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SUMMARY

Conjugated terpolymers emerge as promising candidates to develop wearable and stretchable electronics
for the merits of mechanical stretchability and high charge mobility. Despite their potential, backbone struc-
tural diversity causes significant variability and limited predictability in their electrical stretchability, hindering
their rational design. Here, we report a rational design on the backbone structure for high-performance
stretchable terpolymers. We study a novel group of terpolymers, DPP-mSe-nTz, with varying ratios of two
co-monomer units. The frontier molecular orbital exhibits higher delocalization length with the increased
ratio of DPP-Se segments. Accordingly, terpolymers with extended frontier molecular orbital exhibit superior
electrical performance under strain. The optimized terpolymer (DPP-75Se) exhibits high hole mobility of
0.29 cm? V' s and high retention of 28% under 100% strain. Combining observation on the morphology
evolution and computational analysis of charge transport, we propose a comprehensive understanding of

frontier molecular orbital delocalization in enhancing the electrical stretchability of terpolymers.

INTRODUCTION

Intrinsically stretchable polymer semiconductors hold immense
promise for advancing next-generation wearable electronics,
enabling the development of ultra-efficient, flexible, and minia-
turized devices that seamlessly integrate with the human
body."” These advancements are poised to drive innovations
in healthcare,®> ' human-machine interaction,’>'” and the
Internet of Everything.'®'® Most semicrystalline polymer semi-
conductors, characterized by linearly extended = units, exhibit
planarity and strong inter-molecular interactions.?%?" The inten-
sive n-n interactions between molecules facilitate co-facial
stacking, resulting in long-range ordered structures that ensure
efficient charge transport within conjugated polymer films. How-
ever, this structural rigidity also limits their stretchability and
ductility, creating a fundamental challenge in simultaneously
achieving high stretchability and efficient charge-transport
performance.

To impart stretchability by molecular engineering, an emerging
strategy is to construct a polymer backbone with alternating
building blocks. Early efforts introduced flexible non-conjugated
segments, such as alkyl and alkoxy groups, into the polymer
backbone as conjugation break spacer.’’?° This approach

was found to lower the crystallinity and elastic modulus of con-
jugated polymer thin films and thus enhance their stretchability,
albeit at the expense of charge-transport performance. The
trade-off originates from the disruption of the regular, planar
chain conformation by these single-bond linkages, which inter-
rupts the continuous n-conjugated pathway along the backbone.
To mitigate the detrimental impact of non-conjugated units on
backbone conjugation, fused-ring motifs, such as indacenodi-
thiophene and spirofluorene derivatives, were subsequently pro-
posed as structural replacements.?”*® This strategy enables
improved mechanical compliance while better preserving
charge-carrier mobility. Based on this, the terpolymer strategy
was proposed, incorporating three conjugated units to form
randomly co-blocked terpolymers.°° This method has shown
potential in reducing backbone regularity while maintaining the
extended conjugated structure, which can simultaneously
enhance stretchability and preserve charge-transport efficiency.

Despite the progress, the diversity in backbone structure leads
to significant variability and limited predictability in the electrical
stretchability, hindering the rational design of stretchable ter-
polymers (Table S1). Two critical issues persist: (1) selecting
appropriate co-monomer units and (2) optimizing the ratio of
monomer units to achieve the desired balance between
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(A) Chemical structure of the terpolymer based on DPP, selenophene, and bithiazole.
(B) Calculated ionization energy of methyl-substituted selenophene and methyl-substituted bithiazole.
(C) Optimizing the electrical stretchability in terpolymers by elucidating the synergistic impact of microstructure and electronic structure.

electrical performance and stretchability. This is because no
other indicator has been proposed for understanding the perfor-
mance of terpolymers apart from their improved mechanical
stretchability.?”?°°"-3? |nstead, terpolymers were developed by
a trial-and-error method. Here, we assume that frontier molecu-
lar orbital (FMO) of the terpolymers is a critical indicator for un-
derstanding the electrical performance, as it has a pivotal role
that determines the charge transport on the molecular scale.
Recent advancements in photovoltaic devices reveal that the
electronic structure of terpolymers is highly influenced by molec-
ular structure,®**® which significantly determines the device
performance. However, when designing terpolymers for stretch-
able electronics, the impact of electronic structure has not been
well understood. Documented research primarily focused on
reducing the crystallinity in ternary conjugated polymer films,
attributing the performance retention merely to microstructural
optimization.?” The relationship between microstructure, elec-
tronic structure, and charge-transport properties in terpolymers
is not yet fully understood, complicating the selection and quan-
titative modulation of conjugated units. Furthermore, the confor-
mational changes under strain significantly impact charge trans-
port,®"3° making it difficult to predict the electrical performance
of terpolymer films during deformation. Therefore, a deeper un-
derstanding of the interplay between terpolymer backbone and
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overall properties is essential for advancing the design and syn-
thesis of intrinsically stretchable high-performance polymer
semiconductors.

In this work, we propose a rational design strategy to obtain
high-performance stretchable semiconductors by backbone en-
gineering toward extended FMO. Based on the terpolymer strat-
egy, we design and synthesize terpolymers comprising diketo-
pyrrolopyrrole (DPP) flanked by two thiophenes, selenophene
(Se) and bithiazole (Tz), as model compounds. To tailor the back-
bone packing order and electronic structure, we quantitatively
modulate the ratio of two types of co-monomer units in DPP-
based terpolymers (Scheme 1). Ultraviolet-visible (UV-vis) spec-
troscopy, atomic force microscopy (AFM), and grazing-inci-
dence wide-angle X-ray scattering (GIWAXS) are combined to
probe the microstructural characteristics of the terpolymers.
Additionally, quantum chemical calculations are carried out to
explore the electronic structure of the terpolymers. The synergis-
tic impact of electronic structure and microstructure on the elec-
trical performance of terpolymers under strain is explored via
stretchable organic transistors and computation. We reveal
that the extended delocalization of highest occupied molecular
orbitals (HOMOs) is vital for improving electrical stretchability
in DPP-mSe-nTz terpolymers, and it can be modulated by con-
trolling the ratio of DPP-Se segment. The optimized terpolymer
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Figure 1. Calculated electronic structure of

the representative oligomers

(A) Molecular structures of DPP-100Se, DPP-
75Se, DPP-50Se, DPP-25Se, and DPP-Tz after
optimization. The conjugated backbone and the
highest occupied molecular orbital (HOMO) iso-
surface with a value of 0.014 ag 2 is shown in each
structure. The lowest unoccupied molecular
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orbital (LUMO) isosurface is shown in Figure S1.
D (B) Degree of delocalization (Dge)) of the HOMO

state as a function of fraction of DPP-Se segment
in the oligomers.
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[ HOMO (eV) (C) Energy levels of the HOMO and LUMO of DPP-
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(D) Schematic demonstrating the dependent Dge
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(DPP-75Se) exhibits high hole mobility of 0.29 cm? vV~ s~" and
superior electrical stretchability compared to other terpolymers,
demonstrating that high charge mobility and electrical stretch-
ability can be achieved by tuning the FMO delocalization length.

RESULTS

Molecular design

In this work, we prepared a series of DPP-based terpolymer
semiconductors with varying fractions of selenophene and bi-
thiazole. The selection of these building blocks is guided by
the following considerations. (1) The parent donor-acceptor
conjugated polymer DPP-Se, constructed from DPP units
flanked with two thiophenes and one selenophene, exhibits
favorable inter- and intra-molecular charge transport due to its
coplanarity.*®*" The high polarity of selenium facilitates strong
interactions between selenium-containing moieties and oxygen
in DPP units, resulting in a more planar backbone conformation
that supports efficient charge transport.*” However, such high
co-planarity also leads to strong aggregation at the microscopic
scale, reducing resilience under stretching and limiting electri-
cal stretchability. (2) Incorporating bithiazole into the backbone
to partially replace selenophene will (1) reduce structural regu-
larity due to the differing ring sizes and (2) serve as an electronic
equivalent to selenophene, given their comparable electron-
donating effect.**>** This is confirmed by their similar ionization
energies. As shown in Scheme 1, the calculated (via density
functional theory [DFT] ASCF at PBEO/def2-tzvp level) ioniza-
tion energies of methyl-substituted selenophene and methyl-
substituted bithiazole are 6.71 eV and 6.79 eV, respectively.
The terpolymers were labeled as DPP-100Se (100 mol %
selenophene and 0 mol % bithiazole), DPP-75Se, DPP-50Se,
DPP-25Se, and DPP-Tz (100 mol % bithiazole and 0 mol % se-
lenophene), according to the stoichiometric ratios of the chem-

The impact of backbone engineering on
the electronic structure was studied via
computational method. Density functional theory (DFT) was
used to estimate the FMOs of the five polymers. We constructed
oligomers with 4 units as prototypes of the polymer segment,
with the number of DPP-Se units ranging from 4 to 0 (i.e.,
when the number of DPP-Se segments is 4, the number of
DPP-Tz segments is 0, and so forth). The side chains
(-CH,CHCgH17C1oH»>1) were simplified as methyl for calculation
efficiency. We used PBEO functional and def2-tzvp basis set to
perform the DFT calculation via the versatile object-oriented
toolkit for coarse-graining applications (VOTCA) with the ORCA
package.*°*® The optimized geometry and HOMO with isosur-
face value of 0.014 ag® is shown in Figure 1A.

The extension of HOMO is quantized by the degree of delocal-
ization (Dge)), Which is estimated from the radius of gyration of
molecular orbital (RY°) and geometry (R"), where Dy =
Rg"o/Rgpt. As shown in Figure 1B, Dgyq of the terpolymers differs
significantly as ratios of the two co-monomer units vary. The
DPP-100Se and DPP-Tz polymer exhibit HOMO isosurface
across the entire backbone, demonstrating similar Dy of 0.66
and 0.70, respectively. For the terpolymer, the Dge of the
HOMO varies significantly with the number of selenophene and
bithiazole units. As the number of selenophene units decreases
from 3 to 1, the Dgye of the HOMO decreases linearly, with the
electron mainly localized on the DPP-Se units. Thus, the intro-
duction of the DPP-Tz unit disrupts the conjugation of the
HOMO, which is likely attributed to the higher HOMO energies
of the DPP-Se units. According to the calculations (Figure 1C),
the HOMO energies of methyl-terminated DPP-Se and DPP-Tz
monomers —5.13 eV and —5.42 eV, respectively. Upon incorpo-
ration into continuous chains, the HOMO is predominantly local-
ized on the DPP-Se units. Thus, the Dy of the HOMO is related
to the extension of DPP-Se segment. As a summary, the syner-
gistic impact of energy levels of building blocks and backbone
engineering on the Dgyg, of terpolymers is illustrated in Figure 1D.
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Synthesis and characterizations

The terpolymers are obtained via Pd-catalyzed Stille coupling
polymerization. The synthesis procedure is illustrated in
Scheme S1 in supplemental methods. The results of elemental
analyses and NMR spectra further confirm that the structures
of the synthesized molecules were consistent with the expected
compositions, with a positive correlation between the increase in
the proportion of the Tz component and the proportion of N con-
tained in the corresponding materials (Table S2 and Figures S3-
S6). Especially, the characteristic peaks near 8.00 ppm corre-
spond to two hydrogen atoms on the Tz ring, whose intensity
and integral area exhibit significant response to variations in se-
lenium content. High-temperature gel-permeation chromatog-
raphy and thermogravimetric analysis results reveal that the
five polymers exhibited similar molecular weight, dispersity,
and thermal stability (Figure S7 and Table S2). All the polymers
exhibited similar number average molecular weights (M,) of
around 50 kDa and close decomposition temperature of
350°C, which is beneficial for device processing and perfor-
mance evaluation.

The optoelectrical properties of terpolymers were examined
using UV-vis absorption spectroscopy and cyclic voltammetry
measurements. As shown in Figure 2A, in both solution and
film states, all the polymers exhibit a dual-band absorption,
with identical absorption at the high-energy band (300-500 nm)
and distinct absorption at the low-energy band (600-
1,000 nm).*® Two obvious shoulder peaks are observed in the
lower band (43, marked as blue dashed line) and higher band
(A4, marked as red dashed line) near the main absorption of
770 nm for DPP-100Se and DPP-Tz, respectively. As the fraction
of selenophene increases from 25% to 75%, a gradual increase
of 14 is observed along with decreased /A3, indicating a quantita-
tive change of Se and Tz moieties within the backbones. Energy
levels of HOMO and lowest unoccupied molecular orbital
(LUMO) were estimated by cyclic voltammetry (Figures S8 and
S9). The measured HOMO energy level of the five polymers
ranges from —5.6 to —5.3 eV, typical for DPP-based polymers
(Figure 2B and Table S3).

Reduced crystallinity of terpolymers

To investigate the influence of backbone structures on the over-
all crystallinity and packing ordering of polymers, GIWAXS was
applied to the polymer films. Detailed information about the ex-
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periments is provided in the supplemental information. As shown
in Figures 3A and S10, all the polymer films demonstrate edge-
on dominated packing ordering, identified by signal of lamellar
packing (h00) out of plane. Note that in DPP-100Se film, a board
signal of (010) indicates that a minority of face-on domains co-
exist. AFM also confirms that all the polymer films exhibit aggre-
gated morphology. As shown in Figures S12 and S13, the topog-
raphy of all five polymer films displays pronounced aggregation
features with characteristic width of about 170 nm and similar
roughness. This morphology indicates a semicrystalline struc-
ture in these DPP-xSe films, which is typical for conjugated poly-
mers. DPP-100Se and DPP-Tz films demonstrate progress of
(h00) peaks with high intensity and a well-recognized (010)
peak of n-n stacking at g = 1.7 A=, These results indicate
long-range backbone packing within both films. This ordered
packing can be tailored by tuning the backbone regularity, as
confirmed by the declining crystallinity and crystalline domain
size in terpolymer films. With the decrease of the fraction of
DPP-Se segment, the relative degree of the crystallinity (rDoc)
demonstrates a parabolic trend, reaching its lowest value at
DPP-50Se. Meanwhile, the domain size of the crystalline region
is estimated from the (100) peak according to the Scherrer equa-
tion.>° Compared to the corresponding donor-acceptor (D-A)
polymers, terpolymers exhibit smaller domain size along the
lamellar packing direction (around 9 nm). Among the terpoly-
mers, DPP-75Se exhibits the smallest domain size of 7 nm on
average. This indicates that in chlorobenzene, DPP-Tz segments
find it easier than DPP-Se segments to form ordered aggregates.
When a small fraction (25%) of bithiazole moiety is incorporated,
the crystallization of the DPP-Se segment is disrupted and only
short-range aggregates can be formed, as identified by the
(100) signal in the GIWAXS pattern (Figure 3A). In this case, the
crystalline domain exhibits a packing manner identical to that
of DPP-100Se. As the fraction of DPP-Tz segments increases
further, repeated segments of DPP-Tz tend to aggregate into
larger sizes. The profile of GIWAXS demonstrates a clear evolu-
tion of the (h00) with the fraction of DPP-Se segment (Figure 3B).
The molecular packing of polymers was also investigated, as
shown in Figures 3C and S11. DPP-Tz and DPP-100Se exhibit
n-n stacking distance with the value of 3.64 Aand3.77A, respec-
tively. Interestingly, n-n stacking distance in the terpolymers
demonstrates a parabolic distribution instead of a linear distribu-
tion. Terpolymers are anticipated to pack in the manner of D-A
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Figure 3. Impact of the backbone structures on the microstructure of polymer films

(A) GIWAXS patterns of polymer films DPP-100Se, DPP-75Se, and DPP-Tz. The GIWAXS pattern of polymer DPP-50Se and DPP-25Se are displayed in
Figure S10. Lamella packing signals (200) are marked by red dashed ellipses. n-n stacking signals (010) are marked in white.

(B) Out-of-plane profiles of the corresponding GIWAXS patterns. Intensity is integral of area with y = —10° to 10°. Inset image is the in-plane profile of DPP-Tz with

integral of area with y = 80°-90°.

(C) (Left) Relative degree of the crystallinity (rDoc), (middle) domain size of the crystalline region in the direction of lamellar packing direction, and (right) n-x
stacking distance of the five polymers as a function of the fraction of DPP-Se segment. The rDoc value was extracted by calculating the peak integral of (100) and
the peak integral near g = 1.4 A for amorphous region (rDoc = A+go/Aamorphous)-

(D) Schematic of the crystalline domains and the corresponding molecular packing order in the D-A polymer and terpolymer.

polymers. However, owing to the steric effect between alter-
nating units in co-facial stacked chains, as illustrated in
Figure 3D, terpolymers exhibit larger n-n stacking distance
than D-A polymers. These results confirm that an irregular back-
bone is the origin of lower crystallinity and short domain size in
terpolymer films.

To study the mechanical compliance of their crystalline re-
gions, i.e., chain mobility, GIWAXS experiments were conducted
on the stretched films (Figure 4A). When subjected to tensile
strain, polymer chains with higher mechanical compliance are
easier to slide over to dissipate the stress, rather than breakage
of the crystalline domain®'~* (Figure 4B). Therefore, alignment of
polymer backbone can be used to compare the flexibility of
chains. To compare the strain-induced alignment of the crystal-
line domain, the incident light was aligned parallel and perpen-
dicular to the stretching direction (Figures 4C and S15). To
ensure that all the investigated films are under comparable ten-
sile stress while similar strain is applied, we keep the five polymer
films under similar crack onset strain (COS) by controlling the
molecular weight (Table S2). As shown in Figure S14, all five films
demonstrate similar COS (70%-80%). Figures 4C and S15 show
the GIWAXS pattern of stretched DPP-mSe-nTz films. Anisot-
ropy ratios of the (100) peak area in the two directions were
calculated to quantify the chain alignment (Figure 4D).
Compared to DPP-100Se and DPP-Tz, all the terpolymers
demonstrate a higher anisotropic ratio after being stretched to
50% and 100% strain. Among them, DPP-75Se exhibits the

highest anisotropy, likely due to the smaller domain size. When
applied to 50% strain, DPP-75Se demonstrates a high aniso-
tropic ratio of 3.33, which increases up to 4.71 when stretched
to 100% strain. These results confirm that terpolymers exhibit
higher chain mobility than D-A polymers. Due to their different
chain mobility, the microstructure evolves differently to dissipate
the strain energy. When subjected to strain, crystalline domains
with large size tend to break to dissipate the strain energy, while
short-range ordered aggregates exhibit higher mobility to adjust
the tension and retain the ordered structure upon large strain.

Meanwhile, the lamellar packing distance (d-d spacing dis-
tance) in the terpolymers demonstrates a different trend
compared with the binary D-A polymers. As displayed in
Table 1, d-d spacing distance increased by ~0.7 Aand 1.1 A
in DPP-100Se and DPP-Tz, respectively, while the films were un-
der 50% strain, and this strain-induced expansion remained
obvious even upon strain increase to 100%. This observation
is consistent with other reported DPP-based binary conjugated
polymers under strain, which is thought to be the morphological
response of edge-on domains to the in-plane stretching
stress.®”*® In contrast, d-d spacing distance in the three terpoly-
mers decreased by ~0.5 A as the strain increased to 50%, and
this declining effect remained obvious even upon strain increase
to 100%. These results indicate that backbone rigidity has
remarkable influence on the morphological responses of do-
mains to stretching stress in terpolymer films and binary polymer
films.
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Figure 4. Impact of the terpolymer strategy on the microstructure of polymer films under strain

(A) Schematic illustrating GIWAXS analysis of the stretched semiconductors.

(B) Schematic illustrating the crystalline domains deformed in the stretched D-A polymer film and the terpolymer films, respectively.

(C) Images of the GIWAXS of polymer films under strain. 50% and 100% denote that the films were stretched to 50% strain and 100% strain. Para and per denote
that the incident light was parallel to and perpendicular to the stretching direction.

(D) Ratio of peak integral of (100) for the same sample when the incident light was parallel to and perpendicular to the stretching direction.

Electrical performance of the stretchable OFETs

To confirm the impact of Dgye of HOMO on the electrical perfor-
mance of all the terpolymers, we fabricated OFETs on rigid
and stretchable substrates. First, OFETs with a bottom-gate,
bottom-contact structure were fabricated on Si/SiO, substrates
to characterize the inherent electrical performance. Figure 5A
shows an optical image and the structure of the devices. As
shown in Figures 5B and 5C, all devices exhibited hole-dominant
transport characteristics, with on/off ratios exceeding 10° and
on-state current reaching 10 pA. These results indicate that
OFETSs using DPP-mSe-nTz conjugated polymers as the active
layer exhibit good performance. The device parameters are
summarized in Table S5. DPP-100Se exhibits the highest

mobility of 0.31 cm? V~! s™', while the OFET with DPP-Tz as
the hole-transporting layer shows a lower mobility of
0.080 cm? V=" s~'. Compared with DPP-100Se, DPP-75Se re-
tained a hole mobility of 93% (0.29 cm? V' s~7), while DPP-
50Se retained a hole mobility of 0.12 cm? V~' s~'. Further
increasing the bithiazole content to 75% led to a drastic reduc-
tion in the hole mobility of DPP-25Se to 0.020 cm? V' s~ Ac-
cording to previous research, the carrier mobility of ternary con-
jugated polymers is usually significantly attenuated compared to
its binary conjugated polymers. It is generally believed that this
performance degradation is caused by decreased crystallinity.**
However, the mobility observed among terpolymers in our study
shows different trends from rDoc obtained from GIWAXS

Table 1. Lamellar packing distance—d-d spacing distance, in angstroms—under strain in DPP-mSe-nTz polymer films

Strain = 50%

Strain = 100%

Sample Initial Parallel Perpendicular Parallel Perpendicular
DPP-100Se 21.22 21.97 21.92 22.00 21.50
DPP-75Se 20.92 20.45 20.41 20.50 20.40
DPP-50Se 20.97 20.65 20.51 20.60 20.45
DPP-25Se 20.40 20.0 19.76 20.09 20.01
DPP-Tz 19.94 21.03 20.75 20.70 20.07
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Figure 5. Electrical performance of the five polymers cooperating in field-effect transistors

(A-C) Electrical performance evaluated in rigid devices.

(A) Optical images of the devices on the Si/SiO, substrates and the illustration of the device structure.

(B) Mobility of the five polymers obtained from devices demonstrated in (A). For each polymer, mobility is averaged from three measurements in three devices with
channel length of 30 pm and channel width of 1,500 um. Data are presented as mean + standard deviation. Representative transfer curves for each polymer are
displayed in Figures S16-S21.

(C) Comparison of the typical transfer curves of the corresponding devices. Vps = —60 V.

(D-F) Electrical performance evaluated in fully stretchable OFETs.

(D) lllustration of the fully stretchable OEFT.

(E) Comparison of the transfer curves of stretchable OFETs employing different DPP-xSe terpolymer (left: DPP-25Se; middle: DPP-50Se; right: DPP-75Se) as the
semiconducting layers. For all the devices, the transfer curves were measured from 0% to 100% strain with interval of 20% strain, except for the DPP-25Se,
where the devices failed after being stretched to 40% strain. Vps = —60 V. Due to the difference in V4, drain current for the DPP-100Se device and the DPP-75Se
device was measured with Vg ranging from —60 to 10 V, while for other devices the drain current was measured with Vg ranging from —80 to 10 V.

(F) Mobility retention of DPP-xSe terpolymers with respect to the delocalization of HOMO under strain 40% (blue squares) and 100% (red squares). The cor-

responding transfer curves for each device under strain are displayed in Figure S22 and in (E). Detailed parameters are summarized in Tables S5-S9.

measurements, where the DPP-25Se exhibits comparable rDoc
with DPP-75Se but much lower charge mobility. This can be ex-
plained by the localized HOMO on the DPP-Se segment in DPP-
25Se, because the extending HOMO is advantageous both to
charge transport along the backbone direction and to inter-mo-
lecular transport. The stability of the terpolymers was also inves-
tigated (Figure S21). After storage in ambient environment for
5 months, all polymers exhibited degraded charge mobility.

Among them, DPP-100Se demonstrated the best stability, with
mobility of 55%.

The delocalization of HOMO also demonstrates significant in-
fluence on the electrical performance of terpolymers in stretch-
able OFETs. As illustrated in Figure 5D, fully stretchable OFETs
with bottom gate and top gate were fabricated to investigate
their electrical stretchability. The fabrication of the fully stretch-
able OFETs is detailed in the supplemental information. At initial
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Figure 6. Calculated mobility of oligomers
under strain-induced confirmation changes
(A) lllustration of charge transport in the strain-
induced terpolymers. Segments shift between
each other within adjacent packing chains.

(B) Co-facial stacking conformation under strain.
(C) The absolute value of calculated transfer integrals
of the pairs in (B) for the oligomers with the fraction of
DPP-Se segment ranging from 25% to 75%.

(D) Scaled mobilities of the pairs in (B) for the oligo-
mers with DPP-Se segment ranging from 25% to
75%. Mobilities of different conformations are
normalized to that of conformation (Bi) for each
ternary polymer. The absolute values of mobility are
listed in Table S3.
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state, all stretchable OFETs display nearly hysteresis-free trans-
fer curves and high on/off ratios (10°-10%), indicating good de-
vice performance (Figures 5E and S22). These stretchable de-
vices exhibit hole-dominated charge transport, although their
hole mobility is slightly lower than that of the rigid-substrate de-
vices, due to the lower capacitance of the SEBS dielectric layer.
Device parameters were calculated and are summarized in
Tables S4-S8.

As demonstrated in Figure 5E, the electrical stretchability of
terpolymer varies significantly with the ratio of selenophene to bi-
thiazole. Before stretching, DPP-75Se exhibits charge mobility
comparable with that of DPP-100Se. Under 40% strain, DPP-
75Se retains 61% of its initial mobility, and this retention remains
28% under 100% strain. Compared to DPP-75Se, DPP-50Se
performs worse, with a mobility retention of merely 2.6% under
100% strain. DPP-25Se has the lowest initial mobility and the
worst stretchability, failing at strains above 40%, with a drain
current retention of only 19% before failure. The trend in electri-
cal stretchability among the terpolymers is consistent with the
Dgyer Of the terpolymers, as demonstrated in Figure 5F. A
terpolymer with extended Dy exhibits stable mobility under
conformation variations, while a terpolymer with short Dy, dem-
onstrates susceptible charge transport under inter-chain defor-
mation. These results emphasize the important role of Dy in
determining the electrical stretchability of terpolymers.

Meanwhile, DPP-75Se retains higher mobility compared to
DPP-100Se and DPP-Tz. Under 100% strain, the mobility reten-
tion of DPP-100Se and DPP-Tz are 3% and 13%, respectively,
whereas DPP-75Se achieves a significant improvement to
28%. This is attributed to the microstructure and electronic
structure of DPP-75Se, where the improved chain mobility en-
ables adaptive deformation to dissipate the strain energy, while
the extended Dy preserves effective charge percolation
through the film. This result demonstrates that by modulating
the ratio of selenophene/bithiazole units, a terpolymer with

8 Cell Reports Physical Science 7, 103176, March 18, 2026

fraction of DPP-Se
M 25%

50%

| 75%

both high mobility and enhanced electri-
cal stretchability can be achieved.

Charge transport in the morphable
network

Charge transport mainly resides along
backbones (intra-molecule part) and via
n-n stacking (inter-molecule part). One question concerns which
part is the rate-determining part under strain. GIWAXS data sug-
gest that the polymer backbones align along the stretching di-
rection, indicating that short-range crystalline domains “slide”
over each other to adjust their location. This movement offsets
or disrupts initial co-facial stacking between adjacent crystalline
domains and regenerates some new inter-chain contact, result-
ing in a morphable network for charge transport, as illustrated in
Figure 6A. During this phase, the intra-molecular part with strong
coupling will be much less affected by the structural variations.
However, charge transport along n-n stacking (inter-molecule
part) is more sensitive to strain and should be focused upon in
the prediction model.

Here, the offset, dissociation, and regeneration of co-facial
stacking between adjacent crystalline domains are described
by the co-facial dimers with different overlap, as illustrated in
Figure 6B. The co-facial stacking distance is set as 3.8 A for all
the terpolymers. In Figure 6B, from top to bottom, the overlap
between the co-facially stacked molecules decreases from
four co-monomer units to one. This model simplifies the complex
structure in the films under strain by excluding, for example, the
amorphous region and local structure reorganization. However,
it emphasizes the key point of morphology under strain, the
overlap between interfacial molecules from adjacent crystalline
domains. Basically, four conformations co-exist in the films,
but their ratios change with strain. Assuming that a weighted
average of mobility from the four scenarios represents the overall
efficiency of inter-crystal charge transport, the weight of
scenario (iv) increases with strain while that of scenario
(i) decreases. Thus, the calculated mobility of different scenarios
can be used to predict the electrical stability of terpolymers.

According to previous research,*'>° both DPP-Tz and DPP-
Se exhibited hole charge transport. Thus, using holes as the
charge carriers of the terpolymer, we calculated the correspond-
ing transfer integral using the dimer-projection method and

iii iv
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mobility based on the shifting model.*® Figure 6C presents the
magnitude of the transfer integrals of three terpolymers under
conformations (i) to (iv). As the overlap length decreases, transfer
integrals of all terpolymers gradually decline. However, the trans-
fer integral of DPP-75Se consistently maintains the highest
transfer integral across all four conformations. Even in conforma-
tion (iv), the transfer integral of DPP-75Se remains as high as
11 meV, significantly exceeding those of DPP-50Se and DPP-
25Se. In contrast, the transfer integral of DPP-25Se is consis-
tently much lower than those of DPP-50Se and DPP-75Se
across all four conformations. The significant difference in trans-
fer integral is attributed to the different Dy, where longer Dye en-
ables effective electronic coupling in terpolymers even if the
backbones overlap poorly.

Based on the obtained transfer integral and reorganization en-
ergy (Figure S24), the charge-carrier mobility was calculated ac-
cording to Marcus theory (Equation 1). Here, the influence of ten-
sile strain on the reorganization energy is not considered.

= W—d2 = S T ex A (Equation 1)
P =T = kT VTP | akeT| q

Here, kg is the Boltzmann constant, T is the temperature (in
kelvin), w is the hopping rate, J is the transfer integral, 7 is
the reduced Planck constant, and 1 is the reorganization en-
ergy. Since the calculation does not consider the influence of
the system’s potential energy change (AG) on charge-carrier
transport, the absolute values of the calculated mobilities
have no direct reference significance. However, qualitative
trends in the electrical performance of the respective systems
arising from strain-induced structural changes are well re-
flected by Equation 1.

The charge mobility in the prototype models exhibits a trend
similar to that of the transfer integral (Figure 6D). For each
terpolymer, the mobility consistently decreases with the overlap.
In conformations (i) and (i), the mobilities of the three molecules
are comparable, although those of DPP-75Se and DPP-50Se are
slightly higher than that of DPP-25Se. However, in conforma-
tions (i) and (iv), DPP-75Se exhibits a significantly higher
mobility retention compared to the other two molecules. Partic-
ularly, in comparison to DPP-25Se, DPP-75Se demonstrates a
mobility retention over 100 times greater. The calculation result
is qualitatively consistent with the experimental results in
Figure 5. The significant difference between DPP-75Se and
DPP-25Se is attributed to the sensitivity of inter-molecular
coupling over dimer stacking alterations. Large Dgye enables
DPP-75Se with effective electronic coupling even under short
co-planar stacking. Vice versa, DPP-25Se with small Dy is
very sensitive to dimer packing conformation. Thereby, DPP-
75Se demonstrates much more stable electrical performance
under strain.

By quantifying the charge transport between short-range or-
dered domains using the dimer models, we revealed that Dy
determines inter-molecular charge transport in terpolymers un-
der strain and, accordingly, the overall electrical stretchability.
In the reported ternary conjugated systems for stretchable
electronics,””*° the superior stretchability of terpolymers over
their binary counterparts has largely been attributed to the
increased flexibility of the resulting films. However, the perfor-
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mance differences among terpolymers with different compo-
nent ratios remain poorly understood. In this work, we provide
a mechanistic explanation from the perspectives of chain dy-
namics under strain and charge transport on the molecular
scale, underscoring the relationship between co-monomer ratio
and electronic structure. For the purpose of precision synthe-
sis, Dge Offers a useful guideline for pre-screening the types
and ratios of co-monomers, thereby improving synthesis
efficiency.

DISCUSSION

We propose a strategy that extends frontier orbital delocalization
in conjugated terpolymers to develop high-performance stretch-
able semiconducting polymers. We synthesize a group of DPP-
mSe-nTz terpolymers and investigate the influences of their
backbone structures on the microstructure, electronic structure,
and electrical stretchability. Experimental and theoretical ana-
lyses reveal that degree of frontier orbital delocalization in-
creases with the ratio of DPP-Se segments, leading to enhanced
electrical stretchability. The optimized terpolymer DPP-75Se
(with fraction of selenophene 75%) exhibits high hole mobility
of 0.29 cm? V7' s7' and improved electrical stretchability
compared to D-A polymers and other terpolymers (DPP-25Se
and DPP-50Se). These findings underscore the frontier orbital
delocalization as a critical feature in the rational design of high-
performance terpolymers for stretchable electronics and reveal
that it can be tuned through properly controlling the ratio of build-
ing blocks in terpolymers.

METHODS

Synthesis of DPP-50Se polymer

To a pre-dried 50-mL Schlenk tube, DPP-CgC;p-2Br
(291.1 mg, 0.285 mmol), Se-Sn (65.0 mg, 0.142 mmol, 0.5
equiv), Tz-Sn (70.0 mg, 0.142 mmol, 0.5 equiv), and Tri(o-tol-
yl)phosphine (P(o-tol)s, 5.2 mg, 8%) were added, followed by
the addition of dry chlorobenzene through a syringe, and
vented to argon for 0.5 h to adequately remove oxygen from
the system. Tris(dibenzylideneacetone)dipalladium (Pdy(dba)s,
2.6 mg, 2%) was rapidly poured into the mixture, and the poly-
merization reaction was stirred for 3 days at 130°C before
gradually returning to room temperature. The mixture was
added dropwise by pipette to 200 mL of methanol solution
accompanied by rapid generation and precipitation of solids.
The precipitate was purified by Soxhlet extraction with meth-
anol (12 h), acetone (12 h), and hexane (12 h) and finally
collected in chloroform. The resulting solution was concen-
trated and precipitated into methanol. The precipitate was
then collected by filtration and dried under high vacuum for
5 h (80°C) overnight. The final product was in the form of a
dark powder with a yield of 84.9%.

The other four polymers were synthesized under similar reac-
tion conditions and purification procedures except for the initial
monomer feed ratios. The corresponding yields were, in order,
as follows: 89.5% for DPP-100Se, 85.1% for DPP-75Se,
86.5% for DPP-25Se, and 90.2% for DPP-Tz. More details about
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the substances we utilized in this procedure are provided in the
supplemental information.

Construction of fully stretchable OFETs

The fully stretchable OFETs were fabricated by utilizing the poly-
dimethylsiloxane (PDMS) substrate to pick up the upper layers in
the order gate electrode, dielectric layer, semiconducting poly-
mer films, and source and drain electrodes. More details can
be found in the supplemental information.

Construction of rigid devices

The rigid field-effect transistors were fabricated on the Si/SiO,
with a bottom-gate-top-contact structure. First, the Si/SiO, sub-
strates were treated with O, plasma for 2 min and then modified
with octadecyltrichlorosilane (OTS) solution (diluted using n-hex-
ane, OTS/n-hexane [v/v] = 1:200) for 60 s. The semiconducting
polymer solutions were then cast on the Si/SiO, substrates
and annealed in a N, glovebox for 30 min. Finally, the Au was
fabricated on the semiconducting polymer layers through ther-
mal evaporation. The thickness of Au electrodes was 40 nm.
The channel width was 1,500 pm and the channel length 30 pm
and 50 pm, respectively.

Electrical characterization of OFETs on Si/SiO»
substrate

To evaluate the electrical performance of the investigated con-
jugated polymer films on silicon wafers, bottom-gate-top-con-
tact field-effect transistors were fabricated by directly spin-
coating semiconducting films on top of OTS-modified
300-nm-SiO,/Si, then Au (30 nm) was evaporated as the
source and drain electrodes. The channel length (L) and width
(W) were 30 pm and 1,500 pm, respectively. The electrical per-
formance of transistors was measured with Keithley-4200 in
the glovebox. The field-effect hole mobility 4 was calculated
in the saturation regime of transistor operation from the

equation
(s 2* 2L
Hsat = 0 /**—‘VGS WC, )

where psq is the saturation mobility, /pg is the drain-source cur-
rent, Vgs is the gate voltage, Vps is the drain-source voltage, C;is
the capacitance per unit area, L is the channel length, and W is
the channel width. For both the OFETs on Si/SiO, substrates
and stretchable substrates, we extracted the saturation mobil-
ities from transfer curves in saturated regions (Vps = —50 to
—60V, Vgs sweeps from 0 V to 60 V).

(Equation 2)

Electrical characterization of stretchable OFETs

All the characterizations of stretchable OFETs were the same
as those measured on the OFETs on Si/SiO, substrates,
except that the mobilities were calculated with consideration
of the device geometry change and dielectric capacitance
(Table S11).

Material characterizations
The material structures were characterized via UV-vis absorp-
tion, GIWAXS, AFM, and optical microscopy. The supporting
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information provides more details. The data used to plot figures
in the main text are summarized in Data S1.
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