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Abstract

In this work, stretchable semiconducting blend films for organic field-effect transistors
(OFETs) are prepared using a conjugated polymer derived from the vat dye Vat Orange 1 (VO1)
and the thermoplastic elastomer SEBS. While the atomic force microscopy (AFM) images of
the pristine films showed smooth, featureless morphologies for VO1 and the characteristic
fibrillar texture for SEBS, blending the two materials resulted in a progressive increase in

surface roughness. Additionally, as the VO1 content increased, distinct aggregate domains
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became apparent, suggesting partial phase separation within the composite films. X-ray
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photoelectron spectroscopy (XPS) depth profiling further confirmed a vertical phase separation,
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showing VOI enrichment at both the dielectric interface and the film surface, while SEBS was
predominantly localised in the middle of the film. Mechanically, the blended films sustained
deformation exceeding 100%, a fivefold improvement over pristine VOI1 films. This
morphology ensures continuous semiconducting pathways for charge transport while imparting
exceptional mechanical resilience. Organic field-effect transistors (OFETs) fabricated from
VOI:SEBS blends showed stable hole mobilities even at 10 wt% VOI content, confirming
preserved electronic connectivity despite significant dilution. The combination of intrinsic

material stability, self-organized vertical morphology, and enhanced stretchability positions
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VOI1:SEBS composites as a promising platform for deformable, solution-processable 0rgaic ;5115

electronics.

INTRODUCTION

In today’s technology-driven era, progress in areas such as sustainable agriculture,
personalized healthcare, next-generation communication systems, and renewable energy
increasingly depends on the rational design of advanced materials tailored for specific
functions and performance demands.!~ This strategy, which involves tailoring materials at the
molecular or nanoscale level to meet specific functional needs, has already yielded
transformative advancements from nanomaterials for targeted drug delivery® to light-
harvesting materials in next-generation solar cells. 7® In the field of electronics, the rapid
emergence of printed® and flexible electronics has been propelled by the rational design and
synthesis of innovative materials.!® This progress highlights the critical importance of
achieving precise molecular-level control to unlock new technological capabilities. Among the
most promising of these materials are organic semiconductors, particularly organic
semiconducting polymers, which offer unique properties that enable the fabrication of soft,
stretchable electronic devices.!!"13 Due to their extensive network of m-orbitals, these materials
present favourable charge transport on par with those of amorphous silicon.!4!” Moreover, they
can be synthetically tailored with improved mechanical properties and unique features,
including molecular self-healing or degradability, making them especially attractive for
emerging fields such as bioelectronics and human-integrated systems.'®-2 These materials can
be conformally integrated into everyday objects with complex geometries, facilitating

applications in wearable technologies, smart packaging, and more.?!-?3
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To achieve semiconducting polymer materials with improved mechanical and, s6lidr=5. 255
state properties, a range of synthetic strategies have been developed. These strategies include
the rational molecular engineering of side chains typically tailored to enhance solubility?* and
processability as well as modifications to the m-conjugated backbone,!* 18 which plays a central
role in determining charge transport characteristics. Numerous semiconducting polymers
designed with these strategies have demonstrated enhanced performance in various organic
electronic applications. Another particularly effective approach involves the preparation of
stretchable semiconducting composite materials.® 227 This strategy is based on the physical
blending of a rigid, semicrystalline semiconducting polymer with a soft, often elastomeric,
material. The resulting polymer blends undergo phase separation, leading to the formation of
discrete semiconducting domains within the elastomeric matrix. These domains promote
molecular aggregation and ordering, facilitating efficient charge transport, while the
elastomeric matrix imparts mechanical resilience, enabling the material to tolerate large strains
without significant loss of electronic performance.

Over the years, numerous studies have demonstrated the effectiveness of this strategy.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

A notable example is the 2016 work by Reichmanis and coworkers, who that blending pre-
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cured polydimethylsiloxane (PDMS) elastomer with poly(3-hexylthiophene) (P3HT) produced
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semiconducting composite films with significantly enhanced mechanical resilience under
strain.?® Remarkably, these composites also exhibited improved electrical performance in thin-
film transistors (TFTs), with charge carrier mobilities reaching ~0.18 cm? -V-!-s-!, more than
twice that of the P3HT PDMS-free control films. Another particularly influential example is
the work by Bao and co-workers in 2017, in which they reported a stretchable semiconducting
film composed of a high-mobility donor—acceptor diketopyrrolopyrrole-based (DPP) polymer
blended with a low-modulus elastomer. The system exhibited strain tolerance up to 100% with

minimal loss in field-effect mobility, attributed to the formation of interconnected


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04351d

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 1:52:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Page 4 of 27

icle Online

semiconducting nanofibrils embedded in a continuous elastomeric network.?® Whilg numerois=;. b5

studies have established key design principles for achieving high-performance stretchable
electronics particularly through controlled phase separation and network morphology,3%-32
research on semiconducting polymers has primarily focused on donor—acceptor (D-A) -
conjugated systems such as diketopyrrolopyrrole (DPP),33-33 isoindigo,3¢ 37 and naphthalene
diimide derivatives.’#40 These materials have dominated the field due to their high charge
carrier mobilities, tunable electronic properties, and strong intermolecular interactions.!
However, these materials often suffer from inherent rigidity, high crystallinity, and limited
solubility, which can constrain their processability and mechanical compliance. Efforts to blend
these semiconductors with elastomers, such as PDMS or thermoplastic block copolymers,3% 3!
have shown promise but also can result in non-ideal phase separation or compromised
electronic performance due to the chemical incompatibility between the rigid m-conjugated
backbone and the soft elastomeric matrix.

To further expand the toolkit of semiconducting polymer composites and explore new
systems that could lead to combined processability, improved charge transport and high
mechanical resilience, herein we report the preparation of VOI-based semiconducting
polymers with polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) and
the characterization of their solid-state, electronic and mechanical properties in thin films and
TFT devices. VO1 pigment-based semiconducting polymers offer a compelling alternative to
poly(thiophene) and rigid D-A polymer systems. Derived from industrial dye precursors, these
materials feature extended conjugation, high thermal and photochemical stability, and intrinsic
planarity that promotes n-stacking.?> 4%- 42 Unlike many traditional D—A polymers, previous
works by us and others demonstrated that VO1-based systems can possess lower crystallinity
and reduced backbone stiffness,** enabling greater compatibility with flexible substrates and

mechanical blending approaches. Furthermore, their robust chemical structure and favorable
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redox properties make them attractive candidates for stable, high-performangge, orgdfic s, trs
electronics. To harness the potential of VO1 pigment-based semiconductors, we blended them
with a compatible elastomer. SEBS was selected as an ideal matrix due to its excellent
stretchability,** chemical resistance, and processability. Its nanostructured morphology also
enables controlled phase separation, supporting improved mechanical properties and charge
transport.3» 4 Using a multimodal characterization approach, combining atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and X-ray scattering, we
meticulously prepared various composites by systematically varying blend ratios between the
VOI1 dye-based polymer, and the SEBS. Our results confirmed that the addition of SEBS to
VOI can significantly impact lateral phase separation and nanoscale structures. Additionally,
the polymer blends showed interesting vertical phase separation that also shown significant
impact on the mechanical and electronic properties of the new materials. By exploring the
blending of VO1 pigment-based semiconducting polymers with SEBS, this work develops
composite materials that combine the intrinsic stability and tunable optoelectronic properties

of VOI systems with the mechanical robustness and stretchability of elastomers. This approach

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

offers a promising pathway toward deformable, solution-processable, and scalable
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semiconducting materials for next-generation flexible and wearable electronics.
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EXPERIMENTAL SECTION

Materials. Commercial reagents were used without further purification unless otherwise
specified. SEBS (H1052) was purchased from Asahi Kasei, and the VOI1 polymer was
synthesized following a previously reported procedure with a M, = 17.4 kg-mol-'.*> In this

work, we used the polymer referred to as P2 in the original publication, whose structure is


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04351d

Journal of Materials Chemistry C Page 6 of 27
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referred to as VOI1.

Polymer Blend and Spin-Coated Films Preparation. Spin-coated films of SEBS, VOI1 and
their blends were prepared by dissolving each polymer in separate vial in chlorobenzene at 10
mg/mL and stirred overnight at room temperature. The blends are prepared by mixing the
appropriate weight ratio of each polymer solution (ex: 50:50 VO1:SEBS corresponds to mixing
2 mL ofa 10 mg/mL VOI1 solution and 2 mL of a 10 mg/mL SEBS solution). The spin-coating
parameters are 1500 rpm for 60 s.

UV-vis. Transmission UV-vis measurements were performed using a Cary 60
spectrophotometer on both solutions and drop-cast films. In both cases, chloroform was used
as the solvent and it was chosen to facilitate solvent evaporation during film formation.
Thermal properties. Thermogravimetric analysis was performed using a TGA Q600 (TA
Instruments) from 30 °C to 500 °C under a nitrogen atmosphere at a heating rate of 10 °C min-
I. Differential scanning calorimetry (DSC) analyses were performed using a DSC Q1000 (TA
Instruments) from -60 to 300 °C with a heating and cooling rate of 10 °C min-! under a nitrogen
atmosphere. The first heating run was performed to erase the thermal history of the samples,
followed by cooling and a second heating run to determine the transition temperatures of the
compounds. A calibration using indium was run before the measurements.

Atomic force microscopy. The morphology of polymer blends was assessed using a
multimode atomic force microscope (AFM, Digital Instruments) operated in the tapping mode
at room temperature. AFM images were collected using Nanoscope 6 software and processed
using Nanoscope analysis software, they were recorded on spin-coated samples using a
Dimension ICON microscope with Nanoscope V controller (Bruker, Santa Barbara, CA, USA).
All images were acquired using tapping mode and were performed at a scanning rate of 1 Hz.

A probe (model: TESPA) with a 125 um microlever of length having a spring constant of 42
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Newton/m and a tip of < 8 nm radius was used. At the time of acquisition, the resofidtt<; LS
frequency of the microlever was around 320 kHz. All surfaces were imaged using oscillation
damping between 15-20%. Nanomechanical imaging was performed using a RTESPA-300-30
pre-calibrated tips. The scan resolution was set to 256 lines. The thickness of the samples is
determined by scanning an area that has been scratched by a tweezer.

X-ray photoelectron spectroscopy (XPS). XPS was performed on spin-coated samples using
an VG Escalab 250Xi (Thermo Fisher Scientific) with a monochromated Al K, source at a
power of 218.8 W (14.7 kV, 14.9 mA) and a 180° spherical sector analyzer with constant
analyzer energy transmission mode. Standard charge compensation using low energy electrons
and Ar" ions was used. The pressure in the analysis chamber during analysis was around 1.0 x
10® Torr. Survey spectra were acquired at a pass energy of 200 eV and a step size of 1 eV.
High-resolution spectra were acquired for silicium (Si2p), sulfur (S2s), oxygen (O1s), carbon
(Cls) and nitrogen (N1s) at 200 eV pass energy and step size 0.5 eV. Specimens were analyzed
at an emission angle of 0° with respect to surface normal. Data processing was performed using

Avantage v6.5.0 (Thermo Fisher Scientific). The atomic concentrations were calculated using

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

integral peak intensities and the sensitivity factors supplied by the manufacturer. Binding
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energies were referenced to the Cls peak at 285.0 eV for aliphatic hydrocarbons.
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Grazing-incidence wide-angle X-ray scattering (GIWAXS). GIWAXS was performed on
beamline BL13A with a wavelength of 1.02042A (12 kev) at the Taiwan Light Source (TLS)
of National Synchrotron Radiation Research Center (NSRRC). All the measurements of the
transistors were conducted using a Keithley 4200 semiconductor parameter analyzer (Keithley
Instruments Inc., Cleveland, OH, USA) under dry N, (glovebox) and at room temperature.

Crack onset strain measurement. The polymer blend solutions were spin-coated on
poly(sodium 4-styrenesulfonate) (PSS, My, = 70 kDa, powder) coated glass slides prepared by

spin-coating (700 rpm for 30 s) a 50 mg mL-! aqueous solution of PSS in water.
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Polydimethylsiloxane (PDMS) was used as the elastomer substrate mixed at, @ ,bas&7to= 5. i/5
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crosslinker ratio of 15:1 and cross-linked at 70 °C overnight. PDMS strips were placed on the
coated PSS glass slide with polymer blend and then immersed in water for 10 min.
Consequently, the PSS layer was dissolved, and a thin film was attached to the PDMS. Then,
PDMS was stretched to the selected strain elongation using a microscope stretcher. In the final
step, the stretched-thin films were transferred onto the Si wafers and characterized using optical
microscopy.

Device Fabrication. Organic field-effect transistors (OFET) devices were fabricated on highly
doped n-type Si(100) wafers with 300 nm thick SiO, functionalized with an n-
octadecyltrimethoxysilane (OTS) self-assembled monolayer, according to reported methods.4¢
The OTS-treated substrate was washed with toluene, acetone, and isopropanol, and then dried
with nitrogen before use. Next, polymer solutions were spin-coated on OTS-coated Si wafers
at 2000 rpm for 1 min. As-cast and annealed (100 °C for 30 min) films were prepared. Source
and drain top electrodes were then deposited by evaporating gold (50 nm) through a shadow
mask with a channel length (L) and width (W) defined as 100 and 1000 pm, respectively. A
shadow mask with a channel length (L) and width (W) defined as 100 and 1000 pm,
respectively, was used for stretched devices. All measurements were conducted using a
Keithley 4200-SCS semiconductor parameter analyzer (Keithley Instruments Inc., Cleveland,
OH, USA) in an N,-filled glove box at room temperature.

Transfer-Printed Organic Field-Effect Transistor (OFET) Fabrication. To measure the
charge mobilities upon stretching, a lamination procedure adapted from previous literature was
used to laminate the semiconducting polymer films onto PDMS.#”> 48 The resulting thin films
supported on PDMS were stretched to 25% strain and laminated back to Si wafers. Source and
drain top electrodes were deposited parallel and perpendicular to the stretching direction by

evaporating gold (50 nm) through a shadow mask with a channel length (L) and width (W)
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defined as 100 and 1000 pm, respectively. All measurements were conducted usinga Keithley 5 0s
4200-SCS semiconductor parameter analyzer (Keithley Instruments Inc., Cleveland, OH, USA)

in an N,-filled glove box at room temperature.

RESULTS AND DISCUSSION

Building on previous studies, we selected a copolymer of 2,9-dibromo-
dibenzo[b,def]chrysene-7,14-dione (Vat Orange 1, VO1) and diketopyrrolopyrrole (DPP) for
this work with its RMN and GPC in the Figure S1 and Figure S2 respectively.** Owing to its
favorable charge-transport properties and its predominantly amorphous nature, two attributes
that facilitate polymer blending and enhance mechanical compliance. To enhance the
mechanical robustness of the resulting films, SEBS H1052 was incorporated at various weight
ratios. The molecular structures of both compounds are shown in Scheme 1. This grade of
SEBS was chosen for its high midblock content and optimized molecular weight, offering a
well-balanced combination of elasticity and mechanical strength. Its low hardness and high

elongation at break make it ideal for flexible electronics, while its thermoplastic processability

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ensures compatibility with solution-based fabrication. The VO1 polymer was synthesized
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according to a previously reported method,®3 and complete experimental details on blend and
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film preparation are provided in the Experimental section.
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Scheme 1. Molecular structure of VO1 and SEBS.

Nanoscale morphology of VO1:SEBS polymer blends in thin films

Understanding the morphology of polymer blends is crucial to investigate and control
their properties in devices. Particularly important is the nanoscale roughness and phase
separation, which are key parameters influencing optoelectronic and thermomechanical
properties.**-3! First, the solid-state morphology of VO1:SEBS blends in thin films was
investigated using atomic force microscopy (AFM) to get insights on how the addition of VOI1
affects the structural organization of both polymers. The results are depicted in Figure 1 and
Table S2. All films showed comparable thickness, found to range between 35 to 43 nm. Films
prepared from pure VO1 polymer (Figure 1a) showed a uniform film morphology without
well-defined domains. This observation is supported by differential scanning calorimetry
(DSC), which shows no detectable thermal transitions (Figure S3), and by UV-visible
spectroscopy, where the film spectrum appears as a broadened version of the solution spectrum
(Figure S4) strongly indicating that the VO1 polymer remains amorphous in the solid state.
Additionally, AFM reveals that the surface roughness of the VOI1 film is approximately twice
that of neat, fibrillar SEBS, with a root-mean-square (RMS) roughness of 2.0 nm. In contrast,
pure SEBS film (Figure 1f) showed a typical fibrillar structure and a low surface RMS

roughness value of 0.9 nm (Table S2). As the SEBS content is progressively increased (from

10

Page 10 of 27

cBHﬂ C..H View Article Online
107121 DOI: 10.1039/D5TC04351D


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04351d

Page 11 of 27 Journal of Materials Chemistry C

75:25t0 10:90 VO1:SEBS), the VOI polymer becomes increasingly distributed throughout the<; 1S
film, the formation of interpenetrated domains suggests that the blend lies within the spinodal
region of the phase diagram, corresponding to a thermodynamically unstable state. Notably,
fibrillar features of SEBS are still visible within the blends, potentially indicating that the VO1
polymer predominantly resides above the SEBS matrix. This observation suggests a potential
vertical phase separation between the two components, with VO1 preferentially locating near
the film surface. At high VO1 loading (75:25 VO1:SEBS), a distinct morphological transition
is observed: the discrete VOI1-rich droplets observed at 75:25 VOI1:SEBS indicate that the
system has entered a metastable region®? of the phase diagram. In this regime, the lack of
connectivity between VO1 domains, unlike an interpenetrated network?®, may hinder efficient
charge transport and thus negatively impact charge mobility. This phenomenon leads to a
notable increase in surface roughness to 6.8 nm, clearly evidenced in the AFM height images
(Figure S5), particularly in the 10 x 10 um topography scan (Figure SSb). Overall, despite
observing signs of vertical phase separation, all films showed relatively smooth surface

morphology, with RMS roughness ranging from 6.8 to 0.7 nm for 75:25 and 10:90 VO1:SEBS

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

respectively. Height images follow the same overall trend as the phase images, reinforcing the
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presence of vertical phase separation. Phase separation primarily depends on the molecular
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structure, molecular weight, and blend ratio.>* Since all our VO1:SEBS blends exhibit vertical
phase separation, this behavior is likely governed by differences in molecular structure and

molecular weight, which in turn lead to variations in surface energy.>3 34

11
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Figure 1. Atomic force microscopy (AFM) phase images of VO1:SEBS spin-coated films of
a) 100:0 VO1:SEBS, b) 75:25 VO1:SEBS, ¢) 50:50 VO1:SEBS, d) 25:75 VO1:SEBS, ¢) 10:90

VO1:SEBS, f) 0:100 VO1:SEBS.

To further investigate and confirm the potential vertical phase separation observed in
the AFM phase images, X-ray photoelectron spectroscopy (XPS) was performed, and the
results are depicted in Figure 2. Notably, while AFM provides valuable insights into the
surface morphology and lateral distribution of the polymers, XPS can allow for a more detailed
investigation of the vertical arrangement by tracking the atomic composition throughout the
film. In this work, we specifically used sulfur content, which is specific to VOI1, as a reliable
marker to distinguish VO1 from SEBS and assess its distribution across different blend ratios.
The silicon atomic percentage was used as a reference marker for the film thickness; plateauing
of the silicon atomic percentage was correlated to the end of the VO1:SEBS film and marked
the final etching time. It is important to note that the time to reach out this plateauing of the Si

signal decreased with increasing VO1 content dropping from approximately 310 s for 0:100

12
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VOI1:SEBS (Figure 2f) to 250 s for 100:0 VO1:SEBS (Figure 2a). This reflected a relative<; 115
ease of removing VOI under ion bombardment, potential attributed to soft mechanical nature
of the semiconducting polymers making it more susceptible to sputtering compared to the more
rigid and phase-separated morphology of SEBS. As expected, the sulfur content in pristine
SEBS (Figure 2f) remained at 0% throughout the entire profile, while the atomic percentage
of carbon remained close to 100% until the substrate was reached. In contrast, the pristine VO1
sample (Figure 2a) showed parallel depth trends for carbon and sulfur, both decreasing steadily
as etching progresses toward the silicon substrate, consistent with uniform composition
throughout the film. For the VO1:SEBS blends, carbon trends mirror those observed in the
pristine films. However, trends in sulfur percentages showed a non-monotonic profile for all
blends. In all cases, S percentages were found to be at their highest at the film surface (0 s).
Upon sputtering, a decreased to a local minimum near the film’s midpoint was observed,
followed by an increase again toward a second local maximum near the substrate interface
before finally dropping as the silicon substrate is reached. This overall behaviour, observed in

all blends, was directly correlated to a vertical phase separation, with sulfur-rich VOI

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

concentrated at both interfaces and depleted in the center. Notably, the effect becomes more
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pronounced with decreasing VO1 content. In the 10:90 VO1:SEBS blend (Figure 2e), sulfur
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becomes nearly undetectable at the film’s center, indicating a strong vertical segregation where
the VO1 component is largely excluded from the mid-film region due to incompatibility with
SEBS. Overall, these results confirm that the VO1 polymer domains are mainly located at the
top and bottom of the film, which agrees with the VO1:SEBS vertical phase separation
observed in the AFM images. This phenomenon is particularly compelling in OFETs, as
vertical phase separation can potentially offer a strategy to decouple mechanical and electronic

functions within a single active layer. This self-organized vertical stratification also can hold

13
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promise for large-scale manufacturing by enabling desirable solid-state morpholggy, throi

single-layer deposition, thus reducing the need for complex multi-layer coating steps.

a) 100:0 VO1:SEBS b) 75:25VO1:SEBS c) 50:50 VO1:SEBS
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Figure 2. X-ray photoelectron spectroscopy (XPS) atomic percentage profiles of Si, C and S
as a function of etching time for VO1:SEBS spin-coated films: a) 100:0 VO1:SEBS, b) 75:25
VOI1:SEBS, ¢) 50:50 VO1:SEBS, d) 25:75 VOI1:SEBS, e) 10:90 VO1:SEBS, and f) 0:100
VO1:SEBS. Each green rectangular prism represents the SEBS matrix, while the black worm-
like structures within the prisms illustrate the distribution of the VO1 polymer, highlighting the

vertical phase separation at different ratios.

The influence of SEBS on the thin-film morphology of the polymer blends was also
investigated using grazing incidence wide-angle X-ray scattering (GIWAXS). Figure Sé6
presents both 2D and integrated 1D scattering patterns for all blend compositions, while Table
S1 summarizes the extracted d-spacing values. Across all samples, the absence of well-defined
diffraction peaks was observed, confirming that the blends are predominantly amorphous,
independently of the blend ratio. A weak (100) diffraction peak was observed only for the
pristine OSC polymer and the 75:25 VOI1:SEBS blend. For the pristine polymer, this peak
appears in the out-of-plane direction at q, = 0.332 A-!, corresponding to a d-spacing of~18.9

A. Upon incorporation of SEBS (up to 25%), the d-spacing increased to ~23.0 A. (q, = 0.273
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A", indicating disruption of molecular packing with increasing SEBS confgnt, ,,.Thissomn

observation is consistent with previous literature reports.?’->3

Impact of blending on the mechanical properties in thin films

Following the characterization of the nanoscale structure of the polymer blends in thin
films, the mechanical behavior of the VO1:SEBS blend in thin films was characterized to assess
their suitability for flexible electronics. To this end, crack onset strain measurements were
performed using pseudo-free-standing film tensile pull testing on samples laminated onto
elastomeric substrates, following previously established protocols.#”%¢ The detailed
experimental procedure is provided in the experimental section, and the results are summarized
in Figure 3 (all the results can be found in SI in Figure S7). Briefly, thin films were first
laminated onto PDMS substrates, subjected to uniaxial stretching across a strain range of 0—
100%, and then transferred back onto glass slides for characterization by optical microscopy.
As shown in Figure 3b, the pristine VO1-based polymer film exhibited limited stretchability,

with cracks initiating at strain levels as low as ~20%. In contrast, the incorporation of SEBS

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

led to a significant improvement in mechanical compliance. For blends containing 75:25 and

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 1:52:40 AM.

50:50 VO1:SEBS, the crack onset strain increased to ~60% and ~80%, respectively. At higher

(cc)

SEBS loadings (25:75 and 10:90 VO1:SEBS), the films tolerated up to 100% strain without
visible cracking. This substantial enhancement in mechanical robustness is attributed to the
elastomeric nature of SEBS, which acts as a flexible matrix that absorbs strain and inhibits
crack propagation. Similar behavior has been reported in blends of SEBS with DPP-based
semiconducting polymers, where nanofibrous networks of the conjugated polymer are
embedded within the elastomeric matrix, maintaining charge transport while enhancing
mechanical deformability.’”-® In the present system, a comparable interaction is likely, where

SEBS distributes stress and suppresses mechanical failure within the film. It is important to
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acknowledge, however, that crack onset strain is influenced by several factors beyond bl
composition, including film uniformity, interfacial adhesion, and the presence of defects

introduced during film preparation or transfer.34 >

100:0 VO1:SEBS ) 75:25 VO1:SEBS
€E=20% €=60%

25:75 vO1:SEBS IR 10:90 VO1:SEBS

€>100 % €>100 %

Figure 3. Impact of the blending ratio on crack onset strain. a) Scheme of the stretching during
the crack onset strain test where the white features corresponds to cracks. Optical microscopy
images of stretched thin films: b) 100:0 VO1:SEBS, ¢) 75:25 VO1:SEBS, d) 50:50 VO1:SEBS,

e) 25:75 VO1:SEBS, f) 0:100 VO1:SEBS at up to 100 % strain elongation.

To gain deeper insights into the mechanical behavior of the blended films, quantitative
nanomechanical mapping (QNM) was performed using AFM. Representative nanomechanical
images of VO1:SEBS blend films at 100:0, 50:50, and 10:90 VO1:SEBS are shown in SI in
Figure S8, while corresponding force—distance curves are provided in Figure S9. To ensure
reliable and representative modulus values, measurements were conducted at ten different
locations per sample, and the averaged results are reported. The measurements were carried

out using a soft cantilever in intermittent contact mode under a constant force setpoint, enabling

16
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the acquisition of force—distance spectra that were converted into quantitative nanomeghafiical s, 32/5
property maps.” These maps help visualize both surface-dominated properties (adhesion and
dissipation) and subsurface mechanical properties (modulus and deformation). Focusing first
on modulus, derived from the Derjaguin—Miiller-Toporov (DMT) model, this parameter
quantifies material stiffness. Pristine VO1 films exhibited a high modulus of 7.4 GPa,
indicative of their rigid nature. With increasing SEBS content, the modulus dropped
significantly, decreasing to 5.8 GPa in the 50:50 VO1:SEBS blend and further to 1.4 GPa at
10:90 VO1:SEBS. This demonstrates a clear softening of the film upon addition of SEBS, as
expected. These values correlate well with crack-onset strain measurements and confirm that
SEBS incorporation imparts increased elasticity and stretchability. Notably, the deformation
maps reinforce this trend. In these images, higher deformation, typically corresponding to
softer regions, is shown in lighter colors. The 100:0 VO1:SEBS film primarily displayed low-
deformation (darker red) regions, while increasing SEBS content introduced more extensive
high-deformation areas, especially in the 10:90 VO1:SEBS blend. This inverse relationship

between modulus and deformation is consistent across all compositions, with softer domains

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

showing greater elastic response under load. Surface energy dissipation, which reflects

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 1:52:40 AM.

viscoelasticity and energy loss during tip, sample interaction, also changed markedly with

(cc)

composition. In pristine VOI1 films, dissipation maps predominantly exhibited green and blue
tones, indicating minimal energy loss associated with the stiff, ordered polymer. With the
addition of SEBS (50:50 and 10:90 VO1:SEBS), orange-toned regions became increasingly
visible, reflecting enhanced viscoelasticity and energy dissipation characteristic of the
elastomeric SEBS phase. Adhesion maps, which capture the force required to detach the AFM
tip from the surface, revealed additional compositional effects. The 100:0 VO1:SEBS film
showed predominantly dark blue areas, indicative of low surface adhesion, likely due to its less

deformable and chemically inert surface. In contrast, blends of 50:50 and 10:90 VO1:SEBS

17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04351d

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 1:52:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Page 18 of 27

icle Online

exhibited lighter blue regions, consistent with increased adhesion. This rise in adhesiofitis< . k5

attributed to enhanced tip—surface interaction in the softer, more compliant SEBS-rich regions.
Overall, results from QNM analysis revealed substantial changes in both surface and
subsurface mechanical properties with increasing SEBS content. The observed reductions in
modulus, increases in deformation, dissipation, and adhesion collectively highlight the
elastomeric character of SEBS and its key role in improving mechanical flexibility and
durability of the VOI-based blend films. These findings support earlier observations from
crack-onset strain testing and further validate the mechanical advantages of incorporating

SEBS into semiconducting polymer matrices for stretchable electronics.

Impact of blending ratios on the electronic properties in OFETs

Having established the strong correlation between blend composition and mechanical
flexibility, the next step was to examine how these morphological and mechanical changes
influence the electrical performance of the VO1:SEBS-based OFETs. This characterization
was performed to get insights into the impact of the addition of the insulating SEBS on the
charge transport of the semiconducting polymers. The key device parameters, including hole
mobility, threshold voltage, and on/off ratios, are summarized in Table 1 and corresponding
transfer and output curves are presented in the Figure S10 and S11, and transfer curves of
different VO1:SEBS ratio before thermal annealing are summarized in the Figure S12. Across
all blend compositions, OFET devices exhibited modest on/off ratios (~10?), consistent with
the predominately amorphous nature of the VO1 polymer and the absence of strong long-range

order.

Table 1. Electronic properties of the polymer blends in organic field-effect transistor

(OFET) devices. Average (p,>¢) and maximum hole mobilities (p,m*), threshold voltages (Vy,),
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and L/l ratios for OFETs fabricated using polymer blends (100:0 to 10:90 YO1:SEBS)5 .55

before and after thermal annealing. The device performances were averaged from 10 devices

and W/L represents the width/length channel ratio.
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However, both blend ratio and annealing treatment significantly influenced charge carrier
mobility and threshold voltages. As-cast films generally showed slightly higher or comparable
hole mobilities than their annealed counterparts, suggesting that low-temperature thermal
treatment may not significantly enhance n—n stacking or film ordering in these predominantly
amorphous systems. Notably, the 75:25 VO1:SEBS blend exhibited the highest average and
maximum hole mobility among all samples (p,¥¢ = 5.30 x 10~ cm? V! s1), outperforming
even the pristine 100:0 VO1:SEBS film. Interestingly, the 10:90 VOI1:SEBS devices also
showed relatively comparable as-cast mobility (7.21 x 10 cm? V-! s'), which could result
from percolative pathways forming at low VOI loadings due to vertical segregation. Thermal
annealing consistently induces a negative shift in threshold voltage across all samples, with
shifts as large as ~10 V observed. The threshold voltage (Vy,) is comparatively high for this
blend, possibly due to a thinner or more discontinuous semiconducting layer at the dielectric
interface, consistent with sulfur depletion observed in XPS depth profiling. Beyond the
observed trends, the relative stability of charge transport properties upon blending with SEBS

highlights the beneficial impact of vertical phase separation. As the SEBS content increases,
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the elastomer tends to segregate toward the middle of the film, leaving a relatively yndistutbd:
semiconducting layer at the dielectric interface, where charge transport predominantly occurs
in OFETs. This vertical stratification, combined with only moderate lateral phase separation,
minimizes disruption to the percolative pathways of the semiconducting polymer. As a result,
key device parameters such as mobility (Figure 4a) and threshold voltage (Table 1) remain
largely preserved despite the reduction in the film modulus (Figure 4b). Beyond thermal

annealing, the next step is to examine the effect of mechanical deformation on the device

performance.
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Figure 4. a) Average charge carrier mobility of different polymer blends for thin films as-cast
and b) corresponding Derjaguin—Miiller—Toporov (DMT) moduli of the various VO1:SEBS

blends evaluated using quantitative nanomechanical mapping (QNM).

Performance of VO1:SEBS-based OFET devices upon mechanical deformation
To assess the electronic performance of VOI1:SEBS polymer blends, a 25:75
VOI:SEBS blend, chosen based on its favorable crack-onset strain, was subjected to

mechanical elongation up to 50% strain, a value exceeding the typical elongation range of
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human skin (25-30%).° Electrical measurements were performed post-stretching,, andsthe<;,22)S
results are summarized in Figure S13 and Table S3. Despite the substantial deformation
experienced at 25% strain elongation, the devices retained characteristic OFET behavior,
including well-defined transfer and output curves (Figure S14 and S13). While a modest
reduction in mobility was observed under strain, values remained within the same order of
magnitude. Interestingly, upon further stretching from 25% to 50%, a slight increase in
mobility was recorded. This improvement, consistent across both parallel and perpendicular
orientations, suggests strain-induced alignment or densification of semiconducting domains, a
phenomenon previously observed in other conjugated polymer systems.’! The observed
mechanical and electrical stability under strain highlights the role of SEBS in dissipating
mechanical stress while maintaining the structural and functional integrity of the
semiconducting network. By acting as a compliant, strain-absorbing matrix, SEBS enables the
blend films to deform without interrupting the charge transport pathways established by the

VOI1 domains.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CONCLUSION
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In summary, this study demonstrates the development of stretchable semiconducting blend

(cc)

films composed of a VOI pigment-derived conjugated polymer and SEBS. Through a
comprehensive investigation of morphology, mechanical response, and electronic properties,
we showed that blending with SEBS enables significant mechanical compliance while
preserving charge transport characteristics, an essential requirement for next-generation
flexible and wearable electronics. The predominantly amorphous nature of the VO1 polymer
was confirmed through optical spectroscopy and X-ray scattering, with no detectable
crystalline peaks and broad absorption features consistent with disordered n—r stacking. QNM

analysis (AFM) revealed that the elastic modulus of the pristine VOI1 film was decreased upon
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blending, highlighting the progressive softening of the film with increasing SEBS contefit. <5 115
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Notably, XPS depth profiling and AFM phase imaging showed strong evidence of vertical
phase separation, where the semiconducting VO1 polymer localised at the dielectric interface,
while SEBS segregated toward the middle and upper regions of the film. This morphology was
maintained even at low VOI concentrations, enabling continuous semiconducting pathways at
the interface where charge transport occurs in OFETs. OFET devices fabricated in a bottom-
gate, top-contact configuration using these blends displayed consistent performance across
compositions. Pristine VO1 devices exhibited an average hole mobility of 4.8 x 103 cm? V! s
1, and this value remained largely unchanged across blends with 75:25, 50:50, and even 10:90
VO1:SEBS, demonstrating that charge mobility was unaffected by dilution with SEBS due to
the maintained percolation network at the interface. Finally, mechanical performance,
evaluated through crack-onset strain testing, showed that the pristine VO1 film cracked at
just ~20% strain, while blends 75:25 and 50:50 VO1:SEBS endured ~60% and ~80% strain,
respectively. Films with 25:75 and 10:90 VOI1:SEBS showed no visible cracking even
under 100% strain. OFETs built from a 25:75 VO1:SEBS blend maintained functional transfer
and output characteristics under 50% uniaxial strain, with mobility remaining within the same
order of magnitude and even increasing slightly, likely due to strain-induced reorganization of
the semiconducting domains. Together, these findings establish VOI1:SEBS blends as
promising materials for mechanically robust, solution-processable semiconducting films. The
combination of stable electrical performance and high mechanical strain tolerance, enabled by
vertical phase separation and elastic matrix design, offers a powerful strategy for the

development of scalable, flexible, and stretchable organic electronics.
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