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Abstract: Branched-alkyl-substituted poly(thieno[3,4-c[pyr-
role-4,6-dione-alt-3,4-difluorothiophene) (PTPD[2F]T) can
be used as a polymer acceptor in bulk heterojunction (BHJ)
solar cells with a low-band-gap polymer donor (PCEI10)
commonly used with fullerenes. The “all-polymer” BHJ
devices made with PTPD[2F]T achieve efficiencies of up to
4.4%. While, to date, most efficient polymer acceptors are
based on perylenediimide or naphthalenediimide motifs, our
study of PTPD[2F]T polymers shows that linear, all-thiophene
systems with adequately substituted main chains can also be
conducive to efficient BHJ solar cells with polymer donors.

“All-polymer” bulk heterojunction (BHJ) solar cells, con-
sisting of a m-conjugated polymer donor intimately mixed
with a polymer acceptor, which is used as an alternative to
fullerenes (e.g. PC4BM, or its C;; analogue), have initially
met with limited power conversion efficiencies (PCEs).l! In
these systems, concurrently achieving the appropriate phase-
separated pattern and adequate charge transfer between
donor and acceptor components can be challenging and, to
date, only a few polymer acceptors have been shown to yield
BHJ device PCEs greater than 3%.? In comparison, BHJ
solar cells composed of polymer donors and fullerenes can
achieve PCEs of greater than 11%,” although the lack of
morphological stability and mechanical conformability of
fullerene-based BHJ solar cells remains a matter of exami-
nation.! At this time, most efficient polymer acceptors are
based on perylenediimide (PDI)®! or naphthalenediimide
(NDI) motifs,*°! and a few recent studies have shown that
PDI/NDI-based analogues can achieve PCEs greater than
5% with selected polymer donors.**! A number of promising
alternative acceptor motifs have been proposed, such as
diketopyrrolopyrrole,” benzothiadiazole,® isoindigo,”) B <N
bridged thienylthiazole,"” and various nitrile-derived
motifs," ' with reported PCEs in range of 1-5%. However,
the manifold of polymer acceptors which are rivaling
fullerenes in BHJ solar cells remains modest, and broadening
the class of polymer acceptors for further examination of the
all-polymer BHJ concept is a critically important step in
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gradually improving device performance beyond currently
reported PCEs.

Nonfullerene acceptors, including polymers, have impor-
tant practical implications which span synthetic accessibility
and potentially low synthetic costs compared to those
incurred by the synthesis and extensive purifications of
fullerene analogues.>'? In this contribution, we report on
a set of branched-alkyl-substituted polymer acceptors com-
posed of thieno[34-c]pyrrole-4,6-dione (TPD)"! and 3,4-
difluorothiophene ([2F]T)!! motifs, and show that the
appropriately functionalized all-thiophene analogue poly-
(thieno[3,4-c]pyrrole-4,6-dione-alt-3,4-difluorothiophene),
namely PTPD[2F]|T (Figure 1a), can achieve PCEs of up to
44% in BHIJ solar cells with PCE10 (poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"]dithiophene-2,6-
diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno|[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)], also commonly referred to as PTB7-
Th) as the polymer donor (model system; Figure 1b). The
donor (E,,~1.6 eV) and acceptor (E,, ~1.9¢eV) counter-
parts possess complementary absorption across the UV-vis
spectrum (4 =300-800 nm), and yield high short-circuit
current densities (Jg) of about 8.4 mAcm™ and some of
the best open-circuit voltage (Vo) figures (ca. 1.1V)
reported to date for BHJ solar cells. Considering the high
synthetic modularity of thiophene, adequately substituted all-
thiophene polymer acceptors pave the way to a broader class
of systems with tunable electronic and optical spectra for
efficient all-polymer BHJ solar cells.

The PTPD[2F]T polymers with various branched-alkyl
side chains shown in Figure 1a [2-decyltetradecyl (2DT), 2-
octyldodecyl (20D), 2-hexyldecyl (2HD)] were synthesized
by microwave-assisted Stille cross-coupling polymerization
(see synthetic methods in the Supporting Information) to
control polymer growth and molecular weight (MW), while
minimizing reaction times. Side-chain effects have been
shown to correlate with material performance in BHJ solar
cells with several polymer donors,™* and those effects should
be accounted for in polymer acceptor designs.™' The
PTPD[2F|T analogues were purified by established proto-
cols:* using the strongly complexing ligand N,N-diethyl-2-
phenyldiazenecarbothioamide to remove palladium residues,
and subjecting the polymers to Soxhlet extractions (methanol,
dichloromethane) to remove short-chain oligomers, thus
affording batches of comparable number-average MW
(16.2-18.6 kDa) and polydispersity indexes (PDI=1.8-2.0;
see Table S1 in the Supporting Information). MW effects have
been shown to impact charge transport and polymer effi-
ciency in BHJ solar cells." Here, we note that a total of six
batches of the PTPD[2F]T(2HD) were prepared to demon-
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Figure 1. Chemical structures of a) PTPD[2F|T with various branched
substituents (2DT, 20D, 2HD) and b) PCE10 (model system). c) Rep-
resentations of the TD-DFT tuned-wB97X-D natural transition orbitals
with the largest contribution to the S¢S, transition for a TPD[2F|T
nonamer (bottom: hole wavefunction; top: electron wavefunction).

d) Superimposed thin-film UV-vis optical absorption spectra of PTPD-
[2F]T and the polymer donor PCE10 (normalized). The dotted curve
depicts the tuned-wB97XD simulated (Gaussian-broadened) optical
spectrum of a TPD[2F]T nonamer.

strate batch-to-batch repeatability (see Table S1) and consis-
tency across our device analyses.

Considerations for backbone conformation, m-electron
delocalization, and spectral absorption are of particular
importance in the design of efficient polymers for BHJ solar
cells.”* Density functional theory (DFT) modeling is a useful
tool in probing those effects and anticipating possible steric
hindrance as substituted thiophene motifs—here TPD and
[2F]T—are combined within the same backbone.!”! In Fig-
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ure S4, the potential-energy-surface (PES) plots obtained by
incremental rotation of the [2F]T unit relative to the TPD
motif shows two minima, corresponding to the 40° and fully
planar anti/180° conformations, respectively (for details see
the Supporting Information). In PTPD[2F]T, anti conforma-
tions are predicted to be significantly more stable (by
2.0 kcalmol ™), and energetic barriers of about 3.8 kcalmol ™!
are expected to impede interconversion between syn and anti
conformers at room temperature (thermal energy at 300 K=
0.6 kcalmol ™). Figure 1¢ depicts the time-dependent (TD)
DFT tuned-wB97XD natural transition orbitals with the
largest contribution to the S-S, transition for a TPD[2F]|T
nonamer, and m-electron delocalization occurs over approx-
imately four repeat units (see the Supporting Information).

The normalized thin-film UV-vis absorption spectra of the
PTPD[2F]T polymers and that of the polymer donor PCE10
(model system later used in the BHJ solar cell device study)
are superimposed in Figure 1d, and temperature-dependent
solution UV-vis spectra are provided in Figures S7 and S8.
Figure 1d indicates that the PTPD[2F]T polymers with
various branched side chains have near-identical absorption
spectra across the range 4 =350-650 nm (peaking at ca. 1=
550 nm) and equivalent optical band gaps (E,,~ 1.9 V). The
DFT-simulated optical spectrum for the TPD[2F]|T nonamer
peaks at A =554 nm. In comparison, the thin-film absorption
spectrum of PCE10 extends into the range 4 =425-800 nm,
thus showing significant spectral complementarity between
A=620 and 800 nm (a critically important aspect in the
optimization of BHIJ solar cell efficiency). The ionization
potentials (IPs) of the PTPD[2F]T polymers were determined
to be greater than 5.8 eV by photoelectron spectroscopy in air
(PESA; vs. 5.0 eV for PCE10; see Figure S9 and Table S3).
Expectedly, the large IP values are comparable to those
commonly inferred for fullerene acceptors (~5.9eV for
PC; BM by PESA). Figure S10 shows the oxidation and
reduction scans from which the electrochemically-estimated
IPs and electron affinities (EAs) were inferred: about 6.3 eV
(vs. = 5.7 eV for PCE10) and 3.8 eV (vs. &= 3.5 eV for PCE10),
respectively (see Table S4). EA values are 0.2-0.3 eV lower
than those of common fullerene acceptors such as PC;;BM
and PC;;BM (4.1-4.3 ¢V), and also lower than those of PDI/
NDI-based polymer acceptors.**! From these estimates, we
note that the lower EA values should be amenable to high V¢
in BHJ solar cells.

Thin-film BHJ solar cells with the inverted device
architecture ITO/ZnO/PCE10:PTPD[2F]T/MoOs/Ag
(device area: 0.1 cm®) were fabricated and tested under
AM1.5G solar illumination (100 mW cm™). The cells with
optimized PCE10:PTPD[2F]T blend ratios (1:2, wt/wt) were
cast from hot 1,2-dichlorobenzene (DCB; ca. 115°C) on
substrates preheated to about 125°C (see the Supporting
Information; film thicknesses in the range 80-90 nm). As
shown in Figure 2 a and Table 1, optimized BHJ devices made
with PCE10 and the PTPD[2F]T polymers with various
appended substituents (2DT, 20D and 2HD) achieved very
distinct efficiency patterns. The device statistics, including
standard deviations, are provided in Figure S11 and Table S5.
While optimized BHJ devices made with the most soluble
derivative PTPD[2F]T(2DT) reach only modest Jg. and fill-
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Figure 2. a) Characteristic J-V curves and b) EQE spectra of optimized

BH]) solar cells fabricated with the polymer donor PCE10 (model
system) and the PTPD[2F]T polymer acceptors. AM1.5G solar illumina-
tion (100 mWem™?).

Table 1: PV Performance of the PTPD[2F]T derivatives in inverted BH)
devices with PCE10.2"

Polymer Js Voc FF Avg. PCE Max. PCE
acceptor [mAcm™] V] [96]  [%] [%]
2DT 2.1 0.8 299 0.5 0.7
20D 6.5 1.0 369 24 29
2HD 8.4 1.1 444 41 4.4

[a] Average values across more than 10 devices. [b] Device statistics in
Figure S11.

factor (FF) values of about 2.1 mA cm 2 and 29.9 %, respec-
tively, the less bulky branched analogue PTPD[2F]|T(20D)
yields a substantially higher Jsc value of about 6.5 mAcm™2,
and concurrently improved FF (36.9%) and Vi (ca. 1.0 V).
Overall, PTPD[2F|T(20D)-based devices achieve about
a fivefold PCE improvement, reaching up to 2.9% (avg.
2.4%) following the same film-casting conditions. It is
interesting to note that, in spite of their rigid-planar backbone
conformations (discussed in earlier sections, and depicted in
Figure 1c¢), PTPD[2F]T polymers show adequate solubility in
common organic solvents [CHCI;, chlorobenzene (CB), 1,2-
dichlorobenzene (DCB)]. Turning to the shorter-chain deriv-
ative PTPD[2F]T(2HD), optimized BHJ devices show further
improved figures of merit, combining a high Jsc value of
about 8.4 mA cm™2, a slightly larger Vi value (ca. 1.1 V), and
a significantly increased FF nearing 44.4%. As a result,
PTPD[2F]T(2HD)-based devices outperform their counter-
parts made with PTPD[2F]T(20D) and PTPD[2F|T(2DT),
thus achieving up to 4.4% (avg. 4.1%) in a stark sevenfold
PCE improvement over devices made with the longer-chain
analogue PTPD[2F]T(2DT). The Vi of 1.1 V, consistent with
the reduced EAs estimated for PTPD[2F]|T, compared to
PCBM (see Table S4), represents one of the highest reported
to date for BHJ solar cells with fullerene!™ and nonfullerene
acceptors.[*% In parallel, the photon energy loss (E;.)"" of
0.5 eV (with E., = Eopl"““—eVOC, and Eommin the smallest band
gap of either donor and acceptor) is one of the lowest
reported values for all-polymer BHJ solar cells,** noting that
E, values of less than or equal to 0.5eV are especially
difficult to achieve in fullerene-based BHT devices.!"!
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range A=475-625nm). In comparison, PTPD[2F|T(2DT)-
based devices afford less than 15% EQE across the visible
spectrum, thus confirming the critical effect of the side-chain
pattern on material and BHJ solar cell performance.

To examine the potential contributions of morphological
effects to the distinct EQE and device efficiency character-
istics obtained for the various branched-alkyl-substituted
PTPD[2F]T polymer acceptors, we turned to an examination
of the aggregation patterns of the polymers by atomic-force
microscopy (AFM; see details and notes on TEM analyses in
the Supporting Information). The AFM topography and
phase images provided in Figure 3 shows various extents of

a—c) and phase (d-f) images (tapping
mode) for optimized BH) active layers composed of PCE10 and the
PTPD[2F|T polymer acceptors (a,d: 2HD, b,e: 20D, and c,f: 2DT).
Root mean square (RMS) roughness: 2HD, 8.2 nm; 20D, 2.5 nm;
2DT, 0.6 nm.

Figure 3. AFM topography (

aggregation and indicate that the PTPD[2F|T polymers with
distinct substituents do not form identical active-layer mor-
phologies with PCE10. In particular, the coarser aggregation
pattern observed for PTPD[2F]T(2HD) (RMS roughness:
8.2nm) contrasts with that for PTPD[2F|T(2DT) (RMS
roughness: 0.6 nm), and may correlate with a more pro-
nounced, favorable degree of phase separation between
polymer donor and acceptor (a detailed morphology study
is beyond the scope of this concise report). Preliminary X-ray
analyses suggest that aggregates formed in the BHJ thin films
are disordered (see Figure S14).

Figure 4 and Table 2 summarize the results of our carrier
mobility examinations in optimized BHJ thin films (see
Figure S15), and indicate that hole (x,) and electron (u.)
mobilities are the most balanced in PTPD[2F]T(2HD)-based
BHJ devices, where u, reaches 2.35x107°cm*V~'s™! [vs.
3.16x 10 cm?V~'s™! for PTPD[2F|T(2DT)].
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Figure 4. Dark current density-voltage characteristics for a) hole-only
(ITO/Mo0O;/PCE10:PTPD[2F]T/M0Qs/Ag) and b) electron-only (ITO/
Al/PCE10:PTPD[2F]T/Al) diodes made with optimized BH] active
layers composed of PCE10 and the PTPD[2F]T polymer acceptors (2DT,
20D, and 2HD).

Table 2: Carrier mobility estimates obtained by space charge-limited
current (SCLC) analyses for optimized BH] thin films with PTPD[2F]Tand
PCE10.

Polymer acceptor Uy [em?V s Ue [cm?V s Unthe
2DT 2.13%x107* 3.16x1078 6740
20D 1.81x10°* 430%x10°° 42
2HD 1.96x107* 2.35x107° 8

In summary, we show that branched-alkyl-substituted
PTPD[2F]|T polymers can be used as fullerene alternatives in
BHJ solar cells, thus achieving some of the best Vi figures
(ca. 1.1 V) reported to date for BHJ devices, and PCEs of up
to 4.4% with the polymer donor PCE10 (as model system).
Our DFT analyses indicate that PTPD[2F]|T backbones are
expected to be rigid-planar, with main-chain conformations
dominantly anti and well delocalized frontier orbitals. In
PTPD[2F]T-based BHJ active layers, we find that side-chain-
induced morphological effects translate into distinct charge-
transport patterns, with the shorter-chain derivative PTPD-
[2F]T(2HD) concurrently yielding the most balanced carrier
mobilities and the best EQE response across the UV-visible
spectrum. While, at this time, most efficient polymer accept-
ors are based on PDI/NDI motifs, adequately substituted all-
thiophene polymer acceptors pave the way to a broader class
of systems with tunable electronic and optical spectra for
further examinations of the all-polymer BHJ concept. The
examination of other polymer donors will be of importance in
future work with PTPD[2F]T polymers.
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Better performance through polymers:
Branched-alkyl-substituted poly(thieno-
[3,4-c]pyrrole-4,6-dione-alt-3,4-difluoro-
thiophenes) (PTPD[2F]T) can be used as
polymer acceptors in bulk heterojunction
(BH]J) solar cells, achieving some of the
best Vi figures (ca. 1.1 V) reported to

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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date for BH) devices, and power conver-
sion efficiencies of up to 4.4 %, with

a low-band-gap polymer donor (PCE10)
commonly used with fullerenes. 2DT =2-
decyltetradecyl, 20D =2-octyldodecyl,
2HD = 2-hexyldecyl.
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