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Abstract

Poly(indacenodithiophene-benzothiadiazole) (PIDTBT) has received significant interest
due to its exceptional hole mobility despite its near-amorphous thin-film morphology and
brittleness at low Mn. In comparison, poly(indacenodithiophene-benzopyrollodione) (PIDTBPD)
has a lower hole mobility but is exceptionally ductile at similar Mn. Herein, we synthesize random
IDT-copolymers with varying amounts of incorporated BT and BPD, which introduces varied
degrees of backbone twist to each respective polymer system. This allows us to elucidate how the
BPD monomer introduction leads to conformational and morphological changes that influence the
crack onset strain (CoS) and hole mobility of these near-amorphous IDT copolymers and the rates
by which each material property responds to sequentially larger BPD incorporation. Results of
density functional theory (DFT) calculations suggest that BPD introduction does not lead to
significant differences in backbone linearity between the studied polymers, and grazing incidence
wide angle X-ray scattering (GIWAXS) demonstrates that the degree of crystallinity within thin
films is not significantly altered. It does, however, lead to a more varied circular distribution of

the hexadecyl side-chains around the polymer backbone. With increasing BPD incorporation, a



crossover point between CoS and hole mobility emerges. At this crossover point, a random
copolymer with 30% BPD introduction displays increased CoS and an average hole mobility value
equal to that of the PIDTBPD system, suggesting that hole mobility is more sensitive to torsion
along the polymer backbone, while the response of the CoS is relatively delayed. The data also
suggests that the increase in CoS with increasing BPD content does not arise due to differences in
rigidity, but because the more circular distribution of the side-chains makes polymer chains with

sufficient BPD content better able to flow.

Introduction

n-Conjugated polymers (CPs) are being investigated as electronic components in a wide-
range of applications including organic field effect transistors (OFETSs)' and organic photovoltaics
(OPVs).2 The motivation for the usage of CPs in electronic devices includes their low mass density,
solution processability and compatibility with high-throughput manufacturing techniques.?
Moreover, some CPs are suitable materials for use in deformable electronic devices due to their
inherent mechanical properties and electronic properties.* Initially, it was believed that highly
crystalline polymer films would be necessary to achieve efficient charge transport, and a
significant effort was made to increase the degree of crystallinity of conjugated polymer films.>¢
A more recent understanding has uncovered that long-range order is not strictly necessary,’ as
conjugated polymers with low degrees of crystallinity and highly efficient charge transport along
planar conjugated backbones have displayed mobilities in excess of 1 cm? V- s'1.8 These CPs fall
into the class of near-amorphous CPs, forming only small local aggregates rather than larger
crystallites.’ The existence of local aggregates plays a crucial role in charge transport because they
provide the necessary locations where interchain charge transfer can occur.'® These highly

amorphous systems that demonstrate high charge mobility are interesting as they may allow



effective strain dissipation.!!'> Near-amorphous conjugated polymers have, thus, the potential to
strike a balance between mechanical properties and electronic properties, which makes them target
polymers for deformable materials applications, including wearable consumer and medical
electronics.'3!4

To warrant use in a deformable device, a CP must display effective and robust electrical
mobility and be able to withstand mechanical deformation. CP thin films are subjected to stress
during deformation. As stress builds, polymer chains will attempt to dissipate stress incrementally
by reorganizing into new conformations,”” often aligning in the direction of strain before
undergoing plastic deformation.!" If the chains are prohibited from reorganizing due to the strength
of intermolecular forces between polymer chains, then undissipated stress may be released through
more sudden events such as chain pullout,' which can induce brittle failure of CP thin films.!
Therefore it is important to distinguish between the intermolecular forces that must be overcome
to allow for reorganization of chains. Van der Waals interactions between the alkyl side-chains of
CPs are weaker and more easily overcome than interactions between rigid CP backbones,'® which
are considered load-bearing.* The manifestation of this difference in strength on the ductility of
CP materials is that backbone-backbone interactions inhibit reorganization of chains more than
alkyl-alkyl interactions, which increases the likelihood of stress dissipation by chain pullout.
Damage to the thin film microstructure severs the electrical connection between polymer chains
that necessarily spans a thin-film, leading to device degradation and ultimately failure.

To rationalize why mechanical differences exist between CP samples as a result of
structural changes, it is important to gain insight into the conformation of these materials. Figure
1 illustrates two of the conformational factors, backbone linearity and twist (or conversely, co-

planarity) between monomer units, that may vary between CP samples. CPs can be inhibited from



reorganizing during deformation if their conjugated backbones are rigid, which is determined by
the linearity of the conjugated backbone. CP chains that are less rigid have been shown to have a
greater propensity to form kinks in their backbone, which increases their ductility due to
entanglement."” The degree of co-planarity between monomer units in the backbone can also vary
between polymer samples due to differences in the torsional potential energy curves between
different bonds. Greater twist between monomer units can inhibit intermolecular interactions
between polymer backbones but does not preclude chains from being linearly extended.

Linearity of backbone:

-_ or/\/\/\

Co-planarity of monomers:

Figure 1. Topological drawings of polymer chains, shown in red, that are relatively linear and
non-linear (top). Drawings of trimers viewed down the long axis of the polymer backbone with
different degrees of co-planarity between monomer units due to varying magnitudes (small or
large) of twist between monomer units (bottom). Red, yellow and blue lines represent the

conjugated rings of separate monomers.

The solid-state structure of CP thin-films also plays a role in determining the ability for
polymer chains to deform. Characteristics of thin film morphologies are affected by the size, shape,
and distribution of solubilizing side-chains attached to the polymer backbone.!*-* For instance, it
has been shown that introducing twist to polymer backbones decreases the number of interactions
between polymer backbones during deformation, which leads to softer and more deformable

materials.?!



Crack onset strain (CoS) measurements provide a means to evaluate the ability for a
polymer thin-film to be extended before significant damage occurs. A polymer with a larger CoS
displays a greater ability to be extended to larger strains before experiencing bulk failure.?? In
previous investigations, we had shown that two near-amorphous indacenodithiophene (IDT)
copolymers, poly(indacenodithiophene-benzothiadiazole) (PIDTBT, frequently referred to as
IDTBT) and poly(indacenodithiophene-benzopyrollodione) (PIDTBPD), display markedly
different mechanical properties while maintaining good charge mobility.** Specifically, the CoS of
PIDTBT and PIDTBPD was found to be 7% and >75%, respectively, despite having only marginal
differences in their crystallinity profile.*® Without differences in crystalline volume fraction to
point to as the reason for major differences in the CoS between these materials, the difference
between PIDTBT and PIDTBPD is likely resultant from variations in other factors, such as
differences in polymer backbone conformation and overall solid-state structure that alter the
material’s ductility. Synthesis of random copolymers with varying amounts of BPD monomer can
allow us to ascribe changes in conformation due to gradual BPD incorporation to other factors that
determine the materials properties of CP thin films, which ultimately govern the hole mobility and
CoS.

In this work, we synthesized a series of random IDT-copolymers by varying the amount of
benzothiadiazole (BT) and benzopyrollodione (BPD) comonomers. The incorporation was varied
from 0-100% BPD content. This has allowed for a better understanding of why PIDTBT and
PIDTBPD have markedly different materials properties. As a result of BPD incorporation, the co-
linearity of the polymers remains unchanged but the hexadecyl side-chains are more circularly
distributed surrounding the polymer backbone in comparison to the side-chains of PIDTBT which

are extended in specific directions. Our results indicate that the change in ductility in these IDT-



containing polymers is likely not due to changes in polymer backbone rigidity but is instead
resultant from alterations in local side-chain distribution which is made more circular as the BPD
monomer is incorporated.
Results and Discussion

Direct arylation polymerization (DArP) was performed to synthesize a series of random
IDT copolymers (Scheme 1). By varying the feed ratios of comonomers BT and BPD while
maintaining the IDT content (Table S1), we synthesized several polymers with IDT-comonomer
distributions ranging from PIDTBT (no BPD comonomer) to PIDTBPD (only BPD comonomer).
Incorporation of each monomer in the final polymer was assessed by "H NMR analysis (Table S5).
Each random copolymer was named based on their BPD incorporation ratio; as such, the
investigated polymer samples were named PIDTBT, 10% BPD, 35% BPD, 50% BPD, 75% BPD,
95% BPD and PIDTBPD. Each polymer sample was analyzed by size exclusion chromatography

(SEC) to evaluate their number average molecular weight (M,) and dispersity (D). The results of

this analysis are shown in Table 1.
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Scheme 1. Structure of monomers and resultant random IDT-copolymers.

Table 1. BPD incorporation amount and size exclusion chromatography (SEC) data for each

synthesized IDT copolymer.



1
BPDby H  y (kg/mol) B M /M)

NMR (%)

0 9 1.6
10 10 1.7
35 11 1.6
50 14 1.8
75 18 1.8
95 18 2
100 29 1.8

With the polymers synthesized and monomer incorporation ratios and molecular size
information having been established we began to characterize the properties of each IDT
copolymer, beginning with their optoelectronic properties. To do so, the polymers were subjected
to ultraviolet-visible light absorption (UV-Vis) and photoluminescence (PL) spectroscopy.
Experiments were performed on both dilute solutions and spin-coated thin-films, using chloroform
as the solvent in both cases. Shown in Figure 2 are the thin-film UV-Vis and PL spectra of all
copolymers. In agreement with our previous studies,”® the PIDTBT homopolymer displays an
absorbance profile at much higher wavelengths than PIDTBPD due to its coplanar conjugated
backbone. In both the PIDTBT and 10% BPD samples a vibronic transition is readily apparent.
Only one transition is observed in the solution spectra of any sample (Figure S3). The red-shifted
peak at 670 nm is likely the 0-0 transition resultant from highly planar PDTBT chains that, due to
aggregation, display greater J-type behavior in their absorption profiles.>* Only one transition is
observed for the 35% BPD sample and beyond. J-type aggregation behavior and effective

conjugation length of the polymer can be reduced when polymer backbone planarity is reduced.



Thus, the observance of only one peak for the greater than 35% BPD samples could be due to the
incorporation of BPD which could generate a twist between monomer units. The backbone twist
is discussed later in the paper. The photoluminescence of the polymer systems gradually blue-shift
as BPD is incorporated. The blue shift between the 95% BPD sample and PIDTBPD, in contrast,
is much larger than the blue shifts between random copolymers. PIDTBPD, having no BT
monomer, emits at a much smaller wavelength than any sample with BT. This may be derived
from favorable delocalization of excitons to BT monomers on the polymer chain, which causes
emission to occur from that position most frequently. The blue shift of the PL. maximum for the
random copolymers may be caused by shifts in BT energy levels as a result of having neighboring

BPD units in the polymer chains.

—~ 1.001 —— 0% BPD 1.0
= / 10% BPD ;
@ 35% BPD :
—0.751 50% BP0 | | o 08
8 l TS%EPD |
< ssween | O 0.6

0.50 — 100%BPD | T
k=) /4 " @
e N o4 .
= 0.251 T
£ . % 0.2
G 0.00 e | =
z 0.0 . :

300 400 500 600 700 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 2. Thin-film a) UV-vis absorbance and b) PL data of all IDT-copolymers.

Grazing incidence wide angle X-ray scattering (GIWAXS) was performed to probe the
crystallite d-spacings, crystallite orientations and crystallite coherence lengths of each copolymer.
The raw 2D GIWAXS spectra are shown in Figure S3. While all samples are near-amorphous in
terms of their overall solid-state structure, there are observable differences between the
crystallographic features arising from these low-crystallinity materials. By observing these

differences and rationalizing why they occur, inferences can be drawn about the conformational



properties of each polymer sample. All (co)polymers show a mixture of face-on and edge-on
orientation of polymer crystallites, evident by the appearance of both the side-chain (£00) and -
rt diffraction peaks (010) in the out-of-plane direction. The (400) and (010) peaks in all samples
appear diffuse and broad, suggesting the highly disordered, amorphous-like nature of the polymers
under investigation (Figure S3). The thickness-normalized diffraction intensity of the (010) signal
(extracted from vertical linecuts), which arises from st-7t stacking between polymer backbones,
remains effectively constant throughout the spectrum (Figure S5). The -7t d-spacing between the
crystallites rises steadily with BPD incorporation from 35% BPD onwards; from about 0.41 nm to
0.44 nm for 70% BPD and PIDTBPD respectively (Figure 3a). The 0.41 nm (010) d-spacing
distance has been observed for PIDTBT previously.® Notably, in samples with high BT content we
observe characteristic rod-like diffraction peak (001) near g ~ 0.4 A™! corresponding to diffraction
from the polymer backbone. The (001) peaks are observed predominantly in the in-plane direction,
indicating the highly in-plane orientation of the polymer backbone for all samples. Upon
increasing BPD content, there is also a steady decline of both the intensity and coherence length
of the (001) signal (Figure 3b and Figure 3c). The (001) signal is the along-backbone diffraction
and arises when conjugated chain segments are coplanar,? either by their intrinsic conformational
properties or through induced coplanarity due to aggregation with other chains.?® This signal has
been observed for rigid polymers, including PIDTBT, and has been shown to disappear due to
increased twist between monomer units in the backbone.”” The first significant change in intensity
and coherence length of this peak relative to PIDTBT occurs at 35% BPD incorporation. The signal
is greatly diminished in the 50% BPD sample and continues to decrease as BPD is further
incorporated. The observed changes to both the (010) and (001) signals as a result of BPD

incorporation signify that by increasing the twisting between monomer units along the polymer
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backbone, there is more space between them and that polymer chains become less coplanar,

respectively.
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Figure 3. a) The (010) d-spacings b) zoomed in regions of the raw-GIWAXS data and c) the

normalized intensity and coherence length of the (001) backbone reflection signal.

With knowledge that BPD incorporation alters the microstructure of these IDT-copolymer
systems, the structures of three IDT-copolymers were simulated to elucidate how incorporation of
BPD monomer would impact the conformations of polymer chains. Each polymer was modeled to
have five IDT repeat units and a total of four BT and/or BPD units, as shown in Figure 4a. The
hexadecyl side-chains on IDT have been replaced with ethyl groups, which are sufficiently long
to accurately simulate the torsional potentials between monomers.?® The chains in Figure 4 are in
the favored all-anti configuration and as such will be the most linearly-extended form of the
polymer, as the net direction of backbone deflection angles sum to zero.?* DFT simulations suggest

that this is appropriate, as analysis of the potential energy of the torsional potential wells of each
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bond show that both polymers have a large preference for their anti-configuration (Figure S6). As
a result, the low M, chains are anticipated to display only anti-linkages, be linearly extended and
not entangled, and therefore rigid (Table S1).22%° Based on these results, we propose that the
difference in CoS between PIDTBT, PIDTBPD and of the random copolymers should not be
attributed to differences in backbone rigidity and thus entanglement, despite their differences in
M,.

There is a larger dihedral angle between IDT-BPD linkages compared to IDT-BT, which
imparts a twist to the polymer backbone. The impact of induced change is evident in the 50% BPD
9-mer with two BT and two BPD comonomers and is further exacerbated in PIDTBPD which
twists more aggressively. While repeat units of IDT-BT-IDT (Figure 4a, highlighted in green)
remain planar in the simulated 50% BPD sample, BPD monomer units interrupt this planarity
between the conjugated rings and twists the planar segments out of plane from each other. This is
proposed to be the reason behind the reduction in the (100) crystallographic signal intensity and
coherence length. Due to increased twist along the backbone, charge transport will weaken,*
unless the planar segments that do exist provide enough regions of sufficient planarity for long
range transport along the backbone; bolstering the mobility despite this conformational change.
The planar segments may also provide locations for favorable interactions between where strong

electronic coupling between chains may form, giving rise to intermolecular charge transport.!
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Figure 4. Density functional theory calculations of PIDTBT, 50% BDP, and PIDTBPD 9-mer
optimized geometries from two perspectives: a) from above the polymer backbone and b) through

the long axis of the polymer backbone.

Twist between IDT-BPD monomers along the polymer backbone also alters the circular
profile by which side-chains extend away from the polymer backbone. As can be viewed by
looking down the long axis of the polymer backbone (Figure 4b), the side-chains of PIDTBT
extend in a more organized pattern compared to the side-chains of PIDTBPD, where the side-
chains extend away from the backbone across a larger range of angles. These side-chains form a
cylindrical tube that extends over the length of the polymer backbone. Increased shielding of the
polymer backbone by alkyl side-chains has been shown to decrease the occurrence of interactions
between stiff backbones, favoring instead interactions between alkyl side-chains, of non-
conjugated polymers.'® Greater disorder in side-chain extension has been shown to increase the
extensibility of thin films.*? Incorporation of BPD monomer and the resultant change to the side-

chain extension profile may disrupt PIDTBPD’s ability to exhibit interactions between polymer
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backbones during deformation,!” relative to PIDTBT, thus improving the ductility of PIDTBPD
thin films.

Fast scanning calorimetry (FSC) was performed to determine the thermal behavior of our
polymer systems, focusing on the homopolymers PIDTBT and PIDTBPD, as it is known that
important mechanical properties of polymers strongly depend on thermal transition temperatures
such as glass transition temperature (7,) and melting temperatures (7,,).>* The T, of fully vitrified
PIDTBT and PIDTBPD were determined measuring the enthalpic relaxation overshoot of the
amorphous phase of the films after physical aging (Figure 5).3** Both polymers display a very
comparable 7, (10 °C and 8 °C for PIDTBPD and PIDTBT, respectively). Accordingly, IDT-
copolymers comprising BPD moieties can be expected to have 7,s in the same temperature regime.

Considering their T,s, these materials would be expected to soften at room temperature.
However, it is important to note that two distinct endotherms appear when annealing the polymers
above their T,s (rather than aging below T,; Figure S9). The presence of these enthalpic overshoots
(compared to pristine samples) suggests possible liquid-crystalline or liquid-crystalline-like
transitions, assisted by side-chain softening. Indeed, the lower temperature endotherms are
reminiscent of sub-T7, transitions of conjugated polymers attributed to side-chain motion.***” This
process seems to occur at temperatures notably below room temperature (around 0 °C) for
PIDTBPD, while for PIDTBT the transition is around room temperature with a tail reaching 100
°C, not unlikely to affect their mechanical behavior. The investigation of the physical origin of the

observed thermal transitions is a subject of future study.
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Figure 5. (a) Fast scanning calorimetry heating thermograms comparing aged (black) and
unaged (red) PIDTBT (top panel) and PIDTBPD (bottom panel). Enthalpic overshoots (red
highlighted areas) are observed when the aging temperatures (indicated on the right of the graph)
were below the glass transition temperature of the materials. (b) Extrapolating the enthalpy
recovery between aged and unaged samples of PIDTBT (top panel) and PIDTBPD (bottom panel)
allows for determination of the temperature at which the enthalpy overshoot is zero. This

temperature correlates to the onset of the glass transition temperature.

To evaluate how incremental substitution of the BPD unit impacts electrical properties,

OFETs were fabricated using each polymer system as the transport layer. The detailed results of

OFET characterization are shown in Table S3 and Table S4, and several sample transfer curves
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are shown in Figure S7. As can be seen in Figure 6 in blue, the hole mobility immediately decreases
with 10% BPD incorporation, followed by a decline to nearly that of PIDTBPD at a level of only
35% BPD incorporation. The 95% BPD sample has a lower mobility than that of PIDTBPD. This
is likely caused by the small amount of BT monomer contributing little in the way of planarizing
the molecule and only detrimentally acting like a structural defect. We ascribe the immediate
decline in mobility to the increased twist between monomer units which weakens the electronic
coupling between adjacent conjugated rings, thereby decreasing the efficiency of intramolecular
charge transport.*® As BPD monomer is further incorporated into the backbone, charge transport
along the backbone worsens. The distance between 7-7t interactions in local aggregates also
lengthens, as evidenced between by the increase in (010) d-spacing beginning at 35% BPD
incorporated and beyond, making intermolecular charge transfers less efficient.** Both effects
contribute to the rapid decline of hole mobility and stem directly from the impact of the large twist
between IDT and BPD units. The 9-mer DFT structural optimizations suggest that planar IDT-
BT-IDT repeat units would remain in random copolymers, but the magnitude of hole mobility for
the 35% BPD sample, and the fact that the normalized intensity of the (010) mt-7 stacking signal is
not significantly different across all samples, demonstrates that charges must be transported along
coplanar chain segments of greater length, longer than those that exist in the 35% BPD samples,

to retain the hole mobility of PIDTBT.
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Figure 6. Hole mobility data from OFET measurements (blue) and crack onset strain (CoS) (red)
versus % BPD of each IDT-copolymer. The 50% BPD, 75% BPD, 90% BPD and PIDTBPD

samples were each extended to the limit of our strain stage (75% strain) without observed cracking.

CoS testing was performed to evaluate the extensibility of thin films made using each
polymer. The results are shown on the red curve of Figure 6. The 10% BPD sample has an
equivalent CoS to that of PIDTBT, signifying that the ductility of the polymer sample is not as
sensitive to random incorporation of BPD as the electronic properties are. The 35% BPD sample
however, displayed a larger CoS of 44%. Since analysis of the DFT simulations of torsional
potentials suggests that the polymer chains are expected to be linearly extended and the initial
change in CoS occurs between polymers of similar M,, this rise is likely affected by the twist
between monomer units alone, rather than a difference in linearity or M,. This conformational
change was shown to impact the profile by which alkyl side-chains extend away from the polymer
backbone, such that greater BPD incorporation leads to a more cylindrical coverage of the polymer
backbone. The 50% BPD, 75% BPD, 90% BPD and PIDTBPD samples were each extended to the
limit of our strain stage (75% strain) without observed cracking. Since interactions between rigid
backbones can inhibit reorganization, we predict that the greater shielding of polymer backbones

with increased BPD incorporation, due to the resultant circular extension of alkyl side-chains,
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allows them to deform by decreasing the interactions between neighboring polymer backbones. In
other words, as these chains reorient due to strain they are deflected from their neighbors before
localizing stress between polymer backbones.?! The polymer backbones of chains with more
circular alkyl side-chain extension are thus more able to slide past each other during deformation.
This contributes to a higher CoS, by weakening the overall intermolecular interactions and
alleviating stress through chain-flow rather than chain pullout.
Conclusion

BPD incorporation alters the conformational properties of IDT polymer chains by
increasing the average twist angle between monomer units. Despite this, DFT calculations suggest
that BPD incorporation does not impact the rigidity of the polymer backbone. The hole mobility
of these random IDT copolymers was highly sensitive to introduced twist, due to the decrease in
intramolecular charge transport efficiency. The increased twist also leads to a more varied circular
distribution of IDTs hexadecyl side-chains extending away from the backbone. As a result, the
side-chains surround the backbone to a greater extent for more BPD-rich samples than for
PIDTBT. Interestingly, FSC experiments demonstrate that this conformational change does not
significantly alter the 7,s of these materials. We suggest that increased shielding of the polymer
backbone with alkyl side-chains, as a result of increased twist between monomer units due to BPD
incorporation, shields the rigid backbones from load-bearing interactions between polymer
backbones which would otherwise inhibit chain reorganization and lead to chain pullout. This
allows the polymer chains with more circular side-chain distribution to slide past each other more
easily during elongation of the film, which increases their CoS. Also, FSC results suggest that
other thermal transitions may play a role in differentiating the mechanical properties of IDT-

copolymers. These descriptions of possible deformation mechanisms require experimental
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confirmation, but we believe them to be important in understanding the links between
conformational properties, thin film morphologies, and the mechanical properties of near-
amorphous conjugated polymers and provides a pathway to design high charge mobility polymeric
materials with increased ductility.
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