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ABSTRACT: A series of alkyl-substituted indacenodithiophene
(alkyl-IDT) semiconducting donor—acceptor polymers were
designed by DFT to have varying degrees of backbone planarity
and synthesized via direct arylation polymerization (DArP). These
polymers exhibit weak intermolecular interactions, a glass
transition temperature (T,) below room temperature, and low
degrees of crystallinity from XRD measurements. Despite this, the
field-effect mobilities () of these polymers are relatively high
(0.06—0.20 cm® V' s7') with mobility increasing with increasing
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backbone planarity. Because of the weak intermolecular

interactions, the polymers exhibit low elastic moduli (E) of less than 450 MPa. The polymer with the most twisted backbone
exhibits high ductility with a crack-onset strain (CoS) over 100%. These structure—property relationship studies provide useful
guidelines for designing semiconducting polymers with high mobility, low stiffness, and high ductility enabling applications in

stretchable electronics.

B INTRODUCTION

In the past two decades, the field of semiconducting polymers
has advanced significantly because of extensive research on
organic photovoltaics (oPvs),' organic field-effect transistors
(OFETs),” organic light-emitting diodes (OLEDs),” and
organic thermoelectrics (OTEs)." As a consequence, materials
with excellent optical, electrical, and thermal properties have
been developed. Recently, investigation of the mechanical
properties of semiconducting polymers has increased, due in
part to the emergence of biomedical devices for physiological
monitoring,5 implanted treatments,” electronic skin,” and
human—machine interfaces.” Semiconducting polymers require
mechanical compatibility with biological tissue to be suitable
for bioelectronics applications. Traditional approaches that
impart mechanical compliance to semiconducting devices are
based on geometric designs, such as buckles,” wavy patterns,”®
and kirigami.10 Increasingly, attention has been paid to
semiconducting polymers with intrinsic mechanical compli-
ance, largely due to the potential advantages of easier
production, reduced constraints on large scale device design,
higher device density, and improved strain tolerance.'”"> In
contrast to flexibility, which is the property of a material to
withstand bending deformation, stretchability additionally
includes deformation under tensile modes. Flexibility is easily
achievable, as making a material thin is typically enough to
impart flexibility. Achieving stretchability of semiconducting
polymers is typically difficult because in most cases tensile
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deformation results in permanent alterations to the micro-
structure, significantly affecting the charge transport properties.
In spite of this, several approaches have been developed to
address this issue. For example, noncovalent cross-linking in
amorphous domains in semiconducting polymers can
efficiently reduce the tensile force applied to crystal domains."
Nanoconfinement of semiconducting polymers in elastomers
has also proven effective for achieving material ductility while
maintaining the charge transport properties.”"lS On a
molecular level, the ductility of semiconducting polymers can
also be achieved by backbone engineering, ®'” side-chain
modification,"®"” and random segmentation.zo_22

In an effort to develop semiconducting polymers with
intrinsically high ductility (in other words, designing fully #-
conjugated stretchable polymers), reducing the 77—z inter-
molecular interactions between polymer chains becomes
important. Classical thinking is that crystalline domains are a
necessity for high-mobility semiconducting polymers. How-
ever, the strong intermolecular interactions required for
crystallinity are detrimental to mechanical properties since
they reduce the ability of chains to slide past one another,
reducing maximum elongation.zs’
have shown that high crystallinity is not a requirement for high

24 .
However, recent studies
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mobility. Instead, local aggregates or small crystals separated
by short distances are sufficient for high mobility.”’
Specifically, studies related to semiconducting copolymers
containing alkyl-substituted indacenodithiophene (alkyl-IDT)
have shown that hi_gh charge mobility of over 2.0 cm* V™! 57!
can be achieved”**” while also having small crystallites with no
preferential orientation, which could potentially enable
reduced stiffness and high stretchability. The high charge
mobility has been attributed to the efficient quasi-one-
dimensional charge transport attributed to the rigid polymer
backbones in amorphous domains that connect the small
crystallites.”>** Our own recent study has shown that through
backbone engineering an alkyl-IDT-containing polymer could
exhibit a low stiffness as well as high ductility, demonstrating
an elastic modulus (E;) of 200 MPa and a crack-onset strain
(CoS) of 40%, properties that were achieved through reducing
the strength of intermolecular interactions.'” In light of these
previous results, our current study investigates design criteria
to achieve high-mobility, low-stiffness, and high-ductility
semiconducting polymers, with a particular emphasis on the
effects of intermolecular interactions.

Herein, we report a study of the structure—property
relationships of a series of alkyl-IDT semiconducting donor—
acceptor polymers. These polymers are designed to investigate
the effects of an increasing backbone twist on the mechanical
and electrical properties. They exhibit relatively high charge
mobilities that range from 0.06 to 0.20 cm® V™' 57", These
charge mobilities follow the general trend of increasing
backbone planarity leading to increased mobility. The polymer
thin films exhibit low stiffness, with E; less than 450 MPa, a
property that is partially attributed to the long, linear side
chains emanating from a bridging C(sp*). One polymer of the
series exhibits extremely high ductility, with a CoS of over
100%, which is largely attributed to its kinked backbone
conformation.

B RESULTS AND DISCUSSION

Backbone Conformation. The chemical structures of
three alkyl-IDT polymers (PIDTTPD, PIDTBTD, and
PIDTBPD) are shown in Table 1. The backbone conformation
is obtained from density functional theory (DFT) calculations.
McCormick et al. previously suggested that the use of four
repeating units for computing semiconducting copolymers can
accurately represent the polymer saturation length, at which
polymer structural and electronic properties exhibit minimal
change by adding more repeating units.”” In this study, to be
thorough, structures with five repeating units have been
calculated. To quantify the backbone conformation, three
distinct dihedral angles are used. As depicted in Figure 1,
dihedral angles exist between donor and acceptor units (¢p,),
between donor units (¢pp), and between acceptor units (¢, )-
PIDTTPD possesses a perfectly planar backbone with all three
dihedral angles equal to zero (¢ps = Ppp = Pas = 0°, Figure
Sla). This is due to the S—O interaction between the donor
thiophene group and the acceptor carbonyl group, acting as a
conformational lock.’”® There is a slight twist between the
donor and acceptor units (¢p, = 7.5° Figure S1b) in the
backbone of PIDTBTD while all the donor (or acceptor) units
are essentially planar (¢pp 0.8° and ¢, = 04°).%°
Significant twist between donor and acceptor units is found
in the backbone of PIDTBPD (¢p, = 35.9°, Figure Slc). In
addition, the donor units are not in the same plane (¢pp =
16.2°). Our previous study has suggested that the kinked
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Table 1. Relevant Quantitative Results of the Polymers™

Polymer name PIDTTPD PIDTBTD

TraHas S CreMas

PIDTBPD
TP CriFiss

Chemical structure

dpa .
DFT ¢o ! 16.2°
Paa I 0.5°
Molecular M,
weight  kg'mol’! 14 15 15
information D 1.6 1.7 1.7
Uvovis e nm 604 (608) 645 (615) 502 (502)
" ppa emnm 629 (647) 716 (725) 574 (569)
a 4}, nm 25(39) 71 (110) 72 (67)
DSC Te. °C 0.6 17.6 8.1
Io 1.98 1.82 1.23
" 0ij;370) I 1.93 1.60 0.60
: 1-1lls 3% 12% 51%
o u,
Charge = 2y 0.20+0.10 0.17£0.09 0.06 £ 0.03
transport 1ol
Properties g 6x10" £ 3x10* 2x10* £ 2x10* 3x100 £ 2x106
Mechanical Ey, MPa 110-410 150-360 80-400
properties CoS 3% 3% >100%

“¢pa: dihedral angle between donor and acceptor units; ¢pp:
dihedral angle between donor units; ¢,,: dihedral angle between
acceptor units; M, : number-average molecular weight; D: dispersity;
Aqpst absorption maximum; A,,: emission maximum; AA: Stokes shift;
T,: glass transition temperature; Iy intensity before annealing; I:
intensity after annealing; 1 — I/I;: percentage of intensity change; u:
charge mobility; I,,/Ig current on/off ratio; Eg elastic modulus;
CoS: crack-onset strain. “Numbers in parentheses represent polymer
film results.

R

Figure 1. Definitions of the dihedral angles that are described in this
work.

backbone of PIDTBPD is due to the steric effects between the
donor and acceptor units.'” These steric effects arose from the
hydrogen atoms in the benzo group in the acceptor units in
PIDTBPD. This disrupts the S—O interaction between the
donor thiophene and the acceptor carbonyl group in
PIDTBPD.

Polymer Synthesis. The synthesis of three alkyl-IDT
polymers is depicted in Scheme 1. The synthetic route of the
diBrTPD monomer is also shown in the scheme. The IDT and
diBrBPD monomers were synthesized according to a previous
report.'” The polymers were synthesized via DArP between the
hydrogen-terminated donor unit (i.e, IDT) and bromine-
terminated acceptor unit (i.e., diBrTPD, diBrBTD, or
diBrBPD).*** Employing the chemistry of DArP avoids
prefunctionalization of monomers. From this, synthesis and
purification are simplified, resulting in decreased costs for
polymer synthesis.”® For the syntheses of the three polymers,
monomer molar ratios (donor:acceptor) of 1:1 for PIDTTPD,
1:1 for PIDTBTD, and 1:1.6 for PIDTBPD were used to
achieve similar number-averaged molecular weight (M, = 14—
15 kg mol™") and dispersity (P = 1.6—1.7) (Table 1 and
Figure S2). The purpose is to minimize the effects of molecular
weight and dispersity on the polymer mechanical and
electronic properties. The polymers exhibit structural defects
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Scheme 1. Synthetic Routes of the Polymers and diBrTPD
Monomer”
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“Reagents and conditions: (i, ii, and iii) Pd,(dba);, P(o-anisyl)s,
Cs,CO;, PivOH, o-xylene, 100 °C, 16 h (yield: 77%, 83%, and 74%);
(iv) Ac,0, 75 °C, 4 h (yield: 76%); (v) MeNH, (33 wt % in EtOH),
THF, 0 °C — RT, 16 h (yield: 83%); (vi) NaOAc, Ac,0, 90 °C, 16 h
(yield: 93%); (vii) NBS, TFA/conc H,SO, (3:1, v/v), RT, 16 h
(yield: 83%).

(possibly from homocoupling between IDT units) of less than
5% (Figure S3 and Table S1).

Optoelectronic Properties. The steady-state ultraviolet
and visible light (UV—vis) and photoluminescence (PL)
spectroscopies for the polymers are depicted in Figure 2, and
several extracted parameters are listed in Table 1. From the
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Figure 2. UV—vis (solid lines) and PL (dashed lines) spectra for
solution (lighter color) and thin film (darker color) of the polymers.
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UV—vis spectra, PIDTTPD exhibits an absorption maximum
around 605 nm in solution which remains unchanged in the
thin film. Compared with PIDTTPD, the absorption maxima
of PIDTBTD are at longer wavelengths (645 nm in solution
and 615 nm in the thin film). This is attributed to a stronger
acceptor strength of BTD compared to TPD, a claim
supported by the larger Stokes shift (71 nm for solution and
110 nm for thin film) observed in the PL spectra of PIDTBTD.
A larger Stokes shift is often seen with increasing acceptor
strength in donor—acceptor compounds with the same donor
unit.”* The blue-shifted absorption maxima of PIDTBPD with
respect to the other polymers is due to the twist in the
backbone of PIDTBPD, as supported by DFT, which
significantly reduces the effective conjugation length of the
polymer. From solution to thin film, the minimal shift observed
in absorption spectra indicates that all polymers undergo
minimal conformational change, implying weak solid-state
intermolecular interactions, a property ascribed to the long
alkyl side chains on the bridging C(sp?), as well as the twisted
polymer backbone in the case of PIDTBPD. The observed
absorption shoulder in the thin film UV—vis of PIDTTPD and
PIDTBTD suggests some polymer aggregation in the thin film.
This also indicates that although the intermolecular
interactions for all of three polymers are weak, the
intermolecular interactions of PIDTTPD and PIDTBTD are
stronger than that of PIDTBPD. This assertion about weak
intermolecular interactions is also supported by PL spectra of
these polymers. The unchanged PL spectrum from solution to
thin film implies that polymer chain behaves individually. The
lack of observable change in the solution and thin-film PL of
PIDTBPD implies that it possesses the weakest intermolecular
interaction among the three polymers.

Crystallinity and Thermal Stability. The glass transition
temperature (T,) is a critical parameter related to the
polymer’s mechanical properties. Differential scanning calo-
rimetry (DSC) was used to determine the T, of these alkyl-
IDT polymers. Before the DSC measurements, thermogravi-
metric analysis (TGA) was performed to ensure that no
moisture or residual solvent was contained in these polymers,
which would potentially act as a plasticizer and artificially
soften the polymers.” The TGA results also indicate that the
polymers are thermally stable up to 390 °C (Figure S4a). As
shown in Table 1, all polymers possess T, below room
temperature (Figure S4b). Finally, no apparent melting or
crystallization peaks were observed for these polymers,
indicating a low degree of crystallinity in the solid state.

Polymer Chain Packing. X-ray diffraction (XRD)
measurements were conducted to investigate the thin film
microstructures of these alkyl-IDT polymers. Experiments
were conducted on polymer films before and after annealing at
200 °C. The results are depicted in Figure 3. The diffraction
peak at 26 = 3.7° represents the edge-on packing, with a d-
spacing of 23.9 A, and the diffraction peak at 20 = 20°
corresponds to z-stacking, with a d-spacing of 4.4 A. All
polymers exhibit the same broad 20 = 20° diffraction peaks
before and after annealing, indicating weak z-stacking and
short coherence lengths in the z-stacking direction. The
intensity change in the 20 = 3.7° peak after annealing is 3% and
12% for PIDTTPD and PIDTBTD, respectively, which are
both relatively minor changes (Table 1). This implies stable
polymer packing in this direction. However, significant
instability is observed for PIDTBPD, with its 20 = 3.7° peak
intensity decreasing by 51% upon annealing (Table 1). This
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Figure 3. XRD results of the thin films of the polymers before (light
color) and after annealing (dark color).
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also supports the notion that PIDTBPD possesses the weakest
intermolecular interactions among the polymers. In addition to
the XRD measurements, the absorption spectra of the polymer
thin films were also measured at different annealing temper-
atures to support the claim that the intermolecular interactions
of PIDTBPD is weaker than that of PIDTTPD and PIDTBTD
(Figure SS). The 0—0 and 0—1 characteristic peaks of
PIDTTPD did not undergo apparent change when the
annealing temperature was between 40 to 200 °C and
compared with the spectrum measured at room temperature
(Figure SSa and Figure 2). The 0—0 and 0—1 peaks of
PIDTBTD appears under annealing suggestive of the
formation of an ordered polymer chain packing driven by
thermal force. The same observation can be made for
PIDTBPD. However, the 0—1 peak appears only when the
annealing temperature raised from 40 °C to 80 and 120 °C.
Further increasing the annealing temperature to 160 and 200
°C induces the disappearance of the 0—1 peak, indicating that
the polymer chain packing becomes disordered again.
Charge Transport Properties. The charge transport
properties of the alkyl-IDT polymers were studied using
OFETs with a bottom-gate top-contact architecture (Figure
S6). It was found that all polymers exhibited p-type behavior
with a gate bias sweep from 0 to —100 V and a drain bias of
—100 V. Under these saturation conditions, the linear regime
of the square root of the drain-source current (Ips'/?) vs gate
voltage (V) curve (eq S1 and Figure S7) corresponded to a
hole mobility () of varying from 0.06 to 0.20 cm® V™' s™! and
a source-drain current on/off ratio (I,,/I¢) ranging from 2 X
10* to 3 X 10° for these polymers (Table 1). The devices were
also tested for ambipolar properties by setting the drain bias to
+100 V and sweeping the gate bias from 0 to +100 V. Each of
the polymers displayed negligible current flow under this n-
type configuration. The charge mobility of these polymers is
slightly higher than that of spin-coated P3HT (u = 0.075 +
0.013 cm® V™' 57!, measured in our lab using the same device
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architecture as this report, Table S2) and ranks relatively high
compared to other semiconducting copolymers that have also
been tested for mechanical properties.”* The charge mobility
of these polymers follows the general trend that increased
backbone planarity leads to increased charge mobility (Table
1).

Mechanical Properties. The mechanical properties of the
alkyl-IDT polymers were measured on thin-film samples.
These properties are quantified by two parameters: E¢and CoS.
The former represents the polymer’s stiffness while the latter is
related to the polymer’s ductility. A buckling-based metrology
was used to determine the elastic moduli of the alkyl-IDT
polymers.***” The CoS is determined as the strain at which
fractures are first observed in the polymer film using optical
microscopy.”” Experimental details are given in the Supporting
Information (Figure S8 and Table S3).

It should be noted that all polymers exhibit low E; values of
less than 450 MPa (Table 1). This is far below that of poly(3-
hexylthiophene) (P3HT), a widely studied semiconductin§
homopolymer that is quite stiff (E; = 1000—1100 MPa).”” >
Compared to other semiconducting copolymers (E; = 300—
1500 MPa), the elastic moduli of these polymers are also quite
low.”® This is attributed to the long alkyl side chains in these
polymers, which exhibit a large degree of freedom and
increases the excluded volume of these side chains. This is
supported by a recent study of the mechanical properties of
conjugated polymers, showing that elastic modulus decreases
with increasing length of the alkyl side chains, from 1870 MPa
for butyl side chains to 160 MPa for dodecyl chains in poly(3-
alkylthiophenes).*® The increased excluded volume decreases
the volume fraction of the backbone chains, reducing the load-
bearing carbon content. Additionally, this large excluded
volume contributes to the weak z-stacking as observed in the
XRD patterns of these polymers. It is reasonable to think that
the intermolecular interactions from the side-chain interactions
dominate the elastic modulus of these alkyl-IDT polymers.

Though these polymers exhibit similar elastic moduli, their
crack-onset strain varies dramatically (Table 1). PIDTTPD
and PIDTBTD exhibit brittle behavior (CoS = 3%), which are
similar to typical semiconducting copolymers (CoS < 15%)**
and P3HT (CoS = 5—9%),”® while PIDTBPD exhibited highly
ductile behavior, beyond the limit of the measurement
apparatus (CoS > 100%). Polymer deformation mechanisms
are extremely complex; however, it is clear that the reduction
in interchain interactions along the 7-stacking direction has a
dramatic effect on the maximum elongation.

Morphological Studies. To study the effect of the
mechanical properties of the polymers on charge mobility,
the best way is to fabricate stretchable OFETs using the
polymers and measure the charge mobility under different
mechanical deformations. To this end, we choose to fabricate
stretchable OFETs on polydimethylsiloxane (PDMS) sub-
strates according to literature procedures.”””** However, the
attempt was not successful because we found that polymers
exhibit poor compatibility with PDMS (Figure S9), and as a
result most fabricated devices failed to work. For the working
devices, we found a very low current between source and drain
possibly due to the poor compatibility between the polymers
and dielectric layers, which significantly suppressed charge
injection (Table S4). It is well-known that the electronic
performance of polymers are correlated to the surface
morphology of the thin film. To this end, we performed
morphological studies on polymer thin films under different
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Figure 4. Surface morphologies of the polymers under different strains obtained using contact mode AFM (bright spots are dust particles on the

film).

strains (10% and 30%) by atomic force microscopy (AFM).
The stretched polymer thin films were prepared by transferring
the spin-coated polymer thin films (10 mg/mL) on glass
substrate (precoated with PEDOT:PSS) to paraffin films
(Parafilm). The purpose is to achieve permanent deformation
of the polymer thin films. The surface morphologies of the
stretched polymer thin films are depicted in Figure 4. It is
noted that different from the CoS measurements that
PIDTTPD and PIDTBTD exhibited only 3% CoS values,
both polymers did not show any cracks in the surface images
(Figure 4a—d). This is possibly because a much thinner
polymer films were prepared in the experiments (in CoS
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measurements, the polymer thin films were prepared from 30
mg/mL solution) and because the CoS measurements were
performed on PDMS. Additionally, associated with the highly
deformable feature of Parafilm, the polymers could exhibit
nanoconfinement effect that boosts the stretchability of the
polymer thin films.'"* When the polymer thin films were
stretched from 10% strain to 30% strain, the root-mean-square
(rms) surface roughness increased slightly for PIDTTPD and
PIDTBTD. Specifically, the rms surface roughness of
PIDTTPD thin film increased from 0.33 to 0.45 nm while
for PIDTBTD thin film it increased from 0.52 to 0.62 nm. As
of PIDTBPD, it behaved slightly differently from the other two
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polymers. First, scrapes (large red oval) and pinholes (small
red circles) were observed (Figure 4e) in the polymer thin film
under 10% strain. The scrapes and pinholes were caused by
AFM tips interacting with the polymer thin film during the
measurements, which indicate that the polymer thin film
surface is soft. The rms surface roughness was 0.37 nm
excluding the scrapes and pinholes. At 30% strain, the rms
surface roughness was 0.40 nm. The thin scrapes are still visible
from along the scan axis (left to right). Excluding the scrapes
and pinholes, there are also no observable cracks in the
PIDTBPD thin films. Experiments on PIDTBPD thin film are
consistent with the results obtained from mechanical measure-
ments. The changes in rms surface roughness and morphology
for all polymer thin films are very small, and it is reasonable to
believe that if stretchable OFETs were fabricated, the charge
mobility would not exhibit a significant decrease when the
devices are under strain.

B CONCLUSIONS

In summary, a series of alkyl-IDT polymers were designed with
increasing backbone twist, as supported by DFT calculations.
They were then synthesized via DArP. UV—vis and PL
measurements suggest weak intermolecular interactions among
these polymers, with PIDTBPD being the weakest due to the
highly kinked backbone. These polymers possess T, below
room temperature, and their XRD patterns indicate low
crystallinity. Their charge mobilities are relatively high (4 =
0.06—0.20 cm® V' s7') with increased backbone planarity
leading to increased charge mobility. These polymers exhibit
low elastic moduli (E; < 450 MPa), a feature dominated by the
presence of the long, linear alkyl side chains. PIDTTPD and
PIDTBTD have planar backbones and correspondingly exhibit
brittle behavior with crack-onset strains of 3%, while
PIDTBPD has a kinked backbone and exhibits high ductility
(CoS > 100%). Intermolecular interactions seem to suppress
polymer ductility, suggesting that the low intermolecular
interactions of the PIDTBPD, which stem from its kinked
backbone, are responsible for the high ductility. No observable
changes were found in polymer thin films under different
strains in surface morphological studies, implying that minimal
effect on charge mobilities of the polymers if the stretchable
devices were fabricated. The work presented here allows one to
deduce several structure—property relationships that will
enable the design of high-mobility, low-stiffness, and large-

ductility semiconducting polymers.
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