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Alternating conjugated copolymers based on 5,10-bis(dialkylthien-2-yl)dithieno[2,3-d:2’,3'-d']benzol[1,2-
b:4,5-b'ldithiophene (DTBDT) and 2,1,3-benzothiadiazole (BT) or 5,6-difluoro-2,1,3-benzothiadiazole
(FBT) with alkylthiopene spacers were synthesized, and the effect of insertion of alkylthiophene spacers
and fluorine atoms on the characteristics of the copolymers, such as the energy levels, intrachain T—m
interaction, dielectric constants, photovoltaic properties, etc., were systematically investigated. It has
been found that: (i) the introduction of alkylthiophene spacers not only led to an increase in the
intrachain interaction of the copolymers, but also resulted in an increase in the highest occupied
molecular orbital (HOMO) levels and the lowest unoccupied molecular orbital (LUMO) levels, and (ii) the
inclusion of fluorine atoms resulted in a decrease in both HOMO and LUMO energy levels with
enhancement of the planarity and hole mobility. However, the inclusion of fluorine atoms had little
effect on the LUMO levels relative to the decrease in the HOMO levels, and almost did not affect the

dielectric constant of the copolymers. Use of the materials in polymeric photovoltaic cells led to high
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demonstrated that the optoelectronic and aggregation properties of the 5,10-bis(alkylthien-2-yl)dithieno-
[2,3-d:2',3'-d'Ibenzoll,2-b:4,5-b']dithiophene-alt-benzothiadiazole copolymers can be
effectively regulated by the introduction of alkylthiophene spacers and/or fluorine atoms into the backbone.
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in contrast to BDT-based CPs.> The DTBDT-based CPs have
attracted much attention in the development of novel high
performance CPs for PVCs, since Hou et al. first reported
a low band gap conjugated polymer (PDTT) with 5,10-di(2-
hexyldecyloxy)-DTBDT as electron donor building blocks in
2012.*» After that, many promising CPs with DTBDT derivatives
as electron donor moieties and the thieno[3,4-b]-thiophene
(TT),*»* 1,4-diketopyrrolo[3,4-c]pyrrole (DPP),* thieno[3,4-c]-
pyrrole-4,6-dione  (TPD),*  dithieno[3,2-b:2',3’-d]phosphole
oxide (DPT)," naphtho[1,2-¢:5,6-c']bis[1,2,5]-thiadiazole (NT),®
2,1,3-benzothiadiazole (BT),'*” isoindigo (ID),* 1,3-bis(thien-2-
yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c'|dithiophene-
4,8-dione’ etc. derivatives as electron acceptor moieties have
been presented, and the power conversions efficiencies (PCEs)

1. Introduction

As a notable aromatic analogue of benzo[1,2-b:4,5-b']di-
thiophene (BDT) - a most promising electron donor building
block for high performance polymeric photovoltaic cells (PVCs)
- dithieno(2,3-d:2’,3"-d'Jbenzo[1,2-b:4,5-b']dithiophene (DTBDT)
not only shows a similar highest occupied molecular orbital
(HOMO) energy level to BDT, but also has a larger coplanar core
and extended conjugation length."* It was believed to provide
advantageous properties for DTBDT-based conjugated polymers
(CPs) such as enhanced charge-carrier mobility, decreased band
gaps and facilitated exciton separation into free charge carriers
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of 4.0-9.7% have been demonstrated in the PVCs from the
copolymers. Among them, the alternating co-polymer derived
from 5,10-bis(4,5-didecylthien-2-yl)dithieno[2,3-d:2',3'-d' [benzo-
[1,2-b:4,5-b']dithiophene (DTBDT-T) as electron donor moieties
and 5,6-difluoro-2,1,3-benzothiadiazole (FBT) as electron
acceptor moieties has been demonstrated to be a promising
candidates for high performance PVCs, as it not only exhibited
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attracting photovoltaic properties, but also presented high
photo-stability.”

In general, ideal polymeric photovoltaic electron donor CPs
are required to have a broad and strong absorption, high
carrier mobility and suitable energy levels, as well as appro-
priate miscibility with the fullerenes.' In spite of the fact
that the incorporating electron-donor (D) moiety and electron-
acceptor (A) moiety in the polymer backbone has been
demonstrated to be the most efficient and common approach
to modulate and optimize the optoelectronic and aggregation
properties of the CPs for PVCs to date, the approach like of
insertion of m-spacers between the D and A units have also
been well proven to be other promising approach to alter the
optoelectronic properties of polymers and miscibility of the
polymers with the fullerene derivatives significantly.'* For
instance, Wang and co-workers reported a series of polymers
containing BDT and isoindigo units by inserting bithiophene
spacer to modulate the optoelectronic and aggregation prop-
erties of the co-polymers, and remarkable enhancement of
PCEs from 2.8% to 7.3% for PVCs from the copolymers with
bithiophene as m-spacers, have been achieved.* Wei et al.
demonstrated that the insertion of thiophene spacers can
impart crystallinity and enhance the PCEs of the PVCs from
benzotrithiophene-based CPs.*?*

Herein, we modulated the optoelectronic properties of the
copolymers with DTBDT-T as electron donor moieties and BT
and FBT as electron acceptor moieties via the insertion of
alkylthiophene as m-spacers. The influence of the insertion of
the alkylthiophene spacers and fluorine atoms into the polymer
backbone on the light absorption characteristics, energy levels,
hole transporting properties, intrachain interaction in diluted
solution and solid states, dielectric constant and photovoltaic
properties etc. of the copolymers were systematically investi-
gated. The results demonstrated that the optoelectronic and
aggregation properties of the 5,10-bis(alkylthien-2-yl)dithieno-
[2,3-d:2',3"-d'|benzo[1,2-b:4,5-b']-dithiophene-alt-benzothiadia-
zole derivatives copolymers can be effectively regulated by the
introduction of alkylthiophene spacers and/or fluorine atoms
into the polymer backbone.

DTBDT-TSn

Scheme 1 Synthesis route of the copolymers.
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2. Results and discussion

2.1. Synthesis and characterization of the copolymers

The general synthetic routes toward copolymers are outlined in
Scheme 1. 2,7-Bis(trimethylstannyl)-5,10-di(4,5-didecyl-thien-2-yl)-
DTBDT (DTBDT-TSn),** 4,7-bis(5-bromo-4-octylthien-2-y1)-2,1,3-
benzothiadiazole (DTBTBr,) and 4,7-bis(5-bromo-4-dodecylthien-
2-y1)-2,1,3-benzothiadiazole (DTBTC12Br,),"* 4,7-bis(5-bromo-4-
octylthien-2-yl)-5,6-di-fluoro-2,1,3-benzothiadiazole = (DTFBTBr,)
and 4,7-bis(5-bromo-4-dodecylthien-2-yl)-5,6-difluoro-2,1,3-
benzothiadiazole (DTFBTC12Br,)"* were synthesized as the
procedure reported in the corresponding references. The struc-
tures of the monomers were confirmed by "H NMR and elemental
analyses before use. The copolymers were synthesized from the
polymerization of DTBDT-TSn and BT derivatives like of DTBTBr,
and DTFBTBEr, via the palladium-catalysed Stille coupling reaction
under mono-microwave heating condition," followed with the
end-capped reaction with 2-(tributylstannyl)thiophene and 2-
bromothiophene to remove the bromo and trimethylstannyl end
groups.'® The number-average molecular weights of the copoly-
mers determined by gel permeation chromatograph (GPC) in
tetrahydrofuran (THF) with polystyrene standards, are about 2.61
x 10* and 3.74 x 10* g mol~ " with corresponding polydispersity
index (PDI = M,/M,) of 2.46 and 3.17 for PDTBDT-DTBT and
PDTBD-DTFBT, respectively (Table 1). The decomposed temper-
ature (Ty, 5% weight-loss) of the copolymers are ranging from
410.3 to 423.6 °C (see ESI, Fig. S1f). It demonstrated that the
copolymers exhibited excellent thermal-stability.

2.2. Optical properties of the copolymers

Firstly, we employed UV-vis absorption spectroscopy to char-
acterize the absorption properties of the copolymers in dilute
solution and solid state. As shown in Fig. 1a and b, the
absorption spectra of PDTBDT-DTBT exhibited a 0-0 absorption
peak at 680 nm and two well-resolved shoulder peaks as 0-1 and
0-2 at 630 nm and 474 nm with the optical band gap (E;) of
1.63 eV in dilute solution. Meanwhile, the absorption spectra of
PDTBDT-DTFBT exhibited a 0-0 absorption peak at 662 nm and
two well-resolved shoulder peaks as 0-1 and 0-2 at 612 nm and
463 nm with the E, of 1.72 eV. It could be found that the two

Toluene/DMF

R= n-CgH,7, PDTBDT-DTBT
R= n-C;,H,s, PDTBDT-DTBTC12

Toluene/DMF

CyoHyy
R=n-CgH,7, PDTBDT-DTFBT
R=n-C,H,5, PDTBDT-DTFBTC12
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Table 1 Molecular and optoelectronic parameters of the PDTBDT-DTBDT and PDTBDT-DTFBT

Relative
M, (g mol ™" M, (g mol" E?in  E, HOMO LUMO® Hole mobility dielectric
Copolymer (x10%) (x10%) PDI film (eV) (V) (eV) (eV) (em® Vv~ 's™") constant VSMP (V) VS (V) T4 (°C)
PDTBDT-DTBT  26.1 64.2 2.46 1.61 0.48 —-5.19 —3.57 1.28 x 107* 2.86 0.67 0.63-0.66 410.3
PDTBDT-DTFBT 37.4 118.3 3.17 1.70 0.57 —5.28 —3.57 2.17 x 107* 2.85 0.76 0.72-0.73 423.6

“ Calculated from the HOMO energy levels and optical band gap of the copolymers in film by the empirical equation of Eyymo = —(|HOMO| — E,)
(eV).? calculated from the difference between LUMO the PC,;BM and HOMO by empirical equation of Vo, = (|HOMOP®"'| — |HOMOP°"*"| — 0.3)/e
(V). © Open circuit voltage of the PVCs from the copolymers and PC,,BM blend films.

copolymers presented similar absorption characteristics in
dilute solution and solid state except that the on-set band gap
wavelengths were slightly red-shifted about 8-9 nm from solu-
tion to solid thin films. The main absorption peaks at 630 and
612 nm should be attributed to the intramolecular charge
transfer (ICT) between electron-rich unit DTBDT and electron-
deficient moieties BT and/or FBT along the conjugated back-
bones,"” while the absorption peaks in high-energy region could
arise from the localized w-m* transitions. And the shoulder
peaks at 680 and 662 nm should be attributed to intermolecular
m-m* transitions owing to the aggregation for the polymer
chains.”™ As compared with the absorption spectra of the cor-
responding copolymers without alkylthiophene spacers, which
were accordingly derived from DTBDT-T and BT and FBT, and
named PDTBDT-BT and PDTBDT-FBT (see ESI, Fig. S2t), the
band gaps of the PDTBDT-DTBT and PDTBDT-DTFBT exhibited
narrower band gaps in contrast to those for the corresponding
copolymers without alkylthiophene spacers (PDTBDT-BT and
PDTBDT-FBT). In parallel, it also could be found that the on-set
band gap wavelengths and main absorption peaks at around
658 nm for PDTBDT-BT and 646 nm for characteristics of the
PDTBDT-DTBT and PDTBDT-FBT were clearly red-shifted, while
the absorption PDTBDT-DTFBT were almost did not change
from solution to solid state, which suggested that the PDTBDT-
DTBT and PDTBDT-DTFBT have established strong interchain
m-1* interaction even in dilute solution."*'*

1.4
| —&— PDTBDT-DTBT in solution
—&—PDTBDT-DTBT in film
12 —A—PDTBDT-DTFBT in solution
r —¥—PDTBDT-DTFBT in film
1.0 B

e o S
FS N %

Normalized Absorption Spectra (a.u.)
(=]
©

o
o

100 500 600 700 800

Wavelength (nm)

Fig. 1 Normalized absorption of the PDTBDT-DTBT and PDTBDT-
DTFBT in dilute solution and thin film.
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For the CP in dilute solution, the molecule motions of
conjugated polymer was accelerated when the temperature
elevated, which resulted in the absorption shoulder peaks
related to aggregation produced by intermolecular w—-m* tran-
sitions will be reduced at long wavelength range during heating
process. Meanwhile, the distortion of the conjugated backbone
was strengthened with the raising temperature, which led to the
decreasing of effective conjugation length of polymer backbone,
and thus absorption peaks originated from the localized m-m*
transitions and ones produced by ICT transitions were both
blue-shifted.****”*®* Moreover, the conjugation length would be
decreased because of more twisting or decreased coplanarity of
the building blocks in the repeating units at a higher temper-
ature, thus led to the blue-shift of the absorption peaks origi-
nated from to w-7* transition along the CP backbones."*»* To
verify the above conditions, temperature-dependent absorption
(TD-Abs) spectra of the PDTBDT-DTBT, PDTBDT-DTFBT in CB
solution were also measured. As shown in Fig. 2a and b, obvious
changing of absorption spectra of PDTBDT-DTBT and PDTBDT-
DTFBT in CB were found during the heating process, and the
thermochromic effect from a blue solution to a red solution was
observed. From 15 to 95 °C, the absorbance of the former 0-
0 peaks at 680 nm for PDTBDT-DTBT decreased continuously,
and then disappeared while the temperature was increased
from 95 to 115 °C. As compared with PDTBDT-DTBT, the TD-
Abs spectra of the PDTBDT-DTFBT, the absorbance of the
former 0-0 peaks at 662 nm for PDTBDT-DTFBT presented
similar temperature-dependent variation in relative to those for
PDTBDT-DTBT during the heating process, except that the 0-
0 peaks at 662 nm did not disappeared even the temperature
was increased to 115 °C. As expected, the peaks at 630 nm for
PDTBDT-DTBT and 612 nm for PDTBDT-DTFBT, which were
originated from the ICT along the conjugated backbones of the
PDTBDT-DTBT and PDTBDT-DTFBT, were continuously blue-
shifted from 630 to 546 nm and 612 to 549 nm as the temper-
ature were increased from 15 to 115 °C. As compared with the
absorption characteristics of PDTBDT-DTBT and PDTBDT-
DTFBT, the thermochromic effect from a blue solution to
a red solution was observed in the solution of PDTBDT-BT and
PDTBDT-FBT (see ESI, Fig. S31). These results verified that the
PDTBDT-DTBT and PDTBDT-DTFBT can establish strong
interchain 7-7* interaction even in dilute solution, and the
insertion of alkylthiophene spacers would result in the increase
of the polymer chains aggregation even in dilute solution.
Meanwhile, the evidences that the increase of the temperature

RSC Adv., 2017, 7, 22845-22854 | 22847
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Fig. 2 Temperature-dependent UV-vis spectra of PDTBDT-DTBT (a)
and PDTBDT-DTFBT (b) in chlorobenzene solution.

of the solutions resulted in the continuously blue-shifting of the
main photoluminescence (PL) peaks and decrease shoulder PL
peaks of the PDTBDT-DTBT and PDTBDT-DTFBT (see ESI,
Fig. S3 and S57), the enlarging of the alkyl side chains of the
alkylthiophene spacers reduced the m-m* interaction and
increased the twisting freedom of the conjugation backbone of
the copolymers in dilute solution, thus result in the easier
change of the absorption peaks of the interchain m-m* inter-
action and the m—7t* transition along the CP backbones during
the heating process (see ESI, Fig. S4 and S67), were also sup-
ported the above deductions. In addition to the above features,
we observed that not only the absorption peaks originated from
ICT of PDTBDT-DTFBT at around 662 nm (Fig. 2a and b), but
also the main PL peaks and shoulder PL emission at longer
wavelength were less effected by increase of the temperature in
relative to those for the PDTBDT-DTBT (see ESI, Fig. S3 and
S$51). It might illustrate that the PDTBDT-DTFBT exhibited
stronger interchain w-7* interaction than that for PDTBDT-
DTBT in dilute solution, and the insertion of fluorine atom
also played positive effect on the increase of the rigidity and
interchain m-7* interaction of the copolymers.*

22848 | RSC Adv., 2017, 7, 22845-22854
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To understand the effect of the insertion of fluorine atoms on
the interchain m-mt* interaction and thermochromic properties of
the copolymers, calculations were implemented by using density
functional theory (DFT) calculation with B3LYP/6-31G(d,p) basis
set in Gaussian 09 (ref. 20) under striking an balance between
prediction of the conformation and a completion of the calcula-
tions within reasonable time, and the alkyl side substituents were
replaced as methyl. The trans- (or cis-) coplanar conformations of
the PDTBDT-DTBT and PDTBDT-DTFBT were respectively defined
by the dihedral angles (torsion angels) between the alkylth-
iophene spacers (T) and benzothiadiazole (BT) or 5,6-difluor-
obenzothiadiazole (FBT) for —90° and 270° (Fig. 3a). The
optimized ground-state geometries of the PDTBDT-DTBT and
PDTBDT-DTFBT systems were demonstrated to be ¢rans-confor-
mation, in which the dihedral angle of between T and BT in
PDTBDT-DTBT systems were 7.7°, while the angles between T and
FBT became 0.3° in PDTBDT-DTFBT (Fig. 3b). The relaxed
potential-energy scans and relative populations of the T-BT and T-
FBT link bond signified that the T-FBT link exhibited narrower
potential energy wells than that for the T-BT link, and the
PDTBDT-DTFBT system exhibited a narrower distribution of
conformations around the trans-coplanar conformer (0°)
compared to that for PDTBDT-DTBT system (Fig. 3c and d). The
above results indicate that the insertion of fluorine atoms would
contribute to the significant enhancement of the planarity and
rigidity of the PDTBDT-DTFBT, and the smaller rotating energy
barrier near the minimum energy conformation of T-FBT link in
contrast to that for T-BT link, all of which would led to the
stronger interchain 7w-mt* interaction and more difficult thermo-
chromic of the PDTBDT-DTFBT as compared PDTBDT-DTBT
during the heating process.

2.3. Electrochemical characteristics of the copolymers

To investigate the influence of the insertion of the alkylthiophene
and fluorine atom on the energy levels of the polymers, the elec-
trochemical behaviors of the copolymers of the PDTBDT-DTBT
and PDTBDT-DTFBT were investigated by cyclic voltammetry
(CV) in a nitrogen-saturated acetonitrile solution containing 0.1 M
tetrabutylammonium hexafluoro-phosphate with glass carbon,
Ag/AgNO; and Pt wire electrode as the working, reference and
counter electrode, respectively. All scans were performed at a scan
rate of 50 mV s~ '. The oxidation potential of PDTBDT-DTBT and
PDTBDT-DTFBT were respectively observed at around, 0.48 V and
0.57 V. The redox potential of Fc/Fc' in the above-mentioned
condition is +0.09 V, which is assumed to have an absolute
energy level of —4.8 eV to vacuum for calibration. The HOMO and
LUMO levels calculated by empirical formulas (Exomo = —(Eox +
4.71) (eV)* and Eyymo = —(|[HOMO| — E,) (eV)), were about
—5.19 eV and —3.57 eV for PDTBDT-DTBT, —5.28 eV and —3.57 eV
for PDTBDT-DTFBT, respectively. As compared with those for the
copolymers without alkylthiophene spacers (PDTBDT-BT and
PDTBDT-FBT) (see ESI, Fig. S7 and S8t), the HOMO and LUMO
energy levels of copolymers with alkylthiophene spacers
(PDTBDT-DTBT and PDTBDT-DTFBT) were clearly raised (Table 1
and Fig. 4). It indicated that the insertion of alkylthiophene
spacers would lead to the increase of the HOMO energy levels and

This journal is © The Royal Society of Chemistry 2017
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at room temperature.

LUMO energy levels for copolymers derived from DTBDT-T and
BT derivatives. Meanwhile, it also could be noticed that the
insertion of fluorine atoms would result in the deepening of the
HOMO and LUMO energy levels, but the effect on the deepening
of the HOMO levels are much significant that those on the LUMO
levels. The DFT calculations of the trimers of copolymers predi-
cated approximate HOMO/LUMO energies of —4.67/—2.76 eV for
PDTBDT-DTBT, —4.75/—2.81 eV for PDTBDT-DTFBT, —4.81/
—2.83 eV for PDTBDT-BT and —4.94/—2.94 eV for PDTBDT-FBT
(see ESI, Fig. S9-S127), which are in general agreement with the
experimental evidences that the insertion of alkylthiophene would
result in the increase of the HOMO and LUMO, and insertion of
fluorine atom would result in the decreases of HOMO and LUMO,
but it provides little effect on the LUMO energy levels in relative to

-~ PDTBDT-DTBT |

_ / == ‘PDTBDT-DTFBT—.
- -:-:\\J' -

2 1.4 1.6 1.8

Current (a.u.)

00 02 04 06 08 1.0 1
Voltage (V)

Fig.4 Cyclic voltammetry curves of the PDTBDT-DTBT and PDTBDT-
DTFBT.

This journal is © The Royal Society of Chemistry 2017

the decrease of the HOMO energy levels, which were contributed
to the inductively withdrawing and mesomerically donating
properties of the fluorine atoms.*

2.4. 2D incident wide-angle X-ray scattering (GIWAXS) and
SCLC analysis

Two-dimensional grazing incident wide-angle X-ray scattering
(2D-GIWAXS) measurement (see ESI, Fig. S13 and S14%) was
used to characterize the crystalline structural features of the
polymers neat films.”® PDTBDT-DTBT and PDTBDT-DTFBT
samples present broad peaks (100) at ~0.23 and ~0.22 A™%,
corresponding to a lamellar d-spacing of 26.8 and 28.5 A,
respectively. The reflection (010) peaks of the PTBDT-DTBT and
PDTBDDTFBT could be observed at 1.69 A~!, which corre-
sponds to the d-spacing for - stacking of 3.7 A. As compared
with the lamellar d-spacing of 21 A and 3.8 A of the d-spacing for
m-7 stacking for the copolymers of PDTBDT-BT and PDTBDT-
FBT,” the lamellar d-spacing of PDTBDT-DTBT and PDTBDT-
DTFBT were increased, and the d-spacing for - stacking of
the PDTBDT-DTBT and PDTBDT-DTFBT were slightly
decreased. The increase of the lamellar d-spacing of the
PDTBDT-DTBT and PDTBDT-DTFBT would be contribute to the
increased of the sum of alkyl side chains, and the decrease of
the d-spacing for m-m stacking of the PDTBDT-DTBT and
PDTBDT-DTFBT would be contributed to the enhancement of
the m-m stacking by insertion of the alkylthiophene spacers.
More detailed analyses of the out-of-plane and in-plane of the
PDTBDT-DTBT and PDTBDT-DTFBT revealed that the PDTBDT-
DTFBT exhibited enhanced m-m stacking, which were consis-
tent with those from the TD-UV absorption and computational
calculations predicated that the insertion of fluorine would
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result in the increase of the interchain w—m* interaction and the
planarity and rigidity of the PDTBDT-DTFBT. The mobility of
PDTBDT-DTBT and PDTBDT-DTFBT, which were determined by
applying the space-charge limited current (SCLC) model,* were
found to be 1.28 x 10 * and 2.17 x 10 * em®> V' s~ (see ESI,
Fig. S15%), respectively. Considering above results, it was
concluded that the insertion of the alkylthiophene and fluorine
atoms would result in the enhancement of the enhanced w-=
stacking and hole mobility of the copolymers derived from
DTBDT and copolymers derived from DTBDT and BT
derivatives.

2.5. Photovoltaic properties of the copolymers

The copolymers of PDTBDT-DTBT and PDTBDT-DTFBT, as the
electron donor materials for PVCs, were employed in PVCs with
device configuration of ITO/PEDOT:PSS/active layer/Ca/Al, and
PC,;BM as the electron acceptor materials. The weight ratios of
the copolymers and PC,;BM were varied from 1:1 to 1:2 and
then up to 1:3 with 3% 1,8-diiodooctane (DIO) as solvent
additives. And the devices were characterized under AM 1.5
simulator (100 mW c¢m™2). The PCEs of the PVCs from PDTBDT-
DTBT/PC,1BM were varied from 4.77% to 6.04% and then
dropped to 4.61% with the open circuit voltage (V,.) of 0.63-
0.65 V, short current densities (J5.) ranging from 12.21-15.64
mA cm > and fill factor (FF) ranging from 55.36-61.95%
(Fig. 5a, Table 2), while the weight ratios of PDTBDT-DTBT and
PC,,BM were varied from 1:1 to 1:2 and then up to 1:3. It
could be found that the optimal weight ratio of PDTBDT-DTBT
and PC,;BM was 1 : 2. Meanwhile, the maximal PCE of 7.12%
was achieved in the PVCs from PDTBDT-DTFBT/PC-;BM with
the V. 0of 0.73 V, Js. of 15.10 mA cm ™2 and FF of 64.55%, and the
PCEs of the devices from PDTBDT-DTFBT and PC,;BM were
also increased at beginning and then dropped while the weight
ratios of PDTBDT-DTFBT and PC-,,BM were varied from 1 : 1 to
1:2 and then to 1: 3 (Fig. 5b). The comparative AFM investi-
gations of the optimal weight ratio blend films from PDTBDT-
DTBT/PC,;BM and PDTBDT-DTFBT/PC,;BM with and/or
without DIO as solvent additives confirmed that the induction
of DIO would result in the amelioration of the morphologies the
blend films (see ESI, Fig. S16 and S171), which would contribute
to the improvement of the J,. and FF of the corresponding
devices (Fig. 5a and b and Table 2). The deviations between the
integral current density and the J,. read from the J-V
measurements of the PVCs with the optimal weight ratios of the
copolymers and PC,;BM are within 3%, indicating the consis-
tency of photovoltaic results (Fig. 5c).

2.6. Dielectric constant of the copolymers

Besides lowering the HOMO energy levels, aggregation and charge
transporting properties etc. of CPs,* it has been suggested that the
insertion of the fluorine substituents would contribute to the
increase of the dielectric constants, thus result in the suppression
of the bimolecular (non-geminate) recombination rates.* Miti-
gation of the space charge effects, and possibly decrease of the
effect of the insertion of fluorine substituents on the relative
dielectric constants (¢;) of the copolymers, the refractive indices
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Fig. 5 J-V characteristics for the PVCs based on PDTBDT-DTBT:
PC;BM (a) and PDTBDT-DTFBT: PC,BM (b) and the corresponding
IPCEs curves (c).

(n) and extinction co-efficiencies (k) of the copolymer were deter-
mined by ellipsometers as the dielectric constants could be
determined by the equations:*

e=n*—k (1)

As shown in Fig. 6a and b, the refractive indices of the
PDTBDT-DTBT and PDTBDT-DTFBT were trended to constant
values of 1.70 and 1.69 while the extinction co-efficiencies of
them were trended to be negligible at 1700 nm. The relative
dielectric constants of PDTBDT-DTBT and PDTBDT-DTFBT
were about 2.86 and 2.85 for PDTBDT-DTBT and PDTBDT-
DTFBT at 1700 nm, respectively. These results verified that

This journal is © The Royal Society of Chemistry 2017
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Table 2 Parameters of the optimal of the photovoltaic cells from PDTBDT-DTBDT/PC,1BM and PDTBDT-DTFBT/PC,,BM

Active layers DIO (%) Voe (V) Jse (MA cm™2) FF (%) 1 (%)

PDTBDT-DTBT/PC,;BM (W/w; 1: 1.5] 0% 0.66 12.89 (12.63)“ 51.74 4.40
3% 0.63 15.64 (15.75)“ 61.28 6.04

PDTBDT-DTFBT/PC;,BM (w/w; 1 : 1.5) 0% 0.74 11.39 (11.13)* 48.75 411
3% 0.73 15.10 (14.88)” 64.55 7.12

% The integral current density calculated from IPCE data.
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Fig. 6 Extinction co-efficiencies and refractive index of PDTBDT-
DTBT (a) and PDTBDT-DTFBT (b) determined by ellipsometers.

the insertion of the fluorine substituents did not result in the
increase of the relative dielectric constants of the copolymers
derived from DTBT and/or DTFBT with alkylthiophene spacers.
It was noticed that the consistency between the measured V.
and calculated V.. of the PVCs from PDTBDT-DTBT/PC,;BM
and/or PDTBDT-DTFBT/PC,;BM blend films by suggested
empirical equation under consideration of the difference of the
HOMO energy levels of the copolymers and LUMO energy levels
of PC,;BM (see ESI, Fig. S181), were also supported that the
insertion of the fluorine substituents did not result in the
increase of the dielectric constants of the PDTBDT-DTFBT.*

This journal is © The Royal Society of Chemistry 2017

3. Conclusion

Alternating conjugated polymers based on 5,10-bis(dialkylthien-2-
yl)dithieno[2,3-d:2",3"-d’ benzo[1,2-b:4,5-b'|dithiophene (DTBDT)
and benzothiadiazole and/or 5,6-difluorobenzothiadiazole with
alkylthiopene spacers were synthesized, and the effect of insertion
of alkylthiophene spacers and fluorine atoms on the characteris-
tics of the copolymers, such as, the energy levels, intrachain -7
interaction, dielectric constants and photovoltaic properties etc.,
were systematically investigated. The insertion of alkylthiophene
spacers not only led to the increase of the intrachain interaction of
the copolymers, which resulted in the copolymers with alkylth-
iophene spacers exhibited strong intrachain m-7 interaction, but
also led to the increase of HOMO and LUMO energy levels. The
insertion of the fluorine atoms resulted in the decrease of both
HOMO and LUMO energy levels with the enhancement of the
planarity and hole mobility. However, the inclusion of fluorine
atoms provided little effect on the LUMO levels in relative to the
decrease of the HOMO levels, and almost did not affect the
dielectric constant of the copolymer. Use of the materials in
polymeric photovoltaic cells lead to high performance PVCs with
PCEs of 6.04-7.12%. These results demonstrated that the opto-
electronic and aggregation properties of the 5,10-bis(dialkylthien-
2-yl)dithieno[2,3-d:2',3"-d'|benzo[1,2-b:4,5-b'|dithiophene-alt-ben-
zothiadiazole derivatives copolymers can be effectively regulated
by the introduction of alkylthiophene spacers and/or fluorine
atoms into the backbone.

4. Experimental section

4.1. Materials

All reagents, unless otherwise specified, were obtained from
Aldrich, Acros and TCI Chemical Co., and used as received. The
THF were dried by sodium with benzophenone as indicator under
a nitrogen flow. 2,7-Di(trimethylstannyl)-5,10-bis(4,5-didecylthien-
2-yl)dithieno[2,3-d:2/,3"-d'Jbenzo[1,2-b:4,5-b'|dithiophene (DTBDT-
TSn),* 4,7-bis(5-bromo-4-octylthien-2-yl)-2,1,3-benzo-
thiadiazole (DTBTBr,)" and 4,7-bis(5-bromo-4-octylthien-2-yl)-5,6-
difluoro-2,1,3-benzothiadiazole (DTFBTBI,),"* 4,7-bis(5-bromo-4-
dodecylthien-2-y1)-2,1,3-benzothiadiazole (DTBTC12Br,)* and 4,7-
bis(5-bromo-4-dodecylthien-2-yl)-5,6-difluoro-2,1,3-benzothiadia-
zole (DTFBTC12Br,)" were synthesized as the procedure reported
in the reference, and characterized by "H NMR before use.
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4.2. General method

"H NMR spectra were recorded on a Bruker DRX 400 spectrometer
operating at 400 MHz and were referred to tetramethylsilane.
Analytical GPC was performed using a Waters GPC 2410 in
tetrahydrofuran (THF) relative to polystyrene standards. Thermal
gravimetric analysis (TGA) was conducted on a TGA 2050 (TA
instruments) thermal analyses system under a heating rate of
10 °C min ' and a nitrogen flow rate of 20 mL min~'. UV-vis
absorption spectra were measured on a UV-2500 spectropho-
tometer (Shimadzu. Co.). The cyclic voltammetry (CV) was
measured on CHI 660 electrochemical workstation (Shanghai
Chenhua Co.) at a scan rate of 50 mV s~ ' with a nitrogen-saturated
solution of 0.1 M tetrabutylammonium hexafluorophosphate
(BuyNPF,) in acetonitrile (CH3CN) with glass carbon and Ag/
AgNO; electrode as the working and reference electrode, respec-
tively. Tapping-mode atomic force microscopy (AFM) images were
obtained using a NanoScope NS3A system (Digital Instrument).
The refractive indices and extinction coefficients of each layer
were measured on Horiba Jobin Yvon AUTO SE ellipsometer. The
2D grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on Beamline 11-3, with a MAR345
image plate area detector, at 12.7 keV incident photon energy.

4.3. Preparation and characterization of the photovoltaic
solar cells

A patterned indium tin oxide (ITO) coated glass with a sheet
resistance of 10-15 Q per square was cleaned by a surfactant
scrub, followed by a wet-cleaning process inside an ultrasonic
bath, beginning with de-ionized water, followed by acetone and
isopropanol. After oxygen plasma cleaning for 5 min. The
regular devices with thermally-evaporated Ca (8 nm) and Al (100
nm) as cathode and an ITO substrate coated with a PEDOT:PSS
interfacial layer as the anode, were prepared as the follow
processes: a 40 nm thick  poly(3,4-ethylenedioxy-
thiophene):poly(styrene sulfonate) (PEDOT:PSS) (Bayer Bay-
tron 4083) anode buffer layer was spin-casted onto the ITO
substrate and then dried by baking in a vacuum oven at 80 °C
overnight. The active layers, with a thickness in the 80-90 nm
range, were then deposited on top of the PEDOT:PSS layer by
spin-casting from the o-dichlorobenzene solution containing
copolymers of PDTBDT-DTBT and/or PDTBDT-DTFBT and
PC,,BM with weight ratiosof 1:1,1:2 and 1: 3. Then a 8 nm
Ca and 100 nm Al evaporated with a shadow mask under
vacuum of (1-2) x 10~* Pa. The overlapping area between the
cathode and anode defined a pixel size of device of 0.1 cm?. The
thickness of the evaporated cathode was monitored by a quartz
crystal thickness/ratio monitor (SI-TM206, Shenyang Sciences
Co.). Except for the deposition of the PEDOT:PSS layers, all the
fabrication processes were carried out inside a controlled
atmosphere in a nitrogen drybox (Etelux Co.) containing less
than 1 ppm oxygen and moisture. The PCEs of the resulting
polymer solar cells were measured under 1 sun, AM 1.5G (air
mass 1.5 global) condition using a solar simulator (XES-7051,
San-EI Electric Co.) with irradiation of 100 mW cm™ 2. The
current density-voltage (/-V) characteristics were recorded with
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a Keithley 2400 source-measurement unit. The spectral
responses of the devices were measured with a commercial
EQE/incident photon to charge carrier efficiency (IPCE) setup
(7-SCSpeclll, Beijing 7-star Opt. In. Co.). A calibrated silicon
detector was used to determine the absolute photosensitivity.

4.4. Synthesis copolymers

4.4.1. Synthesis of PDTBDT-DTBT. A mixture of toluene (6
mL) and N,N-dimethylformamide (DMF, 0.7 mL) were added to
a 55 mL microwave tube containing DTBDT-Sn (270.7 mg, 0.2
mmol), 4,7-bis(5-bromo-4-octylthien-2-yl)-2,1,3-benzothiadiazole
(DTBTBr,) (136.5 mg, 0.2 mmol) and Pd(PPh;), (4.0 mg) in
a glove box with moisture and oxygen under 1 ppm. Then the tube
was subjected to the following reaction conditions in a microwave
reactor: 120 °C for 5 min, 140 °C for 5 min and 160 °C for 20 min.
At the end of polymerization, the polymer was end-capped with 2-
(tributylstannyl)thiophene and 2-bromothiophene to remove
bromo and trimethystannyl end groups. The mixture was then
poured into methanol. The precipitated material was collected
and extracted with ethanol, acetone, hexane and toluene in
a Soxhlet extractor. The solution of the copolymer in toluene was
condensed to 20 mL and then poured into methanol (500 mL).
The precipitation was collected and dried under vacuum over-
night (yield: 75%). M,, = 26 130 g mol ™" with a polydisperse index
(PDI) of 2.46.

4.4.2. Synthesis of PDTBDT-DTFBT. The PDTBDT-DTFBT
was synthesized as the procedure of PDTBDT-DTBT, except
that the polymerization was carried out with DTBDT-TSn
(270.7 mg, 0.2 mmol), DTFBTBr, of (143.7 mg, 0.2 mmol).
Yield: 80%. M,, =37 440 g mol " with PDI of 3.17.

4.4.3. Synthesis of PDTBDT-DTBTC12. The PDTBDT-
DTFBT was synthesized as the procedure of PDTBDT-DTBT,
except that the polymerization was carried out with DTBDT-
TSn (270.7 mg, 0.2 mmol), DTBTC12Br, (159.0 mg, 0.2 mmol).
Yield: 83%. M,, = 41 060 g mol ! with PDI of 3.22.

4.4.4. Synthesis of PDTBDT-DTFBTC12. The PDTBDT-
DTFBT was synthesized as the procedure of PDTBDT-DTBT,
except that the polymerization was carried out with DTBDT-
TSn (270.7 mg, 0.2 mmol), DTFBTC12Br, (166.2 mg, 0.2
mmol). Yield: 78%. M, = 34 640 g mol ' with PDI of 2.88.
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