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Highly Deformable Rigid Glassy Conjugated Polymeric Thin
Films

Yunfei Wang, Song Zhang, Guillaume Freychet, Zhaofan Li, Kai-Lin Chen, Chih-Ting Liu,
Zhiqiang Cao, Yu-Cheng Chiu, Wenjie Xia, and Xiaodan Gu*

Wearable devices benefit from the use of stretchable conjugated polymers
(CPs). Traditionally, the design of stretchable CPs is based on the assumption
that a low elastic modulus (E) is crucial for achieving high stretchability.
However, this research, which analyzes the mechanical properties of 65 CP
thin films, challenges this notion. It is discovered that softness alone does not
determine stretchability; rather, it is the degree of entanglement that is
critical. This means that rigid CPs can also exhibit high stretchability,
contradicting conventional wisdom. To inverstigate further, the mechanical
behavior, electrical properties, and deformation mechanism of two model
CPs: a glassy poly(3-butylthiophene-2,5-diyl) (P3BT) with an E of 2.2 GPa and
a viscoelastic poly(3-octylthiophene-2,5-diyl) (P3OT) with an E of 86 MPa, are
studied. Ex situ transmission X-ray scattering and polarized UV–vis
spectroscopy revealed that only the initial strain (i.e., <20%) exhibits different
chain alignment mechanisms between two polymers, while both rigid and soft
P3ATs showed similarly behavior at larger strains. By challenging the
conventional design metric of low E for high stretchability and highlighting
the importance of entanglement, it is hoped to broaden the range of CPs
available for use in wearable devices.

1. Introduction

Over the past decades, there has been remarkable progress in
the development of stretchable semiconductors, which find ap-
plications in wearable and implantable devices such as elec-
tronic skins, personalized healthcare monitors,[1–5 ] wearable
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smart displays,[6–8 ] and energy storage
devices.[9 ] These wearable devices hold im-
mense potential in the field of health sen-
sors, as they can be directly attached to the
human skin, offering convenience and ac-
curacy. For seamless integration with the
skin, the materials utilized in these devices
must be deformable to accommodate the
strains resulting from body motion. Con-
jugated polymers (CPs) have emerged as
preferred materials for wearable devices
due to their tunable chemical structures
and compliant mechanical properties com-
pared to their inorganic counterparts.[10–18 ]

However, achieving high charge carrier mo-
bility and high stretchability concurrently
presents a challenge, as high charge carrier
mobility often necessitates high crystallinity
and chain rigidity, which tend to make the
materials brittle.

In the pursuit of designing novel stretch-
able CPs, researchers have primarily fo-
cused on reducing the materials’ elastic
modulus, as it is widely believed that softer

materials offer higher stretchability.[19 ] For example, intrinsically
stretchable CPs were synthesized by incorporating conjugation-
break spacers[20–27 ] or soft moieties[28–33 ] into the backbone and
attaching longer or more flexible side chains.[34–38 ] Another ef-
fective method involves blending CPs with soft and deformable
elastomers, such as polydimethylsiloxane (PDMS), rubber, or
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polystyrene-block-polyisoprene-block-polystyrene (SEBS), result-
ing in the fabrication of soft CP/elastomer composites.[39–46 ]

These strategies have demonstrated success in achieving stretch-
ability in CPs and have provided solutions for the development
of innovative materials for various applications.

In recent work, Zheng et al. made a remarkable discov-
ery demonstrating that indacenodithiophene-cobenzothiadiazole
(IDTBT), a high modulus (E ≈745 MPa) CPs, can be reasonably
deformable (crack onset strain [COS] ≈22%).[47 ] This interesting
finding challenges the conventional notion that softness is a pre-
requisite for achieving deformability in stretchable semiconduc-
tive polymers. Similar phenomena have been observed in tradi-
tional non-conjugated polymers as well. For instance, polypropy-
lene (PP) with a E of 1360 MPa exhibits a COS of around 180%
(true strain), while high-density polyethylene (HDPE) with E of
1050 MPa demonstrates a COS of ≈200% (true strain).[48 ] These
observations highlight the importance of stretchable rigid poly-
mers for various applications that require robust mechanical
properties (e.g., high toughness).[11 ] Consequently, it is crucial
to consider rigid CPs as viable options for deformable materials,
as they could become a pivotal component within the stretchable
CP family. Despite their potential, the field of stretchable rigid
CPs lacks in-depth studies and comprehensive understanding,
warranting further research in this area.

The present study aimed to investigate the stretchability of
rigid CPs (e.g., E > 700 MPa) in order to explore their molecu-
lar origin of high deformability. Mechanical properties of 65 CPs
based on different chemical building blocks measured by our
group using the “film-on-water” (FOW) characterization tech-
nique were organized (chemical structure, molecular weight
[MW], elastic modulus (E), and COS are summarized in Table S1,
Supporting Information). Surprisingly, 11 CPs showed both high
stretchability (COS>20%) and high elastic modulus (>700 MPa),
indicating that rigid IDTBT is not the sole example of stretchable
rigid CPs. Again, this interesting finding challenges the notion
that deformability is directly linked to softness. Subsequently,
we conducted a thorough analysis of polymers with the same
structure but different MWs and film thicknesses. We found
both molecular weight and thickness influenced the mechanical
properties by modulating the entanglement behavior of CPs.[49 ]

This led us to deduce that the entanglement effect plays a dom-
inant role in deformability. Furthermore, we systematically in-
vestigated the deformation mechanisms and electrical proper-
ties of glassy stretchable rigid CPs, focusing on a model poly-
mer, poly(3-butylthiophene-2,5-diyl) (P3BT). This investigation
involved multimodal characterization methods, including hard
X-ray scattering to probe polymer crystallite, tender X-ray scatter-
ing to examine backbone alignment, polarized UV–vis absorp-
tion spectroscopy, and coarse-grained molecular dynamics (CG-
MD) simulation, for analyzing and understanding polymer chain
conformation upon deformation. Notably, we observed different
deformation mechanisms between glassy P3BT and a viscoelastic
poly(3-octylthiophene-2,5-diyl) (P3OT) sample, primarily charac-
terized by their initial strains. Only the amorphous domains de-
form at initial stretching (strain<20%) for rigid stretchable CPs,
whereas both amorphous and crystallite domains align for nor-
mal viscoelastic CPs. After stretching, the mobility increased for
both P3BT and P3OT along the parallel direction to stretching.
However, in the perpendicular direction, the charge mobility de-

creased for P3OT at initial strain due to the alignment of the crys-
tallite domain whereas kept constant for P3BT. Such differences
did not influence the changed mobility of CPs after stretching.
Overall, this work provides new insights into the stretchability of
rigid CPs, which can serve as valuable guidelines for the design
of rigid stretchable organic semiconductors.

2. Results and Discussion

We initiated our study by examining the mechanical properties of
a wide range of CPs including the rigidity (determined by E) and
deformability (determined by COS). To accomplish this, we em-
ployed a pseudo-free-standing (also known as FOW) tensile test,
and the results of 65 CPs, measured by our research group, were
organized (Figure 1 and Figure S1–S6 and Table S1, Supporting
Information).[50 ] The CP thin films were all spin-cast on PSS-
coated Si wafer followed by flowing on water. The E and COS were
calculated based on the stress–strain curve of each CP, which are
summarized in Figure 1a. Based on their softness and deforma-
bility, we categorized the CPs into four regions: Region I repre-
sents brittle rigid CPs, which is similar to “brittle plastics” in poly-
mer science. Region II represents stretchable rigid CPs, similar
to “hard plastics.” Region III represents brittle soft CPs, similar to
“tough plastics,” and Region IV represents stretchable soft CPs,
similar to “elastomers.” The representative stress–strain curves
for CPs from each region are shown in Figure 1b. It is evident
that multiple CPs are distributed in each region, suggesting that
there is no direct correlation between the deformability and soft-
ness of CPs. Notably, Region II includes 11 rigid CPs that exhibit
substantial deformability, thereby challenging the conventional
notion that deformability is exclusively associated with softness.
This discovery highlights that stretchability can be achieved by
rigid CPs, breaking the stereotype that softness is a prerequisite
condition for deformability.[19 ]

To understand why rigid CPs can exhibit high deformability,
we conducted an analysis of CPs with similar structures but vary-
ing thicknesses and MWs. Notably, CPs with the same polymer
but different MWs and thicknesses demonstrated distinct de-
formability. In a previous study by Galuska et al., the mechanical
properties of poly(naphthalenedimide) (PNDI)-based CPs with
MW ranging from 10 to 144 kDa were investigated, revealing the
significant influence of MW on deformability, moving the point
from Region III to Region IV (COS ranging from ≈2% to over
400%).[51 ] We observed similar outcomes in our research. For ex-
ample, DPPTC2C10C12 with a high MW of 60.6 kDa exhibited a
COS ≈16 times higher than that of the 19 kDa counterpart, also
moving the point from Region III to Region IV (Figure S2 and
Table S1, Supporting Information). Besides, Zhang et al. mea-
sured the mechanical property of poly(3-hexylthiophene) (P3HT)
with a thickness of ≈20–95 nm.[52 ] The COS increased first with
increasing thickness and then decreased for films thicker than
80 nm. The decreased COS in thin films was attributed to the
reduced interchain entanglements in this film, whereas the de-
creased COS of the thicker film was attributed to the presence
of more defects that can initiate and propagate the cracks. Both
MW and thickness have an effect on the entanglement of CP
chains.[49 ] Based on these observations, we deduced that chain
entanglement is a critical factor governing the deformability of
CPs, which is consistent with previous reports by the Lipomi
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Figure 1. The mechanical properties of 65 samples were tested here. a) Summarized E and COS of a library of CPs surveyed in this work. Region I: Rigid
and brittle CPs with high E and low COS. Region II: Rigid and deformable CPs with high E and high COS. Region III: Soft and brittle CPs with low E and low
COS. Region IV: Soft and deformable CPs with low E and high COS. b) Representative stress–strain curve for polymers from each region. Representative
material for Region I: PCPDTBT (MW: 17.8 kDa, thickness: 76 nm), Region II: P3BT (MW: ≈60 kDa, thickness: 46 nm), Region III: DPPTTC2C10C12
(MW: 29.0 kDa, thickness: 82 nm), Region IV: P3OT (MW: ≈80 kDa, thickness: 53 nm).

group and the Kim group.[53,54 ] Rigid CPs with higher chain en-
tanglement can still exhibit deformability.

We proceeded to investigate the mechanical behavior, the in-
fluence of rigidity on electrical properties, and the deformation
mechanism of deformable rigid CPs using a representative pair
of model CPs: a glassy rigid P3BT and a viscoelastic soft P3OT
(Figure 2a). These model CPs share a similar structure, molec-
ular weight, and thickness, differing only in their side-chain
lengths. The rigidity of P3BT stems from its restricted chain mo-
bility, attributed to its glassy state at room temperature (Tg = 52
°C) (Figure S7 and Table S2, Supporting Information). In con-
trast, the lower elastic modulus (E) of P3OT is a consequence
of its lower Tg (−13 °C), achieved through the incorporation of
longer alkyl side chains (Figure S7 and Table S2, Supporting In-
formation).

The mechanical behavior of P3BT and P3OT was first studied.
True stress–true strain (𝜎T −𝜖T) curve was used to describe the
mechanical properties. The true strain takes into account the in-

stantaneous and local changes in the material’s dimensions as it
deforms.[55 ] It provides a more accurate measure of strain when
the material undergoes plastic deformation. True stress was cal-
culated using the equation 𝜎T = 𝜎(1 + 𝜖), where 𝜎 is the engi-
neering stress, 𝜖 is the engineering strain. True strain was calcu-
lated using the equation, 𝜖T = ln(1 + 𝜖). The true stress–true
strain (𝜎T − 𝜖T) curves for both CPs are shown in Figure 2b.
P3BT showed a significantly higher E of 2216 MPa compared to
P3OT (86 MPa) due to the limited chain mobility in its glassy
state.[56 ] Despite the ≈30-fold difference in E, both CPs displayed
high COS of 𝜖T ≈60–80%. The entanglement molecular weight
for P3BT and P3OT were reported to be 4.1 and 5.6 kg mol−1,
respectively.[57 ] Based on the entanglement molecular weight, the
average number of entanglements per polymer chain was esti-
mated to be 14.6 and 14.3 for P3BT and P3OT. The weight aver-
age molecular weight of P3BT and P3OT we used in this work
is ≈60 and ≈80 kDa, which were much higher than their entan-
glement molecular weight. Therefore, they both performed high

Figure 2. a) Molecular structure and b) true stress–strain curves for P3BT and P3OT thin films. Note the distinct mechanical response from glassy P3BT
and viscoelastic P3OT systems.
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Figure 3. Normalized transistor mobility of stretched a) P3BT and b) P3OT at different degrees of strain. The value of the charge carrier mobility is listed
in Table 1, obtained from an organic thin film transistor setup.

deformability. However, distinct mechanical behaviors were ob-
served between P3BT and P3OT. Four regions were observed for
P3BT from the 𝜎T − 𝜖T curve, including a linear elastic region
(𝜖T = 0 −3%), a well-defined mechanical yielding ( 𝜖T = 5%), a
strain-softening ( 𝜖T = 5 −9%) and strain hardening region (𝜖T
> 9%), which were similar to the previous report.[58 ] In contrast,
P3OT lacked a clear yielding point and strain-softening region.
Traditional semicrystalline polymers with a high degree of crys-
tallinity, such as PE, typically exhibit yielding and strain-softening
mechanisms associated with crystallographic deformations and
necking.[48,59 ] However, P3BT did not show necking behavior. The
yielding and strain-softening observed in P3BT originated from
amorphous chain deformations, as supported by the subsequent
morphology study, distinguishing it from PE. Strain-hardening is
typical for CPs. Previous findings from our group demonstrated
that the slope of the strain-hardening region decreases with in-
creasing side-chain length, which is consistent with the behavior
observed in P3BT and P3OT.[37 ]

The effect of glassiness on the electrical properties of strain-
aligned CPs is then studied by fabricating top-contact bottom-
gate organic field-effect transistors (OFETs). To highlight the lo-
cal alignment and charge transport anisotropy, we utilized a small
channel length of 10 µm, a method previously employed to mea-
sure the anisotropy of charge mobility for poly(3-alkylthiophene)
P3AT CPs.[60 ] Results are summarized in Figure 3, Table 1, and
Tables S3,S4, Supporting Information. Transfer curves are shown
in Figure S8–S11, Supporting Information. We measured the
charge mobility along both the parallel and perpendicular direc-
tions to the stretching, aiming to study the anisotropy in charge
carrier mobility under deformation. Along the direction parallel
to the strain, the charge mobility for both P3BT and P3OT re-
mained relatively constant within the elastic region, as only the
amorphous components were aligned. Subsequently, a signifi-
cant increase in charge mobility was observed due to the align-
ment of the crystallite domains. Conversely, along the perpendic-
ular direction, the charge mobility decreased for P3OT, similar

Table 1. Summary of the OFETs performance of stretched P3BT and P3OT thin films.

𝜖T [%]a) P3BT P3OT

µave
b) [cm2 V−1 S−1] Ion/Ioff Vth µave

b) [cm2 V−1 S−1] Ion/Ioff Vth

0 9.5 × 10−6 1.6 × 101 7.9 3.5 × 10−3 6.8 × 103 −10.6

5 ∥ 3.4 × 10−5 1.3 × 102 −24.5 3.4 × 10−3 2.6 × 103 −14.7

5 ⊥ 1.8 × 10−5 3.1 × 102 −14.9 6.7 × 10−4 4.1 × 102 −7.8

18 ∥ 2.7 × 10−4 6.8 × 102 −15.8 4 × 10−3 6.2 × 103 −12.2

18 ⊥ 7.9 × 10−6 3.8 × 101 −25.1 4.5 × 10−4 3.8 × 102 −4.9

34 ∥ 4 × 10−4 1.2 × 102 −12.5 5.9 × 10−3 6.2 × 103 −11.3

34 ⊥ 7.4 × 10−5 3.2 × 102 −17.4 3.3 × 10−4 5.8 × 102 2.7

47 ∥ 3.3 × 10−4 1.3 × 102 −10 8.0 × 10−3 5.5 × 103 −10

47 ⊥ 1.3 × 10−5 1.7 × 101 3.8 3.2 × 10−4 1.6 × 102 −3.4
a) The applied strains and channel directions parallel (∥) and perpendicular (⊥) to the applied strains; b) The calculated electron mobility of the devices averaged from five
devices within three batches.
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Figure 4. Experimental result for hard/tender WAXS experiment on P3BT and P3OT polymer thin films under various true strains. Representative 2D
scattering patterns and characteristic crystallographic peaks of P3BT and P3OT from a) hard and c) tender WAXS. Herman’s orientation parameter f
versus strain based on (100) peak of P3BT and P3OT from b) hard and d) tender WAXS.

to the previously reported behavior for P3HT,[61 ] but remained
nearly constant for P3BT. This discrepancy can be attributed to
the frozen nature of the chains in P3BT, which hinders their
alignment. Moreover, the charge transport along the polymer
main chain exhibited significantly better performance compared
to the 𝜋–𝜋 intermolecular transport. The intricate mechanism be-
hind chain alignment will be further investigated in the subse-
quent section. The changes in charge transport did not exhibit
significant differences between rigid and soft stretchable CPs,
highlighting the substantial potential of rigid stretchable CPs for
future applications. The threshold voltage was found to be over-
all similar for both P3BT and P3OT. However, the on/off ratio of
P3BT was observed to be lower compared to P3OT. This differ-
ence can be attributed to the higher homo energy level of P3BT,
which makes it more sensitive to the doping effect caused by
oxygen/water.[62–64 ]

The deformation mechanism difference between glassy P3BT
and viscoelastic P3OT was then investigated using a comprehen-
sive set of characterization methods to fully understand the de-
vice performance. The detailed procedure for sample preparation
can be found in the Supporting Information. In summary, thin

films of stretched CPs with a thickness of ≈60 nm were subjected
to stretching using a pseudo-free-standing tensile tester. Subse-
quently, these strained free-standing films were transferred onto
a washer’s frame to facilitate further characterization (Figure
S12a, Supporting Information).

Wide-angle hard X-ray scattering (Hard WAXS) was con-
ducted to investigate the alignment of crystallite domains.[65 ]

The measurements were performed in transmission geome-
try, with the X-ray beam perpendicular to the sample plane.
The samples were mounted in a manner that aligned the
stretching direction horizontally with the polarization direc-
tion of the beam (Figure S12b, Supporting Information). As
a result, the equatorial and meridian directions corresponded
to the parallel and perpendicular directions to the stretching
axis, respectively. Detailed information about the characteriza-
tion methods can be found in the Supporting Information. The
2D scattering patterns of the samples under different strain
conditions are shown in Figure 4a, accompanied by the cor-
responding 1D scattering profiles and pole figures shown in
Figure S13,S14, Supporting Information. The results were pro-
cessed using Python code according to a previous literature
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Table 2. Crystallographic information for P3BT and P3OT extracted from wide-angle hard X-ray scattering.

𝜖T Equatorial direction Meridian direction

(100) (010) (100) (010)

(100) peak q
[Å−1]

FWHM [Å−1] 𝜏 [Å] (010) peak q
[Å−1]

(100) peak q
[Å−1]

FWHM [Å−1] 𝜏 [Å] (010) peak q
[Å−1]

P3BT 0 0.47 0.10 7.7 1.65 0.47 0.10 7.98 1.64

10% 0.47 0.10 7.3 1.65 0.47 0.10 7.93 1.65

18% 0.47 0.11 7.1 1.64 0.47 0.11 7.27 1.62

34% 0.49 0.25 3.2 1.67 0.47 0.10 7.48 1.63

47% 0.48 0.23 3.5 1.66 0.47 0.12 6.49 1.65

P3OT 0 0.30 0.04 17.1 1.66 0.30 0.04 17.3 1.65

18% 0.30 0.04 17.4 1.63 0.30 0.04 17.3 1.64

34% 0.30 0.04 17.2 1.64 0.30 0.04 17.3 1.64

47% 0.30 0.07 10.8 1.65 0.30 0.04 17.3 1.64

59% 0.30 0.06 12.6 1.65 0.30 0.04 17.3 1.63

a) The coherence length 𝜏 is calculated by the Scherrer equation: 𝜏 = (K × 𝜆)/(𝛽 × cos𝜃), where K = 0.9, 𝜆 = 0.77 Å for X-ray energy of 16.1 keV, 𝛽 is the FWHM, and 𝜃 is
the Bragg angle.

report.[66 ] Key parameters including peak position (q), full width
at half maximum (FWHM), and coherence length (𝜏) extracted
from the WAXS measurements are summarized in Table 2.
Three representative peaks can be observed on the 2D patterns
as illustrated in Figure 4a: the lamellae packing peak (100), the
𝜋–𝜋 stacking peak (010), and an amorphous halo. P3BT showed
a smaller lamellar packing distance (13.4 Å) compared to P3OT
(20.9 Å) due to its shorter side chain. Upon stretching, the peak
position of the (100) peak for both polymers showed only a slight
change, indicating an unchanged packing distance. For P3BT, the
(100) peak was stated to exhibit anisotropy at 𝜖T = 34%, signify-
ing the initiation of crystallite orientation/rotation. Concurrently,
the coherence length along the equatorial direction experienced
a significant decrease from 𝜖T = 34%, indicating the deformation
of crystallite domain parallel to the strain direction. In contrast,
for P3OT, the (100) peak began to exhibit anisotropy at an earlier
strain of 𝜖T = 18%, while the coherence length started to decrease
from 𝜖T = 47%, suggesting the initiation of crystallite rotation at
the smaller strain but large deformation occurring at 𝜖T = 47%.

2D Herman’s orientation parameter f for the (100) peak was
then calculated based on the pole figures (Figure S14, Supporting
Information) to quantify the degree of alignment, following the
method described in a previous report (Figure 4b).[37 ] The values
of f for P3BT and P3OT started to increase at 𝜖T = 34% and 𝜖T =
18%, respectively, which aligned well with the observations from
the 2D images shown. At 𝜖T = 0.47, f increased by 0.23 for P3BT
but 0.34 for P3OT. The larger increase in f for P3OT indicates a
higher degree of alignment of the crystalline domain, attributed
to the greater chain flexibility of the viscoelastic polymer. Small-
angle hard X-ray scattering (SAXS) was also performed to inves-
tigate the crystallite distance (Figure S15, Supporting Informa-
tion). However, no peak was observed, probably due to a low de-
gree of crystallinity. As a result, the spacing between crystals falls
outside the q range probed by the measurement, similar to pre-
vious observations for DPP-based donor–acceptor polymers.[37 ]

The alignment of the 𝜋–𝜋 stacking peak and the amorphous halo

is discussed in Figure S16, Supporting Information. Based on
the findings from hard X-ray scattering, we can conclude that
there is no crystallite domain alignment for P3BT at initial strain,
whereas crystalline rotation contributes to the strain at first and
crystallite deformation joins after 𝜖T = 47% for P3OT. Addition-
ally, we performed in situ hard WAXS to stretch CP films under
the same beamline (Figure S17–S20, Supporting Information).
The peak position almost kept constant upon stretching, indicat-
ing the film relaxation did not influence the study of the deforma-
tion mechanism (Figure S18e,f, Supporting Information). How-
ever, FWHM did not change at the strain of 50% either, which
was different from the ex situ experiment. We attributed this dif-
ference to the variation in the thickness of the materials, which
was thin-film for ex situ experiment and bulk for in situ experi-
ment. The crystallite structure under a thin-film state was easier
to break due to less entanglement.

Wide-angle tender X-ray scattering (tender WAXS) was con-
ducted using X-ray energy near the sulfur K-edge (≈2.47 keV) to
specifically detect the backbone orientation in the crystalline re-
gions of the CPs.[37,67–69 ] The backbones of CPs are crucial for
charge transport due to the conjugated structure. Given the in-
herent difference in rigidity between the backbone and sidechain
of CPs, we hypothesize that there may be distinct alignment be-
haviors between the backbone and the entire polymer chains. As
the energy was scanned across the sulfur K-edge (2.46–2.5 keV),
scattering patterns were recorded. The background intensity vari-
ation at different energies, shown in Figure S21, Supporting In-
formation, originates from the fluorescence of sulfur atoms. The
fluorescence signal exhibits a plateau below 2.47 keV and a sharp
increase for both polymers at 2.476 keV. The maximum of the
fluorescence signal was reached at 2.478 keV, which is usually
close to the energy where the sulfur atoms contribute optimally
to the scattering signal. Characteristic 2D scattering patterns and
corresponding 1D plots along equatorial and meridian directions
under an X-ray energy of 2.478 keV are shown in Figure 4c and
Figure S22–S26, Supporting Information. Due to the restricted
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Figure 5. Whole chain alignment study from polarized UV–vis spectroscopy. UV–vis absorption plot at different wavelengths for a) P3BT and b) P3OT
under various strains. c) Herman’s orientation parameter f under strain.

high q range accessible with tender X-ray, only the (100) peak
could be easily measured in this work. The fluorescence of sulfur
was too strong as the background at the sulfur K-edge (≈2478 eV),
which hindered the lamellar peak. Consistent with the findings
from hard X-ray scattering, P3BT exhibited higher q values for
lamellae packing peak and a shorter packing distance compared
to P3OT, attributable to its shorter side chains. Similar to the hard
X-ray analysis, Herman’s orientation parameter f at five energies
from 2.470 to 2.478 keV was obtained from pole figures (Figure
S25,S26, Supporting Information) of both polymers, as summa-
rized in Figure 4d and Figure S27, Supporting Information. The f
value obtained at 2.470 keV, away from the edge, closely matched
the value extracted from the hard X-ray scattering experiments,
as no resonant effect was present. From 2.470 to 2.474 keV, the f
value gradually decreased. At 2.478 keV, the backbone orientation
signal predominated. For P3BT, f remained almost unchanged
upon stretching, suggesting the absence of backbone orienta-
tion in the crystallites. Conversely, for P3OT, a slight increase in
f indicated less pronounced chain slippage behavior, consistent
with our previous findings for low-Tg DPP-based CPs.[37 ] Conse-
quently, while noticeable backbone alignment in the crystalline
regions was observed in viscoelastic CPs, it was limited in glassy
CPs. For both P3BT and P3OT, fs from tender X-ray scattering are
much lower than those from hard X-ray scattering, indicating the
backbone orientation is smaller than the whole chain orientation
due to the limited mobility of conjugated structures.

Polarized UV–vis was used to study the overall polymer back-
bone alignment combining crystallite region and amorphous
chain. This technique enables the examination of the combined
alignment of the crystalline regions and amorphous chains when
the transition dipole moment (𝜋–𝜋*) is parallel to the long axis of
the polymer backbone.[70 ] The normalized absorption spectrum
of strained P3BT and P3OT thin films under strain are plotted
in Figure 5a and Figure 5b, respectively. The 0→0 and 0→1 tran-
sition occurred at ≈591 and ≈499 nm, respectively. 0-0 absorp-
tion peak was favorable along the strain direction, attributed to
polymer long-axis alignment.[61 ] To quantify the anisotropy, the
dichroic ratio, R, was calculated using the following equation

R =
A∥

A⊥
(1)

where A∥ and A⊥is the 0-0 peak absorbance of the film with po-
larized light parallel and perpendicular to the strain direction, re-

spectively. Then, Herman’s orientation parameter f can be deter-
mined

f = R − 1
R + 1

(2)

Surprisingly, Herman’s orientation parameter, f, exhibited
similar behavior for both P3BT and P3OT, suggesting that the Tg
did not significantly affect the alignment of the entire polymer
chain during stretching (Figure 5c). Notably, f showed a grad-
ual increase throughout the stretching process, albeit to a lim-
ited extent. This trend aligns with our previous findings in DPP-
based polymers,[37 ] indicating that polymer chain alignment oc-
curs throughout the deformation process but with relatively low
anisotropy. In the case of P3BT, where crystallite alignment was
initially limited, the alignment of the amorphous chains played a
significant role in the initial deformation (𝜖T < 0.18). On the other
hand, P3OT exhibited a distinction between crystallite and overall
chain alignment, suggesting that both crystalline and amorphous
regions contributed to the deformation process. Therefore, the
limitation in alignment was primarily observed in the crystallite
domain for glassy CPs. Additionally, we also investigated polar-
ized UV–vis spectroscopy for samples supported by PDMS, and
the results are presented in Figure S28, Supporting Information.
For more details, please refer to the Supporting Information.

In addition to the experimental investigations, we utilized CG-
MD simulation to gain further insights into the impact of mea-
surement temperature on the mechanical behaviors and chain
alignment upon thin-film deformation (Figure 6 and Figure S29–
S32, Supporting Information). Our CG model utilized a “bead-
spring” representation of the polymer, incorporating a branched
chain structure to capture the essential structural characteristics
of CPs. Specifically, the CG model consisted of a linear backbone
chain (represented by pink beads), with each backbone bead con-
nected to an alkyl side chain (represented by blue beads) to sim-
ulate the alkyl groups (Figure 6a). Figure 6b shows a snapshot of
free-standing thin film simulations using the CG model. The ef-
fect of side-chain length on thermomechanical behavior was first
simulated, which is discussed in detail in Supporting Informa-
tion. The result agreed reasonably well with experimental data.
The orientation of polymer chains was evaluated by calculating
the orientation parameter f of the thin film system[37,71 ]

f =
⟨3

2
cos2𝜃 − 1

2

⟩
(3)
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Figure 6. Amorphous component alignment study from CG-MD simulation. a) Schematic illustration of CG polymer model with branched
side-chain. b) Snapshot of the CG free-standing thin film. c) Schematic of a single polymer chain with a defined angle between the bond
orientation and tensile direction. d) Average orientation parameter (left y-axis) and end-to-end distance (right y-axis) versus strain for two
representative T.

where 𝜃 is the angle formed by the bond vector connecting two
consecutive backbone CG beads relative to the deformation direc-
tion, and the bracket denotes the ensemble average over all bond
vectors (Figure 6c). Furthermore, we calculated the end-to-end
distance of the polymer backbone to gain a deeper understand-
ing of the chain orientation. Figure 6d shows clear evidence that,
as the tensile strain increased, the polymer chains exhibited a
greater tendency to align along the deformation axis, resulting in
a higher orientation parameter, accompanied by the increase in
the end-to-end distance of the polymer chains. To explore the lo-
cal orientation distribution, we further generalized Equation (3)
to evaluate the local orientation parameter based on individual
bond vectors in the thin film system. The probability distribu-
tions of local orientation parameters upon deformation for dif-
ferent T are presented in Figure S31a, Supporting Information.
In all cases, a Gaussian-like distribution was observed, with the
peak gradually decreasing and shifting toward higher values, in-
dicating a propensity for backbone orientation in the direction
of strain. A similar trend was observed for the end-to-end dis-
tance distribution, as shown in Figure S31c, Supporting Informa-
tion. It is worth noting that both f value and end-to-end distance
at each strain were nearly independent of temperature (Figure
S30,S31b,d, Supporting Information), which was also consistent
with the above experimental observation that the Tg of CPs did
not show direct influence on the chain alignment under strain.
This observation aligns with the experimental finding, indicating
that the Tg of CPs does not directly influence entire chain align-
ment under strain.

By combining the findings from both experiments and simu-
lations, we can elucidate the deformation mechanisms of glassy
P3BT and viscoelastic P3OT. In the case of glassy P3BT, dur-
ing the initial stage of deformation (𝜖T < 0.18), only the orien-
tation of the amorphous chains contributed to the overall de-
formation process. Subsequently, the crystalline domains expe-
rienced breaking, rotation, and alignment, as evidenced by the
decreased coherent length and increased orientation parameter
(f) values for the lamellar stacking peak, 𝜋–𝜋 stacking peak, and
amorphous halo. The amorphous domain within P3BT serves as
tie chains (bridging chains) between crystallite domains. It is re-
ported that the high content of tie chains in the amorphous do-
main plays a crucial role in facilitating charge transport due to the
difficulty of charge transport between ordered regions.[72 ] There-

fore, with amorphous domains alignment within 𝜖T < 0.18, the
charge mobility increased. Upon further stretching, the crystal-
lite domain begins to align resulting in higher charge mobility.
In contrast, for the viscoelastic polymer P3OT, both the align-
ment of lamellar structures and the amorphous chains played
significant roles throughout the entire deformation strains. The
alignment of crystals is known to facilitate charge transport along
the direction parallel to the stretching direction, whereas crystal
deformation can sometimes have a negative impact on charge
mobility.[61 ] In the case of P3OT, both crystal alignment and crys-
tal deformation occur. Interestingly, the charge mobility contin-
ues to increase in a parallel direction but decreases in a perpen-
dicular direction indicating crystal alignment somehow overcom-
pensates for the crystal disruption in P3OT. In a previous study,
the Salleo Group found that short-range intermolecular aggre-
gation is sufficient for charge transport.[73 ] Based on this un-
derstanding, we deduce that the deformed crystals are still large
enough to support charge transport. This behavior is consistent
with what has been observed in viscoelastic DPP-based polymers
previously studied.[37 ]

To verify the universality of our observations, we selected
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) as another
deformable glassy CP with a high Tg of 111.6 °C (Figure 7a). The
stress–strain behavior of F8BT is shown in Figure 7b, with a crit-
ical strain (COS) of ≈20% and a similar high elastic modulus of
1807 MPa compared to P3BT. The same morphology characteri-
zation methods were used for F8BT. However, unlike P3BT, F8BT
did not show the 0-0 aggregation peak at 540 nm in UV–vis spec-
tra as reported.[74 ] Therefore, we focused on evaluating the chain
alignment mechanism of F8BT using wide-angle hard/tender X-
ray scattering. The results are shown in Figure 7c and Figure
S33–S39 and Table S5, Supporting Information. We found the
thin film broke without any crystallite alignment and deforma-
tion for F8BT, resembling the initial deformation region observed
in P3BT. The earlier breakage in F8BT may be attributed to the
difficulty in aligning the crystalline region, primarily influenced
by intra/inter-crystallite interaction strength and a reduction in
the number of entanglements/tie-chains. It is important to note
that if there is a sufficient amorphous domain allowing for the
rotation of crystallite domains, rigid CPs can exhibit stretchabil-
ity. However, if the amorphous domain is insufficient, the CPs
tend to be brittle.

Adv. Funct. Mater. 2023, 2306576 © 2023 Wiley-VCH GmbH2306576 (8 of 11)
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Figure 7. a) Molecular structure for glassy F8BT. b) True stress–strain curves for F8BT. c) Representative 2D scattering patterns and characteristic
crystallographic peaks of F8BT from hard and tender WAXS. d) Herman’s orientation parameter f versus strain based on (100) peak of F8BT from hard
and tender WAXS.

3. Conclusion

Our study focused on the mechanical performance of 65 different
CPs with the aim of assessing their suitability for stretchable elec-
tronics applications. Contrary to common assumptions, we dis-
covered that the rigidity of a CP does not necessarily determine its
deformability. In fact, our results suggest that even rigid, glassy
CPs exhibit promising characteristics for stretchable electronics.
To gain deeper insights into the mechanical behavior, electrical
properties, and chain alignment mechanisms of these unique
glassy CPs, we conducted a comprehensive analysis focused on
a model CP called P3BT, as well as its viscoelastic counterpart,
P3OT. Our investigation revealed an intriguing feature in P3BT,
namely an additional yielding and strain-softening region com-
pared to P3OT. Remarkably, this difference did not significantly
impact the charge mobility of the stretched CPs. By employing
a combination of wide-angle hard/tender X-ray scattering, polar-
ized UV–vis, and CG-MD simulation techniques, we scrutinized
the chain alignment mechanism of these CPs. The results un-
covered a key disparity between P3BT and P3OT, primarily in
their initial strain behavior. In the case of P3BT, the deforma-
tion was predominantly facilitated by the slipping of amorphous
domains, attributed to its frozen chain nature at room tempera-
ture, for the first 18% strain. In contrast, both amorphous chain
and crystallite rotation played a role in the deformation of P3OT.
Overall, our study provides a comprehensive understanding of
the stretchability of glassy CPs and challenges the conventional
notion that only flexible CPs are suitable for wearable electronics.
These findings underscore the great potential of even rigid CPs

in the realm of wearable electronics and offer valuable insights
for the design and development of future stretchable electronic
devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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