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Cyclopentadithiophene-Benzothiadiazole Copolymers with
Permutations of Repeating Unit Length and Ratios; Synthesis,
Optical and Electrochemical Properties and Photovoltaic
Characteristicst

Shu-Wei Chang,? Jeff Kettle,® Huw Waters® and Masaki Horie*?

Conjugated copolymers with varying ratios and lengths of cyclopentadithiophene (CPDT) to benzothiadiazole (BT
repeating units, -[(CPDT)x-(BT)yln-, have been synthesized by palladium complex catalysed Suzuki coupling polymerisation,
direct arylation polymerisation or oxidative polymerisation using iron(lll)chloride. The different permutations of the co-
polymers allow for tuning of the optical and electrical properties. To our knowledge, this is one of the first studies of it
kind for conjugated polymers for use in OPVs. The optical band gaps were measured between 1.7 and 2.0 eV in film, in
which the polymer with ratios of CPDT:BT (x:y = 1:1) units showed lowest bandgap followed by x:y = 1:2, 2:1, 2:2 and 3:3
Hole mobility and solar cell performance of these polymers with PCs1BM as the electron acceptor was measured. A
relatively small variation in hole mobility was observed in between polymers. However, the best reported power
conversion efficiency (PCE) was measured at 2.5% when processed in the absence of any additives using the polymer with
ratios of CPDT:BT (x:y = 2:2), which was followed by the ratios of x:y = 2:1, 1:1, 1:2 and 3:3, indicating that variation of the
ratios and length of donor and acceptor units affect OPV performance and better performance is achievable by carefu.

consideration of

1. Introduction

Organic photovoltaics (OPVs) based on solution processable
polymers and fullerenes have attracted remarkable interest in
energy generation as they provide the potential for lower cost

manufacture, using technique such as roll-to-roll (R2R) printing.

Recent research in this area has led to reported power
conversion efficiency (PCE) of over 11%.' In addition, the
modules can be made entirely flexible, which enables a wider
range of applications and finally, they can provide benefits in
terms of aesthetics, as the appearance can be tuned by altering
the active layer.!”7 The latter is particularly significant to
architects and to achieve this, molecular design has been
vigorously studied. The main strategy pursued by researchers to
vary the optical properties is to fuse ring building block and to
use donor-acceptor (D-A) alternating structure in the polymer
main chain, which enables a reduction of the bandgap of the
polymer, leading to effective conversion of sunlight into
electricity by maximizing the polymer absorption.>* One of
most studied donor type conjugated polymers is poly[4,4-bis(2-
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the donor-to-acceptor ratio

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b"]dithiophene-2,6-diyl-
alt-2,1,3-benzothiadiazole-4,7-diyl] (PCPDTBT) (Fig. 1) which
is categorized in a third generation of conjugated polymers for
OPV application.>® Whilst the D-A chemical structure is tu.
most commonly reported polymer structure, D-A-D structures
are also investigated, but the improvement on molecular design
by further combinations of D- and A-units are possible but have
so far not been well reported.”1°

Previously we reported PCPDTBT analogues containing

alternating structure of two 4,4-bis(2-
ethylhexyl)cyclopentadithiophene (CPDT) units with one 2,1,3-
benzothiadiazole (BT) wunit, which showed significan:

improvement in organic field effect transistors (OFETs) hole
mobility and moderate improvement in a PCE of OPV devices.®
The superior performance was perceived to be due to a higher
molecular weight (number average molecular weight, My =
100k) of the polymer synthesized via iron(III)chloride oxidati-~
polymerisation of (CPDT)-(BT)-(CPDT) oligomer.

PCPDTBT (P1) xy =1:1,2:2,3:3,2:1, 1:2

Fig. 1 PCPDTBT with permutations of repeating unit length and ratios
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Despite the importance of the fundamental studies on altering
of D-A ratio on the polymer properties such as tailoring
HOMO-LUMO levels and superior OFET and OPV device
performances, PCPDTBT analogues with alternative D-A ratios
have not been systematically studied, primarily due to the
difficulties in the synthetic procedure. Here we report the
synthesis and characterisation of new PCPDTBT analogues
comprising of varying ratios of CPDT to BT repeating units, -
[(CPDT)x-(BT)yln- (Fig. 1). This is the first such report
achieved in this area. The polymers have been synthesized by
palladium complex catalysed Suzuki coupling, direct arylation
or oxidative polymerisation using iron(III)chloride. UV-Vis
absorption spectrometry and cyclic voltammetry were used to
compare the optical and electrochemical properties of the
polymers. The novel polymer structures show differing
HOMO-LUMO indicating that the optical
electrochemical properties can be ‘tuned’ and show an increase
in solar cell performance when compared to a standard -CPDT-

levels, and

BT- polymer material system. Whilst this work focused on the
CPDT-BT material the results could provide
researchers insight into the influence D-A ratios in other

system,

material systems.

2. Results and discussion
2.1. Synthesis of monomers and polymers

Scheme 1 shows synthesis of monomers. Compound 1 was
synthesized by palladium catalysed direct arylation of CPDT
with 4,7-dibromo-2,1,3-benzothiadiazole (BT-Br2) as the first
coupling product in a cosolvent of DMF:toluene = 1:1 in 26%
yield. Compound 2 could be obtained by increasing the
proportion of CPDT also using direct arylation in the solvent of
DMF; in this case a 40% yield was achieved.® Compound 1 was
used as the base-material for the subsequent synthesis of the
other three monomers: 3, 4 and 5. Compound 3 was synthesized
via Yamamoto coupling in the presence of Ni(cod)2 (cod = 1,5-
cyclooctadiene), bipyridine and 1,5-cyclooctadiene in DMF at
60 °C for a day, whereas 4 was synthesized via Suzuki coupling
of two equivalents of 1 with an equivalent of 2,1,3-
benzothiadiazole-4,7-bis(boronic acid pinacol ester). These
monomers were isolated by column chromatography and
preparative size exclusion chromatography (SEC), and then
characterized by 'H, 3C and 2D NMR spectroscopies in
deuterated chloroform, mass spectroscopy and elemental
analysis (see the experimental section and the supporting
information).

Scheme 2 and Table 1 show the synthetic scheme and
polymerisation results for polymers P1-P5. PCPDTBT (P1)
possesses a 1:1 ratio of CPDT and BT in its alternating
sequence and was obtained via palladium catalysed Suzuki
coupling of dibromo-CPDT and 2,1,3-benzothiadiazole-4,7-
bis(boronic acid pinacol ester). In this reaction, trace amount of
palladium catalyst (5.9 ppm, analysed by inductively coupled
plasma mass spectrometry (ICP-MS)) provided the high
reactivity to produce P1 with Mn of 53200 and polydispersity
index (PDI) of 3.7. The polymer, P2, comprising CPDT:BT

2 | RSC Adv., 2015, 00, 1-3

ratio = 2:2, was synthesized by an oxidative polymerisation of 3
using iron(III)chloride in chlorobenzene. Here, the reactic

condition was maintained at a relatively low temperature of
60 °C, but with a long reaction time for 48 hours, which was
critical in order to avoid formation of branched structures th 1
could be produced due to reaction on 3- and 5-positions o1
CPDT. Using similar conditions from previous reports,® such as
an 80 °C reaction temperature, led to an insoluble polymer
cluster, or a gelation in the formed products (see Table S2 in
supporting information). After polymerisation, P2 was firstly
de-doped using hydrazine and then purified, in order to remove
any insoluble by-products and residues of iron, which was ther
followed by precipitation in methanol, Soxhlet extractions, anc
flash silica gel column chromatography. The molecular weight
(Mn =
polymerisation,
temperature (60 °C).

20300) was not as high as expected from using oxidative

presumably due to the lower reaction
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Scheme 2. Synthesis of polymers

Table 1. Polymer molecular weights and reaction yield

Polymer (CPDT:BT) reaction M MM Yield® (%)
P1(1:1) Suzuki coupling 53200 3.7 88
P2 (2:2) Oxidative 20300 5.2 55
P3 (3:3) Direct arylation 9000 1.7 50
P4 (2:1) Oxidative 51300 3.7 76
P5(1:2) Suzuki coupling 30300 9.1 81

9 Calculated from gel-permeation chromatography (GPC) measurements carr’ .d
out using THF as the solvent and calibrated by polystyrene standards. ? Af.
Soxhlet extractions.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11



5 -RSCIAdVANCES - 12 i

RSC Adv.

Monomer 4, comprising of three BT capped with two CPDT
units, is joined with dibromo-CPDT by direct-arylation, in
order to synthesize P3, which possesses of a CPDT:BT ratio =
3:3. The reaction conditions were systematically optimised,
with the final synthesis undertaken with pivalic acid in N-
methyl-2-pyrrolidone (NMP) at 80 °C for 12 hours (see Table
S3 in supporting information). The optimised reaction time was
much shorter than our previous report for synthesis of P1 via
direct arylation between CPDT and BT-Br2 (20 hours),'!
because it was discovered that longer reaction time for 20 hours
produced a high proportion of insoluble gels, thus lowering the
yield of soluble part (<10%). However, by using a shorter
reaction for 3 hours, lower molecular weight P3 (Mn = 6500)
was obtained. Under the same reaction condition (3 hours
reaction time), higher molecular weight of P1 (Mn = 9000)
could be produced via direct arylation of CPDT with BT-Bra.
The lower reactivity of monomer 4 for synthesis of P3 than
CPDT for P1 in direct arylation is due to the presence of
electron-deficient BT units in monomer 4. Kuwabara et al.
reported that palladium catalysed direct arylation of electron-
deficient monomers was unreactive in a polar solvent such as
dimethylacetamide.!?

The polymer, P4, comprising of two CPDT units and one
BT unit, was synthesized and purified by an analogous method
to P2. P4 was shown to have a higher molecular weight of Mx =
51300 and lower PDI of 3.7, because of enhanced solubility of
the CPDT-BT-CPDT unit over the CPDT-BT-BT-CPDT unit,
as well as higher optimal reaction temperature (80 °C).

The random copolymer, P5, comprising CPDT:BT = 1:2
was synthesized via palladium catalysed Suzuki coupling
polymerisation of 1 and 2,1,3-benzothiadiazole-4,7-bis(boronic
acid pinacol ester) at 90 °C in xylenes. Due to the symmetric
structure of both monomers, the resulting polymer should have
random sequence of CPDT:BT = 1:1, 1:2 and 1:3 in the
backbone, which shows a broad peak around 7.5-8.8 ppm for
aromatic region in the '"H NMR spectrum. Nevertheless, an
average ratio of CPDT:BT is 1:2 was confirmed, according to
the number of protons between aromatic units and 2-ethylhexyl
groups. Janssen et al. reported an alternating copolymer with -
CPDT-BT-BT- sequence,”™ which possessed the same
CPDT:BT ratio (1:2) with P5. However, the molecular weight
of their polymer was low (Mn = 4300) due to the limited

ARTICLE

solubility of 7,7’-diiodo-4,4’-bis(2,1,3-benzothiadiazole) during
Suzuki coupling polymerisation. Therefore, the synthesis of ti
random copolymer PS5 using the approach outlined in this paper
is advantageous for the production of the high molecular weight
30300), which should lead to higl
performances in organic electronic devices.

polymer (Mn =

2.2. Optical and electrochemical properties

The optical properties of polymers were examined by UV-vis
absorption spectroscopy in tetrahydrofuran (THF) solution and
in thin film, as shown in Fig. 2. The optical band gap (Eg-opt)
were estimated from the onset of the absorption spectra in thin
film, and results are summarized in Table 2.
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Fig. 2 UV-vis spectra of polymers in (a) THF and (b) thin films. A photo of the
polymers in THF is inserted.

Table 2. Optical and electrochemical properties of polymers

Polymer Amax in THE Amax 101 film Aonse 10 film oo (eV) HOMO? LUMO* Eyef
(CPDT:BT) (nm) (nm) (nm) (eV) (eV) (eV)
P1(1:1) 704 732 861 1.44 -5.00 -3.19 1.81
P2 (2:2) 646 663 785 1.58 -5.21 -3.36 1.85
P3 (3:3) 607 613 761 1.63 -5.20 -3.61 1.59
P4 (2:1) 696 697 816 1.52 -4.98 -3.11 1.87
PS5 (1:2) 690 685 816 1.52 -5.14 -3.37 1.77

4 Eq.opt = Optical band gap calculated from absorption onset of films. bHOMO = -(4.8 + Epa-onset — Erc). Half wave potential of ferrocene, Er. (= 0.55 V vs. AgCl/Ag), was
measured in MeCN solution. ¢ LUMO = -(4.8 + Eyc.onset — Erc)- 4 electrochemical band gap, Ey.c = LUMO - HOMO.

This journal is © The Royal Society of Chemistry 20xx

RSC Adv., 2015, 00, 1-3 | 3

Please do not adjust margins




RSC Advances

The maximum absorption wavelength (Amax) for P1
(CPDT:BT = 1:1) is observed at 704 nm in a THF solution and
this was seen to decrease with the increasing CPDT-BT ratio
length; a peak absorption of 646 nm was observed for P2 (2:2)
and 607 nm for P3 (3:3). These results can be considered as due
to weaker charge transfer in P2 and P3 derived from increased
spacing between CPDTs and BTs sequences. The suppressed
charge transfer ability observed from the successive structures
provides insight into the influence of donors and acceptors
ratios on the conjugated length in alternating copolymer. The
absorption maximum of P4 (2:1) and P5 (1:2, random) was
observed at 696 nm and 690 nm, respectively, which represents
a slightly blue wavelength shift of c.a. 10 nm from P1. These
results show that efficient charge transfer structure can be
obtained when the donor and the acceptor units contain at least
one D-A connection with neighbouring units, however a higher
proportion of CPDT or BT in the polymer backbone does not
lead to higher wavelength absorption.

In thin films, the trend of Amax variations for P1-P3 is
similar to that in the solutions; Amax at 732 nm for P1 > 663 nm
for P2 > 613 nm for P3. The absorption spectra of all polymers,
except for the random copolymer PS5, showed a red-shift in
absorption and thus they show the smaller optical bandgap than
solution, due to increased intermolecular association in the
solid state (Fig. 2b). Because P5 possesses a random
combination of CPDT and BT across the backbone, the
stacking or organization ability may be poor in the solid state
when compared to other polymers. Among the polymers P1-P3
which have the same equivalent of CPDT:BT ratio, P3 (3:3)
exhibits the smallest red-shift by 6 nm, while P1 (1:1) shows
highest red-shift by 68 nm. Previously we observed X-ray
structure of the CPDT-BT-CPDT
oligomer having ethyl groups instead of 2-ethylhexyl group on
CPDT, which shows zn-m stacking at the central BT unit of the
molecule but no intermolecular interaction between CPDT
units.’ Therefore, the continuous CPDT sequence probably has
large intermolecular steric hindrance due to the proximity of

single crystallographic

neighbouring 2-ethylhexyl side chains on 4-position of CPDT,
which suppress the stacking of polymer chains.

The properties of polymers
investigated by cyclic voltammetry (Fig. 3), and these results

electrochemical were
are summarized in Table 2. Thin film of the polymers were
deposited on a platinum plate and cyclic voltmmograms (CVs)
were recorded in an acetonitrile solution containing [(n-
C4H9)aN]PFs (0.10 M) using a AgCl/Ag reference electrode.
Interestingly, P2 and P3 show multi-step oxidation and
reduction peaks, whereas P1, P4 and P5 show single-step
oxidation and reduction peaks. These results suggest that
polymers with more than two continuous sequence of BT units
tend to stabilize radical dications and dianions in -(CPDT)x-
and -(BT)y- sequences during electrochemical oxidation and
reduction, respectively. The energy levels of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) for these polymers were estimated
form the onset potential of oxidation and reduction peaks of the
CV curves (Table 2). The electrochemical band gap (Eg-ec) of

4 | RSC Adv., 2015, 00, 1-3

the polymers was estimated from the onset of these redox peal
Fig. 4 shows a summary of the calculated energy diagrams of
the polymers. When comparing P1-P3, it appears that the BT
unit more profoundly determines the HOMO and LUMT
levels; increasing the BT units leads to lower HOMO and lowet
LUMO levels. The HOMO level of P1, P2 and P3 were
estimated to be -5.00 eV, 5.21 eV and -5.20 eV, respectively,
suggesting the presence of BT can reduce the HOMO level
although saturation in HOMO level is observed around -5.2 eV.
Conversely, a stepwise decrease of LUMO level is observed (-
3.19 ¢V for P1, -3.36 eV for P2, -3.61 eV for P3). Similarly,
when comparing P1, P4 and P5, P5 with higher number of BT
unit (CPDT:BT = 1:2) shows the lowest HOMO and LUMC
levels, compared to P1 (1:1) and P4 (2:1), which possess fewer
BT units. These results indicate that the HOMO and LUMO
energy levels are more strongly affected by the number of E _
units in the polymer backbone, than the CPDT units.

0.001
0.0005 | P1
< o+
-0.0005 +
-0.001 : : :
2 -1 0 1
EIV vs. AgCl/Ag
0.004
0.002 4 P2
< o+
-0.002 +
-0.004 ; : :
2 -1 0 1
EIV vs. AgCIl/Ag
0.001
0.0005 | P3
< o4
-0.0005 +
-0.001 : : :
2 -1 0 1
EIV vs. AgCl/Ag
0.001
0.0005 + P4
< o
-0.0005 +
-0.001 : : :
2 -1 0 1
EIV vs. AgCl/Ag
0.004
0.002 + P5
< of
-0.002 +
-0.004 : : :
2 -1 0 1

EIV vs. AgCl/Ag
Fig. 3 Cyclic voltammograms of polymers

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 HOMO and LUMO energy diagrams of P1 to P5. The number of
BT units have the greatest influence on the measured energy levels.

2.3. SCLC and OPYV characteristics

Hole-only devices with the structure ITO/PEDOT:PSS/polymer
(P1-P5)/Au were made by spin coating a 100 nm thick layer of
pristine polymer on to PEDOT:PSS coated ITO substrates
followed by evaporation of a gold top electrode through a
shadow mask. Steady density—voltage
measurements were taken at room temperature in the dark using
a Keithley 237 Source Measure Unit, with the device mounted
in a partially evacuated sample chamber. Fitting the data to the

state  current

Mott—Gurney law'? and assuming no difference in injection
efficiency upon purification, the best mobility’s are
summarized in Table 4. The mobility of P2 was calculated at
1.5 x 10* cm?® V! 57!, which was similar to P1. However, the
mobility of P3 was about 5 times lower than that of P2. These
results indicate that the polymer with D-A ratio of 2:2 possesses
the optimal charge transport properties and D-A ratio of 3:3
lead to reduced charged transfer. P4 and PS show mobility of
2.0 x 10% cm? V' sl and 1.5 x 10 cm? V! 57!, respectively,
which values are similar to P2, suggesting that the polymers
with D-A ratio of 2:1 and 1:2 also possess efficient charge
transport. The variations in the mobility observed between

ANCES = (=111

ARTICLE

polymers P1, P2, P4 and P5 are relatively minor. P3 shows a
significant drop in mobility and is likely to be due to the larg
coalescing of donor or acceptor units, which inhibit and
suppress charge transfer across the respective polymer.
Photovoltaic devices of the polymers were fabricated 'r
glass substrates with an indium tin oxide (ITO)/poly(3,4-ethyl-
(PEDOT:PSS)
anode. The active layer was spin cast from chlorobenzene

enedioxythiophene):poly-(styrene  sulfonate)
solutions of the polymer mixed with PCs1BM at a concentratior
of 3wt%. Spin speeds were varied between 1.5k and 3k rpm for
each polymer in order to deduce the optimum layer thickness.
Prior to coating, the polymer:fullerene blends were allowed tc
dissolve for one week on a hotplate stirrer and filtered using ¢
0.45 pm PTFE filter. The preliminary OPV tests for these
polymers are shown in Fig. 5 and Table 3. All polymers show
PCE around 2% (except P3), which was obtained without the
use of processing additives, as these are known to degra..
lifetime, which could impact the reproducibility of OPV resu’ .
between material systems.!> Among them, P2 with CPDT:BT
ratio of 2:2 exhibited the best PCE of 2.45% and P4 exhibits ~
PCE of 2.44%, both higher than the more commonly reportec
polymer PCPDTBT (P1).

E(V)

Fig. 5 Current density-Voltage characteristics of P2-P5 blended with PCs1BM,
measured under AM1.5G illumination.

Table 3. Mobility calculations from SCLC Devices and OPV characteristics

Optimum annealing

Polymer (CPDT:BT) temperafure (°C) w (cm? V' s Vol (V) Jo£ (mA cm) FF’ (%) PCE* (%)
P1(1:1)/ 60 2.0 x10* 0.611 -6.92 43.8 1.95
P2 (2:2) 60 1.5 x10* (2.5 x10™%) 0.760 -8.22 393 2.45
P3 (3:3) 90 3.2 107 (1.0 x10%) 0.550 -1.73 353 0.33
P4 (2:1) 120 2.0 x10* (2.0 x10%) 0.550 -9.14 48.5 2.44
P5(1:2) 90 1.5 x10* (3.5 x10™%) 0.747 -6.51 395 1.92

@ Average hole mobility is shown across 6 devices. In brackets, the highest recorded hole mobility is reported. ” Open circuit voltage. © Short current density. ¢Fill facto ¢

Power conversion efficiency.”Hole mobility of P1 is shown in our previous report.'*

This journal is © The Royal Society of Chemistry 20xx
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This data indicates that by careful selection of the donor-
to-acceptor ratio in polymers, not only is ‘tuning’ of the
optical and electrochemical properties possible, but an
enhancement in performance is achievable. By altering the
polymer structure to P2 and P4, a relative enhancement of
~25% is demonstrated over the original polymer. Compared
to many literature reports, the efficiencies are low, but this is
achieved without the use of processing additives, which are
known to increase the efficiency by a factor 2-3 times in the
PCPDTBT material system.!> Based upon this expected
factor enhancement, the use of processing additives could
boost the efficiency of OPVs made with P2 and P4 to ~6%.

With respect to P2 (with CPDT:BT ratio 2:2), the
primary reason for this is due to higher Voc (0.76 V) derived
from deeper HOMO level (-5.21 eV). However, the high
PCE associated with P4 (with CPDT:BT ratio 2:1) appears
to be due to the higher Jsc and FF than the other polymers, as
it possesses the lowest Voc (0.55 V). The major difference in
P4 is that it possesses lower molecular weight (Mn = 51300),
compared to the same polymer previously reported (Mn =
107000) 8; therefore P4 has better solubility which enables a
better film morphology with PCs1BM to be established,
leading to higher Js and fill factor.

P3 showed the lowest performance, which is not
surprising as the mobility was very poor and likely to lead to
high charge recombination, which is supported by the low
value for FF (0.35). Finally, P5 showed no improvement in
PCE, when compared to the material with a 1:1 ratio and
was measured at 1.92%. OPVs made with PS5 have a high
Voe (0.75 V) but lower Jsc (-6.5 mA cm?). According to the
absorption spectrum in film, the random conformation of P5
weakened the interchain - stacking, which may attribute
to the lower Js.. Solubility of the polymers decrease with
increase of BT unit, resulting in rough morphology and low
fill factor. When the polymers possess more than one BT
unit in their repeating unit, the fill factor reduces to < 0.4,
which can be equated to poor active layer morphology
derived from the lower solubility of the polymers, leading to
increased shunts in the devices.

The morphology of the polymer:PCaiBM films were
investigated using atomic force microscopy (AFM). The AFM
images are shown in the supplementary information. All films
show similar homogeneous morphology with an average
roughness (Ra) in the range between 0.30 nm and 0.39 nm. These
results suggest that differences in PCE are due to different
electronic state derived from fundamental energy levels obtained
from the polymer main chain.

3. Conclusions

The ratio of CPDT to BT repeating units in polymers has
been systematically varied to understand the influence of
repeating units on polymer properties and optoelectronic
device performance. This is particularly important given the
recent interest in OPVs for use in Building Integrated

6 | RSC Adv., 2015, 00, 1-3

PVs.1617 Here the ability to ‘tune’ the colour to suit
architectural demands is imperative. The approach set out ir.
this paper enables this without adjusting the fundamental
polymer material and without compromising the efficiency
of the solar cell. To our knowledge, this is the first time such
a wide range of polymers with diverse backbone structures
has been employed in OPVs. The polymers of -[(CPDT)x-
(BT)y]n- have been studied with x:y = 1:1, 2:2, 3:3, 2:1, 1:2
which were synthesised by Suzuki coupling, direct arylation
and oxidative polymerisation. The optical and
electrochemical properties of these polymers have been
compared in terms of UV-vis spectra and CVs. With
increase of both CPDT and BT units, optical band gap is
increased due to weaker charge transfer between donor anc
acceptor units, and HOMO-LUMO levels are decreased,
which the energy levels are mainly affected by number of
BT units rather than CPDT units. These results proviae
insight of maximum conjugated length for the building
block of conjugated polymers. All polymers showed simiiar
hole mobility up to 2 x 10 cm? V- 571, except x:y = 3:3,
according to SCLC. The copolymer with 2:2 ratio showec
the best OPV performance of 2.5% with PCs1BM because of
high open-circuit voltage derived from appropriate energy
levels and relatively high Jsc derived from suitable
photoabsorption range among these polymers. The results
indicate a clear benefit is achieved by using a more complex
structure as evidenced by the increase in solar cell
performance and ability to ‘tune’ the optical properties oi
the polymer.

4. Experimental
4.1. General methods

4,7-Dibromo-2,1,3-benzoxadiazole, 2,1,3-benzoxadiazole-
4,7-bis(boronic acid pinacol ester), PA(OAc)2, Pd(PPh3)4 and
pivalic acid were purchased from Sigma-Aldrich and usec
without further purification. Compounds 1 and 2 and 4.,4-
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ |dithiophene

were synthesized according to our previous report.5%!!
Synthesis was performed under nitrogen atmosphere using
standard Schlenk techniques. Compounds were purified by
preparative size exclusion chromatography (SEC) using JAl
LC-9204 with a column GAIGEL-1H-40 eluted with
chloroform (flow rate = 14 mL/min). Polymer moleculai
weight was determined by GPC in tetrahydrofuran (THr )
solution using a JASCO 880-PU and a JASCO 870-UV
detector (referenced to polystyrene standards). 'H NMP
spectra were obtained using a Bruker 500 MHz spectrometer.
UV-Vis absorption spectra were recorded on a Hitachi U-
3300 UV-Vis spectrophotometer. Cyclic voltammetry w-
performed at 0.10 V s in a DY2300 electrochemic !
analyzer with a three-electrode cell, AgCl/Ag as reference
electrode, platinum wire as counter electrode and polyn °r
film on a platinum plate as the working electrode in
nitrogen-purged anhydrous 0.10 M tetrabutylammonit n

This journal is © The Royal Society of Chemistry 20xx
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hexafluorophosphate  acetonitrile  solution at room
temperature.

4.2. Synthetic procedures

Compound 3. Compound 1 (2.10 g, 3.46 mmol) was
firstly  dissolved in 10.0 mL of anhydrous
dimethylformamide (DMF) in a 50 mL Schlenk tube. In
another 100 mL Schlenk tube, 2',2'-bipyridine (0.594 g, 3.81
mmol), 1,5-cyclooctadiene (0.411 g, 3.81 mmol) and
bis(1,5-cyclooctadiene)nickel(0) (1.000 g, 3.64 mmol) were
dissolved in 10.0 mL of anhydrous DMF, stirred for 10
minutes at room temperature under nitrogen atmosphere.
Then, the solution of 1 was added and stirred at 60 °C for a
day. Subsequently, DMF was removed in vacuum, the
product was dissolved in dichloromethane (DCM) and
purified by column chromatography on silica gel using
hexane:DCM = 5:2 as eluent. Furthermore, the product was
purified by preparative SEC using chloroform as eluent to
give the purple solid (0.484 g, 26%). 'H NMR (500 MHz,
CDCl): 6 8.42 (m, 2H, BT, each peak was split into three
singlets with the ratio of 1:2:1 due to racemic 2-ethylhexyl
groups), 8.12 (s, 2H, 3-CPDT, the ratio was 1:2:1 due to
racemic 2-ethylhexyl groups), 8.01 (m, 2H, BT, each peak
was split into three singlets with the ratio of 1:2:1 due to
racemic 2-ethylhexyl groups), 7.20 (d, J = 5.0 Hz, 2H, 6-
CPDT), 6.97 (d, J = 5.0 Hz, 2H, 5-CPDT, each peak was
split into three singlets with the ratio of 1:2:1 due to racemic
2-ethylhexyl groups), 1.98 (m, 8H, CH>), 1.00-0.88 (m, 28H,
CH & CH»), 0.74 (t, J = 7.5 Hz, 12H, CH3), 0.60 (t, J= 7.5
Hz, 12H, CHs). FABMS: m/z = 1071 [M]". Anal. calcd. for
(Ce2H78N4S6): C 69.48, H 7.34, N 5.23; found: C 67.90, H
6.90, N 5.13.

Compound 4. Compound 1 (0.355 g, 0.545 mmol),
2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester)
(0.112 g, 0.273 mmol), K2CO3 aqueous solution (2.8 mL,
2.0 M) and 2 drops of aliquat336 were dissolved in 8.3 mL
toluene in a 50 mL Schlenk tube. The solution was purged
with nitrogen for 10 minutes, then
tetrakis(triphenylphosphine) palladium(0) (0.020 g, 0.016
mmol) was added. The reaction mixture was stirred at 90 °C
for an hour. After that toluene was removed under vacuum,
the product was dissolved in DCM and purified by column
chromatography on silica gel using hexane:DCM = 2:1 as
the eluent. Furthermore, the product was purified by
preparative SEC using chloroform as eluent to give the
purple solid (0.264 g, 80%). 'H NMR (500 MHz, CDCl3): &
8.56 (m, 2H, middle BT), 8.42 (d, J = 7.5 Hz, 2H, 5-BT),
8.16 (s, 2H, 3-CPDT, the ratio was 1:2:1 due to racemic 2-
ethylhexyl groups), 8.04 (d, J = 7.5 Hz, 2H, 6-BT, each
peak was split into three singlets with the ratio of 1:2:1 due
to racemic 2-ethylhexyl groups), 7.21 (d, J = 5.0 Hz, 2H, 6-
CPDT), 6.98 (d, J = 5.0 Hz, 2H, 5-CPDT, each peak was
split into three singlets with the ratio of 1:2:1 due to racemic
2-ethylhexyl groups), 1.97 (m, 8H, CH>2), 1.01-0.90 (m, 28H,
CH & CH»), 0.75 (t, J = 7.5 Hz, 12H, CH3), 0.61 (t, J=7.5
Hz, 12H, CH3). *C{'H} NMR (125 MHz, CDCl3): § 158.6,
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154.3, 152.5 (C=N on BT), 139.6, 138.6, 136.9 (Cquar.),
131.6 (5-BT), 130.9 (middle BT), 129.6, 128.7, 128.5, 127~
(Cquar), 125.6 (6-CPDT), 123.7 (6-BT), 123.6 (3-CPDT).
123.4 (Cgquart.), 122.4 (5-CPDT), 53.8 (4-CPDT), 43.2 (CH>).
35.2 (CH), 34.2, 28.6, 27.4, 22.8 (CH2), 14.1, 10.7 (CH.).
FABMS: m/z = 1205 [M]". Anal. calcd. for (CssHgoNsS7): C
67.73,H 6.69, N 6.97; found: C 67.71, H 6.90, N 6.84.

Compound 5. Compound 1 (0.054 g, 0.088 mmol) was
dissolved in 1.0 mL of THF. N-Bromosuccinimide (0.024 g,
0.132 mmol) was dissolved in 2.0 mL of THF and addea
slowly at 0 °C. The reaction mixture was stirred for an hour.
After THF was removed in vacuum, the product was
dissolved in DCM and purified by column chromatography
on silica gel using DCM as the eluent. Furthermore, the
product was purified by preparative SEC using chloroform
as the eluent. The product was obtained as red orange oil
(0.052 g, 85% yield). 'H NMR (500 MHz, CDCls): & 8.C_,
8.01, 8.00 (s, 1H, 3-CPDT, the ratio was 1:2:1 due -
racemic 2-ethylhexyl groups), 7.80 (d, 1H, J = 8.5 Hz, 5-
BT), 7.64 (d, 1H, J = 8.0 Hz, 6-BT, each peak was split ir*~
three singlets with the ratio of 1:2:1 due to racemic 2-
ethylhexyl groups), 6.97 (s, 1H, 5-CPDT, the ratio was 1:2:1
due to racemic 2-ethylhexyl groups), 1.98-1.82 (m, 4H,
CH»), 1.03-0.88 (m, 14H, CH & CH2), 0.76 (t, 6H, J =7 °
Hz, CHz3), 0.60 (t, 6H, J = 7.0 Hz, CH3). 3C{'H} NMR (125
MHz, CDCl3): 6 157.7, 157.3 (C=N on BT), 153.9, 151.6.
138.7, 138.2, 137.0 (Cquart.), 132.3 (5-BT), 127.9 (Cquart.).
125.4 (5-CPDT), 124.1 (6-BT), 123.4 (3-CPDT), 111.8,
111.2 (C-Br), 54.6 (4-CPDT), 43.1 (CH»), 35.2 (CH), 34.1
28.5,27.4,22.7 (CH), 14.0, 10.7 (CH3). FABMS: m/z = 694
[M]*. Anal. caled. for (C31H3sBr2N2S3): C 53.60, H 5.51, N
4.03; found: C 59.81, H 7.32, N 3.36.

Polymer P1. 2,6-Dibromo-4,4-bis(2-ethylhexyl)-4/"
cyclopenta[2,1-b;3,4-b']dithiophene (0.150 g, 0.268 mmol)
and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol
ester) (0.109 g, 0.281 mmol), K2COs3 (0.148 g, 1.072 mmol’
and a drop of aliquat336 were dissolved in 3.0 mL of
xylenes and 2.0 mL of water in a 25 mL Schlenk tube. The
reaction mixture contained trace amount (5.9 ppm) of Pd
from 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinaco.
ester) according to ICP-MS. The solution was purged with
nitrogen gas for 30 minutes. The reaction was stirred at 110
°C for 50 hours and then benzeneboronic acid 2,2-
dimethyltrimethylene ester (0.1 equivalent) was addea
followed by the addition of bromobenzene (0.2 equivalent)
for 4 hours each. The resulting mixture was precipitated intc
ethanol with 4 mL 37wt% HCI, and the polymer solid was
washed by Soxhlet extraction with ethanol and
methylethylketone (MEK) for a day, respectively, and the»
extracted into chloroform. The chloroform solution of the
polymer was filtered through a silica gel flash column and
then precipitated into methanol. The precipitate w-:
collected by filtration and the solid was dried in vacuum 2
yield a deep blue powder (127 mg, 88% yield). 'H NMR
(500 MHz, CDCls): 6 8.11 (broad, 2H, phenyl), 7.85 (br, 2 1
thienyl), 2.06 (br, 4H, CH2), 1.27-0.86 (m, 18H, CH ana
CHz), 0.66 (m, 12H, CHs). GPC (polystyrene standards n
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THF): Mn = 53200, Mw/Mn = 3.7. UV-vis: Amax = 704 nm in
THF, and Amax = 732 nm in film.

Polymer P2. Anhydrous FeClz (0.079 g, 0.482 mol) was
slowly added to a solution of 3 (0.233 g, 0.219 mmol) in 5.1
mL of chlorobenzene under nitrogen gas atmosphere. The
reaction mixture was stirred at 60 °C for 2 days. After
polymerisation, the reaction mixture was precipitated into
methanol containing 5% hydrazine hydrate. The precipitate
was washed by Soxhlet extraction with ethanol and MEK
for a day, respectively, and then extracted into chloroform.
The chloroform solution of the polymer was filtered through
a flash column of silica gel and then was purified by
preparative SEC using chloroform as the eluent. After
precipitated into methanol, the precipitate was collected
using centrifugation at 6000 rpm for 1 minute and the solid
dried in vacuum to yield a green-blue powder (0.128 g, 55%
yield). 'TH NMR (500 MHz, CDCls): & 8.46 (br, 2H, 5-BT),
8.11 (br, 4H, 6-BT & 3-CPDT), 7.10 (br, 2H, 5-CPDT), 1.99
(br, 8H, CH2), 1.50-0.90 (br, 28H, CH and CH2), 0.74 (m,
24H, CHs). Anal., found: Fe 0.745%. GPC (polystyrene
standards in THF): My = 20300, Mw/Mn = 5.2. UV-vis: Amax
= 646 nm in THF, and Amax = 663 nm in film.

Polymer P3. Compound 4 (208 mg, 0.086 mmol), 2,6-
dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-5;3,4-
b'ldithiophene (96 mg, 0.086 mmol), KoCO3 (60 mg, 0.215
mmol), Pd(OAc) (3.7 mg, 0.009 mmol, 10mmol%) and
pivalic acid (5.3 mg, 0.026 mmol, 30mmol%) were
dissolved in 2.14 mL of NMP in a 25 mL Schlenk tube. The
solution was purged with nitrogen gas for 5 minutes, then
the mixture was stirred at 80 °C for 12 hours. The resulting
mixture was poured into 100 mL of methanol containing 4
mL of 37wt% HCI aq. to quench the reaction. The
precipitate was then washed by Soxhlet extraction with
ethanol and MEK for a day, respectively, and finally
extracted with chloroform. The chloroform solution of the
polymer was filtered through a silica gel flash column and
then precipitated into methanol. The precipitate was
collected using centrifugation at 6000 rpm for 1 minute and
washed with methanol several times. The solid was dried in
vacuum to yield a deep blue powder (150 mg, 50% yield).
'"H NMR (500 MHz, CDCIl3): & 8.58 (br, 2H, middle BT),
8.44 (br, 2H, 5-BT), 8.14 (br, 2H, 3-CPDT), 8.05 (br, 2H, 6-
BT), 7.05 (br, 4H, 5-CPDT & middle CPDT), 1.98 (br, 12H,
CHz), 1.23-0.87 (br, 42H, CH and CH>), 0.75 (br, 18H, CHs),
0.67 (m, 18H, CH3). GPC (polystyrene standards in THF):
Mn = 9000, Mw/My = 1.7. UV-vis: Amax = 607 nm in THF,
and Amax = 613 nm in film.

Polymer P4. P4 was synthesized by the similar method
to P2. 2 (120 mg, 0.128 mmol), FeCls (46 mg, 0.282 mmol),
anhydrous chlorobenzene (3.0 mL). A dark blue powder (91
mg, 76% yield). "H NMR (500 MHz, CDCl3): & 8.05 (br, 2H,
3-CPDT), 7.82 (br, 2H, BT), 7.06 (br, 2H, 5-CPDT), 2.00
(br, 8H, CH2), 1.24-0.66 (br, 60H, CH, CH2 and CH3). Anal.,
found: Fe 0.111%. GPC (polystyrene standards in THF): Mx
= 51300, Mw/Mn = 3.7. UV-vis: Amax = 696 nm in THF, and
Amax = 697 nm in film.

8 | RSC Adv., 2015, 00, 1-3

Polymer P5. Compound 5 (150 mg, 0.216 mmol), 2,1,3-
benzothiadiazole-4,7-bis(boronic acid pinacol ester) (84 m_
0.216 mmol), K2CO3 aqueous solution (0.90 mL, 2.0 M) and
2 drops of aliquat336 were dissolved in 3.6 mL xylenes in &
25 mL Schlenk tube. The solution was purged with arg r
for 10 minutes, then tetrakis(triphenylphosphine)
palladium(0) (8 mg, 0.006 mmol) was added. The reaction
mixture was stirred at 90 °C for 2.5 hours. The resulting
mixtures were then poured into 125 mL methanol containing
5 mL of 37wt% hydrochloric acid. The precipitate was
washed by Soxhlet extraction with ethanol ana
methylethylketone for a day, respectively, and then extractec
with chloroform. The chloroform solution of the polymer
was filtered through a flash column of silica gel and then
precipitated into methanol. The precipitate was collectec
using centrifugation at 6000 rpm for 1 minute and washed
with methanol 3 times. The solid was dried in vacuum ..
yield a deep blue powder (128 mg, 81% yield). 'H NM ™.
(500 MHz, CDCl3): ¢ 8.60-7.80 (br, 6H, aromatic), 2.09 (br,
4H, CH2), 1.23-0.95 (br, 14H, CH and CH), 0.82 (br, 6'"
CHs), 0.69 (m, 6H, CH3s). GPC (polystyrene standards ir.
THF): Mx = 30300, Mw/Mn = 9.1. UV-Vis: Amax = 690 nm in
THF, and Amax = 685 nm in film.

4.3. Device fabrication

Fabrication of Space-Charge Limited Current
(SCLC) devices. Indium Tin Oxide (ITO) coated fused
silica substrates were cleaned sequentially with acetone and
isopropanol using an ultrasonic bath, and dried unde:
nitrogen atmosphere. The cleaned substrates were then spin-
coated at 5000 rpm with poly(ethylene dioxythiophene)
doped with polystyrene sulfonic acid, PEDOT:PSS (Ossila),
from an aqueous solution and annealed at 120 °C for _
minutes. Polymers were dissolved into anhydrous
chlorobenzene at 20 mg/mL and was used to coat a 100 nm
thick polymer layer. Finally, an 80 nm thick gold electrode
was added by thermal evaporation. Annealing was
performed prior to contact evaporation in a nitrogen
glovebox. Measurements were taken using a calibrated
Source Measurement Unit (SMU).

Fabrication of OPV. ITO substrates were prepared as
last paragraph above, with a PEDOT:PSS layer, prior tc
coating the active layer. Prior to coating, the
polymer:fullerene blends were allowed to dissolve for 48
hours on a hot plate stirrer and filtered using a 0.45 pm
PTFE filter. he chlorobenzene solutions containing polymer
and PCBM with various blend composition were spun-cas’
using different spinning rate on to these PEDOT:PSS coated
substrates. The cathode electrodes consisted of 10 r .
Calcium followed by 80 nm Aluminium. Current-Voltage
(J-V) characteristics of these PV devices were measured
under white light illumination (AMI1.5) using a Or 1
Newport AM1.5G solar simulator output intensity of 1¢°
mW/cm?.

This journal is © The Royal Society of Chemistry 20xx
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