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Abstract

Conjugated sidechain isolated D-A copolymers, based on the donor unit of
benzodithiophene (BDT) with thiophene conjugated side chain, thiophene pi-bridge and the
acceptor unit of benzotriazole (BTA) with or without fluorine substitution (PBDT-FBTA and
PBDT-HBTA), were designed and synthesized for elucidating their structure—property
relationships. The copolymer films demonstrated well defined absorption peaks with steep
absorption edges, consistent with their rigid and ordered structures in the solid films. The
substitution of thiophene conjugated side chain on the BDT unit in the copolymers aroused 15
nm red-shifted absorption in comparison with its polymer analogues with alkoxy side chains on
BDT unit. Compared to PBDT-HBTA, PBDT-FBTA with two fluorine atoms substitution on
BTA unit demonstrated lower HOMO energy level, higher hole mobility and significantly
better photovoltaic performance. The PSC based on PBDT-FBTA/ PC7BM (1:2, w/w) with
5% DIO additive displayed a power conversion efficiency of 6.0% with a Ji. of 11.9 mA/cm?, a
Voc of 0.75 V and a FF of 67.2%, under the illumination of AM1.5G, 100 mW/cm?®. Even at a
thicker active layer of 400 nm, the PSC still demonstrated a higher PCE of 4.74%. The results
indicate that PBDT-FBTA is a promising polymer donor material for future application of large
area PSCs.

Keywords: polymer solar cells, two-dimension-conjugated polymers, side chain isolation, D—A

copolymers
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1. Introduction
Bulk heterojunction (BHJ) polymer solar cells (PSCs)!"! based on p—type conjugated

polymers as donor®! and n—type fullerene derivatives!'”!

as acceptor have been intensively
studied in recent years for the generation of affordable, clean, and renewable energy.
Advantages of the BHJ PSCs include low—cost fabrication of large—area devices, light
weight, mechanical flexibility, and easy tunability of chemical properties of the photovoltaic
materials.

It has been realized that an ideal polymer donor in PSCs should exhibit broad absorption
with high absorption coefficient in the visible region, high hole mobility, suitable electronic
energy levels matching to the fullerene acceptor, and appropriate compatibility with fullerene
acceptor to form nanoscale bicontinuous network.”™ These specific design criteria can offer
high values of short circuit current (Js), open circuit voltage (V) and fill factor (FF) of the
PSCs, which are related to the power conversion efficiency (PCE) of the PSCs by the following
equation: PCE = (Js X Voo X FF)/Py,, where Py, is the input light power.

For broadening the absorption, the two-dimension-conjugated (2-D-conjugated) polymers
with conjugated side chain (see Type 1 in Figure 1) were designed and synthesized in our

group.l'!

The 2-D-conjugated polymers possess higher hole mobility thanks to the
2-D-conjugated structure, and broader absorption deriving from both the main chains and
conjugated side chains. Thus this family of 2-D-conjugated polythiophenes demonstrated good

Hal and organic field—effect transistors (OFETs).!"l Now this

device performances in PSCs!
strategy has been successfully extended to develp high efficiency polymers. Copolymers
(PBDTTT) of benzodithiophene (BDT) and thieno[3,4—b]—thiophene (TT) is one of the most
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efficient photovoltaic materials in the PSCs!®

. Huo et. al successfully applied the 2-D
conjugation concept to PBDTTT structure by thienyl-substitution on the BDT unit. *® The 2-D
conjugated polymer exhibit better thermal stabilities, red-shifted absorption spectra, lower
HOMO levels, significantly higher hole mobility, and greatly improved photovoltaic properties,
in comparison with the corresponding alkoxy substituted copolymers. °

To overcome the steric hindrance induced by the large conjugated side chain and improve
the planarity and optical properties, we recently proposed a “side-chain-isolation” concept and
developed the 2-D-conjugated polythiophenes with unsubstituted thienyl spacer (Type 2 in
Figure 1)."! In such polymers, due to the proper side chain distance and the improved
planarity of polymer backbone, these polymers demonstrated red—shifted and enhanced
absorption thus improved photovoltaic properties. Considering the diverse molecular
engineering approach under this side chain isolated photovoltaic materials, such as changing the
nature of side chain and spacer as well as introducing donor—acceptor (D—A) concept in the

[14-16]

conjugated side chain, the side chain isolated photovoltaic materials could open a new way

for developing high performance polymer solar cells.

w Donor Spacer Donor Donor g Acceptor Donor
n d n d n

ide chain

Type 1: Polyme’rs wﬂh. Type 2:Side-Chain-Isolated Polymers Type 3: Side-Chain-Isolated
Concentrated-Side-Chains Donor-Acceptor Polymers

Figure 1. Three typical molecular architectures of 2-D-conjugated polymers. (Here d represents
the distance between the conjugated side chains, and the alkyl chain group attached on the
acceptor unit was omitted for clarity due to its negligible effect on the planarity.)
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To further extend the absorption and modulate the energy levels, here we introduce D—A
concept by changing the side chain isolation spacer partly with the acceptor unit of
benzotriazole (BTA) " or fluorinated BTA,!"™® and synthesized two new 2-D-conjugated and
side-chain-isolated D—A copolymers (Type 3 in Figure 1) of PBDT-HBTA and PBDT-FBTA
(see Scheme 1). The incorporation of Fluorine atom in the two-dimension architecture is
inspired by its unique features as demonstrated by You et al., such as strong inter- and
intramolecular interactions and smallest electron-withdrawing group in size.'"™' In the

(20] was

copolymers, the benzodithiophene (BDT) unit with thiophene conjugated side chain
used as donor unit to form the 2-D-conjugated polymers, in considering the good planarity and
symmetric structure of BDT unit and the high photovoltaic efficiency of the copolymers based

t.542021] The 2-D-conjugated and sidechain-isolated D—A

on the thiophene-substituted BDT uni
copolymers combine the advantages of broader absorption and higher hole mobility of the
2-D-conjugation, less steric hindrance of the sidechain-isolation, and the broad absorption and
lower HOMO energy level of the D-A copolymerization. As a result, the two dimensional
character is clearly demonstrated in the as-developed polymers. For example, in comparison
with the linear copolymer analogues with alkoxy side chains on BDT unit!'™ and that with

alkyl side chain on BDT unit,!"®

the absorption spectra with thiophene conjugated side chain is
red-shifted by ca. 15 nm. Among these two copolymers, the fluorinated copolymer
PBDT-FBTA demonstrated promising photovoltaic properties. The PSC based on

PBDT-FBTA as donor and PC7BM as acceptor showed a power conversion efficiency of

6.0% with an open circuit voltage of 0.75 V, under the illumination of AM1.5G, 100 mW/cm®.
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2. Results and Discussion

2.1. Synthesis of Monomers and Polymers

The synthetic routes of fluorinated dithienylbenzotriazole (FBTA) and the D-A copolymers are
respectively depicted in Schemes 1 and 2. The fluorine atom substituted dithienylbenzotriazole
was firstly described by You er al but with low yield"®. Here an easier synthesis procedure
with higher overall yield was explored in detail. The reduction of 4,5-difluoro-2-nitroaniline
with tin powder in 12 N HCI gave 4,5-difluoro-1,2-phenylenediamine (1), which was treated
with NaNO; to afford compound 2. Alkylation of compound 2 was carried out in methanol with
potassium tert-butoxide and 1-bromooctane in a good yield. The position of the alkyl group in
compound 3 was confirmed by '"H NMR. The bromination of benzotriazole (3) was finished
firstly by activation of the benzotriazole ring with trimethylsilyl group and subsequently
electrophilic substitution with bromine. The fluorinated dithienylbenzotriazole (FTBA) was

obtained by a stille coupling followed by an N-bromosuccinimide (NBS) bromination.

(I:8H17 $8H17
N. _N. _N.
H,N  NO, H,N  NH, N” “NH N N
Sn NaNO, 1-BrCgHy, LDA S| S|
—_— B —Sij i—
HCI AcOH t-BUOK (Me),SiCl | |
F F F F FF F F F F
1 2 3 4
CI:8H17 C8H17 CgH17
|
N
NT N N>
\ /) OSn(Buk \ / N\ /N
Br. S
22 Br Br (—)—Q@ Br \ / \S/ Br
LY Pd(PPh,), AN
5 6 FBTA

Scheme 1. Synthetic route of the fluorinated monomer (FBTA)
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PBDT-HBTA and PBDT-FBTA were synthesized by Stille coupling reaction,'® as shown in
Scheme 2. The two copolymers are soluble in chlorinated solvents, such as chloroform,
chlorobenzene and dichlorobenzene. The number-average molecular weight (M,) of the
polymers is 31.2K for PBDT-HBTA and 114.5K for PBDT-FBTA, with polydispersity index
(PDI) of 2.60 and 2.77 respectively. Thermal stability of the polymers was investigated with
thermogravimetric analysis (TGA) as shown in Figure S1 in Supporting Information (SI). The
onset temperatures with 5% weight-loss (74) of PBDT-HBTA and PBDT-FBTA are 327 °C and
364 °C, respectively. This indicates that the copolymers are stable enough for the applications
in optoelectronic devices. The data of molecular weight and 74 of the two copolymers were
listed in Table 1 for a clear comparison. DSC thermogram of PBDT-FBTA (see Figure S2 in SI)
shows a small endothermic peak at 110 °C, while there are no endothermic or exothermic peaks
in the DSC thermogram of PBDT-HBTA in the temperature range of 30~300°C. The results
indicate there could be some morphology transformation at ca. 110 °C for PBDT-FBTA with

fluorine atoms substitution.

Table 1. Molecular weights, thermal properties and physicochemical properties of the
copolymers.

M, PDI Ti* Metw E.” HOMO LUMO  Mobility
Polymers
(g/mol) (M/M,) (°C) (nm) (V) (eV) (eV) (cm*>V's™)

PBDT-HBTA 81.3K 2.60 327 659 1.88 -5.13 -3.16 1.8x107
PBDT-FBTA 317.1K 2.77 364 649 191 -526  -3.08 2.4x107
[a] 5% weight loss temperature measured by TGA under N,.

[b] For the polymer films.
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Scheme 2. Synthetic routes to the side chain isolated D-A copolymers.

2.2. Optical and Electrochemical Properties.

Figure 2 shows the absorption spectra of the polymer solutions in chloroform and films on
quartz plate, and the absorption data were also listed in Table 1 for comparison. The solution
and film absorptions of the two copolymers display similar absorption band with well defined
peaks and steep absorption edges. In comparison with the analogue copolymer with alkoxy side
chains on BDT unit!'™ and that with alkyl side chain on BDT unit"™) the absorption spectrum
of PBDT-HBTA with thiophene conjugated side chain is red-shifted by ca. 15 nm. The
absorption edges of the polymer films are at 659 nm for PBDT-HBTA and 649 nm for
PBDT-FBTA, corresponding to optical bandgaps of 1.88 eV and 1.91 eV, respectively.
Moreover, the two copolymer films show well-defined absorption spectra, indicating the
ordered polymer chains and densely packed side chains in the polymer film, which should be
beneficial to higher hole mobility and photovoltaic performance. The absorption of

PBDT—-FBTA film is only red-shifted a little than that of its solution, which reveals strong

7
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aggregation existed in the solution for the fluorinated polymer.""”) When the polymer solutions
were heated to 80 °C, the absorption peaks blue shifted in some extent, as shown in Figure 2a
and 2b, and the shoulder peak at ca. 600 nm weakened, implying partial dis-aggregation of the

polymer backbone at the high temperature.

1.0 10F ®) i (€) o PBDT-HBTA
s F I ~+—PBDT-FBTA
—_— 3
508 g 08t _F
o T i 3L e W e W
Qo6 Soel [ /[~
c @ =
S04 8 0.4 ‘ = // —_ \]
4t 41 EL e T
g 0.2 PBDT-HETA 02F PEDT-FETA B
—@—Film ' —@—Film I
—C— Solution (RT) r —(— Solution (RT) F
0.0F —/— Solution (80 T ) 0.0F —/\— Solution (80 'C ) _
1 i 1 i 1 n 1 " L " 1 A 1 1 1 1 1 1
400 500 600 700 400 500 600 700 20 -15 -1.0 -05 0.0 p5
Wavelength (nm) Wavelength (nm) Potential(V vs Ag/Ag™)

Figure 2. The dichlorobenzene solution and film absorption spectra of (a) PDTS-HBTA and (b)
PDTS-FBTA. (c) Cyclic voltammograms of the polymer films on glassy carbon electrode in a

0.1 mol/L n—BusNPFg acetonitrile solution at a sweep rate of 100 mV/s.

2.3. X-ray Diffraction and Hole Mobility.

The X-ray diffraction patterns of the two polymers, as shown in Figure S3 in SI, display a
(100) diffraction peak at ca. 20 = 3.70°, corresponding to an interchain d—spacing of 23.68 A.
This value is greater than that of P3HT (16.4 A)** due to the bulky side chain on the polymers.
The (010) diffraction peaks with broad feature located at ca. 20 = 24.8°, corresponding to a
facial m-m stacking distance of 3.67 A. These results indicate that the substitution of the
hydrogen with fluorine on the benzotriazole group has no effect on the interchain d—spacing and
n-n stacking distance. While, the difference in their solid structure is revealed by their second

order or third order diffraction peaks, which is properly related to the inter- and intramolecular

8

ACS Paragon Plus Environment



Page 9 of 26

©CoO~NOUTA,WNPE

Chemistry of Materials

interactions through C-F---H and F---S interactions. The crystalline characteristics of these two
polymers appeared to be favorable for charge transport in PSCs.

To measure the hole mobilities of the polymers, organic field-effect transistors were
fabricated in a top contact geometry using Au as the source and drain electrode. Figure S5 and
Figure S6 in SI show the output and transfer curves of the OTFT devices based on

PBDT-HBTA and PBDT-FBTA respectively. The calculated hole mobilities were 1.8 X107
cm?’/Vs for PBDT-HBTA and 2.4 X10” ¢cm?/Vs for PBDT-FBTA (see Table 1), confirming

the relatively higher hole mobility of these two copolymers.
2.4. Electrochemical Properties

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels of the copolymers were measured by electrochemical cyclic
voltammetry, and were calculated from the onset oxidation potential (¢.x) and onset reduction
potential (¢.q) obtained from the cyclic voltammograms of the polymers according to the

following equations[23]: Enomo = —€(pox +4.71) (eV) and Erumo = — e(¢reat4.71), where the

unit of potential is V vs. Ag/Ag’. Figure 2c shows the cyclic voltammograms of the two
polymers. The ¢oy and @q of PBDT-HBTA are 0.42 V and —1.55 V vs. Ag/Ag" respectively,

corresponding to HOMO level of —5.13 eV and LUMO level of —3.16 eV. After introducing

fluorine atom in PBDT-FBTA, its HOMO energy level is down—shifted to —5.26 eV. The

HOMO and LUMO energy levels of the polymers were also shown in Table 1. The lower
HOMO energy levels of PBDT-FBTA can provide better air stability in ambient condition and
higher open circuit voltage (V) of the PSCs with PBDT-FBTA as donor materials, because the
Voc is usually proportional to the difference between the LUMO level of the acceptor and the
HOMO level of the donor.

2.5. Photovoltaic Properties.

9
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Polymer solar cells were fabricated from PBDT-HBTA or PBDT-FBTA as donor and

(6,6)-phenyl-Cro-butyric acid methyl ester (PC70BM) as acceptor with a general device structure

(see the inset of Figure 3) of ITO/PEDOT:PSS/Polymer:PC;0BM/Ca(20 nm)/Al(90 nm). The

active layers were spin-coated from chlorobenzene (CB) solution of the donor and acceptor,

1,8-diiodooctane (DIO) was used as processing additive to optimize the morphology, and

pre-thermal annealing at 110 °C for 10 min was performed before deposition of the metal top

electrode.

Table 2. The comparison of the photovoltaic properties of the PSCs based on polymer/PC7;,0(BM

(1:1, w/w) without or with DIO additive under the illumination of AM1.5G, 100 mW/cm®.

Voe Jse FF PCE Thickness
Polymers DIO
(V) (mAem?) (%) (%)  (nm)
No 0.60 5.38 52.8 1.70 80 nm
PBDT-HBTA
Yes 0.58 7.41 56.5 243 110 nm
No 0.72 5.68 572 2.34 80 nm
PBDT-FBTA Yes 0.73 7.61 62.1 3.45 86 nn
Yes 0.76 10.94 53.8 447 202nm
10
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Figure 3. Current density—voltage curves of the PSCs based on polymer/PC70BM (1:1, w/w)
with and without DIO as a processing additive, under the illumination of AM1.5G, 100

mW/cm?. The inset shows the schematic diagram of the device.

Figure 3 shows the J-V curves of the PSCs based on the copolymer/PC70BM (1:1, w/w)
with and without DIO processing additive, under the illumination of AM1.5G, 100 mW/cm?,
and the photovoltaic parameters of the devices are summarized in Table 2. In the absence of the
additive, the PSC devices based on polymer/PC;)BM (1:1, w/w) exhibit relatively poor
performance with a PCE of only 1.53% for PDBT-HBTA and 2.34% for PDBT-FBTA. The
fluorinated polymer PDBT-FBTA exhibited a Voc of 0.73 V, 0.1 V higher than that of
PDBT-HBTA, which is benefitted from its lower-lying HOMO energy level. The higher hole
mobility of PDBT-FBTA is expected to contribute in part to the higher photocurrents, higher

fill factors and better device performance. The addition of 5% DIO to the blend solution
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dramatically improved the photovoltaic performance of the devices. As shown in the J—V

curves of the PSCs based on polymer/PC7;0BM (1:1, w/w) with DIO additive, both polymers

show improved efficiency than that without the additive, due mainly to significantly increased

currents. The device based on PBDT-FBDA/PC;,0BM (1:1, w/w) with 5% DIO additive

demonstrated a PCE of 4.47% with a high Js¢c of 10.96 rnA/crnz, a high Voc of 0.76 V and a FF

of 53.8%.

Table 3. The effect of the active layer thickness on the photovoltaic performance of the PSCs

based on a PDTS-FBTA/PC7BM (1: 2, w/w) with DIO additive, under the illumination of

AM1.5G, 100 mW/cm®.

Active Layer Thickness Vi Jse FF PCE
(nm) (V) (mAem™) (%) (%)
400 nm 0.75 10.82 584 4.74
190 nm 0.75 11.90 67.2 6.00
102 nm 0.77 10.03 71.6 5.53
12
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25 Figure 4. (a) Current density—voltage curves of the PSCs based on PBDT-FBTA/PC7BM (1:2,
gs w/w) with DIO as additive and with different active layer thickness, under the illumination of
58 AM1.5G, 100 mW/cm?; (b) Incident-photon-to-converted—current efficiency (IPCE) spectra of
28 the PSCs based on PBDT-FBTA/PC;0BM (1:2, w/w) blend film with DIO as additive. The

inset of Figure 4b shows transmission spectrum of the active layer.
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Considering the promising photovoltaic properties of the fluorinated polymer
PBDT-FBTA, device optimization was further performed by changing the weight ratios of
PBDT-FBTA donor and PC;(BM acceptor and the thickness of the active layers. The optimized
weight ratio of PBDT-FBTA: PC70BM is 1:2. Figure 4(a) shows the J-V curves of the PSCs
based on PBDT-FBTA/PC7BM (1:2, w/w) with DIO processing additive and with different
active layer thickness, under the illumination of AM1.5G, 100 mW/cmz, and the photovoltaic
parameters of the devices are summarized in Table 3. The IPCE and transmission spectra based
on the various blends are shown in Figure 4b. From the transmission spectrum of the active
layer (see the inset of Figure 4b), we can see that thicker active layer can ensure better
light-harvesting ability, and ca. 90% light was absorbed in the wavelength range of 300-620 nm
for the film at 190 nm. At an active layer thickness of 102 nm, a PCE of 5.53% was obtained
together with a notable FF of 71.6% and a Jsc of 10.03 mA/cm®. The FF of 71.6% is the highest
value in the PSCs with the 2-D-conjugated polymers as donor, which indicates that the charge
flow in the device is well-balanced and no significant recombination loss occurs within the
active layer under this condition. Under an optimal active layer thickness of 190 nm, the device
exhibits a high Ji. of 11.90 mA ¢cm™ with a broad and high IPCE over 70% in the wavelength
range of 450-630 nm (see Figure 4(b)). Together with a Voc of 0.75 V and a fill factor of
67.2%, a further improved PCE of 6.0% was achieved. Interestingly, even at a thicker active
layer of 400 nm, the PSC still demonstrated a higher PCE of 4.74%. The insensitivity of the

photovoltaic performance of the PSCs on the active layer thickness should be benefitted from

14
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the higher hole mobility of the polymer, and it is of crucial importance for large area fabrication

of the device in future commercial applications.

©CoO~NOUTA,WNPE

48 Figure 5. Tapping mode AFM (a) topography image and (b) phase image of the blend film of
50 PBDT-FBTA/PC7BM (1: 2, w/w) without DIO; (c) topography image and (d) phase image of
52 the blend film of PBDT-FBTA/PC7BM (1: 2, w/w) with DIO.

57 The effect of DIO additive is most clearly visualized from atomic force microscopy (AFM)

60 images of PBDT-FBTA/PC;BM (1: 2, w/w) blend film with or without DIO additive, as

15
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shown in Figure 5. Without DIO, the composite film exhibits micro-scale phase separation,
suggesting poor dispersion of PC70BM in the polymer matrix (Figure 5a and 5b). In contrast,
nano—morphology with 20-30 nm domain size is clearly visible for the film with 5% DIO
additive. The bicontinuous network with nano-scale phase separation improved the exciton
dissociation and carrier collection efficiency, thus leading to an increase in short-circuit current
density as well as the device efficiency. The GIXRD measurement of the polymer/PCBM blend
film with and without DIO can provide further evidence on the change of the blend film
structures (see Figure S4 in SI). For the blend film, the decreased peak intensity of the blend
film with 5% DIO, compared to blend film without DIO, indicates the crystalline domain size
within the film is decreased. This result is consistent with the morphology change.
3. Conclusions

In conclusion, we synthesized two new 2-D-conjugated and side-chain-isolated D-A
copolymers, PBDT-HBTA and PBDT-FBTA, based on thiophene-substituted BDT donor unit,
BTA acceptor unit without or with fluorine substitution, and thiophene m-bridges between the
donor and acceptor units, for the studies on the relationship of molecular structure and
photovoltaic properties of the polymer photovoltaic materials. The copolymer films
demonstrated well defined absorption peaks with steep absorption edges, consistent with their
rigid and ordered structures in the solid films. The substitution of thiophene conjugated side
chain on the BDT unit in the copolymers aroused 15 nm red-shifted absorption in comparison
with its polymer analogues with alkoxy side chains on BDT unit. Compared to PBDT-HBTA,
PBDT-FBTA with two fluorine atoms substitution on BTA unit demonstrated lower HOMO
energy level, higher hole mobility and significantly better photovoltaic performance. The PSC
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based on PBDT-FBTA/ PC;BM (1:2, w/w) with 5% DIO additive displayed a power
conversion efficiency of 6.0% with a Js, of 11.9 mA/cmz, a Voc of 0.75 V and a FF of 67.2%,
under the illumination of AM1.5G, 100 mW/cm?’. Even at a thicker active layer of 400 nm, the
PSC still demonstrated a higher PCE of 4.74%. The results indicate that PBDT-FBTA is a

promising polymer donor material for future application of large area PSCs.

4. Experimental Section

Instrumentation. '"H NMR spectra were measured on a Bruker DMX—400 spectrometer with
d—chloroform as the solvent and trimethylsilane as the internal reference. UV—visible
absorption spectra were measured on a Hitachi U-3010 UV—vis spectrophotometer. Mass
spectra were recorded on a Shimadzu spectrometer. Elemental analyses were carried out on a
flash EA 1112 elemental analyzer. Thermogravimetric analysis (TGA) was conducted on a
Perkin—Elmer TGA-7 thermogravimetric analyzer at a heating rate of 20 °C/min and under a
nitrogen flow rate of 100 mL/min. Molecular weight of the polymer was measured by Gel
permeation chromatography (GPC), using polystyrene as standard and THF as the eluent. The
electrochemical cyclic voltammetry was performed on a Zahner IM6e Electrochemical
Workstation, in an acetonitrile solution of 0.1 mol/L n-BusNPFg at a potential scan rate of 100
mV/s with an Ag/Ag" reference electrode and a platinum wire counter electrode. The film
morphology was measured using an atomic force microscope (AFM, SPA-400) using the
tapping mode. X-ray diffraction patterns of the pristine polymer thin films were measured using
a Rigaku D/ MAX 2500V/ PC diffractometer operated in grazing incidence mode.

Materails: All chemicals and reagents were purchased from commercial sources and used

without further purification.
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4,5-difluorobenzene-1,2-diamine (1): 4,5-difluoro-2-nitroaniline (10 g, 38 mmol) and 12 M
HCI (311 mL) were put into a two-neck flask under the protection of Argon atmosphere. After
cooling the mixture to 0 °C, Then tin power (33 g) was added slowly, while the reaction
temperature was maintained at 25-30 °C. Continue to reaction when the tin power completely
depleted after one hour at the same temperature, and then put it in the refrigerator overnight.
The reaction mixture was put into 500 mL water, and then use 4 M NaOH to adjust the pH
value to pH10. Meanwhile, the reaction mixture was extracted three times with ethyl acetate.
The organic layer was washed with water, dried (MgSO,) and then concentrated under reduced
pressure. The crude product was  recrystallized with  methanol to  obtain
4,5-difluorobenzene-1,2-diamine with a 80% yield. 'H NMR (400 MHz, CDCls, ppm): 7.94 (t,
2H), 4.57 (m, 4H). Ms, m/z (%): 144. Calculated for CcH¢N,F;: C, 50.00; H, 4.17; N, 19.44;
found: C, 50.09; H, 4.12; N, 19.23.

5,6-difluoro-1H-benzo[d][1,2,3]triazole (2): Compound 1 (14 g, 0.1 mol) was dissolved in
AcOH (12 ml, 0.2 mol) and 500 ml of water on heating. The reaction mixture was cooled, and a
solution of NaNO; (8 g, 0.11 mol) in 200 ml of water was added at 5 °C. The reaction mixture
became immediately dark-green, and it was stirred at room temperature for 1 h. The precipitate
obtained after cooling was filtered off, dried in air and recrystallised from water. Yield, 81%;
'H NMR (400 MHz, CDCl;, ppm): 15.81 (s, 1H), 7.89 (t, 2H). Ms, m/z (%): 155. Calculated for
CeH3N3F;: C, 46.45; H, 1.93; N, 27.10; found: C, 46.73; H, 1.92; N, 27.03.
2-(2-octyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole (3): Compound 2 (12 g, 80 mmol),
potassium tert-butoxide (30 g, 200 mmol) and 1-bromooctane (29 g, 150 mmol) were dissolved
in methanol (200 mL). The reaction mixture was refluxed for 24 h and monitored by TLC. The
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reaction mixture was then poured into saturated NH4Cl solution, and extracted with CHCl; and
washed with water twice. The organic extraction was dried over anhydrous MgSO, and the
solvent was evaporated under reduced pressure. Column chromatography on silica gel was
performed to obtain 4,5-difluoro-2-octylbenzotriazole as a colorless oil with a 45% yield. 'H
NMR (400 MHz, CDCls, ppm): 7.91 (t, 2H), 4.67 (d, 2H), 2.21 (m, 2H), 1.52-1.18 (m, 10H),
0.89 (t, 3H). Ms, m/z (%): 267. Calculated for C;4HoNsF,: C, 62.92; H, 7.12; N, 15.73; found:
C,62.98; H,7.11; N, 15.65.
4,7-di(trimethylsilyl)-2-(2-octyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole (4): 2.0 M Lithium
diisopropylamide (LDA) (33 mL, 66 mmol) was added dropwise over 10 min to a solution of
compound 3 (8 g, 30 mmol) and dry THF (100 mL) under argon at -78 °C. The solution was
stirred for 30 min, and then trimethylsilyl chloride (7.6 g, 70 mmol) was added dropwise over
10 minutes at -78 °C. The temperature was maintained while reaction was stirred for 3h, and
then the reaction was quenched with 10 mL of saturated NH4Cl. The reaction was warmed to
room temperature and poured into saturated NH4Cl. The mixture was extracted with CHCl;,
washed with water twice. The organic extraction was dried over anhydrous MgSO, and the
solvent was evaporated under reduced pressure. Column chromatography on silica gel was
performed to obtain 4,7-di(trimethylsilyl)-5,6-difluoro-2-octylbenzotriazole as a colorless oil
with a 75% yield. 'H NMR (400 MHz, CDCls, ppm): 4.63 (d, 2H), 2.19 (m, 2H), 1.52-1.18 (m,
10H), 0.28-0.35 (t, 21H). Ms, m/z (%): 411. Calculated for C;4H3oN3F,Si,: C, 40.87; H, 7.30; N,
10.22; found: C, 40.98; H, 7.21; N, 10.09.
4,7-dibromo-2-(2-octyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole (5): Monomer 4 (8.22 g, 20
mmol) was dissolved into CHCI; (100 mL), and bromine (9.5 g, 60 mmol) was added in one
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portion, and the reaction was stirred for 24 h at 60 °C, shielded from light. After cooling the
mixture to room temperature, a NaOH aqueous solution was added and the aqueous layer was
extracted with CHCl;. The organic layer was dried over anhydrous MgSO, and the solvent was
evaporated under reduced pressure. Compound 5 was obtained as a light yellow oil by column
chromatography in a 85% yield. '"H NMR (400 MHz, CDCls, ppm): 4.66 (d, 2H), 2.27 (m, 2H),
1.48-1.13 (m, 10H), 0.87 (t, 3H). Ms, m/z (%): 425. Calculated for C,4H;7N3F,Br,: C, 39.53; H,
4.00; N, 9.88; found: C, 39.98; H, 4.11; N, 9.67.
2-(2-octyl)-5,6-difluoro-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (6): Monomer 5
(6.8 g, 16 mmol), tributyl(2-thienyl)tin (18.7 g, 50 mmol), and Pd(PPh3)4 (416 mg, 0.36 mmol)
were dissolved in 150 mL of dry THF. The reaction mixture was then heated to reflux, and
stirred for 48 h under a nitrogen atmosphere. After cooling, the reaction solution was extracted
three times with ethyl acetate. The organic layer was washed with water, dried over anhydrous
MgSOs4, and then concentrated under reduced pressure. Further purification was performed
using silica gel column chromatography (petroleum ether/methylene = 4:1 as eluent),
yellow-green crystals was obtained. The yield was 90%. 'H NMR (400 MHz, CDCls;, ppm):
8.23 (d, 2H), 7.51 (d, 2H), 7.23 (m, 2H), 4.76 (d, 2H), 2.57 (m, 2H), 1.58-1.18 (m, 10H), 0.91 (t,
3H). Ms, m/z (%): 433. Calculated for CH3N3F»S,: C, 60.97; H, 5.31; N, 9.70; found: C,
70.01; H, 5.37; N, 9.58.
4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole
(FBTA): Under the darkness, compound 6 (2.6 g, 6 mmol) was dissolved in the mixture of
CHCI; (60 mL) and acetic acid (60 mL). After cooling the mixture to 0 °C, NBS (2.35 g, 13.2
mmol) was added in portions. After 12 h, the reaction mixture was extracted with CHCl; and
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washed by water twice and dried (MgSO4). The organic solvent was evaporated. The crude
product was purified by column chromatography on silica gel using 10:1 petroleum ether:
methylene chloride as the eluent. Yellow crystals were obtained with 72% yield. "H NMR (400
MHz, CDCls, ppm): 7.93 (d, 2H), 7.15 (m, 2H), 4.71 (d, 2H), 2.33 (m, 2H), 1.44-1.12 (m, 10H),
0.88 (t, 3H). Ms, m/z (%): 591. Calculated for C,,H,N3F,S,Br,: C, 44.67; H, 3.55; N, 7.11;
found: C, 44.77; H, 3.47; N, 7.08.

Synthesis of PBDT-HBTA. Under the protection of Argon atmosphere, 0.5 mmol of the
2,6-Bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’] dithiophene
(monomer BDT) * was put into a two-neck flask. Then 12 ml of degassed toluene and 0.5
mmol of 2-octyl-4,7-di(5-bromo-thiophen-2-yl)-2H-benzo[ 1,2,3] triazole (monomer HBTA)!'7
were added to the mixture. The solution was flushed with argon for 10 min, and then 25 mg of
Pd(PPhs)s was added. After another flushing with argon for 20 min, the reactant was heated to
reflux for 12 h. Then the reactant was cooled to room temperature and the polymer was
precipitated by adding 200 ml of methanol, filtered through a Soxhlet thimble, and then
subjected to Soxhlet extraction with methanol, hexane, and chloroform. The polymer was
recovered as solid from the chloroform fraction by rotary evaporation. The solid was dried
under vacuum for 12 h. The yield of the polymerization reaction was about 47%. GPC: M,, =
81.3 kg/mol, M,= 31.2 kg/mol, M,,/M,, = 2.60. 'H NMR (400 MHz, CDCl3), d(ppm): 7.39 (m,
2H), 7.19 (m, 2H), 2.76 (m, 4H), 1.72-1.20(m, 50H), 0.79-0.90 (m, 21H).

Synthesis of PBDT-FBTA. The polymerization process was the same as that for PBDT-HBTA,
except that monomer FBTA!"® was used instead of monomer HBTA and the reactant was
refluxed for 12h. Yield: 63%. GPC: M,, = 43.0 kg/mol, M,= 32.0 kg/mol, M,,/M,, = 1.35. 'H
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NMR (400 MHz, CDCl3), & (ppm) : 7.53-7.32 (m, 2H), 4.19 (m, 2H), 2.93 (m, 4H), 1.52-1.25(m,
50H), 0.79-0.95 (m, 21H).

Fabrication and Characterization of PSCs: The PSCs were fabricated with a configuration of
ITO/PEDOT:PSS (40 nm)/active layer/ Ca(20 nm)/Al(90 nm). A thin layer of PEDOT:PSS
(poly—(3,4—ethylenedioxythiophene): poly(styrene sulfonate)) was spin—cast on pre—cleaned
ITO—coated glass from a PEDOT:PSS aqueous solution (Baytron P VP Al 4083 from H. C.
Starck) at 2000 rpm and dried subsequently at 150 °C for 30 min in air, then the device was
transferred to a glove box, where the active layer of the blend of the polymer and fullerene
derivative was spin—coated onto the PEDOT:PSS layer. Finally, a Ca/Al metal top electrode
was deposited in vacuum onto the active layer at a pressure of ca. 5 x 10~ Pa. The active area
of the device was 4 mm”. The thickness of the active layer was determined by an Ambios Tech.
XP-2 profilometer. The current density—voltage (J—V) characteristics were measured on a
computer—controlled Keithley 236 Source—Measure Unit. A xenon lamp coupled with AM 1.5
solar spectrum filter was used as the light source, and the optical power at the sample was 100

mW/cm?.

Supporting Information Available: TGA and DSC plots, X-ray diffraction patterns and the
OFET performance of the polymers. This information is available free of charge via the Internet
at http://pubs.acs.org/.
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