facilitate molecular assemblies to form better morphol-
ogies in the active layers, thereby enhancing the charge-
transporting properties. This variation also emphasizes that
side-chain engineering of conjugated polymers plays a pivo-
tal role in determining molecular properties and device per-
formance.
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Conclusions

In summary, we have synthesized a ladder-type BDPT unit
in which the two outer thiophene rings are covalently fas-
tened with the central phenylene ring by two nitrogen
bridges. The two pyrrole units embedded in BDPT were
smartly constructed by using one-pot palladium-catalyzed
amination. The coplanar Sn-BDPT building block was copo-
lymerized with electron-deficient TPD, BT, and DPP ac-
ceptors by Stille polymerization. Due to the highly coplanar
BDPT unit, the BDPT-based donor—acceptor copolymers
showed strong interchain interactions in the solid state, lead-
ing to a significant bathochromic shift and band-broadening
of the absorption spectra. Moreover, the electron-donating
ability of the nitrogen bridges makes the BDPT motif highly
electron rich. Therefore, strong photoinduced charge trans-
fer and relatively higher oxidation potential are characteris-
tic of the BDPT-based polymers. PBDPTBT showed the
highest FET hole mobility of 0.02cm?V~'s™'. The device
using the PBDPTBT/PC,;BM blend (1:3, w/w) exhibited
aV,of 06V, alJ,of 1034 mAcm> and a FF of 49.7 %,
thus leading to a decent PCE of 3.08 %. Encouragingly, the
device incorporating the PBDPTTPD/PC, BM (1:3, w/w)
composite delivered a high PCE of 3.72%. The enhanced
performance is ascribed to the lower-lying HOMO value of
PBDPTTPD to yield a higher V. of 0.75 V. This research
provides a useful insight into the future molecular design of
donor-acceptor copolymers for FET and solar cell applica-
tions.

Experimental Section
General Measurements and Characterizations

All chemicals are purchased from Aldrich or Acros and used as received
unless otherwise specified. '"H and '*C NMR spectra were measured by
using a Varian 300 MHz instrument spectrometer. Differential scanning
calorimetry (DSC) was measured on a TA Q200 Instrument and ther-
mogravimetric analysis (TGA) was recorded on a Perkin-Elmer Pyris
under a nitrogen atmosphere at a heating rate of 10°Cmin~'. Absorption
spectra were collected on a HP8453 UV/Vis spectrophotometer. The mo-
lecular weights of polymers were measured by the GPC method on a Vis-
cotek VE2001GPC, and polystyrene was used as the standard (THF as
the eluent). The electrochemical CV was conducted on a CH Instruments
Model 611D. A carbon glass coated with a thin polymer film was used as
the working electrode and Ag/Ag* electrode as the reference electrode,
whereas 0.1M tetrabutylammonium hexafluorophosphate (Bu,NPF;) in
acetonitrile was the electrolyte. CV curves were calibrated by using ferro-
cence as the standard, the oxidation potential of which is set at —4.8 eV
with respect to zero vacuum level. The HOMO energy levels were ob-
tained from the equation HOMO = —(E;™'—Eqs .. +4.8)eV. The
LUMO levels of polymer were obtained from the equation LUMO = —(
E0n5617 E&(\“Se[ )+4.8) e\].

red ferrocene

Fabrication and Characterization of the BHJ Device

ITO/Glass substrates were ultrasonically cleaned sequentially in deter-
gent, water, acetone, and iso-propanol (IPA). The cleaned substrates
were covered by a 30 nm thick layer of PEDOT:PSS (Clevios P provided
by Stark) by spin coating. After annealing in a glove box at 150°C for
30 min, the samples were cooled to room temperature. Polymers were
dissolved in o-dichlorobenzene (ODCB) and PC,;BM (purchased from
Nano-C) was added. The solution was then heated at 80°C and stirred
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overnight at the same temperature. Prior to deposition, the solution was
filtered (1 pm filters). The solution of polymer:PC;BM was then spin-
coated to form the active layer. The cathode made of calcium (350 nm
thick) and aluminum (1000 nm thick) was sequentially evaporated
through a shadow mask under high vacuum (<10 torr). Each sample
consists of 4 independent pixels defined by an active area of 0.04 cm?’. Fi-
nally, the devices were encapsulated and characterized in air.

Electrical Characterization under Illumination

The devices were characterized under 100 mWcem ™ AM 1.5 simulated
light measurement (Yamashita Denso solar simulator). Current—voltage
(J=V) characteristics of PSC devices were obtained by a Keithley 2400
SMU. Solar illumination conforming the JIS Class AAA was provided by
a SAN-EI 300 W solar simulator equipped with an AM 1.5G filter. The
light intensity was calibrated with a Hamamatsu S1336-5BK silicon pho-
todiode. The performances presented here are the average of the 4 pixels
of each device.

OFETs Fabrication and Characterization

An n-type heavily doped Si wafer with a SiO, layer of 300 nm and a ca-
pacitance of 11 nFcm™ was used as the gate electrode and dielectric
layer. Thin films (40-60 nm in thickness) of polymers were deposited on
octadecyltrichlorosilane (ODTS)-treated SiO,/Si substrates by spin-coat-
ing their o-dichlorobenzene solutions (1 mgmL™). Then, the thin films
were annealed at different temperatures (120, 200 or 250°C) for 10 min.
Gold source and drain contacts (30 nm in thickness) were deposited by
vacuum evaporation on the organic layer through a shadow mask, afford-
ing a bottom-gate, top-contact device configuration. Electrical measure-
ments of OTFT devices were carried out at room temperature in air by
using a 4156C, Agilent Technologies. The field-effect mobility was calcu-
lated in the saturation regime by using the equation Ing=(uWC/
2L)(Vg—Vy)? in which Ipg is the drain-source current, u is the field-
effect mobility, W is the channel width (500 um), L is the channel length
(50 um), Ci is the capacitance per unit area of the gate dielectric layer,
and V; is the gate voltage.

Preparation of Compound 2

A 2.5 solution of nBuLi in hexane (11.1 mL, 27.7 mmol) was added
dropwise to a solution of 2,3-dibromothiophene (1) (6.25 g, 25.8 mmol) in
dry THF (20 mL) at —78°C. After stirring at —78°C for 1 h, the mixture
was warmed up to room temperature. The mixture was added to a solu-
tion of zinc(Il) bromide (5.82 g, 25.8 mmol) in dry THF (15mL) at
—78°C and then the mixture was stirred at 0°C for 1 h.

Synthesis of Compound 4

A solution of (3-bromothiophen-2-yl) zinc(II) bromide (2) (25.8 mmol)
was added to a solution of 1,4-dibromo-2,5-diiodobenzene (3)!" (4.50 g,
9.2 mmol) and [Pd(PPh;),] (0.27 g, 0.23 mmol) in dry THF (30 mL) at
room temperature. The mixture was refluxed for 3 h. After removal of
the solvent under reduced pressure, the residue was extracted with ethyl
acetate (50 mL x3) and water (100 mL). The collected organic layer was
dried over MgSO,. After removal of the solvent under reduced pressure,
the residue was purified by column chromatography on silica gel (n-
hexane) to give a white solid product 4 (1.54 g, 30%). 'H NMR (CDCl,,
300 MHz): 6=7.71 (s, 2H), 7.42 (d, J=5.4Hz, 2H), 7.09 ppm (d, J=
5.4 Hz, 2H); "CNMR (75 MHz, CDCly): 6=136.6, 136.1, 135.1, 130.5,
126.9, 123.5, 111.8 ppm.

Synthesis of Compound BDPT

2,2'-(2,5-dibromo-1,4-phenylene)bis(3-bromothiophene)  (4)  (0.75 g,
1.34 mmol), sodium fert-butoxide (1.14 g, 11.8 mmol), tris(dibenzylidenea-
cetone) dipalladium (0.25 g, 0.273 mmol), 2,2’-bis(diphenylphosphino)-
1,1'-binaphthyl (0.67 g, 1.07 mmol), and 5" (3.76 g, 14.7 mmol) were dis-
solved in deoxygenated toluene (15 mL). The reaction mixture was re-
fluxed at 125°C for 21 h and then extracted with diethyl ether (50 mL x
3) and water (50 mL). The collected organic layer was dried over MgSO,,.
After removal of the solvent under reduced pressure, the residue was pu-
rified by column chromatography on silica gel (n-hexane) to give
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a yellow solid BDPT (0.3 g, 30%). 'H NMR (CDCl,, 300 MHz): 6 =7.66
(s, 2H), 7.32 (d, J=5.1 Hz, 2H), 7.12 (d, J=5.1 Hz, 2H), 4.47 (br, 2H),
2.14 (br, 4H), 1.90 (br, 4H), 1.14-1.25 (m, 48H), 0.78-0.88 ppm (m,
12H); MS (FAB, C;gH«N,S,): m/z: calcd: 745.26; found: 745.

Synthesis of Monomer Sn-BDPT

A 2.5m solution of nBuLi in hexane (0.35 mL, 0.88 mmol) was added
dropwise to a solution of BDPT (0.26 g, 0.34 mmol) in dry THF (10 mL)
at —78°C. After stirring at —78°C for 1 h, a 1.0m solution of chlorotrime-
thylstannane in THF (1.03 mL, 1.03 mmol) was introduced by syringe to
the solution. The mixture solution was warmed up to room temperature
and stirred for 12 h. The mixture solution was quenched with water and
extracted with diethyl ether (50 mL x3) and water (50 mL). After remov-
al of the solvent under reduced pressure, compound Sn-BDPT was ob-
tained as a yellow solid (0.33 g, 92%). '"H NMR (300 MHz, [Dg]acetone):
0=17.84 (s, 2H), 7.40 (s, 2H), 4.70 (br, 2H), 2.26 (br, 4H), 1.91 (br, 4H),
1.40-1.13 (m, 48H), 0.78 (t, 6.6 Hz, 12H), 0.43 ppm (s, 18H).

Synthesis of PBDPTBT

Sn-BDPT (178.0 mg, 0.17 mmol), 6 (50.1 mg, 0.17 mmol), tris(dibenzyli-
deneacetone) dipalladium (7.8 mg, 0.0085 mmol), tri(2-methylphenyl)-
phosphine (20.7 mg, 0.068 mmol), and deoxygenated chlorobenzene
(9 mL) were introduced to a 50 mL round-bottomed flask. The mixture
was then degassed by bubbling nitrogen for 10 min at room temperature.
The round-bottomed flask was placed into the microwave reactor and re-
acted for 50 min under 270 Watt. The solution was added into methanol
dropwise. The precipitate was collected by filtration and washed by Soxh-
let extraction with acetone (24 h) and n-hexane (24 h) sequentially. The
product was re-dissolved in THFE. The Si-Thiol (30.0 mg, 0.034 mmol) was
added to the above THF solution to remove the residual Pd catalyst.
After filtration and removal of the solvent, the polymer was re-dissolved
in THF again and added into methanol to re-precipitate. The purified
polymer was collected by filtration and dried under vacuum for 1 day to
give a black solid (86 mg, 38 %, M,=7424 gmol ™!, PDI=1.37). '"H NMR
(300 MHz, CDCl;): 6=8.43 (s, 2H), 8.02 (s, 2H), 7.72 (s, 2H), 4.58 (br,
2H), 2.31 (br, 4H), 2.04 (br, 4H), 1.50-1.00 (m, 48H), 0.88 ppm (br,
12H).

Synthesis of PBDPTDPP

Sn-BDPT (137.0 mg, 0.13 mmol), 7 (89.6 mg, 0.13 mmol), tris(dibenzyli-
deneacetone) dipalladium (6.0 mg, 0.0065 mmol), tri(2-methylphenyl)-
phosphine (16.0 mg, 0.052 mmol), and deoxygenated chlorobenzene
(6 mL) were introduced to a 50 mL round-bottomed flask. The mixture
was then degassed by bubbling nitrogen for 10 min at room temperature.
The round-bottomed flask was placed into the microwave reactor and re-
acted for 50 min at 270 W. The solution was added into methanol drop-
wise. The precipitate was collected by filtration and washed by Soxhlet
extraction with acetone (24 h) and n-hexane (24 h) sequentially. The
product was re-dissolved in THF. The Si-Thiol (22 mg, 0.026 mmol) was
added to the above THF solution to remove the residual Pd catalyst.
After filtration and removal of the solvent, the polymer was re-dissolved
in THF again and added into methanol to re-precipitate. The purified
polymer was collected by filtration and dried under vacuum for 1 day to
give a blackish/green solid (51 mg, 23 %, M,=26407 gmol~', PDI=3.49);
'HNMR (300 MHz, CDCLy): 6=8.99 (s, 2H), 7.60 (s, 2H), 7.43 (s, 2H),
7.34 (s, 2H), 4.48 (br, 2H), 4.11 (br, 4H), 2.17 (br, 4H), 1.98 (br, 6H),
1.50-090 (m, 70H), 0.81 ppm (br, 18H)

Synthesis of PBDPTTPD

Sn-BDPT (166.0 mg, 0.15 mmol), 8 (67.3 mg, 0.15 mmol), tris(dibenzyli-
deneacetone) dipalladium (7.3 mg, 0.0079 mmol), tri(2-methylphenyl)-
phosphine (19.3 mg, 0.063 mmol), and deoxygenated chlorobenzene
(7 mL) were introduced to a 50 mL round-bottomed flask. The mixture
was then degassed by bubbling nitrogen for 10 min at room temperature.
The round-bottomed flask was placed into the microwave reactor and re-
acted for 50 min under 270 W. The solution was added into methanol
dropwise. The precipitate was collected by filtration and washed by Soxh-
let extraction with acetone (24 h) and n-hexane (24 h) sequentially. The
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product was re-dissolved in THF. The Si-Thiol (27.4 mg, 0.031 mmol) was
added to the above THF solution to remove the residual Pd catalyst.
After filtration and removal of the solvent, the polymer was re-dissolved
in THF again and added into methanol to re-precipitate. The purified
polymer was collected by filtration and dried under vacuum for 1 day to
give a per se solid (102mg, 44%, M,=12261gmol !, PDI=1.60);
"H NMR (300 MHz, CDCL,): =827 (s, 2H), 7.69 (s, 2H), 4.51 (br, 2H),
3.68 (br, 2H), 2.27 (br, 4H), 1.98 (br, SH), 1.50-0.85 (m, S9H), 0.82 ppm
(br, 15H).
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