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Abstract.

n-conjugated polymers (CPs) that are concurrently soft and stretchable are needed for
deformable electronics. Molecular level modification of indacenodithiophene (IDT)
copolymers, a class of CPs that exhibit high hole mobilities, is an approach that could help
realize intrinsically soft and stretchable CPs. There are currently numerous examples of
design strategies to adjust the stretchability of CPs, but imparting softness is comparatively
less studied. In a previous study, poly(indacenodithiophene-thienopyrroledione) (p(IDTc16-
TPDcs)) exhibited a significantly lower elastic modulus (E) in the 10s of MPa range
compared to CPs that are typically in the ~1-10 GPa range. However, p(IDTc16-TPDcs)
exhibited poor stretchability (crack onset strain, CoS =7 %) and low hole mobility (unoke),
potentially due to its low molecular weight (11 kgmol ™). In our study, a systematic molecular
weight series was constructed on the promising candidate for soft CPs, p(IDTc16-TPDcg), by
optimizing direct arylation polymerization conditions in hopes of improving stretchability and
Uhole Without significantly impacting £. We found p(IDTc16-TPDcs) at a degree of
polymerization (DP) of 32 showed high stretchability (CoS > 100%) without significantly
altering softness (£ = 32 MPa), which to the best of our knowledge outperforms previously
reported stretchable and soft CPs. To further study how molecular level modifications impact
bulk polymer properties, we also built a MW series of a new polymer,
poly(indacenodithieno[3,2-b]thiophene-thienopyrroledione) (p(IDTTc16-TPDcg)), which
extends the m-conjugation of the IDT unit. In contrast to expectation, IDTT copolymers did
not result in a greater average uro.e when comparing between p(IDTTc16-TPDcg) and
p(IDTc16-TPDcsg) with similar MWs despite their higher crystallinity observed by
GIWAXS.While these findings warrant further investigation, our study points towards unique

charge transport properties of IDT-based polymers.
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1. Introduction

Towards the development of deformable electronics, m-conjugated polymers (CPs) that
are concurrently soft and stretchable have been investigated to improve biocompatibility and
ensure precise measurement of biological signals.['! There have been significant advances in
imparting stretchability in semiconducting CPs, where processing strategies [*°! or molecular
design!®® may lead to films that can maintain electronic performance with >100% strain.
However, there have been relatively less literature examples of imparting low stiffness to
semiconducting CPs.[’) While CPs inherently show lower elastic moduli (E, ~1-10 GPa) than
inorganic counterparts (~100 GPa), the £ of CPs are typically still orders of magnitude above
the low moduli of biological tissue (Pa to low MPa range).l'%l Matching a material’s £ with
that of biological tissues has been shown to attenuate inflammatory immunological responses
and lead to improved biocompatibility and long-term performancel!!-'?! A notable class of
semiconducting CPs that can possess lower E are indacenodithiophene-co-benzothiadiazole
(IDT-BT) donor-acceptor (D-A) copolymers. For example, Geng, Y. and coworkers reported
p(IDTc16-BT) having an E of 208.7 MPa with a molecular weight (MW) of 49 kgmol™!. 13!
Similarly, Luscombe, C.K. and coworkers reported-indacenodithiophene-co-
thienopyrroledione (p(IDTc16-TPDc1)) having an E from 110 to 410 MPa with a MW of 14
kgmol!'.l"* Further building off this work, Luscombe, C.K. and coworkers showed that side
chain substitution of the acceptor unit methyl (TPDc1) to a linear octyl alkyl chain (TPDcs),
yielded a polymer p(IDTci6-TPDc3g) having an E of 14 MPa with MW of 11 kg mol'.l!"]
p(IDTc16-TPDcg) represents one of the first semiconducting CPs with a £ in the 10s of MPa
range.['5 In these comparisons, it is important to note the £ values were measured using
different techniques (i.e., film-on-water, film-on-elastomer), which can lead to vastly different
values. This necessitates the selection and inclusion of an appropriate reference CP that is
well established as well as standard characterization protocols when exploring the polymer

design space to allow for direct comparison. Additionally, while all the aforementioned work
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contributes towards the development of semiconducting CPs with improved moduli matching
(i.e., lower stiffness) with biological tissue, the stretchability of these CPs remains low (i.e.
p(IDTc16-BT) 13 has a crack onset strain (CoS) of 9.2 %, p(IDTci16-TPDc1) '* has a CoS of
3%, and p(IDTc16-TPDcs) has a CoS of 7 %). [15]

A strategy to increase the stretchability of semiconducting CPs is to increase the MW
as the strain would be loaded through chain entanglement rather than forming cracks.!'3:16:17]
The entanglement of chains at higher MW can also lower the crystallinity of the CPs, creating
amorphous regions to load external strain.!'3!”] The impact of MW on semiconducting CPs
has been well studied in P3HT!'®!¥ and p(IDTc16-BT)!!319), where increasing MW tends to
increase E. For example, for p(IDTc16-BT), E of 208.7 MPa was measured for 49 kgmol™! and
E of 1007.1 MPa was measured for 1049.6 kgmol-'./’¥/ As the TPD copolymers exhibit
substantially lower E (14 MPa) at low MW (M, = 11 kgmol™), it is worthwhile to investigate
increasing MW and measuring the impact on £, CoS, and ptae. The MW of previous TPD
copolymers were limited to low MWs as the authors were primarily interested in the impact of
sidechain on TPD copolymers.['>) Furthermore, the polymers were synthesized via direct
arylation polymerization (DArP), which is a C-H activation polymerization method that

requires reaction optimization to achieve higher MW and defect-free polymers.[']
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Figure 1. a) General direct arylation polymerization conditions for synthesizing the different

MW TPD-based IDT and IDTT copolymer series. b) Summarized elastic moduli and CoS

measurement results for the MW weight range in this study, with a red highlight over the DP
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range achieved in a previous study ') and a green highlight over the DP range achieved in
this study.
In this report, p(IDTc16-TPDcg) with varied number-average MWs (M, from 10 to 46

kgmol™") was synthesized via DArP (Figure 1a), achieving higher MWs than previously
reported.['>] A discussion of the different DArP conditions tested and the selection of reagents
used in this study is included to provide insight into polymerization optimization. The range
of M, facilitates systematic investigation of MW-dependent behaviors of electrical (e.g., field
effect mobility, pavg) and mechanical (e.g., CoS, E) metrics of interest. We demonstrate that
p(IDTc16-TPDcg) with M, of 46 kgmol ™! achieved an impressive CoS value >100%, low E of
32 MPa, and the highest hole mobility of the TPD-based copolymers in this study (0.0074
cm?V~'s™), outperforming previously demonstrated TPD-based copolymers (Figure 1b).

We also report the first copolymerization of an extended fused ring donor unit,
indacenodithieno[3,2-b]thiophene (IDTTc1¢), with TPDcg to prepare varied MW p(IDTTc16-
TPDcs) (Mn from 11 to 62 kgmol™") as a potential strategy to improve the pavg of p(IDTc16-
TPDcg). Extending the conjugation length of the donor unit by adding additional thiophene
rings to IDT has been previously demonstrated with p(IDTTc16-BT) to exhibit saturation hole
mobility up to 6.6 cm?V-!s"!- 2 This is potentially due to the reduction in energetic disorder
and extending of the m-conjugation of the polymer backbone for intramolecular charge
transport.[?) However, this study did not compare directly to a reference p(IDTc16-BT) device
prepared in the same manner as their devices but was compared to a literature value of 3.6
cm?V-1s! for p(IDTc16-BT); thus, it is inconclusive if the extended core did truly exhibit
improved electrical performance. Another study by McCulloch, 1. and coworkers prepared
devices with extended conjugated versions of IDT copolymerized with BT and found the
average hole mobility of p(IDTTc16-BT) to be marginally lower than their reference p(IDTc16-
BT).2! The D of their p(IDTTc16-BT) was larger than the other extended IDT polymers in

their study (e.g., 2.6 for p(IDTTc16-BT) and 1.5 for dithiopheneindenofluorene(TIF)-co-BT)
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which may have contributed to the observed polymer properties.l?!! In our study, P between
the IDT- and IDTT- TPD copolymer counterparts were carefully controlled to be similar with
another. We observed that p(IDTTc16-TPDcsg) exhibited a higher degree of crystallinity but
lower pavg compared to p(IDTc16-TPDcs), as measured with grazing-incidence wide-angle X-
ray scattering (GIWAXS) and organic field effect transistors, respectively. This finding
contributes to existing literature that the previous understanding of higher crystallinity being a
necessity for achieving higher mobility is not always correct and motivates further detailed

22]

investigation on the morphology of these TPD-based copolymers.!

2. Results and Discussion
2.1. Polymer synthesis
A series of IDTc16-TPDcs (Figure 2a) and IDTTc16-TPDcs (Figure 2b) polymers with

differing degree of polymerizations (DP) were synthesized by DArP to explore the effect of
MW on polymer properties. Three DP ranges were prepared, denoted as low (DP 7), medium
(DP ~12), and high (DP >32) MW (Figure 2a). DP will be primarily used in the rest of this
study to describe the size of each polymer as the difference in the mass of the donor-acceptor
units (e.g., 1425.5gmol"! for IDTc¢16-TPDcs and 1537.6gmol™! for IDTTc16-TPDcs) impacts
clear comparison when using MW. [1213.19 Detailed synthetic protocols and characterization
of the polymer and monomers can be found the Supporting Information (SI) with a general
polymerization procedure in the Experimental Methods below. The donor monomers (IDTc16
and IDTTc16) are commercially available from Derthon and the acceptor monomer (TPDcs)
was synthesized as previously reported.['*!5231 To achieve higher DP polymers for p(IDT c16-
TPDcs), previously reported procedures!!>?* were used as a starting point for polymerization
optimization. Factors such as monomer reactivity and solubility impact the ability to directly
translate procedures between D-A polymers. Using our previous procedure for p(IDT ci6-
TPDcs), we could only achieve low DP (8, M, ~11 kgmol!) and yields of ~50%. Varying

reaction parameters (e.g., increasing concentration, reaction time, anhydrous solvent) did not
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show any appreciable improvement in MW (Table S1). Generally, we did find that anhydrous
solvent and increased concentration tend to increase yield (Table S1). However, increasing
DP needed further exploration of conditions.

The addition of tetramethyethylene-diamine (TMEDA) as a co-ligand in DArP
conditions has been previously found to help prevent structural defects, shorten reaction times
and achieve higher DP and yield.[?’ TMEDA inhibits the reduction of the monomers, which
prevents undesirable side reactions (i.e., termination leading to low MW, homocoupling and
branching defects) from occurring. Additionally, it has been established that there is a balance
between using a high concentration to achieve higher MW and yield while having sufficient
solvent to fully solubilize all reagents.!'”! With these considerations in mind, we added
TMEDA to our previous DArP conditions and varied the polymerization concentration (0.05
M to 0.4 M, IDT to solvent) to see the impact on DP, yield and structural integrity. Detailed
findings for DP and yield are summarized in Table S2. Notably, we found that both high
concentration (0.4M) and 10 mol % TMEDA was needed to achieve reproducible and high
DP p(IDTc16-TPDcs), with a 4-fold increase in My from our initial procedure with 11 kgmol™!
to 46 kgmol-!(Table S2).

To construct the MW series, we varied stoichiometric monomer ratios in the optimized
procedure used to synthesize high MW p(IDTci6-TPDcs)-DP32 (46 kgmol!; 94% yield, 1 mol
TPD:1 mol IDT) to prepare the medium MW p(IDTci16-TPDcg)-DP12 (16 kgmol™'; 1.04 mol
TPD:1 mol IDT) and low MW p(IDTc16-TPDcs!?22¥)-DP12 (10 kgmol'; 1.07 mol TPD:1 mol
IDT). Approaches to achieve controlled DP typically use fractionation of synthesized
polymers by recycling gel permeation chromatography (GPC) or Soxhlet extraction, which
results in yield loss.?®?7! Controlling DP by systematically varying the stoichiometric ratios
based on the Carothers equation (Equation S1) has been established in literature. [26-27]
However, the Carothers equation assumes the extent of reaction is unity or close to unity and

requires high purity for the Pd catalyst, which may cause discrepancies between calculated
7
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26271 We found using the Carothers equation (Equation S1) provided

and experimental results. [
a good starting point for finding suitable stoichiometric ratios, but experimental trial and error
was needed to achieve a target DP due to slight experimental variations that can occur (i.e.,
temperature fluctuations, Pd catalyst purity, etc).

For the synthesis of p(IDTTc16-TPDcs), reaching unity for reaction extent was difficult
and so to achieve similar DP and D ranges as the p(IDTc16-TPDcs) MW series, we varied
reaction times, concentrations, and fractionated synthesized polymers using recycling GPC.
We hypothesize that the difference between the IDT and IDTT polymers are due to
differences in monomer reactivity between IDT and IDTT and the sensitivity of the approach
to small variations in reagents used (i.e., Pd cat. purity). For p(IDTTc16-TPDcs), we observed
the highest yield (80 %) with TMEDA and high concentration (Table S3). However, insoluble
solids were observed if the reaction time was the same as what was done for p(IDTc16-
TPDcg), likely due to the poor solubility of the growing p(IDTTc16-TPDcg) chains. When
TMEDA was not added, insoluble solids were also observed (Entry 3, Table S5). This is
potentially due to homocoupling and branching defects, which supports the need for TMEDA
in preparing well-defined CPs via DArP.

The M, of these polymers was characterized by high temperature GPC (HT-GPC) and
the structural integrity by "H NMR spectroscopy (Figure 2). By '"H NMR, the potential end
groups and/or defects are labeled +. The spectrum of p(IDTc16-TPDcg)-DP7 and p(IDTTc16-
TPDcg)-DP7 show more defined peaks compared to the medium and high polymers. This
observation aligns with assigning the peaks to end groups as the peaks corresponding to end
groups would relatively decrease in intensity as the polymer is higher in MW. However, as
the peaks overlap with the main aromatic peaks for the polymers, comparison of relative
integrations for peaks (aromatic to potential end group) is difficult, which makes definitive

assignment not possible.
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Figure 2. Synthesis of a molecular weight series for a) p(IDTc16-TPDcsg) and b) p(IDTTc16-
TPDcg), which was characterized for structure by proton NMR spectroscopy and molecular
weight by GPC. Potential end group and/or defects labeled with +.

2.2. Mechanical characterization

Table 1. Summary of polymer properties for p(IDTc16-TPD cg) and p(IDTTc16-TPDcs)

Polymer M, b? DP¥ E CoS
(kg/mol)® (MPa)®  (%)°
p(IDTc16-BT) 55 20 42 140417  ca. 60
p(IDTc16-TPD cs) 10 14 7 13+4  ca?2
16 1.5 12 23+3 ca. 5
46 1.9 32 32+6 >100
p(IDTTc16-TPDcs) 11 15 7 241  ca?2
20 1.4 13 2816 ca.?2

62 20 40 40+ 6 ca. 40
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9“Number average molecular weight (M), dispersity (D), and degree of polymerization (DP)
were measured by high-temperature gel permeation chromatography at 135 °C with a 0.5
mL/min flow rate. ®Average elastic modulus (E) and “crack onset strain (CoS) of polymer
thin films were measured by film-on-elastomer experiments as detailed in the SI.

Film-on-elastomer (FOE) thin film tensile measurements (Figure 4a) were performed
to compare the mechanical properties of IDT and IDTT copolymers, with well-studied
p(IDTc16-BT)!131921] serving as the reference. The mechanical metrics of interest, £ and CoS,
are tabulated in Table 1. Measuring E via mechanical buckling is an established method for
thin film systems that may be difficult to measure with other methods.[?*33! For example,
while film-on-water measurements avoid potential substrate effects, thin film breakage was
observed with the low MW polymers when transferring to water (Figure S7), preventing a
comparative study to higher MW polymers. Therefore, FOE was selected as it could capture
CoS and E across the MW range in this study. As MW increases for the IDT-TPD series, £
increases from 13 MPa for p(IDTc16-TPD cg)-DP7, 23 MPa for p(IDTc16-TPD cs)-DP12, to 32
MPa for p(IDTc16-TPD cg)-DP32. This trend was also observed for the IDTT-TPD series
where E increases from 22 MPa for p(IDTTc16-TPD cg)-DP7, 28 MPa for p(IDTTc16-TPD cs)-
DP13, to 40 MPa for p(IDTTc16-TPD cg)-DP40. Detailed description for the FOE buckling
method can be found in the Experimental Methods below and optical microscopy images of
buckles in the SI (Figure S6). The slightly higher E for the IDTT-TPD series comparatively to
the IDT-TPD series is attributed to the extended rigid aromatic donor unit imparting increased
stiffness. The reference p(IDTc16-BT)-DP42 has a E of 140 MPa, which is higher in £ when
compared to both IDTT-TPD and IDT-TPD copolymers at similar MW, indicating the
acceptor unit modification was successful in lowering E for both copolymer series.

CoS measurements in the FOE method are used to determine the strain at which the
material begins to show cracks by optical microscopy and p(IDTc16-BT) has previously

demonstrated high stretchability (CoS > 100 %) at a sufficiently high MW.[!'3] In this study,

10
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p(IDTc16-BT)-DP42 was synthesized to match the high MW regime TPD-based copolymers.
The CoS of p(IDTc16-BT)-DP42 was measured to be ca. 60% (Figure 4b). For p(IDTTc16-
TPDcg), the low and medium DP polymers all cracked at relatively low strains (ca. 2 %)
except for the high DP p(IDTTc16-TPDcg)-DP40 with a CoS of ca. 40% (Figure 4c). This
observation aligns with what has been previously established for semiconducting polymers
where increasing molecular weight tends to increase the density of entanglements, resulting in
a material with a higher CoS.['*!®1 The lower CoS measured for p(IDTTc16-TPDcs)-DP40
compared to p(IDTc16-BT)-DP42 could be ascribed to its lower DP and/or increased
crystallinity due to the extended donor unit. However, for p(IDTc16-TPDcs), significantly
improved CoS was observed going from low to high DP where no cracks were observable
even at 100 % strain for p(IDTc16-TPDcg)-DP32 (Figure 4c¢). This increase in CoS for
p(IDTc16-TPDcg)-DP32, even when it is at a lower DP than p(IDTc16-BT)-DP42, can be
attributed primarily to the acceptor unit modification (i.e., BT to TPDcg). This improvement
in deformability appears to require a certain MW threshold to be hit first before CoS
increases, but we find the MW to be lower for p(IDTc16-TPDcg) compared to p(IDTTci6-

TPDcs).

11
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Figure 3. Mechanical properties characterization of thin films. a) The elastic modulus, E, was

measured using a buckling-based metrology with a film-on-elastomer approach and the
buckling wavelengths were extracted from optical microscopy. b) The samples for crack onset
strain were prepared using a water-assisted film transfer onto PDMS and then loaded onto a
homemade strain, ¢) where the formation of cracks was monitored by optical microscopy.

2.3. Photophysical characterization

12
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Figure 4. UV-vis absorption and PL spectra in solution-state and absorption spectra in solid-

state (thil‘l ﬁlms) for a) p(IDTcm-TPD Cg) and b) p(IDTTcm-TPch).

Ultraviolet—visible light absorption spectroscopy (UV—Vis) and photoluminescence

(PL) experiments were performed to see the effect of MW and an extended donor unit on

optical and aggregation properties. The absorption profile for both TPD-based copolymers

primarily differs in the (0-0) transition (Amax), which becomes more pronounced compared to

the (0-1) transition (~540 nm) as MW increases. The Io.o/Io-1 ratio increases from 1.2 to 1.7 for

p(IDTc16-TPDcg)-DP7 to -DP32 and 1.3 to 1.6 for p(IDTTc16-TPDcg)-DP7 to -DP40 (Table

2). The (0-0) transition is typically attributed to J-type polymer aggregation and so a higher Io.

o/lo-1 ratio with increasing MW suggests increased J-type aggregation compared to H-type

aggregation.['434736] Additionally, as MW increases, Amax €xhibits a bathochromic shift by 8

nm from 601 nm for p(IDTc16-TPDcsg)-DP7 to 609 nm for p(IDTc16-TPDcsg)-DP32 (Figure

3a). This minimal bathochromic shift is also seen for p(IDTTc16-TPDcg), where Amax red-shifts

by 6 nm from 597 for p(IDTTc16-TPDcg)-DP7 to 603 nm for p(IDTTc16-TPDcsg)-DP40

13
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(Figure 3b). This bathochromic shift in Amax as MW increases can be attributed to increasing
chain length and the minimal difference indicates the high MW regime polymers in this study
are approaching sufficiently high MW to achieve saturated optoelectronic properties.[37-40]
The similarity in Stokes shift in solution-state between p(IDTc16-TPDcs) and p(IDTTc16-
TPDcs) across MWs contradicts what is expected as it suggests that the planarity and rigidity
of the polymer backbone is not significantly altered by an extended donor unit. However,
p(IDTTc16-TPDcg) does exhibit a more pronounced red shift in Amax upon casting into thin
films from solution compared to p(IDTc16-TPDcs) by approximately triple (e.g., 13 nm for
p(IDTTc16-TPDcg)-DP40 and 4 nm for p(IDTc16-TPDcg)-DP32), suggesting the former adopts
a higher degree of planarization in the solid state. This observation is as expected due to the
increased conjugation length of the IDTT unit compared to IDT.

Table 2. Optoelectronic properties of TPD-based copolymers

Solution-state Solid-state
Polymer Amaxabs  Amax,pL  Stokes shift — 1o-0/o.;  Amaxabs Al to thin film, abs
(nm)”  (nm)® (nm) (nm)°) (nm)
p(IDTc16-TPD cs) 601 624 23 1.2 607 6
606 625 19 1.4 611 5
609 629 20 1.7 613 4
p(IDTTci6-TPDcg) 597 623 26 1.3 613 16
601 622 21 1.4 621 20
603 626 23 1.6 616 13

9 Measurements of solution state UV-Vis absorption and ® photoluminescence spectra were
done in dilute chloroform. YMeasurements of solid-state UV-Vis absorption spectra were
done on thin film samples prepared by spin coating polymer solutions onto glass slides.

2.4. Morphological and Electrical Characterization

14
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Figure 5. Morphological characterization of polymer thin films using GIWAXS.
Representative 2D GIWAXS spectra for medium DP polymers of a) p(IDTc16-TPDcsg) and b)
p(IDTTc16.-TPDcsg) are shown. Linecuts of the 2D GIWAXS spectra in the Qxy direction (in-
plane) are shown as well with the (001) backbone peak labelled.

Impact of MW and extended core unit on morphology was analyzed by GIWAXS on

as-cast thin-films of p(IDTc16-TPDcs) and p(IDTTc16-TPDcg). Relevant metrics are
summarized in Table S4 and 2D spectra for all polymers can be found in the SI (S40). Both
TPD-based copolymer series display broad out-of-plane n-stacking scattering peaks arising
from (0kO) planes. In-plane nt-stacking is difficult to deconvolute from the diffuse scatter
apparent at Qxy ~1.4 A" for both series. This scatter has been attributed to scattering arising
from the disordered alkyl side chains.[*!] p(IDTTc16-TPDcs) shows m-stacking scattering
peaks at Q, = 1.54 A! (D, ~4.1 A), matching closely with the reported n-stacking distance for
p(IDTc16-BT).2241 p(IDTc16-TPDcs) shows broad out-of-plane m-stacking scattering peaks at
areduced Q of Q, ~1.42-1.45 A! (D ~4.3-4.4 A) in line with previous reports.!'>] The -
stacking distance decreases slightly going from the low to the high DP in p(IDTc16-TPDcs). -
stacking structural coherence is low for both p(IDTTc16-TPDcg) and p(IDTc16-TPDcs) (~3-

5 m-stacks), indicating little long-range interchain ordering. Lamellar structural coherence is
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low as well for both TPD-based copolymer series. p(IDTc16-TPDcg) lamellar spacing (Diam
~22-23 A) is larger than that of p(IDTTc16-TPDcs) (~20 A), and both sets of material have
smaller lamellar spacing than that of p(IDTc16-BT)[*22411 possibly indicating less volume
occupied by the side chains in p(IDTTc16-TPDcg) and p(IDTc16-TPDcs). Interestingly, there is
a broad shoulder at Q, ~0.58 A" in p(IDTTc16-TPDcs) that is most prominent in the medium
molecular weight batch that possibly arises from a 2" order lamellar feature, though this
assignment is tentative.

For scattering from polymer backbone ordering along (001) planes, p(IDTTc16-TPDcs)
across all DP (Figure 5b) displays strong in-plane scattering features at Qxy ~0.50 A" and Qxy
~1.05 A1 (Dgo1) = 12.6 A) whereas only p(IDTc16-TPDcs)-DP32 (Figure 5a) shows a weak
in-plane scattering feature at Qxy = 0.44 A-! (D(oo1) = 14.1 A). Scattering arising from
backbone ordering requires some degree of interchain registry, and thus does not necessarily
arise from scattering features that correspond precisely to monomer-monomer repeat
distances. The assignment of exact physical features to the backbone scattering is highly
dependent on how polymer chains are aligned relative to each other.?>#?! Given the larger
monomer units of p(IDTTc16-TPDcsg) compared to p(IDTc16-TPDcg) but shorter backbone
scattering feature of Do1) = 12.6 A for p(IDTTc16-TPDcs) compared to Doy = 14.1 A for
p(IDTc16-TPDcg), it is a reasonable hypothesis that p(IDTTc16-TPDcg) might have preferential
interchain crossing angles that are more shallow than those of p(IDTc16-TPDcg), though this is
speculative. We also previously hypothesized that the presence of the (001) signal could
indicate side chain interdigitation, where the alkyl chains interdigitate and cause the polymer
chains to pack closely, allowing for translational order between chains and increased electrical
performance.l'”! In agreement with this hypothesis, p(IDTc16-TPDcs) was previously observed
to lack the (001) backbone scattering feature and showed a decrease in mobility compared to
other CPs tested that did possess the (001) feature. The lack of sidechain interdigitation in

p(IDTc16-TPDcsg) was thought to be potentially caused by the long octyl sidechain of the
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TPDcs monomer requiring more space to interdigitate. Therefore, we hypothesized that the
use of an extended donor unit, such as IDTT, could provide extra space for the alkyl chains to
pack, enabling sidechain interdigitation and improving electrical performance. This
hypothesis is supported by the findings in this study where scattering from polymer backbone
ordering along (00I) planes is seen in p(IDTTc16-TPDcs) across all DP but still not seen in
p(IDTc16-TPDcg) in the low and medium DP and only weakly with the high DP.

To study the impact of the extended core on charge carrier mobility, bottom-gate top-
contact organic field effect transistors (OFETs) were fabricated using both p(IDTc16-TPDcs)
and p(IDTTc16.TPDcs) (Figure 5). The operating characteristics of these devices are
summarized in Table S5 in the SI. For p(IDTc16-TPDcs), average pnole increases from 0.044 +
0.026 x 1073 cm?V-!s"! for p(IDTc16-TPD ¢s)-DP7, 1.5 + 0.63 x 103 cm?V-!s”! for p(IDTc16-
TPD ¢5)-DP12, to 7.4 + 1.9 x 107} cm?V-'s™! for p(IDTc16-TPD ¢s)-DP32. Based on the UV-
Vis observations and the strong in-plane scattering features attributed to polymer backbone
ordering along (001) planes from GIWAXS, charge-carrier mobilities for the p(IDTTc16-
TPDcg) series were expected to be the same or higher compared to the p(IDTc16-TPDcs)
series. However, average nole for p(IDTTc16-TPDcg) was lower for both p(IDTTc16-TPD cs)-
DP13 (0.41 +0.06 x 10 cm?V-'s™!) and p(IDTTc16-TPD ¢s)-DP40 (2.0 + 0.36 x 103 cm?V-ls-
1y when compared to their p(IDTc16-TPDcs) counterpart. Only the low DP polymers followed
the hypothesized trend with the average pnole for (p(IDTTc16-TPD cs)-DP7 being 0.30 + 0.14
cm?V-!s! and p(IDTc16-TPD ¢5)-DP7 being 0.044 + 0.026 x 10 cm?V-!s!. These polymers
are 1-dimensional (1D) transporters with occasional interchain crosses that facilitate chain-to-
chain charge hopping.[**** For the IDT-based series, the higher DP likely facilitates more 1D
transport but also increases the number of interchain crosses, resulting in higher average pnole.
For the IDTT-based series, the greater crystallinity implies more regions of parallel chains
(i.e., less of the individual chains crossing). Hence the observed lower mobility and less

change with increase in DP. While these are hypotheses and more investigation is needed, our
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study points towards unique charge transport properties of IDT-based polymers. <Need more
hypotheses> Overall, the morphological thin film observations show that the p(IDTc16-
TPDcg) series does have more interchain crosses (i.e., more entanglements) with greater DP,
which can explain the higher CoS observed. The charge mobility trend in IDTT suggests that
the entanglement and/or interchain crosses do not increase with DP so less of an increase is
observed with CoS for the p(IDTTc16-TPDcg) series with higher DP.

3. Conclusion

In summary, we demonstrated that increasing DP of p(IDTc16-TPDcs) significantly
improves stretchability (CoS from ca. 2 to 100%) while maintaining an £ in the 10s of MPa
range (13 to 32 MPa) and increasing average uno.. When optimizing reaction conditions for
DATrP, the introduction of a diamine co-ligand (TMEDA) can appreciably improve yield and
DP. Using stoichiometric ratios to control the DP of CPs was a viable approach for p(IDTc16-
TPDcg) but proved difficult to replicate with p(IDTTc16-TPDcg), highlighting the importance
of optimizing reaction conditions for each copolymer when using DArP. Extending the nt-
conjugation of the IDT unit to IDTT did not result in greater average Lthole When comparing
medium and high DP p(IDTTc16-TPDcs) to its p(IDTc16-TPDcg) counterparts despite their
higher crystallinity and (001) peak observed by GIWAXS. Further investigation to elucidate
the differences in structural order of these TPD-based copolymers could help explain the
observed trends. Exploration of other extended core IDT units could also improve electrical
performance of (IDTc16-TPDcg).

4. Experimental Section

Representative polymerization procedure, p(IDTci1s-TPDcs): In a glovebox, a mixture of
IDTc16 (90 mg, 0.08 mmol), TPDcs-Brz (37.9 mg, 0.08 mmol),
tris(dibenzylideneacetone)dipalladium(0) (3.5 mg, 5 mol%), tris(o-anisyl)phosphine (2.7 mg,
10 mol%), cesium carbonate (125 mg, 0.38 mmol) and pivalic acid (3.9 mg, 0.025 mmol) in a
4 mL vial was added anhydrous o-xylene (1 mL). The vial was sealed with a PTFE lined cap
and the mixture was pre-stirred at room temperature for 2 minutes to get a homogenous

mixture before heating to 100 °C for 16 h, followed by being cooled to room temperature and
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precipitation into methanol (100 mL). The precipitate was filtered through a Soxhlet thimble
and then purified by Soxhlet extraction with methanol, acetone, and hexanes. The hexanes
fraction was collected, and the solvent was removed by rotary evaporation. The residue was
dissolved in chloroform and precipitated into methanol. The precipitate was collected by
filtration and dried under vacuum to afford a deep purple solid. Detailed characterization in SI

(NMR spectroscopy, Figure S21-S39).

Thin Film Preparation: Bare Si wafers were cleaned with acetone, methanol, and DI water
and then dried under vacuum before being plasma treated (ambient air, 150 mTorr, 3 minutes;
PE-50 Plasma Etcher). The substrates were then spin cast with 3 wt % PSS (aq. DI water, 120
uL) at 4000 rpm for 60 seconds and annealed at 80°C for ~10 seconds to drive off remaining
water. Polymer solutions were prepared by dissolving in anhydrous chloroform at a 10
mg/mL concentration and stirred on a hot plate with a magnetic stirrer at 50°C for 2-4 hours
before filtering through a 0.22 pm PTFE filter. Filtered polymer solutions were spin cast onto

the Si wafers (drop on and then spin coat, not annealed) at 1500 rpm for 60 seconds.

Mechanical Characterizations, Film-on-Elastomer Preparation: PDMS (Sylgard 184, Dow
Corning) was prepared by vigorously mixing the base resin and the curing agent in 20:1 (by
weight) ratio, pouring into a Petri dish, and leaving under dynamic vacuum at ambient
temperature for 2 hours before curing at 65 °C for 12 h in an oven. The PDMS strips were
then cut (4 cm x 1 cm x 0.5 cm) with a scalpel. 10:1 PDMS was also tested for samples
(Figure S4-S5) to see the effect of the elastomeric substrate on crack behavior. The same
trend with increasing MW leading to increasing CoS was observed for 10:1, except the CoS
values were higher for 10:1 compared to 20:1. 20:1 PDMS (0.65 MPa) was selected as the
primary elastomeric substrate as it shows the trend more drastically than 10:1 (2.2 MPa). The
elastic modulus of PDMS was measured using a CellScale Univert S Mechanical Test System
(4.5 N load cell) and obtained from the slope of the linear fit of the stress-strain curve in the

elastic region (cut to ISO 37 — Type 4 standard).

Mechanical Characterizations, Film-on-Elastomer CoS: For crack onset strain measurements,
the polymer thin films were transferred to the PDMS by pressing the Si wafer onto the PDMS
strip and then submerging it into a DI water bath. After 5-30 minutes (depending on sample),
the PDMS sample was removed from the water bath and the Si wafer was carefully removed

with tweezers to give the thin film polymer on the PDMS. The sample was dried in a

19



WILEY-VCH

desiccator under dynamic vacuum for 2 hours before loading onto a homemade strain stage.
The formation of cracks was observed using an optical microscope (Zeiss Axio Imager.A2m)

incrementally from 0 to 100 % strain to relaxation.

Mechanical Characterizations, Film-on-Elastomer Buckling Method: The same protocol for
CoS film transfer was followed except the PDMS (20:1) was pre-strained to 2% strain before
transferring the polymer thin film. After removing from the DI water bath, the Si wafer was
carefully removed, and the sample dried under dynamic vacuum in a desiccator for ~2 hours
before releasing the strain. The strain was removed right before imaging to avoid potential
stress-relaxation and/or reduction in amplitude of the buckles. The thickness of each polymer
film (dy) was measured using AFM (Bruker, Nanoscope). The average elastic modulus of the

thin film (£y) was calculated from the equation below:

1—v? A 3
3 b
E; = 3E
=3 () ()

Where E; is the elastic modulus for the substrate (PDMS), v and v; are the Poisson ratios of

the film and PDMS substrate respectively (assumed to be 0.35 and 0.5), df is the film

thickness, and A, is the buckling wavelength. 4, is based on counting the number of buckles
in a row in a length and then dividing that length by the number of buckles counted. This was
done five times across at least 2 different optical microscopy images (Zeiss Axio
Imager.A2m; Figure S6) to get 5 values for A;,. Erwas calculated using each 4, and averaged

to get average E£f.

Mechanical Characterizations, Film-on-Water: Tensile tests of conjugated polymer thin
films were performed by tensile draw for films floating on water surface. The films were
prepared on spin coating on the top of PSS- coated Si wafers followed by being floated on
top of water and stretched at a strain rate of 0.005 s™! until fracture. The detailed instrument

setup can be found in previous literature reports.

Optoelectronic Measurements: UV-vis absorption spectra were measured on Agilent Cary
7000 UV-Vis-NIR Universal Measurement spectrophotometer (spectral range 170 - 3000 nm,
double beam instrument) and a 100% transmittance sample was recorded as a blank using
chloroform in a quartz cuvette. PL spectra were measured on a Horiba Fluorolog-3
spectrofluorometer with an excitation wavelength of 420 nm and emission spectra collected

from 500 to 800 nm. Solution measurements were performed in chloroform solutions
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(polymer concentration: p(IDT-BT) and p(IDTT-TPD cs), 0.02 mgmL-'; p(AIDT-TPDcs), 0.06
mgmL-"). Thin films used for solid-state absorption measurements were spin cast from a
chloroform solution with a polymer concentration of 5 mgmL™' onto 5 by 5 mm glass

substrates.

Crystallographic Measurements: Samples for GIWAXS measurements were prepared by
spin-coating 5 mgmL ! polymer solutions in CHCI3 onto lightly doped n-type silicon
substrates with a native oxide layer. Polymer solutions were stirred at 55°C overnight and
filtered with 0.45-micron PVDF filters prior to spin-coating. Spin-coating was performed at
1500 rpm for 60 seconds, yielding films of ~50-60 nm thick. All sample preparation was
performed in a nitrogen glovebox (02 < 0.5 ppm). GIWAXS measurements were performed
at Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory,
Beamline 11-3. A flat area detector (Rayonix MAR-225) was used. The X-ray incident energy
was 12.7 keV and an incident angle of 0.1° was used. GIWAXS data was corrected for
geometric distortions imposed by the flat area detector and reduced/analyzed using a
combination of Nika 1D SAXS and WA XStools software packages in Igor Pro.[*>46] All data
is reported in terms of the scattering vector, Q where Q = 4 sin(0)/A where 0 is the scattering
half angle and A is the incident X-ray wavelength. All GIWAXS measurements were
performed in a helium purged chamber to minimize X-ray air scatter and sample beam

damage.

Electrical Characterizations: Heavily boron-doped silicon substrates with a 300 nm (+ 5 nm)
thick thermal oxide layer (University Wafer) as a gate dielectric were used for the thin-film
field-effect transistors (FETSs). Substrates were first scrubbed with detergent and water and
then sonicated in DI water, acetone, and isopropyl alcohol for 15 min per solvent, followed by
drying under a stream of compressed nitrogen. To passivate the thermal oxide, a self-
assembled monolayer of octadecyl trimethoxy silane (OTMS) was deposited on the cleaned
substrates using a literature technique with slight modifications.® The substrates were cleaned
in a plasma cleaner for 15 min using air plasma. They were then quickly spin coated with a
solution of 3 mM OTMS in trichloroethylene. The substrates were placed in a chamber that
was being fed nitrogen through a bubbler with saturated ammonium hydroxide into the
chamber overnight at room temperature and ambient pressure. The substrates were rinsed with
toluene and then isopropyl alcohol for 5 minutes each to remove any physiosorbed ODTS

from the surface, followed by drying under a stream of compressed nitrogen. Polymer
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solutions were stirred at 55°C overnight and filtered with 0.45-micron PVDF filters prior to
spin-coating. The polymer layer was then spin-coated from a 5 or 10 mg/mL solution of each
polymer in CHCI3 at 2000 RPM for 60 s onto the OTMS passivated substrates in a nitrogen
environment. Gold electrodes were thermally evaporated onto the active layer to a thickness
of 100 nm at a rate of 0.5 A s”'. The gold was evaporated from an alumina coated
molybdenum boat and the electrodes were deposited through a shadow mask. After electrode
deposition, the devices were tested for charge mobility, threshold voltage and current on/off
ratio. The devices had a top-contact bottom-gate architecture with a channel width of 1000
um and a channel length of 50 um. They were tested in a nitrogen atmosphere using an
Everbeing Int'l Corp C-2 Mini Station and a Keithley Model 4200A-SCS Parameter Analyzer.
The transfer curves were collected in the saturation regime, where the linear section of the

curve was fitted to estimate the charge mobility using the following equation:

Ip = % (Ve — Vr)?
where I, is the drain-source current; u is the charge mobility; W is the channel width; L is the
channel length; C is the capacitance per unit area of the insulator (SiO2, 300 nm, 10 nF-cm™).
V. is the gate voltage; and V; is the threshold voltage. The threshold voltage was obtained by
fitting the linear region of the I 12yg Vi curve and extrapolating to I, = 0. Measurements

were averaged from at least three devices across two chips.

Data Visualization Code: Python scripts created in lab were used to calculate pavg, Ion/Iofr, and
Vu as well as to plot all transfer and output curves. The code repository can be found at

https://github.com/teamtran/data-visualizer/tree/v0.1.0-alpha-ofet. The relevant Python scripts

are found under the “Electrical” directories (https://github.com/teamtran/data-

visualizer/tree/v0.1.0-alpha-ofet/code/Electrical, https://github.com/teamtran/data-

visualizer/tree/v0.1.0-alpha-ofet/scripts/Electrical).
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