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Influence of the aryl spacer in 2,5-dialkoxyphenylene and diaryl
substituted thieno[3,4-c]pyrrole-4,6-dione copolymers

Robert M. Pankow?, John D. Munteanu?, Barry C. Thompson®”

Polymerization conditions for direct arylation polymerization (DArP) now allow for the preparation of conjugated poly-
mers, such as donor-acceptor copolymers, where undesired couplings (donor-donor, acceptor-acceptor, or branching
defects) are undetectable. This allows for the pursuit of more complex polymer architectures with multiple sites for po-
tential C-H activation, which were previously avoided. Using these conditions, a series of 2,5-dialkoxyphenylene and diaryl
substituted thieno[3,4-c]pyrrole-4,6-dione (TPD) copolymers were prepared in order to study the effect of the aryl
substituents on the polymer bulk-heterojunction solar cell performance using PCs1.BM as the acceptor. A material design
methodology is investigated, where distancing the sterically incumbered phenylene donor from the TPD acceptor using an
aryl spacer is shown to provide improved solar cell performance. The aryl groups incorporated on TPD include bithiophene
(BT), thienothiophene (TT), thienylene-vinylene-thienylene (TVT), and ethylenedioxythiophene (EDOT). The BT based
copolymer was shown to have the highest performance with a short-circuit current (Jsc) of 10.54 mA cm, an open-circuit
voltage (Voc) of 0.74 V, and a fill-factor (FF) of 0.61 affording a power conversion efficiency of 4.76%, which is the highest

reported efficiency for a 2,5-dialkoxy phenylene copolymer prepared using DArP to the best of our knowledge.

Introduction

Through the optimization of the polymerization conditions
direct arylation
begun to provide polymeric

and the careful selection of substrates,
polymerization (DArP) has
materials equivalent to or surpassing those prepared using
traditional transition metal-catalyzed cross-coupling methods,
of photovoltaic (PV) device performance.l-¢
Architectures have progressed from homopolymers to perfectly

in terms

alternating donor-acceptor copolymers and towards even more
complex semi-random and random architectures.?7-18 Through
modification of the polymerization conditions employed, e.g.
changing the ligands for the palladium catalyst or the carboxylic
acid additive, DArP conditions originally reported by Ozawa et
al. have been optimized to provide conjugated polymer
products with undetectable levels of homocoupling (either
acceptor-acceptor) and branching (B)
defects.”1%-26 In our previous works, this has allowed for the

donor-donor or

preparation of the perfectly alternating donor-acceptor
copolymers and random copolymers shown in Figure 1,71° with
the corresponding molecular weights (M,) and power
conversion efficiencies (PCE) for PV devices provided for
pol[2,5-bis(2hexyldecyloxy)phenylene-alt-(4,7-dithiophen-2-

yl)benzo[c][1,2,5]thiazole)] (PPDTBT), pol[2,5-
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bis(2hexyldecyloxy)phenylene-alt-(5-octyl-1,3-di-2-thienyl-
thieno[3,4-c]pyrrole-4,6-dione)] (PPDTTPD) and poly[(2,5-
bis[(hexyloxy)phenylene])-alt-(5-octyl-1,3-di-2-thienyl-
thieno[3,4-c]pyrrole-4,6-dione)-alt-(2,5-bis[(2-
hexyldecyl)oxyphenylene])] r-(PPDTTPD).
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Figure 1. M, and PCE for the polymers PPDTBT (15 kDa, 4.57%), PPDTTPD (28 kDa,
0.45%), and r-PPDTTPD (12.4 kDa, 3.26%), respectively, which were prepared
previously using optimized DArP conditions.

Recently, PPDTBT prepared using DArP in a continuous flow
process provided a PCE of 3.5% when incorporated into a roll-
to-roll (R2R) printed PV device.?” The phenylene donor and
dithienylbenzodithiazole (DTBT) acceptor used for this polymer
can be prepared in a few facile, scalable steps making the
starting materials for this polymer easily accessible in large
quantities. PPDTBT also displays good environmental stability,
as evidenced by PV device fabrication and testing under

J. Name., 2013, 00, 1-3 | 1



Journal of'Materials' Chemistry'C

ambient conditions. Given these factors, PPDTBT displays all the
outstanding merits needed to make organic photovoltaics
(OPV) a competitive technology, including: a small number of
easily achieved synthetic steps and good performance in large-
area, R2R processed devices fabricated and tested under
ambient conditions. These attributes enable taking solar-cells
out of the glovebox to under the sun, motivating the quest to
find polymers with similar attributes.19.28-31

Towards this goal, PPDTTPD was investigated because
thieno([3,4-c]pyrrole-4,6-dione (TPD) possesses many of the
same qualities as its DTBT counterpart, e.g. small number of
facile, scalable synthetic steps, desirable optical and electronic
properties when incorporated into a conjugated polymer, and
good performance in PV devices. However, the polymer
PPDTTPD required modification via incorporation of a second
phenylene donor with shorter, linear alkyl chains to provide
satisfactory PV device performance (r-PPDTTPD, Fig. 1). The
improved PV device performance is attributed to the hypothesis
that minimizing alkyl-chain congestion near the acceptor unit
will allow for improved interaction with the fullerene, thereby
increasing the values for Jsc and fill factor (FF). 32736 Unlike
PPDTTPD, it is believed that PPDTBT allows for improved
fullerene interactions due to the absence of alkyl chains directly
attached to the DTBT acceptor moiety. Due to the alkyl chains
on TPD, it seems that alkyl chain congestion of the acceptor
moiety is exacerbated and must otherwise be minimized. With
this design principle in mind, distancing the TPD acceptor from
the sterically incumbered phenylene donor through the
implementation of an aryl spacer moiety with an extended -
system may allow for the preparation of polymers that possess
properties closer to that of PPDTBT.

To support this claim, it has been shown that TPD
copolymers incorporating donors with extended conjugation
can provide enhancements in short-circuit current (Jsc)
densities, while maintaining the high-values for open-circuit
voltage (Voc) characteristic of many TPD based copolymers.37-41
However, this methodology has not been explicitly applied to
2,5-dialkoxyphenylene copolymers, to our knowledge. Such
extended spacers that do not bear sterically demanding alkyl
solubilizing groups will invariably contain multiple aryl C-H sites
that are potentially reactive in DArP. Since a condition set that
minimizes all defects to undetectable levels has been realized,
we were emboldened to incorporate monomers with a high-
population of sites for C-H activation that also provide extended
conjugation. In this way we seek to address the challenge of
TPD-based dialkoxypheneyle copolymers, while simultaneously
probing the capacity of DArP.

Herein, we report the synthesis and characterization of
dialkoxy phenylene and diaryl TPD copolymers, where the aryl
group is varied in pursuit of optimal PV device performance. The
specific motivation being to discern if an aryl unit that provides
extended conjugation can improve the device performance

2| J. Name., 2012, 00, 1-3

relative to PPDTTPD. lllustrated in Scheme 1, we selected bi-
thiophene (BT), thienothiophene (TT),
thienylenevinylenethienylene (TVT).24244 The strong donor,
ethylene dioxy thiophene (EDOT), also chosen to
demonstrate that improved material device performance is a
result of extending the conjugation and improving
polymer/fullerene interaction, rather than just inclusion of a
stronger donor, which BT, TT, and TVT provide as well.

and

was

Results and Discussion

The polymers in Scheme 1 were prepared using optimized
DArP conditions we have shown”-1? to provide polymer products
with undetectable homocoupling and B-defects through the
inclusion of a bulky carboxylic acid additive, such as neo-
decanoic acid (NDA) (where NMR, UV-vis spectroscopy, and
photovoltaic device performance have been used to directly or
indirectly confirm or exclude the presence of these
defects).11645 Based initially on the pioneering work of Ozawa
et al.,22 which was further expanded upon by Leclerc et al.,20.23
these conditions provide exceptional polymer products
incorporating a wide variety of monomers.*¢ [llustrated in
Scheme 1, these conditions employ Pd,dbas as the palladium
source, P(o-anisyl)s; as a phosphine ligand, Cs,CO3 as a base, NDA
as a carboxylic acid additive, and superheated tetrahydrofuran
(THF) as the solvent. The polymerizations were executed in a
sealed, high-pressure vessel under a nitrogen atmosphere.
Detailed experimental info, including monomer syntheses can
be found in the electronic supporting info (ESI).

Structural and electronic characterization for polymers P1-
P4 including molecular weights (M,), melt and crystallization-
transition temperatures (T, and T, spacing,
electrochemical HOMO values, absorbance maxima (Amax),
absorption coefficients (a), and SCLC hole mobilities (un) are all
provided in Table 1. In regards to molecular weights (M),
polymer P1 displays the highest at 16.5 kDa. Issues with
solubility are likely the cause of low M, observed for polymer P2
(3.90 kDa), P3 (7.47 kDa), and P4 (9.02 kDa) leading to polymer
products precipitating out of the reaction mixture prematurely.
The TPD monomers themselves for P3 and P4 possess especially
low solubility. However, all polymeric materials recovered from

d100

the reaction mixture were capable of dissolving in hot,
chlorinated solvents, and no insoluble material was observed in
the thimble after Soxhlet with CHCIls. The diminished solubility
is a perceived consequence of introducing a more rigid m-system
via the aryl substituent of TPD, relative to the previously used
2-thienyl for PPDTTPD shown in Figure 1. Improving the
molecular weight can likely be accomplished for P2-P4 by
incorporating a more powerful solubilizing chain on the TPD
unit, but that may diminish fullerene interaction with the

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Preparation of Polymers P1-P4 using DArP.
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Table 1. Molecular Weights (D), Melt and Crystallization Temperatures (T, and T,), d100 Spacing, Electrochemical HOMO Values, and SCLC Hole Mobilities (u,) of Polymers

P1-P4.
Entry M, (kDa); P? Tm; Te (°C)® | dioo (B)° | HOMO (€V)? | Amax (nM); & (cm)e un (cm? VL sec?)
P1 16.5;2.1 319; 301 22.4 -5.59 620; 7.26 x 10* 2.95 x 10
P2 3.9;1.7 316; 295 19.4 -5.46 583; 7.07 x 10* 5.02 x 107
P3 75;21 302; 295 20.7 -5.44 577;6.63 x 10* 9.52 x 10
P4 9.0;15 336; 319 - -5.05 571;3.87 x 10* 473 x10°

3As determined by SEC calibrated by poIYstyrene standards after Soxhlet extraction. PDetermined by DSC. “Calculated from GIXRD peaks of thin films. Determined from

Eoxonset using cyclic voltammetry of poly

mer films using Fc/Fc* as an internal reference in MeCN with 0.1 M TBAPF.eDetermined from polymer films.

acceptor moiety leading to diminished device performance.32-
3647 Another route would be to incorporate an unsymmetrical
diaryl TPD acceptor, where one of the aryl units is thiophene
and the other is either TT or TVT, although this may complicate
and prolong the synthetic route. *H NMR spectra in CDCl; of the
polymers (see ESI) contain broad, featureless aromatic regions
characteristic of many known TPD incorporated polymers.7,3848
However, donor-donor homocoupling defects appear absent
(67.10 ppm), and equal incorporation of the donor unit and TPD
can be verified through relative integrations of the alkyl chains
on the phenylene donor and TPD acceptor (65.00-3.50 ppm).
This indirectly provides
minimization of

the absence or
acceptor-acceptor homocouplings to
Also, high-temperature H NMR
experiments (100 °C) in C2D,Cls were performed to confirm the
polymer structure, and those spectra are provided in the ESI.
While B-defects are challenging to interpret using 'H NMR,
except for well-studied and simpler systems such as poly(3-
hexylthiophene) (P3HT), the exclusion or minimization can be

evidence for

undetectable levels.??

This journal is © The Royal Society of Chemistry 20xx

realized using indirect methods such as UV-vis spectroscopy, PV
device characterization, and the absence
of insoluble materials after polymer purification, as mentioned
previously.1521,25,26,43,50-54

The polymers all display semi-crystallinity (albeit low
degrees of crystallinity, see ESI), as shown with the T, and T,
values provided in Table 1. The thermal properties are all quite
similar with thermal transitions in excess of 300 °C. It is worth
noting the thermal transitions for P4 are the highest reported,
to our knowledge, for any phenylene and TPD based copolymer,
with a T, of 336 °C and a T, of 319 °C. Values for the d-spacing
(measured via GIXRD) are also similar for the polymers P1-P3
(19.4-22.4 A), which is reasonable given the alkyl chains on the
phenylene donor and the TPD acceptor remain constant for this
study. The polymer films were all annealed at 210 °C for 60 min.,
and despite this semi-crystallinity was not observed for polymer
P4 using XRD. This is likely a consequence of the high T, of the
polymer, where annealing conditions were found to be
ineffective for inducing semi-crystallinity within thin films.55

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) UV-vis absorbance of polymer (P1-P4) films spin-coated from a 7 mg mL* DCB solution and annealed at 210 °C for 50 minutes. (b) J-V curves of polymers

P1-P4. (c) EQE traces of polymers P1-P4.

Table 2. Photovoltaic device performance for polymers P1-P4.

Jsc Voc PCE

Entry (MA cm2)? V) FF (%)°
P1 10.54 0.74 0.61 4.76
P2 7.59 0.70 0.49 2.60
P3 9.28 0.60 0.52 2.89
P4 2.45 0.49 0.41 0.49

aMismatch corrected. PResults are average of at least eight pixels.

Attempts to anneal films of P4 at higher temperatures (250 °C
and 300 °C) lead to visible decomposition of the polymer film.

As expected, modification of the aryl groups attached to TPD
influence the electronic properties of the polymers.
Electrochemical HOMO energy levels (Table 1) increase
dependent on the donor-strength of the aryl unit, as apparent
when going from BT to EDOT. Where the more rigid, coplanar
aryl units, or electron-rich unit in the case of EDOT, provide
relatively higher HOMO energy levels. P1, which incorporates
BT, possesses the deepest HOMO at -5.59 eV. Alternatively, P4,
which incorporates EDOT, possess the highest HOMO at -5.05
eV. Both P2 and P3 possess relatively intermediate and similar
HOMO energy levels at -5.46 and -5.44 eV, respectively.

Shown in Table 1 and illustrated in Figure 2a, a dependence
on the aryl unit incorporated is observed for polymers P1-P4 in
the thin-film absorption. A bathochromic shift is observed for
P1, relative to P2-P4, which possesses absorption from
approximately 400-700 nm with Amax situated at 620 nm. P3
possesses a similar absorption breadth, however its Amax is
shifted to 577 nm. Both P2 and P4 possess narrower absorption
profiles from approximately 400-650 and 450-700 nm, with
peak absorbance at 583 and 571 nm, respectively. Polymers P1-
P3 possess similar values for the absorption coefficient (a) (7.26
x 10%-6.63 x 10% cm, respectively) however that for P4 is
significantly lower (3.87 x 104 cm). This is likely due to steric
hindrance disrupting packing and organization between
polymer chains, limiting the amount or extent of n-m
interactions. To that end, a relatively low value for a was
previously observed for PPDTTPD, making this result expected.”

4| J. Name., 2012, 00, 1-3

All polymers show a strong vibronic shoulder, characteristic of
polymers with minimized or excluded B-defects.19:4>

SCLC hole mobilities were determined using the hole-only
device architecture ITO/PEDOT:PSS/polymer/Al fabricated and
tested under ambient conditions. The polymer layer was spin-
casted from a 7 mg ml-1 solution in DCB. The obtained mobilities
for polymers P1-P4 (Table 1) illustrate a dependence on the
molecular weight and aryl spacer used, with P1 displaying the
highest value for mobility (2.95 x 10% cm? V-1 sec?). P4
possesses a lower hole-mobility, relative to P1 and P3, which is
likely due to the diminished semi-crystallinity of P4 and
disrupted interactions from unfavourable steric
interactions.25657 The lowest value for hole mobility was
observed for P2 (5.02 x 107 cm? V-1 sect), which is likely due to
the low M. Notably, the polymers P1 and P3 display improved
hole-mobilities when compared to PPDTBT, r-PPDTTPD, and
PPDTTPD (8.81 x 10, 3.18 x 10, and 2.30 x 10> cm?2 V-1 sec?,
respectively).”.1?

Photovoltaic (PV) devices were fabricated and tested under
ambient conditions, using the conventional
ITO/PEDOT:PSS/polymer:PCBM/Al, and device results are
provided in Table 2. Active layers were spin-casted from 11 mg
mL -1 solutions of polymer:PCe:BM mixtures in DCB, and
polymer to PC1BM ratios are 1:1.5. Polymers P1-P3, which
incorporate aryl spacers with extended conjugation, all
provided higher PCE relative to PPDTTPD (Figure 1, 0.45%).
Polymer P1 displays the most desirable values for J,. (10.54 mA
cm2), Vo (0.74 V), and FF (0.61). Polymers P2 and P3 displayed
similar values for PCE at 2.60% and 2.89%, respectively. The
good fill-factors obtained for P1-P3 are characteristic of
minimized or excluded B-defects.*> The lower efficiencies
obtained for P2 and P3, relative to P1, is at least partially due to
the low M, for these polymers.>¢57 The lower solubility of these
polymers made device fabrication a challenging endeavor,

T-TU

architecture

although acceptable results were obtained when processed in
hot DCB (110 °C). Polymer P4 provided a low efficiency of 0.49%
very similar to PPDTTPD. This is likely consequential of the
hindered polymer-fullerene interactions and the observation
that many polymers incorporating EDOT have struggled to
provide relatively high efficiencies, at least with a conventional
device architecture.258 As originally envisioned, the polymers

This journal is © The Royal Society of Chemistry 20xx
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(P1-P3) with m-extended spacers all provide improved values for
Jsc and FF relative to PPDTTPD. Adjustments in values for Vi can
be correlated to the differences in the respective HOMO energy
levels for each polymer, with the exception of P3.5° Specifically,
the lowest value for Vo was obtained with P4 which possess the
highest HOMO energy level, while P1 which possesses the
deepest HOMO energy level provides the highest value for V..
It appears as if the optimal device results obtained for P1 are
due to an achieved balance between processability and better
intermolecular interactions with the fullerene acceptor, similar
to what is observed with PPDTBT.3! Thus, P1 provides an
improved device results to that of PPDTBT. EQE data (Figure 2c)
corroborates the trend observed with increasing Js. values for
polymers P1-P4. With the EQEmax for P1, P2, P3, and P4 at 32%
(616 nm), 29% (590 nm), 22% (561 nm), and 7% (498 nm),
respectively. The PCE obtained for P1 makes this an excellent
candidate for future studies in large area, roll-coated devices.

Experimental

General Procedure for the Preparation of Polymers P1-P4.

An oven dried 15 mL high pressure vessel was cooled under
a stream of N,. Then neodecanoic acid (0.5 mmol), 1 (0.25
mmol), 2 (0.25 mmol), P(o-anisyl)s (16 mol%), CsCOs (3 equiv.),
and freshly distilled THF (2.5 mL) were added to the vessel. It
was sparged with N, for 15 minutes, then Pd,dbas (2 mol%) was
added quickly, and the Teflon screwcap with o-ring was
fastened tightly. It was then placed in a preheated oil bath at
120 °C for 12 hr. The vessel was then cooled, the contents
dissolved in chlorinated solvents (CHCIs or chlorobenzene), and
then the polymer was precipitated slowly via pipette to cold
MeOH and allowed to stir for several minutes. The solids were
then filtered off into a Soxhlet thimble and extracted with
MeOH (24 hr.), hexanes (16 hr.), and then CHCIls. The CHCl3
fraction was concentrated and the polymer precipitated into
cold MeOH, filtered off, and dried under vacuum.

Solar Cell Device Fabrication and Characterization.

All steps of device fabrication and testing were performed
at ambient temperatures and humidity in air. ITO-coated glass
substrates (10 Q/sq, Thin Film Devices Inc.) were sequentially
cleaned by sonication in detergent solution, deionized water,
tetrachloroethylene, acetone, and isopropyl alcohol, and dried
under a nitrogen stream. PEDOT:PSS (Clevios™ PH 1000, filtered
with a 0.45 um poly(vinylidene fluoride) (PVDF) syringe filter—
Pall Life Sciences) was spin-coated on the freshly cleaned ITO-
coated glass substrates and then annealed at 120 °C for 50 min
under vacuum to generate a 40 nm thick film. Separate
solutions of the polymers and PC¢:BM were prepared in o-DCB.
The solutions were stirred for 8 h at 65 °C (P1 and P4) or 110 °C
(P2 and P3) before they were mixed to afford a 1:1.5
(polymer:PCBM) ratio and stirred for 16 h at 65 °C (P1 and P4)
or 110 °C (P2 and P3) to form a homogeneous solution prior to
spin-coating. The polymer:PCs;BM active layer was filtered
(with a 0.45 um polytetrafluoroethylene (PTFE) syringe filter—
Pall Life Sciences) and spin-coated on top of the PEDOT:PSS
layer. Polymer: PCs1BM concentrations of the blends were 11
mg/mL respective to the total polymer weight. For consistency

This journal is © The Royal Society of Chemistry 20xx
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across all polymers, every device was kept in a nitrogen box for
25 min after spin-coating and then placed in the vacuum
chamber for aluminium deposition. Aluminium was deposited
using a Denton Benchtop Turbo IV Coating System. The
substrates were pumped down to high vacuum (1.5x10°¢ torr)
and aluminium (100 nm) was thermally evaporated at 3—6 A/s
onto the active layer through shadow masks to define the active
area of the devices as 5.18 mm?2. Device results shown are the
average of at least 8 pixels. The current density—voltage (J-V)
characteristics of the photovoltaic devices were measured
under ambient conditions using a Keithley 2400 source-
measurement unit. An Oriel® Sol3A class AAA S11 solar
simulator with a Xenon lamp (450 W) and an AM 1.5G filter was
used as the solar simulator. An Oriel PV reference cell system
91150 V was used as the reference cell to calibrate the light
intensity of the solar simulator (to 100 mW/cm?2), achieved by
making the Jsc of the reference cell under simulated sunlight as
high as it was under the calibration condition. External quantum
efficiency (EQE) measurements were performed using a 300 W
Xenon arc lamp (Newport Oriel), chopped and filtered
monochromatic light (250 Hz, 10 nm FWHM) from a
Cornerstone 260 1/4 M double grating monochromator
(Newport 74125) together with a light bias lock-in amplifier. A
silicon photodiode calibrated at Newport was utilized as the
reference cell.

Conclusions

In summary, a series of 2,5-dialkoxy phenylene and diaryl-
TPD copolymers were prepared using DArP and fully
characterized. Structural characterization of the polymers
indicates a minimization or exclusion of homocoupling and B-
defects, as evidenced by 'H NMR, UV-vis spectroscopy, and the
high fill-factors obtained for PV devices. These results show that
the DArP conditions used for polymerzation allow for the
preparation of conjugated copolymers with a high population of
potential C-H activation sites. It was found that the aryl units
with extended conjugation (P1, P2, and P3) provided the best
PV device efficiencies (4.76%, 2.60%, and 2.89%, respectively)
in comparison to thiophene (PPDTTPD) and EDOT (P4) (0.45%
and 0.49%, respectively). These results demonstrate support for
the hypothesis that providing a m-conjugated spacer between
the TPD acceptor and the phenylene donor allow for improved
polymer:PCBM interactions, by limiting the steric interactions
between the polymer’s donor and acceptor moieties. This steric
hindrance may potentially impair intermolecular interactions
between the acceptor moiety of the polymer and the fullerene
leading to a reduction in the PCE of a PV device, which is what
was observed for PPDTTPD and P4.32-3¢ This methodology can
likely be applied to incorporate other acceptors that possess
alkyl chains, such as diketopyrrolopyrrole (DPP), qunioxaline,
and benzotriazole. Future studies will seek to find an optimal
solubilizing chain for the TPD acceptor that may provide
improved processability and PV device performance. Also, use
of an unsymmetric diaryl-TPD, e.g. one with thiophene and TVT
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aryl units, may allow for improved processability and interesting
electronic properties beneficial to photovoltaic devices.
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