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ABSTRACT: Conjugated polymers have proven to be an important class of materials for
flexible and stretchable electronics. To ensure long-term thermal and mechanical stability of
associated devices, there is a need to determine the origin of the polymer ductility and
toughness. In this work, we investigate a variety of high-performance conjugated polymers
and relate their thermomechanical behavior to film toughness. Dynamic mechanical analysis
(DMA) is used to probe thermomechanical relaxations of the conjugated polymers. Film
ductility is measured as a function of temperature to determine the temperature that
corresponds to a significant loss in film toughness. We systematically study polymers with
changes to the side-chain structure, backbone structure, and crystallinity. We also compare polymers that have a clear glass transition
(Tg) to those that do not. It is found that secondary thermal relaxations (sub-Tg) play a critical role in film toughness. This sub-Tg is
found to be a local molecular relaxation that appears to relate to side-chain and backbone mobility. We also find that many of the
polymers considered continue to show moderate ductility below their sub-Tg, which is attributed to crystallites or aggregates that
have active slip systems. These results provide new insights into how conjugated polymer structure and related thermal relaxations
influence film toughness that will assist in realizing mechanically robust devices.

1. INTRODUCTION

Organic electronics continue to be of substantial research
interest owing to their ability to achieve unique capabilities
including flexible and stretchable devices for medical,1,2

display,3,4 power generation,5,6 and numerous other applica-
tions.7−9 During device processing and operation, these
devices undergo mechanical and thermal loads that can affect
both their lifetime and performance. Thus, to ensure reliable
operation, it is imperative that the underlying properties of the
materials that impact performance and reliability are accurately
captured. While conjugated polymers (CPs) can have favorable
attributes that lend themselves to mechanically robust
operation, their mechanical response is strongly dependent
on their thermal state. Recently, in an effort to increase
ductility and toughness, CPs have been synthesized with glass
transitions (Tgs) below room temperature (RT).10−13

However, polymers with significant viscoelastic relaxation
behavior can be undesirable due to their propensity for
morphological changes over time that can lead to deterioration
in device performance.14,15 This is particularly true in blend
films that are not in thermodynamic equilibrium.16,17 A similar
challenge is faced in polymers for structural applications that
are required to be stiff, thermally stable, and tough. The
combination of stiff and tough can be achieved in some
polymers with the classic example being polycarbonate (PC),
which is tough at room temperature but has a Tg > 100 °C
providing stiffness.18,19 This behavior has been ascribed to
secondary thermomechanical relaxations that occur below its

Tg.
20 The origin of secondary relaxations is typically attributed

to molecular motion in side-chains10 or localized motion in the
backbone.21 It is at the sub-Tg transition where many polymers
transition from ductile and tough to brittle and weak as the
temperature is decreased, which is identified as the ductile-to-
brittle transition temperature.10 However, as opposed to many
commodity polymers such as PC, many recently developed
CPs do not show a clear Tg. In addition, they differ structurally
in significant ways, including having flexible aliphatic side-
chains and rigid conjugated ring structures along the backbone.
Thus, we are interested in determining the structural origin to
the thermomechanical relaxation in CPs and how this impacts
film toughness. Capturing the origin of the thermal relaxations
and their impacts on mechanical behavior will facilitate design
strategies to achieve mechanically robust, morphologically
stable, and high-performance devices.
In this report, the thermomechanical relaxation behavior in a

representative set of high-performance CPs (Figure 1) was
characterized using a dynamic mechanical analyzer (DMA).
We then compared the thermal relaxation behavior to changes
in film toughness. The film toughness was probed by
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measuring differences in crack behavior of films strained on
elastomer substrates at different temperatures. We first
introduce our experimental approach using poly(methyl
methacrylate) (PMMA) as a model system that clearly
shows a ductile-to-brittle transition associated with its thermal
relaxations. The CPs considered have systematic structural
differences to isolate the role of various moieties on film
toughness. We consider polymers that show a clear Tg and
those that do not, polymers with differences in crystallinity,
and polymers with systematic variation in the backbone and
side-chain structures. We find that across all CPs considered,
the secondary thermal relaxations (sub-Tgs) play a significant
role in the toughness of the films. In most of the polymers
considered, a significant drop in toughness coincided closely
with the peak in the loss modulus associated with the sub-Tg.
While the secondary transitions appear to be localized non-
cooperative relaxations that exhibit Arrhenius behavior, there
are signatures in several polymers that suggest that the
transition involves relaxation of the side-chains and backbone.

Interestingly, the loss in toughness in the majority of
conjugated polymers considered is not as abrupt as observed
in many commodity polymers and as we found for PMMA.
Below their sub-Tgs, the CPs continue to dissipate energy that
arrests crack propagation. This is attributed to crystallites or
aggregates, which can support polymer deformation through
active slip systems.22 To gain insight into the mechanical
behavior, we also performed density functional theory
simulations to estimate the persistence length of the polymers
considered.23 We did not find a strong correlation between
backbone stiffness and the ductile-to-brittle transition temper-
ature or the characteristics of crack formation and propagation.
This is attributed to the dominance of the side-chains on the
mechanical behavior of the films. Based on these results,
insights into the role of the polymer structure and thermal
transitions on mechanical behavior are discussed.

2. EXPERIMENTAL SECTION
2.1. Materials. Eight CPs with different molecular structures were

chosen for the study, as shown in Figure 1. High-molecular-weight
variants of these polymers were chosen so that the toughness of the
polymer films is not limited by lack of entanglements and the role of
thermal transitions could be explicitly probed.24 The molecular weight
(MW) and dispersity (Đ) of the selected polymers are provided in
Table 1. Regiorandom (RRa) and regioregular (RR) variants of P3HT
were purchased from Rieke Metals. The RR P3HT had a
regioregularity of 91−94%. P(NDI2OD-T2), DPP-DTT, and
DPP4T were procured from Ossila. PCDTBT was supplied by
Sigma-Aldrich and PTB7-TH was supplied by Solarmer. PBnDT-
FTAZ25 and PBoDT-FTAZ26 were synthesized as previously
reported. PMMA with weight averaged molecular weight (Mw) of
∼120 kg/mol was purchased from Sigma-Aldrich.

2.2. Thermal Relaxation Measurements. The thermomechan-
ical behavior of the polymers was characterized using a TA
Instruments DMA 850. The polymers were drop cast onto a woven
glass mesh that could then be loaded into the DMA following a
procedure described in detail elsewhere.24,27 Here, we drop cast
solutions onto the mesh using the same solvent used to cast films,
given in Table S1. The thermal transitions of the polymers were
obtained by running temperature scans at an oscillation frequency of 1
Hz and an oscillating strain of 0.1% in tensile mode, illustrated in
Figure 2a. The temperature ramp of 3 °C/min was used, and the
peaks in the tan δ curve were used to identify thermal transition
temperatures. Prior to running the scans, the samples were heated to
100 °C to remove any residual solvent and moisture and then rapidly
cooled to −110 °C at the rate ∼30 °C/min. Further, DMA scans were
performed at frequencies ranging from 0.5 to 10 Hz to create
transition maps and calculate activation energies.

Figure 1. Molecular structures of the polymers studied.

Table 1. Details of the Polymers Considered Including Molecular Weights (MWs), Dispersity (Đ), Measured Crack Onset
Strain (COS) at RT (COSRT), and Thermal Transition Temperatures

polymer Mw (kg/mol) Đ COSRT (%) Tα (°C) Tβ (°C) Tγ (°C) Tb’ (°C)

PMMA 120 NA <3 126 20a 40
RR P3HT 54 2.4 80 25 −78a −110
RRa P3HT 72 2.97 >100 28 −79a,b −90
PCDTBT 120 NA 30 140 6a 50
PTB7-TH 129 2.01 80 113b −2a 0
P(NDI2OD-T2) 168 1.82 60 120b −21a −40
PBnDT-FTAZ 223 1.91 >100 119b 30 −26a −40
PBoDT-FTAZ 164 3.5 >100 55 21b −39a −40
DPP4T 171 2.45 90 129b 6a −52b −20
DPP-DTT 292 3.9 33 129b 2a −53b −50

aDefined as {Tβ}.
bIdentified from the loss modulus peak. cNA: not available
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2.3. Ductility Measurements. To measure the film ductility as a
function of temperature, the films were placed on thin polydime-
thylsiloxane (PDMS) elastomer substrates (SLYGARD 184) and
strained in tension in the DMA. The samples were prepared by first
spin coating poly(4-styrenesulfonic acid) (PSS, Sigma-Aldrich)
solution on clean glass substrates at 5000 rpm for 30 s followed by
annealing at 150 °C for 5 min. The PSS solution consisted of 1% by
weight of PSS in deionized water. Subsequently, the conjugated
polymer solutions were spin-coated following the recipes given in
Table S1. The thin PDMS support film was prepared by mixing the
elastomer base with the curing agent at a weight ratio of 15:1. Prior to
curing, the PDMS was spin-coated on a PSS-coated glass substrate at
4000 rpm for 2 min and annealed for 2 h at 150 °C, resulting in ∼10
μm thick films. Once the films were prepared, we transfer-print the
films to a thick PDMS slab sequentially and then remove the CP/thin
PDMS composite from the thick PMDS slab to obtain the specimen
for testing, as illustrated and discussed in detail by Song et al.28 More
specifically, the thin PDMS on PSS-coated glass was laminated to the
thick PDMS support (base to curing agent ratio of 5:1). This
composite was then placed in water to dissolve the underlying PSS
and remove the glass substrate. The CP film was then transferred onto
the thin PDMS film by again laminating the film onto the PDMS and
immersing the sample in water to remove the PSS and detach the
substrate. The CP/thin PDMS composite was then removed from the
thick PDMS slab and loaded into the DMA. The DMA is equipped
with a furnace that allows fine control of the sample temperature. The
PDMS also has a large rubbery plateau with a glass transition near
−125 °C and an upper working temperature of over 200 °C, allowing
the ductility to be probed over all measured thermal transitions found
in the CPs.29 The composite specimens were strained to a prescribed
strain at the strain rate of 1%/s. The strained sample was brought
back to RT and removed from the DMA and clamped onto a glass
slide. The sample was then observed under an optical microscope to
determine the crack formation and crack characteristics. The test
method is schematically shown in Figure 2a. When heating (cooling)
the sample, the PDMS expansion may result in a small tensile
(compressive) strain on the CP film; however, the resulting strain is

expected to be much lower than the strain applied to measure crack
behavior and is neglected. The films were also strained directly on a
custom strain stage while under an optical microscope to determine
the crack onset strain at RT.

3. RESULTS AND DISCUSSION

3.1. Approach. Throughout the article, thermal transitions
are identified from peaks in the tan δ curve unless otherwise
specified. The highest temperature peak is identified as Tα

followed by Tβ and Tγ in order of descending temperature. In
polymers that exhibit a clear glass transition, Tα is also referred
to as Tg, while in polymers where we observe a relaxation we
attribute to aggregates, Tα is referred to as Tα,a. The strongest
secondary transition is referred to as {Tβ}, which may be the
Tβ or Tγ peak, depending on the polymer considered. Tb′ is
identified as the temperature associated with a significant loss
in toughness described further below.
We start by demonstrating the approach used to study the

thermomechanical behavior of the polymers by considering the
well-characterized commodity polymer PMMA. A clear
ductile-to-brittle transition temperature in PMMA has been
previously reported that is associated with the polymer’s
secondary thermal relaxation (Tβ).

20 This transition has been
attributed to the twisting motion of the methacrylate
(−COOCH3) group.20 Here, we measure the thermal
transitions of PMMA using the glass mesh approach, with
tan δ shown in Figure 2b. The storage and loss modulus are
given in Figure S11. We observe a Tα (or Tg) at 126 °C and Tβ

(= {Tβ}) at 20 °C. These observed transitions are within the
range of reported values found in the literature.20,30 Differences
in reported values can be due to variations between polymers
such as MW and tacticity as well as casting conditions.31 The
test method and associated kinetics being probed may also
differ.
The ductile-to-brittle transition in polymers can be identified

by observing the transition of fracture under tensile loading
from failure that occurs after yielding (ductile) to failure that
occurs prior to significant yielding (brittle). This transition
represents a large drop in toughness, which is the area under
the stress−strain curve loaded to sample failure. Given that we
are dealing with thin films, conventional tensile tests that can
capture the full stress−strain behavior are difficult to
implement, particularly with fine control of the sample
temperature.32,33 Thus, we probe the loss in toughness by
measuring the film’s fracture behavior when strained on an
elastomer substrate. We have previously demonstrated that
measuring the crack onset strain (COS) using the film on
elastomer (FOE) approach is correlated with the film’s fracture
toughness.34 In addition, Alkhadra et al. have demonstrated
that the crack features in a FOE test can be used to
characterize the toughness of a polymer film.35 However, it is
known that the adhesion and modulus mismatch between a
substrate and thin film can have a large influence in the fracture
characteristics of the thin film including the COS.35,36 For
example, the elastomer support will increase the COS relative
to a free-standing film.28 In addition, the FOE sample is
strained while inside a furnace that enables precise temperature
control, but limits the ability to determine the COS at a given
temperature. Given these constraints, we probe changes in film
toughness by monitoring changes in the film’s fracture
characteristics when strained to a set value. We do this by
first determining the COS of the film at room temperature
(COSRT). If the film is brittle at RT, it is heated to a point

Figure 2. (a) Illustration of the experimental procedure that uses a
dynamic mechanical analyzer to determine (i) the thermal relaxation
of the polymer films through DMA temperature sweeps and (ii) the
ductility of the films by monitoring film fracture under tensile strain.
(b) DMA thermogram of PMMA and (c) optical microscope images
of PMMA films at a specified strain. The films were strained at the
temperature given in the images and strains were along the horizontal
axis of the page.
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where it is found to be ductile. We then consistently strain the
samples to near the measured ductile COS while varying the
temperature of the samples. The temperature is reduced in
increments of 10 °C, and the temperature where we observe a
significant loss in ductility is defined as Tb′. Here, we use Tb′ as
opposed to the ductile-to-brittle transition temperature (Tb) as
we are probing the temperature of significant toughness loss,
but not necessarily a transition to brittle behavior as discussed
below.
PMMA is brittle at room temperature (COSRT < 3%), and

thus, we started by heating the sample to 70 °C and straining
the film by 30%. Very small cracks were observed in the
PMMA film when strained to 30% (Figure S1). If we reduced
the strain to 15%, no cracks were found (Figure 2c), and thus,
we use 15% strain to probe the ductile-to-brittle transition. As
the temperature of the PMMA/PDMS composite is decreased
to 50 °C, cracks are observed at 15% strain that self-arrest and
are pyramidal in shape, which is characteristic of ductile
fracture. When decreasing the sample temperature to 40 °C,
there is an abrupt change in crack features, which become
channel-like, indicating a transition from ductile-to-brittle
behavior, as shown in Figure 2c.34,35 From these observations,
we identify Tb′ for PMMA to be approximately 40 °C. This
transition temperature matches similar measurements of the
ductile-to-brittle transition in bulk PMMA samples.37 The
similar ductile-to-brittle transition found between the methods
demonstrates the efficacy of this approach. Here, we find that
Tb′ is roughly 20 °C higher than Tβ, similar to previous
reports.20,30,37 Details of the relationship between thermal
relaxations in PMMA and sample ductility are discussed
further elsewhere.20

3.2. Polymers With a Clear Tg. The first CPs considered
are RR P3HT and PCDTBT that show a clear glass transition.
The DMA scans for these polymers are provided in Figures 3
and S12. These measurements reveal RR P3HT to have a Tg of
25 °C and a seconadary transition {Tβ} at approximately −80
°C. This is consistent with other measurements of high MW
RR P3HT using DMA or shear rheology.27,38,39 At RT (30
°C), the RR P3HT films are ductile with a COS measured to
be slightly greater than 80%. Thus, following the protocol
outlined above, we strain the RR P3HT films to 80% while

holding the sample at a given temperature. As we reduce the
temperature of the samples below RR P3HT’s Tg, no cracks are
observed in the films, and thus, there was no observable change
in ductility. Crack formation begins to appear as the sample is
cooled to −30 °C, as shown in Figure S2. These crack features
are pyramidal in nature consistent with the ductile films where
cracks initiate near defects and are quickly arrested. The
appearance of cracks is indicative of some loss in toughness,
but the large strain and arrested nature suggest that the loss in
toughness is minor. It was only when the sample was cooled to
−110 °C that the formation of large almost channel-like cracks
were observed, as shown in Figure 3, which we identify as Tb′.
This change in mechanical behavior is near {Tβ} (−80 °C),
which has been shown to be associated with the relaxation of
the alkyl side-chains.15,38,39 Thus, the change in ductility at
−110 °C is attributed to kinetically frozen side-chains.
The PCDTBT DMA results are provided in Figures 3a and

S12, exhibiting a Tg = 140 °C and {Tβ} = 6 °C. At RT, the
COS was measured to be approximately 30%. While this is
relatively large, tensile tests of pseudo-free-standing films using
a film-on-water (FOW) test method shows that there is very
little yielding prior to film fracture, as shown in Figure S15 (see
the Supporting Information (SI) for details). This suggests that
PCDTBT is brittle at RT. Yet, at RT, the film is above {Tβ},
which we attribute to the relaxation of the branched side
chains. To probe the effect of {Tβ} on film ductility, the sample
temperature was reduced down to −30 °C, but no change in
crack features was observed, as shown in Figure S3. In contrast,
when the sample temperature was increased, we observed that
the film ductility increased significantly when the sample was
held above 50 °C. At 60 °C, small pyramid-shaped cracks are
only found when the sample is strain by 50%, as shown in
Figure 3. Thus, we estimate Tb′ of PCDTBT to be
approximately 50 °C. This drop in toughness lies between Tg
and {Tβ}. Interestingly, when the DMA temperature scans
were run at an oscillation frequency of 10 Hz, a thermal
relaxation at 67 °C became visible, as shown in Figure S14.
PCDTBT has been reported to have a unique molecular
packing motif with bilayer backbone ordering that may lead to
the unique relaxation observed at 10 Hz.40 While this

Figure 3. (a) Tan δ curves of different polymers obtained from DMA temperature sweeps. Tα, Tβ, Tγ represent observed thermal relaxations, Tb’ is
the measured loss in toughness. Tα,a in PTB7-TH, DPP4T, and PBnDT-FTAZ was determined from the peak in loss modulus. (b) Images of the
polymer films, including RR P3HT, PCDTBT, PTB7-TH, PBnDT-FTAZ, DPP4T, and P(NDI2OD-T2) at 30 °C and respective Tb′ stretched to
the specified strains. The films were strained along the horizontal axis of the page.
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transition is weak and buried in the DMA scan at 1 Hz, it likely
plays an important role in PCDTBT ductility.
3.3. Polymers Without a Clear Tg. Many of the recently

developed donor−acceptor copolymers do not show a clear
glass transition as measured in differential scanning calorimetry
(DSC) or DMA.41−43 These polymers mainly comprise of
electron-donating and electron-accepting groups along the
backbone that can increase the backbone stiffness.44,45 The stiff
polymer chains often require large aliphatic side-chain groups
to ensure solubility. Here, we consider several of these
polymers with this characteristic lack of glass transition,
including PTB7-TH, PBnDT-FTAZ, DPP4T, and P-
(NDI2OD-T2). DSC measurements of these polymers are
provided in Figure S18, where no Tg could be observed. The
DMA scans of these polymers are provided in Figures 3a and
S12. For each polymer, we observe a broad thermal transition
between 100 and 160 °C, labeled Tα,a. Note that in PTB7-TH,
P(NDI2OD-T2), PBnDT-FTAZ, and DPP4T, the peak in the
loss modulus was used to define Tα,a given the broad shoulder
observed in tan δ. Thermal transitions with similar features
have been previously identified as a liquid−liquid transition in
the commodity polymers.46,47 We believe that these transitions
are associated with the relaxation of aggregates, as recently
discussed by Sharma et al.43 While this transition is observed
across the set of polymers considered, its origin is not probed
in detail here. Our focus rather is on the dominant secondary
transitions observed in the polymers. There are clear
transitions (Tβ) in PTB7-TH and P(NDI2OD-T2) at −2
and −21 °C, respectively. In PBnDT-FTAZ, there is a weak
transition (Tβ) at 20 °C followed by a stronger transition (Tγ)
at −20 °C. In DPP4T, there is a strong transition (Tβ) at 2 °C
followed by a weaker transition (Tγ) at −25 °C. We attribute
the dominant secondary transitions to be local relaxations,
similar to recent reports.43,48 The weaker transitions found in
PBnDT-FTAZ (Tβ) and DPP4T (Tγ) are likely associated with
localized molecular relaxations along the backbone discussed
further below. The multiple thermal transitions found in these
polymers result in the dominant transition being labeled as Tβ

or Tγ. To simplify the discussion, we refer to the dominant
thermal transition as {Tβ}. We note that for the case of
PBnDT-FTAZ, we have previously measured the polymer

relaxation with varying MW, showing that {Tβ} did not drop
for the low MW samples supporting the argument that these
are local relaxations.24 The COSRT of each of these four
polymers is quite large, ranging from 60 to 80% strain, as given
in Table 1. The temperatures associated with a significant loss
in toughness in P(NDI2OD-T2), PTB7-TH, PBnDT-FTAZ,
and DPP4T were found to be −40, 0, −40, and −20 °C,
respectively. The changes in crack features of the films at Tb′
relative to RT are shown in Figure 3. PTB7-TH has Tb′ close
to {Tβ}, while PBnDT-FTAZ, DPP4T, and P(NDI2OD-T2)
have a Tb′ that is between 14 and 26 °C below {Tβ}. Based on
these results, a straightforward conclusion is that the dominant
secondary relaxations provide a significant source for ductility
and toughness in CPs. To gain a more precise view of the role
of the side-chain structure, backbone structure, and crystal-
linity on this behavior, we considered polymers with systematic
structural variations next.

3.4. Role of Molecular Structure on Ductile-to-Brittle
Transition. 3.4.1. Crystallinity. We first probe the role of
crystallinity by comparing semicrystalline RR P3HT to
amorphous regiorandom (RRa) P3HT. The DMA scan of
RRa P3HT is given in Figure S13a, and a comparison of the
tan δ between RR P3HT and RRa P3HT is given Figure 4a.
The thermal relaxations of RRa P3HT are found to be at 25 °C
(Tg) and −79 °C (Tβ), similar to that of RR P3HT. We also
observe that {Tβ} was weaker and broader compared to that of
RR P3HT. This observation is consistent with the report of Xie
et al., which attributed the phenomenon to the weaker
separation of an alkyl nanophase from the backbone.38 The
COSRT of RRa P3HT is observed to be over 100%. To
estimate the change in toughness, we strain the films to a
similar extent of RR P3HT, namely, 80%. Similar to RR P3HT,
there is no observed drop in toughness across the glass
transition temperature. In addition, similar to RR P3HT, the
RRa P3HT films lose toughness as the temperature drops
below −30 °C. However, in RRa P3HT, the loss in ductility
increases as the temperature drops, as can be observed from
the evolution of cracks shown in Figures S8 and 4d. There is
then a relatively abrupt change in crack features observed at
−90 °C where large connected cracks across the film are
observed. Thus, we identify −90 °C as Tb′ in RRa P3HT,

Figure 4. Tan δ curves obtained from the DMA scans of (a) RR P3HT and RRa P3HT, (b) PBnDT-FTAZ and PBoDT-FTAZ, and (c) DPP4T
and DPP-DTT. The inset in (a) shows the log(tan δ) vs T of RRa P3HT for better clarity of the β transition in RRa P3HT. (d−f) Optical
micrographs of the cracks observed for different polymers at specified temperatures and strains. The films were strained along the horizontal axis of
the page.
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which is close to {Tβ} of −79 °C. The Tb′ in RRa P3HT is
found to be at a higher temperature than RR P3HT, which had
a Tb′ of −110 °C. The origin of this difference may be
associated with improved molecular packing order in RR
P3HT, allowing for chain slip below {Tβ}.
3.4.2. Side-chain Structure. Next, we probe the role of side-

chain structure by comparing PBnDT-FTAZ with PBoDT-
FTAZ where the branched alkyl side-chains on the BDT unit
were replaced with oligo(ethylene glycol) (OEG;
−(OC2H4)3−OCH3), as shown in Figure 1. In the case of
PBoDT-FTAZ, there were thermal transitions observed at 55
°C (Tα), 21 °C (Tβ), and −39 °C (Tγ or {Tβ}), as shown in
Figure 4b. The Tα of PBoDT-FTAZ was found to be
significantly lower at 55 °C and more prominent than that
of PBnDT-FTAZ. It is unclear if this transition continues to be
associated with aggregates and we thus refer to it as Tα*. The
Tβ of PBoDT-FTAZ was similar to that of PBnDT-FTAZ,
while Tγ ({Tβ}) was found to be roughly 13 °C lower. A drop
in the relaxation temperature associated with the side-chains is
expected in the case of OEG side-chains due to greater
flexibility compared to the alkyl side-chains.43,49 This provides
support that {Tβ} in FTAZ-based polymers is associated with
the side-chains. The change in the relaxation temperature
related to changing the side-chains has been argued to be a
plasticizing effect of the side-chain on the backbone.50 As
shown in Figures 4e and S9, the PBoDT-FTAZ films are found
to have a large drop in toughness once below −40 °C that
coincides with {Tβ}. This contrasts with PBnDT-FTAZ, where
Tb′ was approximately 14 °C below {Tβ}. Similar to the case of
P3HT, the difference between Tb′ and {Tβ} may be associated
with the differences in the packing order in the film.
3.4.3. Backbone Structure. The impact of the backbone

structure is probed in greater detail by comparing DPP4T with
DPP-DTT, where the two thiophene units along the backbone
in DPP4T are replaced with a thienothiophene unit. The DMA
of DPP-DTT shows the α, β, and γ transitions at 129, 2, and
−53 °C, as shown in Figure 4c. These are similar to the
DPP4T relaxation temperatures also given in Figure 4c. The
near identical {Tβ} supports the argument that this transition is
associated with the polymer side-chains. It may also involve a
relaxation of the backbone but would necessitate that it is a
highly localized relaxation. As opposed to the similar thermal
transitions of the DPP-based polymers, the room-temperature
ductility of DPP-DTT is found to be significantly lower than
DPP4T and the other donor−acceptor polymers considered
that do not have clear Tg. The COSRT of DPP-DTT is ∼30%,
as opposed to ∼90% for DPP4T. The drop in ductility at room
temperature is attributed to the increased backbone stiffness
due to the fused thiophene rings in DPP-DTT.51 The stiffer
backbone is confirmed when considering the polymer’s
persistence length, discussed below. The DPP-DTT films
were found to lose significant ductility at −50 °C (Figure S10),
which we define as Tb′. This loss in toughness is significantly
below {Tβ} and closer to Tγ. While both DPP polymers show
similar {Tβ}, they have significantly different measured Tb′. We
suspect that the lower COSRT used to determine Tb′ in DPP-
DTT plays a role in the large difference in the measured Tb′.
The Tγ observed at −50 °C may lead to some ductility that can
support lower deformations. The impact of the Tγ relaxation
would then be more apparent in the DPP-DTT films. The
DPP-based polymers are also semicrystalline and crystal slip
may also support plastic deformation to different extents and
contribute to the observed behavior.

3.5. Thermal Relaxation Behavior. To look at the {Tβ}
relaxation in more detail, we conducted DMA scans at different
frequencies to create transition maps and determine the
apparent activation energy of the transition. Here, we vary the
frequency of applied strain from 0.1 to 10 Hz, with the results
given in Figures 5a, S15, and S16. We find that all of the {Tβ}

transitions follow the Arrhenius behavior, characteristic of local
relaxations,52,53 although it should be noted that a larger
frequency range should ideally be considered to support this
argument. The activation energies determined from line fits to
the data are given in Table S2 and found to be consistent with
secondary relaxations found in other stiff polymers.52,54 It is
worth comparing these to the apparent activation energies of
the glass transitions in P3HT and PCDTBT, which were found
to be 188 and 648 kJ/mol, respectively. The activation energy
of the Tgs is significantly higher than that found for the {Tβ}
transitions. Given that the activation energy relates to the
complexity of cooperative movement, this provides support
that the {Tβ} transitions observed are localized in nature.
While {Tβ} is a localized relaxation, it may involve both the
side-chain and backbone. This is exemplified by considering
the FTAZ-based polymers where we found that partially
replacing the alkyl side-chains with OEG impacted multiple
relaxations, suggesting coupling of the side-chain with other
structural features of the polymer. Yet, in the DPP-based
polymers, we found similar thermal transitions when replacing
two thiophenes along the backbone with a fused thiophene
moiety. These results suggest that the relaxation in the DPP
polymers is highly localized. Recently, Xie et al. introduced a
model that shows that varying the side-chains modifies the
backbone relaxation temperature and argues that it is
associated with the plasticizing effect of the side chains on
the backbone.50 However, the model was unable to predict
relaxation temperatures observed for a number of polymers
considered here. While it appears that {Tβ} is a local relaxation,
the extent to which this relaxation is associated with the side-
chains and backbone appears to be polymer dependent and
requires further research to be specifically identified.
To explore the impact of backbone stiffness on the observed

behavior, we determined the persistence length of the
polymers. The persistence length (Table S2) was calculated
with the approach introduced by Milner et al.,23 as discussed in
the SI. Looking at the systematic change in the backbone
structure in the DPP-based polymers, we find that the COSRT

Figure 5. (a) Transition maps of the studied polymers at {Tβ} and
(b) activation energy of {Tβ} transitions against persistence length of
the polymers. The dotted line represents the linear fit of the scatter
plot. Persistence lengths of RR P3HT and RRa P3HT were obtained
from the work of McCulloch et al.55
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drops significantly as the persistence length increases when
going from DPP4T to DPP-DTT. Yet, we did not find a
significant correlation between COSRT and the stiffness of the
polymer backbone when comparing all CPs considered. The
ductility of the film depends on a number of factors including
MW and entanglement density, among others. Thus, the
backbone stiffness alone was not predictive of room-temper-
ature ductility. We did find that there is a weak but statistically
significant correlation between activation energy and persis-
tence length in the polymers, as shown in Figure 5b. The
activation energy is controlled by the energy of intermolecular
interactions and chain rigidity.19,53 The intermolecular
interactions associated with the alkyl side-chains should be
similar. Thus, the correlation observed supports the assertion
that {Tβ} in the CPs does involve localized relaxation of the
backbone. The local packing characteristics of the side-chains
may also play a role in the activation energy. This is captured
when comparing the activation energy of RRa P3HT (Ea = 62
kJ/mol) to RR P3HT (Ea = 82 kJ/mol). The higher activation
energy indicates a higher hindrance to molecular motion.
Given the polymers have the same molecular structure, the
difference in activation energy is attributed to differences in the
packing order, stemming from greater persistence lengths in
RR P3HT, and the less mobile chains extending from
crystallites/aggregates.38,55 The side-chains will also have
different packing order that may include the formation of
alkyl nanodomains in RR P3HT compared with less ordered
side chains in RRa P3HT.39 Finally, the difficulty in
establishing a strong correlation between persistence length
and activation energy may stem in part from the different
extent of these interactions for a given polymer in a bulk solid
relative to the simulations conducted in vacuo.
3.6. Discussion. Under tensile load, the polymer chains

that are kinetically frozen (below Tg) in a coiled state begin to
slide past one another while getting extended. As the polymer
is cold drawn past yielding, the polymer chains get irreversibly
extended as the segments of the chain undergo conformational
changes before the polymer chain fails due to C−C bond
rupture.56−59 Extension of CP chains is expected to be due to
conformal changes between ring structures that are connected
through C−C bonds.57 Enough free volume is required for
these conformal changes to act along the polymer backbone,
which exist due to molecular mobility active at temperatures
below Tg, e.g., local twisting/bending along the backbone,
rotation of side-chains, etc.60,61 We propose that the {Tβ}
transition in the CPs studied provides the necessary molecular
mobility to allow for the movement of the polymer chains,
resulting in ductile behavior when above {Tβ}. A summary of
Tb′ and {Tβ} for each polymer considered is provided in Figure
6, showing that they largely coincide with one another.
Importantly, most of the polymer films considered retain

some ductility below {Tβ}. This is evident in RR P3HT where
the films strained at −110 °C show near continuous cracks at
80% strain, but when lowered to 60%, the cracks are small and
pyramidal, showing an arrested nature (Figure S2). At 60%
strain, the films have undergone plastic deformation prior to
crack formation, which is not the behavior of a characteristi-
cally brittle material. This may be partially attributed to
straining the film on an elastomer support, which is known to
increase the fracture strain of the polymers films. This is clear
when comparing COSRT of the considered polymers and their
rupture strain in FOW tests (Figure S17). Nevertheless, a
brittle film will have a relatively low COS when on an

elastomer, as observed for PMMA in Figure 2c. To understand
this behavior, it is instructive to consider the crystal packing in
conjugated polymer films after being strained. As the polymers
are strained past their yield point, the long axis of the chains
typically begins to preferentially orient in the direction of
strain.41,62 In highly strained donor−acceptor polymer films,
the packing order of crystals has been shown to decrease.41,63

The decreased order suggests that chain slip within the
crystallites occurs upon deformation. Active slip systems have
been previously investigated in RR P3HT, showing that slip
along (100) and (010) planes is possible.22 This is likely to be
the case in the other CPs considered as well. These slip
systems may also be present in ordered aggregates of weakly
crystalline conjugated polymers. For comparison, if we look at
RRa P3HT and decrease the strain at Tb′ (Figure S8), we see
reduced crack extension. However, the reduction in crack
formation and propagation is not as large as observed with RR
P3HT, suggesting that the films are less ductile at Tb′. This is
consistent with RRa P3HT being more disordered and having
a lower density of active slip systems. The active slip systems
likely allow for significant deformation below {Tβ} in contrast
to the behavior observed in PMMA and brittle conjugated
polymers such as PBTTT,64 where the side-chain packing may
prohibit these slip planes, resulting in channel cracks at low
applied strains. In addition, the molecular mobility of the
polymers may increase at the temperature that coincides with
the onset of the drop in the storage modulus rather than the
peak in tan δ. Thus, we also considered the crack behavior in
PTB7-TH and PBnDT-FTAZ when strained at the temper-
ature associated with the onset of the drop in the storage
modulus, given in Figures S4 and S6. The PBnDT-FTAZ film
continues to retain some ductility at this temperature, while
the PTB7-TH films are found to have further embrittlement.
The retention of the ductility in the PBnDT-FTAZ film
supports the argument that active slip systems play a role in
retaining ductility. The behavior of the PTB7-TH suggests that
this is dependent on the polymer system and that further
embrittlement can occur as the temperature is lowered beyond
Tb′.
These results have a number of implications for achieving

mechanically robust polymer semiconductor devices. Foremost
is the fact that a reduction in toughness is found to occur near
{Tβ} in all conjugated polymers considered with the exception
of PCDTBT. As a result, understanding the local relaxation
behavior in the candidate conjugated polymers will assist in
designing the tough active layer films. Furthermore, in the
devices that employ blend films, understanding the impact of a

Figure 6. Summary of Tb′ and {Tβ} of the polymers studied.
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second molecule on the polymer’s secondary relaxation will
also be critical to ensure mechanically tough films. A second
important finding is the ability of some polymer films to retain
some ductility even below the secondary thermal relaxation.
This is found in the case of RR P3HT where it has been
established that the {Tβ} transition is associated with side-
chain relaxations, as well as FTAZ-based polymers where the
secondary relaxations appear to involve localized backbone
relaxations. We propose that this is achieved through active slip
systems in the ordered portion of the film. Exploring this
mechanism in more detail may provide a route to achieve films
with low viscoelastic relaxation at operating temperatures while
retaining toughness and ductility. Reducing relaxation rates
may limit morphological changes of the films purposely cast
into a nonequilibrium state, which is the case in many high-
performance organic solar cells.17 As a result, morphological
burn-in degradation may be avoided.17

4. CONCLUSIONS
A suite of conjugated polymer semiconductors was studied to
determine the role of thermomechanical relaxations on film
toughness. The thermomechanical behavior was probed by
dynamic mechanical analysis and the film toughness was
probed by considering film ductility as a function of
temperature. It was found that for most of the polymers
considered, a large reduction in film toughness was found that
corresponds to secondary thermal relaxations {Tβ}. The
secondary nature, i.e., local nonsegmental motion, of these
thermal relaxations was probed through frequency maps in the
DMA and by comparing the polymers with systematic
variation to the side-chain and backbone structure. It was
found that while the loss in toughness is clearly associated with
{Tb}, the differences in the molecular structure and packing
behavior influence the relative changes in ductility. Further-
more, we observed that a number of polymers retain some
ductility below their dominant secondary thermal relaxation
temperature. While the origin of this behavior requires further
exploration, we propose that crystallites/aggregates in the films
allow for energy dissipation through chain slip. It is clear that
secondary relaxation behavior driven in part by side-chain
characteristics is critical to CP film toughness. Through this
observation, the design of the side-chain structures may be
used to not only improve the solubility and promote the
packing order but also improve the thermal and mechanical
stability.
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■ ABBREVIATIONS

PMMA poly(methyl methacrylate)
PSS poly(4-styrenesulfonic acid)
P3HT poly(3-hexylthiphene)
PCDTBT poly[N-9’-heptadecanyl-2,7-carbazole-alt-

5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadia-
zole)]

PTB7-TH poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b;4,5-b′]dithiophene-2,6-diyl-alt-
(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]-
thiophene-)-2-carboxylate-2-6-diyl)]

P(NDI2OD-T2) p o l y { [N ,N ′ - b i s ( 2 - o c t y l d o d e c y l ) -
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5′-(2,2′-bithiophene)}

PBnDT-FTAZ poly[4-(5-(4,8-bis(3-butylnonyl)benzo[1,2-
b:4,5-b′]dithiophen-2-yl)thiophen-2-yl)-2-
(2-butyloctyl)-5,6-difluoro-7-(thiophen-2-
yl)-2H-benzo[d][1,2,3]triazole]
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PBoDT-FTAZ poly[4-(5-(4,8-bis(2-(2-(2-methoxyethoxy)-
e thoxy)ethoxy)benzo[1 ,2-b :4 ,5 -b ′] -
dithiophen-2-yl)thiophen-2-yl)-2-(2-buty-
loctyl)-5,6-difluoro-7-(thiophen-2-yl)-2H-
benzo[d][1,2,3]triazole]

DPP4T poly[2,5-bis(2-octyldodecyl) pyrrolo[3,4-c]
pyrrole-1,4-(2H,5H)-dione-3,6-diyl-alt-
(2,2′;5′,2″;5″,2‴-quaterthiophen-5,5‴-
diyl)]

DPP-DTT poly[2,5-(2-octyldodecyl)-3,6-diketopyrro-
lopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno
[3,2-b]thiophene)]
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