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Dithieno[3,2-b:2’,3’-d]arsole-containing conjugated polymers in
organic photovoltaic devices
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Arsole-derived conjugated polymers are a relatively new class of
materials in the field of organic electronics. Herein, we report the
synthesis of two new donor polymers containing fused
dithieno[3,2-b:2’,3’-d]arsole units and report their application in
bulk heterojunction solar cells for the first time. Devices based
upon blends with PC;;BM display high open circuit voltages around
0.9V and demonstrate power conversion efficiencies around 4%.

Research into new conjugated polymers for use in organic
electronics applications such as organic photovoltaics (OPVs),
organic field effect transistors (OFETs), and organic light
emitting diodes (OLEDs) has often focussed on the use of
heavier atoms as replacements for common elements such as
carbon, nitrogen, oxygen, and sulfur. Examples include the use
of silicon and germanium from group 14 to replace carbon,
selenium and tellurium from group 16 to replace sulfur, and
phosphorus from group 15 to replace nitrogen.=7 In general,
materials containing heavy atoms have shown pronounced
differences in important characteristics such as band gap,
energy level, and solid-state packing when compared to their
lighter analogues, as well as improved efficiency of intersystem
crossing leading to rapid conversion of excited state singlets to
triplets,?10 and in some instances, solid-state
phosphorescence.11-13

A common example of the use of heavy atoms is in the class of
materials known as dithienoheteroles, in which two thiophene
rings are fused by a bridging heteroatom to form a tricylic
structure. Dithienoheteroles utilizing heavy bridging atoms such
as silicon, germanium, and tin have been reported,4-18 while
those containing the group 15 elements nitrogen and
phosphorus, especially dithieno[3,2-b:2’,3’-d]pyrroles and
dithieno[3,2-b:2’,3’-d]phospholes (DTPs) have seen use in many
areas of organic electronics.1®21 Dithienophospholes in
particular exhibit a number of interesting properties that make
them potentially useful candidates for use in OPV devices,
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including a high degree of optoelectronic tunability via the
alteration of the exocyclic groups.22-25> For example, Park et al.
have reported a promising donor co-polymer of a DTP-oxide
and a dithienyl-benzo[1,2-b:4,5-b’]dithiophene (BDT) which
exhibited power conversion efficiencies (PCEs) of up to 6.10% in
blends with phenyl-Cg1-butyric acid methyl ester (PCBM).26
However, the vast majority of work relating to DTP units has
focused on those containing pentavalent phosphorus atoms,
and there has been little exploration of the properties of DTPs
containing trivalent phosphorus. This is likely due to the oxygen-
sensitivity of organophosphorus atoms in the +3 oxidation
state, which can lead to rapid and or uncontrolled oxidation of
materials under atmospheric conditions.

It has recently been reported that the arsenic analogues of
phospholes, commonly referred to as arsoles, show greatly
improved oxygen stability in the +3 oxidation state at the
expense of a slight reduction in aromaticity.?7-31 This has been
utilised to prepare several materials containing trivalent As
atoms, including a few examples of conjugated polymers.32-37
We have previously reported that a polymer containing
dithieno[3,2-b:2’,3’-d]arsole (DTAs) demonstrated promising
performance in OFET devices, combining good air stability with
a hole mobility of 0.08 cm?V-1s1.38 Building on this work, we
herein describe the synthesis of novel donor polymers
containing DTAs and report their application in OPV devices. To
the best of our knowledge, this is the first time that DTAs
containing polymers have been employed in solar cell devices.
Although the overall power conversion efficiency (PCE) is lower
than current state-of-the-art donor polymers, this first example
nevertheless demonstrates that heavy analogues can afford
useful device efficiency, with ample opportunity for future
optimisation
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Figure 1: Synthesis of dithienoarsole monomer 2 and polymerisation with 2D-BDTs 3 and
4. Reaction conditions: (a) 3.1 eq. lithium diisopropylamide, =78->-30->-78 °C, 4 eq.
CBrg; (b) Pd(PPhs)s, chlorobenzene, microwave reactor

Our starting point was the peripherally alkylated DTAs unit, 1,
which was prepared according to the previously reported
route.3® We note that 1 contains long linear dodecyl chains in
order to promote solubility of the resulting polymer. Compound
1 was converted to the dibromo compound 2, by dilithiation at
the 2 and 6 positions using lithium diisopropylamine (LDA)
followed by quenching with CBr; to vyield 2. This was
polymerised with two different stannylated benzodithiophene
(BDT) derivatives (3 and 4) via Stille coupling in a microwave
reactor to yield polymers P1 and P2.

The BDT comonomers were chosen because the peripheral
thiophene groups on the BDT allow two-dimensional
conjugation to be extended onto the side chains, potentially
lowering the band gap of the resulting polymers and providing
improvements in OPV device characteristics.3%4° This strategy
has been utilized by a number of researchers to enhance OPV
performance.¥43 In our case, we utilised two different
solubilising groups on the thienyl groups of the BDT in order to
both control polymer solubility and influence the thin film
morphology of the solar cell blend.

In our initial attempt with co-monomer 3, the resulting polymer
P1 was highly soluble, such that the entire polymer was
extracted into the hexane during attempted purification by
solvent extraction. This complicated the removal of low
molecular weight oligomers, which are known to be detrimental
to device performance.>4* Therefore shorter 2-ethylhexyl
chains were used on co-monomer 4 instead to improve the
effectiveness of the Soxhlet separation on P2. This was only
partially successful since hexane extraction still removed a
significant portion of the polymer (84% yield). Nevertheless, a
small percentage of higher weight polymer was isolated as a
chloroform-soluble fraction (7% vyield).

The molecular weight, as measured by gel permeation
chromatography against polystyrene standards, is shown in
Table 1, demonstrating that despite the high solubility in
hexane, both polymers had a reasonable molecular weight. As
expected the CHCIl; fraction of P2 was significantly higher
molecular weight than the hexane fraction. The structures of
the polymers were confirmed by 'H NMR and elemental
analysis, both of which were in good agreement with expected
structure. We note that no evidence of arsole oxidation was
apparent by 'H NMR.38 Both polymers were soluble in a wide
range of chlorinated and non-chlorinated organic solvents,
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including chloroform, chlorobenzene, toluene, hot THF, and hot
hexane (hexane fractions only). No obvious thermal transitions
were observed by differential scanning calorimetry up to 300 °C
(Figure S1).

Table 1: Summary of molecular weight information for polymers, as measured by GPC in
chlorobenzene (80 °C) vs polystyrene standards

Mn My
FRACTION YIELD (Kg/mol)  (Kg/mol)
P1 Hexane 93.5% 14.0 27.0 1.93
P2 Hexane 83.7% 20.0 37.2 1.86
P2 CHCls 7.3% 30.0 50.4 1.68

The absorption spectra of the hexane fractions of the two
polymers both in chlorobenzene solutions and as thin films spun
from chloroform are shown in Figure 2 (note: the optical and
electronic properties of the chloroform fraction of P2 were not
studied due to the low amount of material recovered). Both
polymers were relatively wide band gap, and the solution
spectra were similar, with the slightly higher molecular weight
of P2 resulting in a minor red shift from 507 nm to 511 nm, and
an earlier onset of absorption at ~620 nm instead of ~580 nm,
possibly indicating a small amount of aggregated material in
solution. In the thin film spectra, the Amax of both polymers was
red-shifted compared to solution, due to planarization of the
backbone in the solid state, with very minor differences in Amax
observed (P1 at 539 nm and P2 at 536 nm). Both polymers also
showed intense shoulders at 577 nm, likely due to aggregation
of the backbone in the thin film state. Annealing the films 120 °C
did not change the shape of the spectra.
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Figure 2: UV/vis absorption spectra of hexane fractions of P1 and P2 in chlorobenzene
solutions and as thin films

The electrochemical properties of the two polymers were
studied using cyclic voltammetry (CV) and photoelectron
spectroscopy in air (PESA). The CVs of the two polymers show
irreversible oxidation peaks that indicate oxidation potentials of
-5.33 and -5.34 eV for P1 and P2, respectively (referenced
against ferrocene/ferrocenium and measured from the onsets
of oxidation —see Figure S2 and S3). The onsets of the reduction
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peaks were also measured from pristine films, with electron
affinities of -3.22 and -3.26 eV for P1 and P2, respectively,
giving electrochemical band gaps of 2.11 eV for P1 and 2.08 eV
for P2. These values are within the experimental error of CV of
each other (0.1 eV), indicating that altering the alkyl chains did
not substantially change the electrochemical properties of the
polymers, in line with expectations. The ionisation potentials of
spun-cast thin films of the polymers were also measured using
PESA. In this case, the ionisation potentials were 5.22+0.05 eV
for P1 and 5.19+0.05 eV for P2. Hence the two polymers were
within experimental error of each other and were relatively
close to the oxidation potentials as observed using CV.

The photovoltaic performance of both polymers
investigated in bulk heterojunction devices with conventional
architectures (ITO/PEDOT:PSS/active layer/Ca/Al), while P2 was
also tested in inverted cells (ITO/ZnO/Active layer/MoOs/Ag).
PC;1BM was used as the acceptor due to its improved
absorption in the visible region over PCg,BM. As a starting point
for the optimisation, we used the conditions developed by Park
and coworkers for a structurally similar DTP-oxide co-polymer,
in which a 1:4 blend of polymer:PC7:BM was used together with
1,8-octanedithiol (see table S1).26 After some optimisation we
found that slightly lower ratios of PCBM gave the best
performance, with the optimal ratio being 1:3. For P1 the best
performance was obtained from spun-cast blends in 1,2-
dichlorobenzene (DCB) without any 1,8-octanedithiol or
annealing steps, whilst P2 benefitted from a thermal annealing
step at 120 °C after spin coating of the active layer. Table 2
summarises the best device characteristics obtained for the two
polymers. We note that a relatively large spread in device

was

performance was observed, which we believe was related to
the poor wetting of the blend on the hydrophilic PEDOT:PSS.
This may relate to the high alkyl chain density in the polymer
backbones.
improved performance compared to the butyloctyl-containing
alternative, P1. Indeed, even the best performing P1 device
gave a lower PCE than the average of the P2 cells, at 2.45% and
2.86%, respectively. The improved performance of P2 may be
related to the higher molecular weight of the hexane fraction
since this is known to have a significant impact on device
performance.

Devices fabricated using P2 clearly showed

Table 2: Photovoltaic performances and device characteristics for P1 and P2.

P1b pP2b P2 (inverted)*
Voc (V) 0.76%0.03 0.83+0.01 0.91+0.01
Jsc (MA cm??) 7.43+0.85 7.16%2.25 9.50+0.10
FF 0.37+0.03 0.48+0.01 0.44+0.01
2.11+0.21 2.86+0.9 3.80£0.10
PCE (%)*
(2.45) (4.04) (3.90)

2 Maximum PCE is given in parentheses after the average value. Average data and
standard deviation obtained from six? and eight¢ devices

Based on the more promising performance of P2, this was
investigated further in inverted OPV devices (ITO/ZnO/Active
layer/Mo0O3/Ag) using the same coating conditions. The wetting
of the film on the ZnO layer was visually better than on the
PEDOT:PSS of the conventional devices, resulting in less
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variation in device performance. Overall, similar performance
was obtained (Table 2) for the as-cast device compared to the
best conventional devices. In this case, thermal annealing did
not result in any further device improvements. The J-V
characteristics and EQE are shown in Fig 3. The EQE
demonstrates that due to the high PCBM loading, the bulk of
the current generation is from the high energy wavelength
region (400-500 nm), but nevertheless there is clear current
generation from the donor region at longer wavelengths.
Although the overall device efficiency is moderate compared to
state-of-the-art donors, the cells exhibit reasonable
performance for a wide band gap donor, with high open circuit
voltages observed. It demonstrates for the first time that arsole
containing polymers are capable of generating charge in a
photovoltaic device. Further optimization of device
performance by tuning of the alkyl sidechains and co-
monomers to control the blend microstructure should be
possible.
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Figure 3: a) J-V curve of inverted OPV device prepared using P2:PC;;BM in the active
layer. b) EQE curve for inverted P2:PC;;BM device.

Conclusions

In summary, we have reported the synthesis of two new
dithienoarsole containing co-polymers by Stille polymerisation.
The polymers, which differ only in the length of their alkyl
sidechains, were highly soluble in organic solvents and display
good ambient stability in the +3 oxidation state. Organic solar
cell devices based on blends of the polymers with PC;;BM
exhibited notable differences depending on the length of the
alkyl sidechain. Power conversion efficiencies around 4% with
high open circuit voltages were obtained for the inverted device
architectures. To the best of our knowledge, this is the first
report of an arsole-containing polymer in a photovoltaic device,
and it further highlights the potential of such materials in
electronic devices.
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