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Indacenodithiophene (IDT) copolymers are a class of i P
conjugated polymers that have limited long-range order and high hole | bt -TPD,, ¢ °© X PIDT ;s TPDC15p i i
mobilities, which makes them promising candidates for use in e S I
deformable electronic devices. Key to their high hole mobilities is the
coplanar monomer repeat units within the backbone. Poly-
(indacenodithiophene-benzothiadiazole) (PIDT(,,-BT) and poly- +
(indacenodithiophene-thiapyrollodione) (PIDT.s-TPD(,;) are two
IDT copolymers with planar backbones, but they are brittle at low
molecular weight and have unsuitably high elastic moduli. Substitution of
the hexadecane (C;s) side chains of the IDT monomer with isocane
(Cyp) side chains was performed to generate a new BT-containing IDT
copolymer: PIDT(,,-BT. Substitution of the methyl (C,) side chain on
the TPD monomer for an octyl (Cg) and 6-ethylundecane (C,35) afford
two new TPD-containing IDT copolymers named PIDT ¢ 4-TPD¢g and PIDT ¢ 4-TPDc 35, respectively. Both PIDT ;- TPDg and
PIDT(,s-TPD¢ ;35 are relatively well deformable, have a low yield strain, and display significantly reduced elastic moduli. These
mechanical properties manifest themselves because the lengthened side chains extending from the TPD-monomer inhibit precise
intermolecular ordering. In PIDT¢;4-BT, PIDT ¢,,-BT and PIDT¢,5-TPD¢, side chain ordering can occur because the side chains
are only present on the IDT subunit, but this results in brittle thin films. In contrast, PIDT;4-TPD¢g and PIDT;4-TPD 35 have
disordered side chains, which seems to lead to low hole mobilities. These results suggest that disrupting the interdigitation in IDT
copolymers through comonomer side chain extension leads to more ductile thin films with lower elastic moduli, but decreased hole
mobility because of altered local order in the respective thin films. Our work, thus, highlights the trade-off between molecular
packing structure for deformable electronic materials and provides guidance for designing new conjugated polymers for stretchable
electronics.
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for CP systems to guide the design of new intrinsically
deformable CPs to address this need.
The structure of the backbone and solubilizing side chains of

Increased interest in deformable electronic devices such as e-
skin, wearable sensors, stretchable organic photovoltaics, soft

robotics, and stretchable organic field effect transistors
warrants the development of intrinsically deformable electronic
materials."~* 7-Conjugated polymers (CPs) can be utilized as a
semiconducting material within deformable devices because of
their tunable electronic properties and wide variance of
mechanical properties.” As is the case for commodity polymers
and their applications, a single CP often does not satisfy the
various optoelectronic, semiconducting, or mechanical require-
ments imposed by a given deformable electronic application.
Polymers with different elastic moduli, elongation at breaks,
rheological properties, stress—strain profiles, solubilities,
optoelectronic profiles, and hole mobilities are, thus, required
to fulfill the various needs of certain applications. This warrants
the further development of structure—property relationships
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CPs dictates their materials properties.” Alterations in the
chemical structure of both the backbone and side chains
impact the intrinsic electronic characteristics of CPs, their
thermal properties, conformational order, and overall solid-
state structures;7’8 changes to these properties directly

influence materials properties of interest including hole
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Figure 1. Structures of the BT-containing IDT copolymers which vary in the length of each side chain extending from the IDT monomer (left) and
the TPD-containing IDT copolymers which have the same side chains at the IDT monomer and vary in side chain character at the TPD-position

(right).

mobility (i), elongation at break, and elastic modulus.”
These three metrics are among those considered when
determining the application for which a particular CPs can
be best utilized."

Side chain substitution has been shown to impact the
materials properties of semicrystalline CPs. For both poly(3-
alkylthiophene) and diketopyrrolopyrrole (DPP)-based CPs, it
has been shown that increasing the length or increasing
branching of side chains results in increased extensibility and
decreased elastic modulus.”'"'* This is caused primarily
because of a resultant decrease in both glass transition
temperature (Tg) and the amount of load bearing interactions
that occur between polymer backbones during deformation,
with both effects affording these materials an enhanced ability
to reorganize polymer chains during strain.” It is important to
consider, however, that the side chain modifications can also
lead to changes in the overall polymer assembly and the
resulgiln%g thin-film microstructures that manifest differences in
Hhpoler

CPs with limited long-range order are prime candidates for
use in deformable electronics because their lower degree of
crystallinity relative to semicrystalline CPs affords them the
potential to dissipate strain energy through polymer chain
rearrangement without the encumbrance of disrupting large
crystalline domains and the concomitant decrease in p,,.
Indacenodithiophene (IDT) copolymers are a class of donor—
acceptor (D—A) CPs that are near amorphous due to the
presence of four, often hexadecane (C,4), side chains that flank
the IDT monomer unit and inhibit long-range ordering in the
crystalline structure for IDT-copolymer thin films."® It has
become well established that the backbone planarity of an IDT
copolymer’s backbone gives rise to low energetic disorder and
quasi-one-dimensional charge transport along the back-
bone.'”"” Poly(indacenodithiophene-benzothiazdiazole)
(PIDT(,4-BT) (Figure 1) is the most studied IDT copolymer
and has displayed charge mobilities of up to 10 cm? V' s71."®
In terms of mechanical properties, PIDT(;s-BT, like most
polymers, is brittle at low molecular weight (M, = 12 kg/mol)
with a crack onset strain (CoS) of just 3%, extensible up to
22% of its original length at significantly higher molecular
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weight (M,, = 295 kg/mol),"* and it has elastic moduli ran%in

from 150 to 750 MPa depending on molecular weight.""'

Similarly to PIDT4-BT, poly(indacenodithiophene-thiopyr-
ollodione) (PIDT4-TPDc;) (Figure 1) has a highly coplanar
backbone, limited long-range order, a CoS of 3%, an elastic
modulus ranging between 110 and 410 MPa, and it displays
Hiote €qual to that of PIDT;4-BT when processed under the
same conditions."” In contrast to both PIDTc;+-BT and
PIDT - TPD¢;, the more torsioned IDT-copolymer poly-
(indacenodithiophene-benzopyrollodione) (PIDT(;s-BPDc;)
is much more extensible than PIDT4-BT, displaying a CoS
of 75% at low molecular weight (M, = 14 kg/mol).19 The
backbone torsion in PIDT¢;-BPD; has the positive effect of
generating a 360° side chain extension profile which allows the
system to undergo plastic deformation, but the backbone
disorder negatively impacts charge mobility.”” Comparing the
mechanical and electronic properties of these IDT copolymers
highlights the necessity of backbone planarity for low energetic
disorder and thus high ,,, as well as the impact that side
chains have on the mechanical deformation of IDT
copolymers. Therefore, altering the side chains of PIDT ¢
BT and PIDT,-TPD(;, which are both coplanar, is a
potential strategy to endow each polymer system with
increased extensibility and decreased elastic moduli without
significantly altering their ;.

Five distinct IDT-copolymer systems are synthesized and
investigated herein to determine the impact that side chain
substitution has on the mechanical and electronic properties of
planar IDT copolymers. The structures of these polymers are
shown in Figure 1. There are two polymer samples with the
PIDT-BT backbone structure. They differ in the length of the
alkyl side chain on the IDT unit of backbone. These two
polymers, which are referred to as the BT-containing IDT
copolymers, are PIDT¢-BT and PIDT(,,-BT due to the
hexadecane (Ci4) and isodecane (C,,) side chains covalently
bound to the IDT monomer unit. Three polymer systems were
synthesized with the PIDT¢;,-TPD¢; conjugated backbone
structure. These systems, which are referred to as TPD-
containing IDT copolymers, differ in the length and degree of
branching of alkyl side chains stemming from the TPD
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monomer unit. These TPD-containing systems are referred to
as PIDT ;- TPD;, PIDT ;s TPDs and PIDT¢,TPDeysp
due to the methyl (C,), octyl (Cy), and (6-ethyl)-undecane
(Cy3p) side chains that are covalently bound to the TPD
monomer unit of each respective polymer. The “13B” notation
of PIDT¢;4-TPDc3p signifies that the side chain contains 13-
carbons in total and is branched. Each of the TPD-containing
systems have IDT monomers with linear C,4 side chains.

We observe that IDT copolymers with no or methyl side
chains on their acceptor unit (PIDT¢,-BT, PIDT,,-BT, and
PIDT;c-TPD(;) display a (001) scattering peak in their
GIWAXS profile that is representative of parallel alignment of
polymer backbones with translational order within their thin
films. For this arrangement of polymer backbones to occur, we
hypothesize that it is necessary for the long and linear side
chains stemming from the IDT unit to interdigitate with the
side chains of neighboring chains. Fast scanning calorimetry
(FSC) experiments also demonstrate that PIDT(-BT,
PIDTy-BT, and PIDT(;s-TPD¢, display liquid-crystalline-
like ordering of the backbone which supports the GIWAXS
evidence. The lengthened and branched side chains on the
TPD-monomer unit in PIDT¢;4-TPD¢g and PIDT¢4-TPD¢; 35
prohibit interdigitation and side chain ordering, affecting in
turn the backbone assembly. Due to the lack of side chain
interdigitation, PIDT ¢ 4-TPD¢g and PIDT - TPD¢3p seem
to show improved ductility and decreased elastic moduli.
However, while these polymers retain their backbone planarity,
they display reduced py,;,, an observation that provides further
evidence for the importance of parallel alignment of IDT-
copolymer backbones with translational order to achieve high
Uiolee In contrast, PIDT,-BT, PIDT(,,-BT, and PIDT -
TPDc, have higher p;,, but are exceptionally brittle. These
results demonstrate that side chain substitution of IDT
copolymers affects their ability to interdigitate causing them
to be more disordered. As a result, IDT copolymers with a too
dense side chain attachment display reduced pu,,, reduced
elastic modulus, and increased elongation at break.

Full details are provided in the Supporting Information. A
representative polymerization procedure is described below. All
other polymerizations were carried out using a similar procedure.

Poly(4-methyl-7-(4,4,9,9-tetrahexadecyl-7-methyl-4,9-dihydro-s-
indaceno[1,2-b:5,6-b’]dithiophen-2-yl)benzo[c][1,2,5]thiadiazole)
was prepared as reported previously."” A mixture of [DT¢;4 (58.2 mg,
0.05 mmol), BT-Br, (14.7 mg, 0.0S mmol), tris-
(dibenzylideneacetone)dipalladium(0) (2.3 mg, S mol %), tris(o-
anisyl)phosphine (1.8 mg, 10 mol %), cesium carbonate (81 mg, 0.25
mmol), and pivalic acid (2.6 mg, 0.025 mmol) in o-xylene (1 mL) was
degassed and filled with nitrogen in a pressure reaction tube. The tube
was sealed, and the mixture was heated at 100 °C for 16 h, then
cooled to room temperature and precipitated 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 blue solid in 68% yield. (500
MHz, CDCl,, 8, ppm): 8.10 (s, 2H), 7.95 (s, 2H), 7.39 (s, 2H), 2.08
(s, 4H), 1.96 (s, 4H), 1.17 (m, 112H), 0.85 (t, 12H).
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Five different IDT-copolymer samples were prepared using
direct arylation polymerization (DArP) (Schemes S1 and S2).
Unalkylated IDT- and TPD-monomers, and the alkylated
monomers IDT¢ ¢ and TPD(,, were synthesized as previously
reported.'” The monomer IDTc,, was synthesized by
alkylating the IDT core with 1-bromoicosane instead of 1-
bromohexadecane (Scheme S4). The TPD¢g and TPD¢ysp
monomers were synthesized by alkylating the TPD core with
1-bromooctane and 6-(bromoethyl)-undecane, respectively, in
place of methyl iodide (Scheme S3). Following our previously
utilized procedures, direct arylation polymerization was used to
synthesize PIDT¢,o-BT, PIDTcy-BT, PIDT;s-TPD,,
PIDT ;- TPDgg, and PIDT(;s-TPD¢;35.”" These polymers
were subjected to 'H NMR spectroscopy (Figures S13—520)
and size exclusion chromatography at 30 °C to characterize
their chemical structure and M,. The degree of polymerization
(DP) can be used to compare the size of each polymer system,
given the fact that the mass of the D—A repeat unit varies
greatly due to the variation in alkyl chain content in each
system. Based on DP, all polymers can be designated as
belonging to the low-molecular weight regime (Table 1).

Table 1. Size Exclusion Chromatography Results for Each
Polymer System

Polymer M, Combined MW of Comonomer
Sample (g/mol) D Units (u) DP
PIDT,,-BT 11000 1.8 1297 8
PIDTy-BT 21000 2.8 1521 14
PIDT ¢ 9000 1.7 1326 7
TPDc,
PIDT ¢ 11000 1.8 1426 8
TPD,
PIDT, ¢ 14000 2.1 1496 9
TPDC, 5

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed to assess the crystallinity of
each polymer system’s thin films. Linecuts of the 2D GIWAXS
scattering image (Figure S11) in the in-plane Q,, direction are
shown in Figure 2. As is expected for IDT copolymers, each
polymer studied displayed broad and diffuse crystallographic
signals. The 7-stacking peak (010) is expected in the 1.6—1.65
A™! region. Its absence and the broad peak at 1.2—1.5 A™*
suggest disordered side chains, short coherence lengths, and
reduced crystallinity”" for all the polymers and can therefore be

~— PIDTei-BT
PIDTc20-BT

— PIDTeie TPDa
PIDTc1s-TPDes
PIDTe1s-TPDC1ss

5 081
=
2 061
[ =
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T 044

0.2

025 050 075 1.00 125 150 1.75 2.00
Q,, (A1)

Figure 2. Linecuts of the 2D GIWAXS spectra in the Q,, direction of
each IDT-copolymer is shown. The (001) signal is labeled for clarity.
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Figure 3. IDT copolymers with side chains on only the IDT subunit (blue block) are able to interdigitate side chains and show translational order
between the chains (a), and IDT copolymers with side chains on the IDT-monomer and TPD-monomer cannot interdigitate their side chains and

therefore do not align as precisely (b).
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Figure 4. Solution (a) and thin-film (b) UV—vis absorption spectra for each IDT-copolymer.

considered to be lacking long-range crystalline order.'” The in-
plane (100) signal can be seen for the TPD copolymers at 0.25

A7, indicating interlamellar spacing of ~24—25 A. Addition-
ally, the out-of-plane (100) signal is observable in both the BT
and TPD copolymers (Figure S12), suggesting that all
polymers have some parallel alignment with the BT series
being oriented more edge-on.

PIDT(s-BT, PIDT,-BT, and PIDT(,-TPD, displayed
an in-plane (001) backbone signal, which indicates transla-
tional order of rigid IDT-copolymer segments (Figure 3a),”!
while PIDT ¢45-TPD¢g and PIDT¢;4-TPD(, 35 do not show this
peak. The (001) peak position of the BT-containing systems is
at a slightly higher Q-value than observed for PIDT - TPD¢,
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due to slight differences in the backbone repeat-unit length. It
has been observed in scanning tunneling microscopy measure-
ments that side chains of PIDT( BT interdigitate tightly
when aligned in parallel.”” The interdigitation of alkyl side
chains is perhaps a necessary condition for the translational
order, or precise intermolecular shifts, of IDT copolymer
backbones, and thus for the appearance of the (001) reflection.
Having long side chains on every monomer rather than every
other monomer is effectively increasing the side chain
attachment density, which has been shown to inhibit side
chain interdigitation in CPs.”® Thus, it is reasonable to suggest
that the absence of a (001) signal in PIDT¢,;s-TPD¢g and
PIDT - TPD¢3p thin films is due to the long (and branched
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in the case of PIDT(,-TPD¢,sp) alkyl side chains extending
from the TPD monomers, which disrupts the uniform pattern
by which side chains extend away from the IDT copolymer
backbone when only the IDT monomer is alkylated. The
regular extension of alkyl chains from the IDT monomer unit
alone provides sufficient space for interdigitation with side
chains of neighboring, and parallelly aligned, macromolecules.
Representations of interdigitating IDT copolymers with lower
side chain attachment density and IDT copolymers with
increased side chain attachment density are shown in Figure
3a,b, respectively. While the presence of the (001) signal in a
thin film arises from just a fraction of polymer chains, the
alignment of IDT copolymers is an arrangement that does
impact the electronic properties of resultant thin films®' and
may impact the mechanical properties of IDT-copolymer thin
films studied herein.

Ultraviolet—visible light absorption spectroscopy (UV—vis)
and photoluminescence (PL) experiments were performed to
elucidate how the optoelectronic properties of the IDT
copolymers are impacted by side chain substitution and to
probe the conformational order of each polymer system. UV—
vis absorption and PL experiments were performed on each
polymer. The UV—vis absorption spectra of all polymers in
solution and thin films are shown in Figure 4. Relevant metrics
are tabulated in Table 2. BT-containing IDT copolymers

Table 2. Optoelectronic Properties of Each IDT-Copolymer
System

Thin
Solution film
Stokes A Solution to
j'ma.vm‘\bsorbam:e lmax.PL shift }'max.abs. thin ﬁlm)
Sample nm nm) (nm) nm) absorbance (nm)
PIDT s 662 708 46 674 2
BT
PIDT pp- 656 705 49 676 20
BT
PIDT 598 624 26 606 8
TPDg,
PIDT,¢- 604 626 22 608 4
TPDgs
PIDT,¢- 604 626 22 612 8
TPDC, 33

exhibit more pronounced redshifts in absorbance maximum
than TPD-containing systems upon casting into thin films from
solution, suggesting that they adopt a higher degree of
planarization in the solid state. In solution, the BT-containing
polymers have visible but less pronounced 0—0 transitions
compared to the TPD-containing polymers, for which the
transition is strongly pronounced. All polymers studied herein
display a pronounced 0—0 transition in thin films. This 0—0
transition is indicative of J-aggregation behavior’* and has been
observed in PIDT¢,4-BT and PIDT(,s-TPD¢, previously.' >’
The Stokes shift of the TPD-containing IDT copolymers in
solution is approximately half that of the BT-containing IDT
copolymers. This suggests that the TPD-containing systems
may in fact be more planar and rigid than the BT-containing
systems,” which is in agreement with previously performed
density functional theory calculations comparing PIDT BT
to PIDT¢,-TPD,."" The similarity in Stokes shift between
PIDT(,-TPD¢;, PIDT ;- TPDeg and PIDTcys-TPDcysp
suggests that the planarity and rigidity of the polymer
backbone is not altered by side chain substitution. Within
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each IDT copolymer family, the optoelectronic properties are
strikingly alike, suggesting that the side chain substitution at
these positions minimally impacts the optoelectronic proper-
ties of IDT copolymers.

To probe the thermal properties of these IDT copolymer
systems, FSC was performed. The mechanical properties of
CPs are known to be impacted by the melting temperatures
(T,) and glass transition temperatures (T,) of the materi-
al,”>*” and possibly the side chain melting/softening.'” Intact
crystallites and glassy morphologies both inhibit polymer chain
reorganization during strain and lead to less extensible thin
films.” The T, values for each polymer are extrapolated from
the enthalpic recovery signatures during physical aging
(Figures S1 and S2). A relatively small range of Tjs is found:
10 °C for PIDT BT, 20 °C for PIDT,,-BT, 31 °C for
PIDT(;4-TPD¢,;, 4 °C for PIDT¢;4-TPDgg, and 0 °C for
PIDT (- TPDcy3p. All the T,s are below room temperature
except for that of PIDT(;c-TPD(,. For the four polymer
systems which have T,s lower than room temperature, this
signifies that backbone reorganization is possible in these
systems at ambient temperatures. Plastification of the back-
bone with increasing side chain length is consistent in the TPD
series and is an expected relationship in CPs.”**” Only a
relatively small reduction in T, between PIDT - TPD¢q and
PIDT(;4-TPD¢ 35 is observed compared to the reduction
found between PIDT ;- TPD¢g and PIDT;4-TPD,. This can
be attributed to the branching point slightly reducing the
amount of side chain motion and therefore limiting backbone
dynamics.”® The BT-containing polymers, however, display an
increased T, with increasing side chain length. This
observation may be due to side chain interdigitation that
affects the backbone and, hence, Ty it is clear is that there is a
critical side chain length above which the relation of T, vs side
chain length inverses.>' Moreover, the higher T, found for
PIDT,-BT very likely is also a consequence of the larger
molecular weight of this polymer.”

We note that the mechanical ductility of IDT copolymers is
not strictly deg)endent on T, but also on the side chain melting
temperature.”” To induce side chain organization, and thus
side chain interdigitation, the polymers were annealed above
their glass transition temperatures. Figure S shows PIDT ¢
BT and PIDT,,-BT exhibiting side chain melting endotherms
at ~20 and ~50 °C, respectively, which will hinder their
segmental backbone motion at temperatures between their T,
and this transition. There is no apparent side chain melting
features in any of the TPD-containing polymers, which likely is
due to the fact that the additional side chains on the TPD unit
disrupt the packing of the R; side chains (Figure 1). Without
side chain ordering, there are fewer restrictions to mechanical
deformations, which could lead to a decreased elastic modulus
and larger strain at fracture for PIDT ¢ 4-TPD¢g and PIDT ¢ 4-
TPDcy3p.

In addition to side chain softening, high-temperature
endotherms exist in PIDT;,-BT, PIDT,,-BT, and PID T 4-
TPD, which are assigned to liquid-crystalline-like order of the
backbone.”® This ordering, which requires the parallel
arrangement of neighboring polymer backbones is also
apparent in the (001) signatures in GIWAXS measurements.
Notably, these are not occurring in PIDT(s-TPD¢g and
PIDT,4-TPD¢35. Figure S3 shows raw intensities of
endotherms for each polymer to better identify the side
chain transitions. The strong endotherms found for PIDT ¢
BT, PIDT,,-BT, and PIDT,4-TPDc, indicate more relative
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Figure 6. CMS spectra of the (a) BT-containing IDT copolymers and (b) TPD-containing IDT copolymers are shown.

ordering, while PIDT¢;s-TPD¢g and PIDTs-TPD¢, 35 show
very weak, ill-defined endotherms, indicative of limited
ordering. Therefore, highest mobilities are expected in the
polymers that exhibit strong liquid crystallinity.”* The
increased side chain attachment density of PIDT;4-TPDg
and PIDTs-TPD¢ 3 clearly results in decreased local
ordering which will have a direct impact on the materials
properties of their thin films and differentiate them from
PIDT(,5-BT, PIDT 00-BT, and PIDT ;- TPD,.

Mid-IR charge modulation spectroscopy (CMS) was
performed to probe the optical absorption of intrinsic, field-
effect generated polarons, avoiding polaron interactions with
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dopant counterions.” Mid-IR polaron absorption is dominated
by two broad peaks: the lower energy peak “A” centered below
1000 cm™" and the higher energy peak “B” centered at 2000—
3000 cm™'. The intensity, spectral shape, and position of
polaronic mid-IR transitions are sensitive to the nanoscale
static energetic and structural disorder experienced by charge
carriers.”””’ Generally, increases in the A/B peak ratio and
associated red-shifting of the peaks correlate with polarons in
environments with less static order. All materials tested in this
study show a heavily red-shifted “A peak” (Figure 6). Notably,
the full shape of peak A sits beyond the edge of detection
(below ~500 cm™), as can be seen especially in the TPD-
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containing polymers where the polaron absorption continu-
ously increases from ~700 cm™ to 500 cm™. Nevertheless,
the significantly red-shifted peak A starkly contrasting behavior
is seen in classically semicrystalline polymers such as poly(3-
hexylthiophene) (P3HT), where peak A is fully resolvable in
the mid-IR spectral range at ~700—1000 cm™".** The red-
shifting of peak A observed in both the BT and TPD-
containing materials suggests that polarons are significantly
delocalized in these polymers, and, in conjunction with the lack
of a strong m—7 stacking signal observed in GIWAXS of these
polymers (Figure 1), we interpret this delocalization as
predominantly intrachain. While peak A is not fully resolvable
in this experiment, and so quantitative comparisons of peak A
position cannot be made, we do note subtle differences in peak
B. While a more quantitative analysis is beyond the scope of
this current work, polaron absorption spectra suggest strongly
that polarons experience significant intrachain delocalization in
both BT and TPD-containing materials, with possibly even
greater intrachain delocalization in the TPD-containing
materials. We note that our interpretation of CMS spectra in
this work is based around qualitative assessment of the static
energetic disorder of polymer chains and does explicitly
include effects of changing dynamic energetic disorder (ie.,
changing strengths of charge-phonon coupling). Dynamic
energetic disorder can induce charge localization in organic
materials, but we hypothesize that the dominant phonon mode
responsible for charge-phonon coupling in organic semi-
conductors, the C=C intrachain stretching mode, is not
expected to change significantly among the samples tested in
this work.***” Therefore, we expect changes in dynamic
energetic disorder to be minor among these materials. Based
on our interpretation of significant intrachain polaron
delocalization in both BT and TPD-containing materials, the
differences in organic field effect transistor (OFET) perform-
ance among these materials can primarily be ascribed to
differences in their respective thin film microstructure, which
governs the ease of intermolecular transport.

Film-on-water thin film tensile measurements were
performed to quantify and compare the mechanical properties
of the IDT copolymers.”” The stress—strain curves of all
polymer systems except PIDT ¢ 4-TPD¢, are shown in Figure 7

= PIDT,,¢-BT

e PIDT,-BT
PIDTys-TPDg

. PIDT;6-TPD¢y3g

X X

Engineering Stress (MPa)

T

0 2 4 6 8 10 12 14 16

Engineering Strain %

Figure 7. Representative stress—strain curves obtained through film-
on-water elongation measurements for all IDT copolymers except
PIDT,6-TPD¢,, which was too brittle to be tested. The colored X’
on each line denotes the elongation at break of each material for

clarity.

and their relevant mechanical metrics are tabulated in Table 3.
Five samples were tested for each polymer and the thickness of
the films ranged from 50 to 61 nm. PIDT¢,-TPD(, was too
fragile to load onto the strain stage for reliable measurement
(Figure S4). Comparing PIDT;s-BT to PIDT,,-BT, a slight
increase in extensibility is observed when increasing the length
of the alkyl side chains on the IDT subunit. The PIDT:,,-BT
sample is very brittle and fractured within 1% of strain at this
low molecular weight. The PIDT,-BT sample did elastically
deform until fracture was observed at 2% strain. We suggest
that the needed molecular reorganization is inhibited by the
interdigitation of this polymer’s side chains, which leads to
embrittlement of the material by preventing plastic flow.""**
Since the T, of PIDT,-BT is higher than that of PIDT,¢-BT,
we ascribe the slightly larger elongation at break of PIDT ¢,
BT system compared to PIDT4-BT to the former’s higher
average DP. Moreover, we find that increasing the length of the
IDT-unit side chain does not lead to a significant decrease in
elastic modulus, supporting the view that the increase in side
chain length does not have a significant plasticizing effect.

In contrast, both PIDT-TPD¢g and PIDT(;-TPDc 35
were able to undergo plastic deformation during elongation,
despite low molecular weight. As a result, these polymers
displayed average elongation at break values of 7% and 16% for
PIDT - TPDcg and PIDT( 4-TPDc 35, respectively. Side
chain substitution at the TPD-position led to reductions in
elastic moduli, with PIDT4-TPD¢g and PIDT - TPD¢;33
displaying elastic moduli of 14 and 50 MPa, respectively.
Because of the relatively small backbone T, (4 and 0 °C), the
elastic moduli, when compared to other reported polymers
(e.g, DPP-based polymers have elastic moduli ~150—480
MPa;” P3HT has been reported to have elastic moduli ~200—
300 MPa™) are remarkably small despite these two polymers’
backbone rigidity. These attributes increase their suitability in
wearable or e-skin devices due to a modulus which is more
closely related to that of skin.** We moreover suggest that the
decreased elastic moduli of PIDT(;4-TPD¢g and PIDT4-
TPDc,3p and the ability to plastically deform are due to the
lack of side chain order caused by the inclusion of longer side
chains on the TPD unit.*> From a structural perspective, it is
the increased density of alkyl side chains on PIDT;s-TPDg
and PIDT¢;45-TPDc, 35 that hinders side chain order (i.e., side
chain interdigitation), which in turn provides these materials
with a greater ability for backbone reorganization upon plastic
deformation.”® Intriguingly, inclusion of the branched side
chain leads to an increase in elastic modulus, suggesting that
there may be increased interactions between the branched side
chains on the TPD monomer and other side chains in the
system. The higher elongation at break of PIDT;s-TPD¢,35
compared to PIDT4-TPDcyg is potentially due to the larger
and branched side chain on the TPD ;3 monomer shielding
the backbone more than the linear side chain of the TPDg
monomer, enabling backbone motions. Moreover, by increas-
ing the attachment density of alkyl side chains from every other
to every monomer repeat unit, through inclusion of long alkyl
side chains on the TPD unit, IDT copolymers can be made
more extendable and make them feature a significantly
decreased elastic moduli. This may occur because of limited
or hindered side chain interdigitation and thus more facile
reorganization of the polymer backbone during elongation.

OFETs were fabricated so that the electronic properties of
each IDT copolymer could be assessed. These results are
displayed in Table 3. Measurements were averaged from at
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Table 3. Mechanical Properties and p;,;, of Each IDT Copolymer Are Tabulated

Polymer M, (kg/mol) DP Elastic modulus (MPa)
PIDT(,-BT 11 8 N.AS
PIDT-BT 21 14 520 + 70
PIDT,5-TPDg, 8 7 NAP
PIDT ;- TPD s 11 8 14 +2
PIDT ;s TPD 135 14 9 S6+S

Avg. elongation at break (%)

Hiole (em>VLs7h) (001) reflection present

0+0 0.068 + 0.020 Yes
241 0.023 + 0.003 Yes
N.AY 0.051 + 0.030 Yes
7+2 0.007 + 0.005 No
16 + 4 0.006 + 0.002 No

“The elastic moduli of PIDT,-BT is effectively infinite because of the verticality of the stress—strain curve. “The PIDT ;- TPD, material was

too fragile to be loaded onto the strain stage for measurement.

least five transistors across three substrates and devices, and
the film thickness ranged from 20 to 30 nm. We believe that
the high standard deviation seen in i, in some samples is a
reflection inhomogeneities in film thickness. All polymer
samples display threshold voltages similar to our previous
reports on IDT copolymers.”’ When assessing average /i,
lengthening of alkyl side chains decreases the yj,;, and on/off
current ratio in every case. The py,, of PIDT(,-BT and
PIDT¢-BT remain on the same order of magnitude. In
contrast, the gy, of PIDT:s-TPDcg and PIDT(;4-TPD 35
are reduced by an order of magnitude compared to PIDT ¢ ¢-
TPDg;. It is observed that PIDT;4-TPD; and PIDT;4-BT
have the same OFET characteristics, which corroborates our
previous reports.'” The CMS results demonstrate that the BT-
containing and TPD-containing IDT copolymers have similar
static energetic disorder environments and, combined with
limited crystalline order as found from GIWAXS, suggest
similar intrachain polaron delocalization under static charge
accumulation. If the electronic environment of polarons within
the thin films are similar, then this indicates that the
intramolecular charge transport may be unaffected by side
chain substitution at the TPD-nitrogen position. Thus, one
interpretation of decreases in fi,, is that arrangements that
enhance p-orbital overlap and facilitate intermolecular charge
transport, including parallel chain alignment as found for
PIDT (- TPD;, PIDTp)-BT and PIDT;(-BT, are hindered
in PIDT¢;4-TPD¢g and PIDT - TPDy35.”" It is also possible
that side-chain interdigitation leads to subtle frequency shifts
in low energy interchain vibrational modes that decrease
dynamic disorder effects on intermolecular charge transport,
though a detailed analysis of this effect remains outside the
scope of this work.” Accordingly, our data suggest that the
inability of polymer side chains to interdigitate, and thus form
two-dimensional aligned structures, may be responsible for the
decrease in p;,;, of PIDT - TPD¢g and PIDT ¢ 4-TPD¢35.

Increasing the side chain attachment density of IDT
copolymers from every other monomer unit to every monomer
unit has widespread effects on electronic and mechanical
properties of their thin films. With increased side chain
attachment density comes an inability for side chains to
interdigitate. This is supported by the absence of the (001)
reflection in PIDT;4-TPD¢g and PIDT - TPD¢ 35 and the
lack of side chain ordering observed in FSC experiments,
which support that the increased side chain attachment density
is inhibiting side chain organization. Consequently, these
systems display orders of magnitude less i, than PIDT ¢
BT, PIDT(,,-BT, and PIDT(,s-TPD¢;, which do exhibit
interdigitation of their side chains and thus display parallel and
translational ordering of their backbones. In contrast, because
of the lack of side chain interdigitation, PIDT¢s-TPDcg and
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PIDT - TPD 4 thin films can dissipate strain through plastic
deformation, exhibiting greatly improved elongation at breaks
and remarkably low elastic moduli. This suggests that side
chain interdigitation is a major contributor to preventing
polymer chain reorganization of IDT copolymers while under
strain. Inhibition of interdigitation can endow planar IDT
copolymers with reduced elastic moduli and the ability to
deform plastically under strain.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.2c00034.
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CPs, m-conjugated polymers; py,,, hole mobility; T, glass
transition temperature; IDT, indacenodithiophene; Cig,
hexadecane alkyl chain; PIDT(,4-BT, poly-
(indacenodithiophene-benzothiazdiazole); M,, number aver-
age molecular weight; CoS, crack-onset-strain; PIDT(¢-
TPD¢;, poly(indacenodithiophene-thiopyrollodione);
PIDT,s-BPD(,, poly(indacenodithiophene-benzopyrollo-
dione); C,,, isodecane alkyl chain; Cg octyl alkyl chain;
Cy3p (6-ethyl)-undecane; DP, degree of polymerization; D—A,
donor—acceptor; GIWAXS, grazing incidence wide-angle X-ray
scattering; UV—vis, ultraviolet—visible light absorbance; PL,
photoluminescence; FSC, fast-scanning calorimetry; T,
melting temperature; CMS, mid-IR charge modulation spec-
troscopy
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