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Abstract: Polyethylene is amongst the most used polymers, finding a plethora of applications in our
lives owing to its high impact resistance, non-corrosive nature, light weight, cost effectiveness, and
easy processing into various shapes from different sizes. Despite these outstanding features, the
commodity polymer has been underexplored in the field of organic electronics. This work focuses on
the development of new polymer blends based on a low molecular weight linear polyethylene (LPE)
derivative with a high-performance diketopyrrolopyrrole-based semiconducting polymer. Physical
blending of the polyethylene with semiconducting polymers was performed at ratios varying from
0 to 75 wt.%, and the resulting blends were carefully characterized to reveal their electronic and
solid-state properties. The new polymer blends were also characterized to reveal the influence of
polyethylene on the mechanical robustness and stretchability of the semiconducting polymer. Overall,
the introduction of LPE was shown to have little to no effect on the solid-state properties of the
materials, despite some influence on solid-state morphology through phase separation. Organic
field-effect transistors prepared from the new blends showed good device characteristics, even at
higher ratios of polyethylene, with an average mobility of 0.151 cm? V~1 s7! at a 25 wt.% blend
ratio. The addition of polyethylene was shown to have a plasticizing effect on the semiconducting
polymers, helping to reduce crack width upon strain and contributing to devices accommodating
more strain without suffering from decreased performance. The new blends presented in this work
provide a novel platform from which to access more mechanically robust organic electronics and
show promising features for the utilization of polyethylene for the solution processing of advanced
semiconducting materials toward novel soft electronics and sensors.

Keywords: conjugated polymers; polymer blends; organic field-effect transistors; solid-state morphology;
charge carrier mobility

1. Introduction

Polymer blending is a very common and efficient approach to fine-tune the properties
of polymers [1-3]. Through careful selection of the blend partners, it is possible to engineer
not only the microstructure of the resulting blends, but also to optimize a plethora of
material properties, including their optical, electronic, and mechanical properties [4-6].
While being a very common approach for the preparation of commodity polymers (elas-
tomers, thermosets, and thermoplastics) at the industrial scale, this approach has also been
recently developed and investigated in the field of organic electronics [7-9]. For emerging
electronics, based on the utilization of organic materials, the blending of the electroactive
component with soft and/or insulating polymers has proved to be a very effective and
promising approach to control the properties of the materials in thin films, particularly
by promoting phase separation and the nanoscale confinement of the semiconducting
materials [10,11]. This particular phase morphology was shown in multiple reports to
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be advantageous for charge transport in organic electronic devices, but also to help the
materials to sustain deformation upon mechanical strain [12,13].

Among the recent examples of semiconducting polymer blend systems for applica-
tions in organic electronics, the utilization of styrene-ethylene-butylene-styrene (SEBS)
has been shown to be particularly effective for promoting nanoscale phase separation of
high-performance semiconducting polymers [12,14,15]. As shown in the literature, the
blending of semiconducting polymers with SEBS can not only enhance charge transport in
organic field-effect transistors, but also help the materials to sustain strain up to 120% elon-
gation without a significant decrease in performance. Polydimethylsiloxane (PDMS) [16]
and polyisobutylene (PIB) [17] are also two soft polymers that can effectively improve
the mechanical properties of polythiophene- and polydiketopyrrolopyrrole (DPP)-based
semiconducting polymers when blended and processed in thin films. Other recent exam-
ples from our group and others explored various types of polymers for the blending with
semicrystalline semiconducting polymers including polystyrene and polyurethane-PDMS
copolymers [18,19].

While many reports have focused on the utilization of soft insulating elastomers for
the development of stretchable semiconducting polymer blends, little attention has been
paid to polyethylene even though this material possesses many interesting features that
can make it a good candidate for the further development of this strategy. Among the
different thermoplastics, polyethylene (PE) is undoubtedly the most used polymer, having
a wide range of applications due to properties such as its high impact resistance, non-
corrosive nature, light weight, cost effectiveness, and easy processing into various shapes
from different sizes (tunability) [20-23]. All these important features are desirable for the
development of new advanced and emerging electronics.

Recently, our team investigated a novel type of hyperbranched polyethylene (BPE) ma-
terial with very promising properties, including a low boiling point and strong interactions
with DPP-based semiconducting polymers [24]. These specific advantages have motivated
our team to exploit BPE as an additive or solvent in conjunction with semiconducting
materials. Overall, our work has shown that BPE can be blended with conjugated materials
to induce nanophase separation in the solid state. The resulting composite provides good
charge mobilities in field-effect transistors. At the same time, BPE can act as a plasticizer to
provide mechanical softness and stretchability to the composite [25]. BPE has also been
used as a solvent to replace chlorinated solvents for the fabrication of organic field-effect
transistor (OFET) devices [26]. Despite these interesting features, BPE has some challenging
limitations. Its synthesis requires many steps, and the resulting materials often lack chem-
ical functional diversity, limiting the possibilities in polymer blends due to suboptimal
miscibility with conjugated polymers. Furthermore, its low boiling point (below 150 °C) can
be detrimental to the stability of the devices through changes in microstructure over time.

Herein, we report on the blending of a semicrystalline DPP-based polymer, P(DPPTVT),
with a linear polyethylene (LPE) derivative. In contrast to previous work on BPE, the LPE
was chosen to be non-volatile and to possesses a linear structure, thus allowing for the
formation of stable and highly tunable semiconducting polymer-polyethylene blends. In
addition to a careful optimization of the blend miscibility and the thin-film formation
process, the resulting blends were carefully characterized to unveil the influence of LPE
on the optoelectronic and solid-state properties of the materials. At ratios between 25 and
75 wt.%, LPE was shown to promote a moderate phase separation with the conjugated
polymers, thus leading to an enhanced aggregation in the solid state as probed by UV-vis
spectroscopy. The blending of P(DPPTVT) with LPE at 25 wt.% was shown not to decrease
charge transport, as observed through the fabrication of OFET devices. In addition to the
optoelectronic, charge transport, and solid-state properties, the mechanical properties of
the new polymer blends were investigated through various techniques, including atomic
force microscopy (AFM) and grazing-incidence X-ray diffraction (GIXRD). The blending
of the semiconducting polymer with LPE was shown to progressively help to improve
the mechanical properties of the semiconductor in thin film by diminishing crack dimen-
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sions upon strain. Moreover, the blending with LPE enabled the semiconducting polymer
to maintain its initial charge mobilities in OFETs after stretching at 25% strain elonga-
tion. Overall, the results described in this report confirm the efficiency of the blending of
semiconducting polymers with soft materials for the fabrication of mechanically robust
electronics. Furthermore, the study introduces a new strategy with which to exploit the
chemical and synthetic versatility of commodity polymers for application in advanced
electronics manufacturing.

2. Experimental Section
2.1. Materials

Commercial reactants were used without further purification unless stated other-
wise. All the solvents used in these reactions were distilled prior to use. Linear polyethy-
lene (M,, = 1700 Da) was purchased from Sigma Aldrich. Tris(dibenzylideneacetone)-
dipalladium(0)-chloroform adduct (Pd;(dba);-CHCl3) was purchased from Sigma Aldrich
(Burlington, VT, USA) and recrystallized following a reported procedure [27]. (E)-1,2-
bis(5-(Trimethylstannyl)thiophen-2-yl)ethene (TVT) and 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione were synthesized
according to the literature [28], resulting in a polymer with M, = 33 kDa, My, = 44 kDa
and D =1.38.

2.2. Measurements and Characterization

Number average molecular weight (M,;), weight average molecular weight (M), and
dispersity (D) were evaluated by high-temperature size exclusion chromatography (SEC)
using 1,2,4-trichlorobenzene and performed on an EcoSEC HLC-8321GPC/HT (Tosoh
Bioscience, Tokyo, Japan) equipped with a single TSK gel GPC column (GMHHR-H; 300
mm X 7.8 mm) calibrated with monodisperse polystyrene standards.

Morphology of polymer blends was assessed using a multimode atomic force mi-
croscope (AFM, digital instruments) operated in the tapping mode at room tempera-
ture. Images were collected using Nanoscope 6 software and processed using Nanoscope
analysis software. UV-visible spectroscopy was performed on a Varian UV /Visible Cary
50 spectrophotometer. Grazing-incidence X-ray diffraction (GIXRD) was performed at the
Canadian Light Source at beamline BXDS-WLE. The X-ray wavelength was 0.8200 A or a
beam energy of 15.120 keV. The incidence angle of X-rays was set at 0.10 and the sample
to detector distance was about 500 mm. Numerical integration of the diffraction peak
areas was performed using the software Igor. 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.

2.3. Polymer Blend Preparation

Polymer blends were prepared by dissolving the conjugated polymer and linear
polyethylene (LPE) in 2 mL of chlorobenzene according to different weight ratios and
heated to 90 °C overnight. For all the blends, 3 mg of conjugated polymer was used.
Amounts of 0, 25, 50, and 75 wt.% polymer blends were prepared by adding 0, 1, 3 and
9 mg of LPE, respectively.

2.4. Device Fabrication and Characterization

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 the reported method [29]. The OTS-treated substrate was washed with toluene,
acetone, and isopropanol, and then dried with nitrogen before use. Next, polymer solutions
were spin cast on OTS-coated Si wafers at 2000 rpm for 1 min. Samples were thermally
annealed using a hot plate at 90 °C and 150 °C inside a Nj-filled glove box. 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 150 and 1000 pum,
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respectively. A shadow mask with a channel length (L) and width (W) defined as 100 and
1000 um, 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 a N;-filled glove box at room temperature.

2.5. Transfer-Printed Organic Field-Effect Transistor 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 [30]. 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) defined as 100 and 1000 pm, respectively.
All measurements were conducted using a Keithley 4200-SCS semiconductor parameter
analyzer (Keithley Instruments Inc., Cleveland, OH, USA) in a Nj-filled glove box at
room temperature.

3. Results and Discussion

In order to gain insights into the influence of linear polyethylene on several key prop-
erties of semiconducting polymers, a selected DPP-based polymer, namely P(DPPTVT),
was blended at different weight ratios with a commercially-available linear polyethy-
lene (LPE). The semiconducting polymer was selected due to its previously reported
high charge carrier mobility in OFETs, and the polymer was prepared through a known
procedure [8,31-33]. All the details about material synthesis and sample preparation are
available in the Supplementary Information.

To understand the aggregation behavior of these polymer blends and investigate their
optical properties in solution and solid states, UV-vis spectroscopy was employed. UV-vis
spectra for polymer blends (ranging from 0 to 75 wt.% LPE) were collected for solution
and solid (thin film) states before and after annealing at 150 °C (Figures 1, S1 and S2). As
shown in Figure 1, there are two distinct absorption bands present in all the solid-state
spectra, which are typically observed in donor-acceptor m-conjugated semiconducting
polymer systems [34]. The absorption band around A = 400 nm is associated with m—m*
transition, whereas the one centered at A = 750 nm corresponds to the donor-acceptor charge
transfer. The extent of the intramolecular and intermolecular interactions (aggregation)
can be determined using the ratio of the vibrational peak intensities (Ag—o/ Ag-1) present
around A = 750 nm [35]. Based on the UV-vis results reported in Figure S1, there is not a
significant change in the Ap_g/ A(_1 ratio upon the addition of LPE to the system in solution.
This observation indicates that the addition of LPE up to 75 wt.% does not influence the
molecular aggregation in the solution state. Additionally, the UV-vis spectra of P(DPPTVT)
blends with 0-75 wt.% LPE were collected for thin films. As shown in Figure 1a, the change
in Ag_9/ Ap-1 ratio is minimal, indicating only a slight increase in molecular aggregation
with the addition of 75 wt.% LPE. To investigate the influence of annealing on the molecular
aggregation, thin films of blend polymers were annealed at 150 °C for 30 min. As shown in
Figure 1b, the Ag_g/ A1 ratio remained unchanged for most of the blend ratios, proving
that the addition of LPE does not interrupt the molecular aggregation of P(DPPTVT)
significantly. However, the highest change in the molecular aggregation was shown for the
75 wt.% LPE blends after annealing (Figure 1b). This observation is in contrast with other
blend systems where the addition of insulating polymer often resulted in the promotion of
interchain aggregation [12,24].
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Figure 1. UV-vis spectra of P(DPPTVT) blends with 0-75 wt.% LPE of thin films: (a) before annealing
and (b) after thermal annealing at 150 °C for 30 min. Thin films were prepared by solution deposition
(spin coating) on a glass slide.

It is anticipated that the charge transport decreases upon the physical blending of
a semiconducting polymer with an insulating soft polymer [36]. To tune charge carrier
mobilities, careful control over phase morphology and phase separation in the solid state
is necessary to ensure a pathway for charges to percolate across the polymer network. To
visualize the solid-state microstructure of P(DPPTVT) upon progressive addition of LPE, we
used atomic force microscopy (AFM). The results are depicted in Figures S3-S5, revealing
both phase and height profiles of thin films upon addition of LPE to P(DPPTVT). In order
to investigate the influence of annealing temperature on the solid-state morphology of the
polymer blends, the samples were annealed at 90 °C (melting temperature of LPE) and
150 °C (above the glass transition temperature of P(DPPTVT)). As shown in Figure S3a,
the AFM images of pure P(DPPTVT) thin films exhibited a smooth surface (RMS values
of 0.573 nm) with large crystalline domains. This smooth morphology is often observed
for DPP-based and other semiconducting conjugated polymers [37,38]. Upon addition of
LPE (25 to 50 wt.%), the size of the nanoscale domains progressively decreased. However,
the morphology became more fibrous with the addition of 75 wt.% LPE. Despite this
change in microstructure, the roughness of the films remained relatively low (2.42 nm for
75 wt.% LPE). The AFM results agree with the UV-vis spectroscopy findings, confirming
that the addition of LPE does not significantly influence the extent of aggregation. A similar
morphology was also observed for films after thermal annealing at 90 °C for up to 75 wt.%
of LPE. These results indicate that the melting of LPE does not significantly impact the
solid-state microstructure. Additionally, the annealing temperature was increased to 150 °C
and it was observed that the RMS roughness increased from 2.42 nm (Figure S3h) for the as-
cast film to 4.06 nm for the annealed film containing 75 wt.% LPE (Figure S5h). Overall, the
addition of LPE combined with thermal annealing at 150 °C results in a more amorphous
microstructure without any ordered and large domains. This type of morphology has been
previously observed for other types of polymer blends as well [18,25].

To evaluate the electronic properties of the P(DPPTVT): LPE polymer blends, OFET
devices with bottom-gate top-contact architecture were fabricated. The details of device
fabrication are provided in the Experimental Section and the results are summarized in
Table S1. The output and transfer curves are presented in Figures S6-58. As presented in
Table S1, OFET devices based on as-cast P(DPPTVT) (0 wt.%) showed an average mobility
of 0.039 cm? V! s~1. Interestingly, the addition of 25 wt.% LPE to P(DPPTVT) did not
change the average mobility values significantly. However, as the LPE ratio increased to
50 and 75 wt.%, the mobility values started to decrease considerably, reaching order of
magnitude lower values of 0.006 and 0.001 cm? V~! s~1, respectively. Despite the decrease
in mobilities with an increase in LPE ratios, the OFET devices maintained stable device
characteristics even with 75 wt.% LPE content.
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Thermal annealing of semiconducting polymer thin films has been extensively used
as a strategy to enhance the crystallinity, thus improving the charge carrier mobility in
OFETs [39]. The desired annealing temperature typically falls between the polymers’ glass
transition (Tg) and its melting point (Tr,) and is usually established experimentally. The
determination of appropriate annealing temperature is even more important for polymer
blend systems as phase transition can have a significant impact on phase morphology and
thin film properties. To study the effect of thermal annealing on our blend system, device
performance was investigated after annealing the spin-casted P(DPPTVT):LPE thin films at
two different temperatures of 90 °C and 150 °C. The annealing procedure was performed
inside an Nj-filled glove box for 30 min. We picked the annealing temperatures based
on the glass transition temperature of P(DPPTVT) and melting temperature of LPE [37].
As reported in Table S1 and Figure 2, there was an order of magnitude increase in charge
carrier mobilities when films were annealed at 90 °C (except for 75 wt.% LPE) as compared
to devices with as-cast thin films. We observed further increases in mobility values, but to a
lesser extent, as we increased the annealing temperature to 150 °C (except for 75 wt.% LPE).
In addition, we did not observe a substantial change in mobility values for the 75 wt.%
LPE blend films even after annealing the films up to 150 °C. Despite the ineffectiveness
of the annealing strategy for films with 75 wt.% LPE, they still possess good electrical
characteristics with decent mobility values of 0.0012 cm? V~! s~ for as-cast thin films.
Based on the electrical results, we decided to focus on the blends with 0-50 wt.% LPE for
investigating the mechanical properties of thin films.

«==@==As cast
==@== Annealed to 90°C
=== Annealed to 150°C

©c o o o ©
o - - - -
oo o N B o]
1 1 1 1 1

Charge mobility (cm?V-'s™)

0.06 —

0.04 — =

0.02

0.00

-0.02 T T T T T T T
0 25 50 75

Weight ratio (wt.%)

Figure 2. Average charge carrier mobility of different P(DPPTVT):LPE blends for thin films as-cast,
after thermal annealing at 90 °C, and after thermal annealing at 150 °C.

Atomic force microscopy was used to gain insight into the nanoscale crack growth in
the polymer blend films upon 100% strain (Figure S9) and crack widths were extracted for
comparison. The method used to measure crack width is detailed in the Supplementary In-
formation. As reported in Figure 3a, both pristine P(DPPTVT) and 25 wt.% LPE:P(DPPTVT)
transfer-printed films showed average crack widths of 0.35 and 0.24 pm at 100% strain,
respectively. As anticipated, the incorporation of 50 wt.% LPE decreased the crack width
to 0.15 um. In addition, to probe strain-induced chain alignment, polarized UV-vis spec-
troscopy measurements were performed for polymer blends at different strains [40—42]. The
dichroic ratio (DR) was calculated based on the absorbance parallel and perpendicular to

A
the stretching direction (DR = A—ﬂ). The respective UV-vis spectra and calculated dichroic



Chemosensors 2022, 10, 201

7 of 12

ratios for the P(DPPTVT):LPE blends are depicted in Figure 3b and Figures 510-513. In
the case of pristine P(DPPTVT), there is an increase in dichroic ratio as strain increases to
25%, reaching maximum DR values of 1.5. However, applying further strain resulted in
a progressive decrease in DR values, indicating that further polymer chain alignment is
not possible due to the formation of cracks or other phenomena. In contrast, the addition
of 25 and 50 wt.% LPE to P(DPPTVT) resulted in a progressive increase in the dichroic
ratio upon strain, reaching maximum DR values of 1.2 and 1.1, respectively. Although
the maximum DR values for P(DPPTVT):LPE blends are lower than those observed for
pristine P(DPPTVT) films, this result can be explained by an increased anisotropy of the
pure semicrystalline polymer upon strain. While the chains of P(DPPTVT) align to a higher
extent at lower strain ratios, the presence of LPE is particularly beneficial to maintain chain
alignment and anisotropy at higher strains due to the plasticizing nature of LPE.

a) 0.40 b) 16 —0wt.%
—25 wt.%
—50 wt.%

o

w

o
L
o

o

w

S
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Crack width (um)
Dichroic ratio

o
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Weight ratio (wt.%) ° % Str::n " * 100
(]

Figure 3. (a) The crack width values extracted from optical and atomic force microscope images of
blend films at 100% strain before thermal annealing; (b) dichroic ratios of P(DPPTVT): LPE blends
determined by polarized UV-vis spectroscopy.

We investigated the effect of LPE on thin film morphology through grazing incidence
wide angle X-ray scattering (GIWAXS), and we studied the impact of strain on thin film
morphology by performing GIWAXS on films stretched at 30 and 100% strain in two
different directions: parallel and perpendicular to the incident X-ray. Based on 2D GIWAXS
patterns (Figure S14), the intensity of the diffraction peaks is more intense for stretched
films at 100% strain for both parallel and perpendicular directions, compared to the 30%
stretched films. This can be attributed to the strain-induced crystallinity in thin films [43].
However, the intensity of the diffraction peaks starts to decrease as the LPE ratio increases
in thin films for both 30% and 100% strains applied in parallel and perpendicular directions.
This can be an indication that the strain-induced crystallinity is more prevalent in the
P(DPPTVT) segments of the films. Thus, as the P(DPPTVT) ratio decreases (LPE wt.%
increases), the crystallinity level starts to decline for both 30% and 100% strained films.

To investigate the effect of mechanical strain on the electrical performance of P(DPPTVT):
LPE blend films, a series of OFETs was fabricated by transferring pre-stretched polymer blend
films on silicon wafers and performing electrical characterization [27]. The details of the
procedure can be found in the Experimental Section and the electrical characteristics of OFET
devices are summarized in Table S2. It is important to mention that part of the observed
decrease in mobility values for transferred films, compared to devices fabricated directly on
OTS-functionalized silicon wafers (0% strain), is due to the impact of OTS on the self-assembly
of the polymer chains near the gate—dielectric interface. The transfer curves for OFETs based
on pre-stretched and transferred films on SiO, wafers at 25% elongation are depicted in
Figure 4. This specific strain ratio is particularly relevant for wearable electronic applications;
while being variable, the maximum strain elongation experienced by the human body is
generally between 25 and 30% [44,45]. As reported in Table S2, OFET devices with films
stretched perpendicular to the direction of the charge transport have higher mobility values,
irrespective of the blend ratios. This observation is justified by the relationship between the
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crack and charge transport direction as illustrated in Figure S15. When the charge transport
direction is perpendicular to the stretching direction, charge carriers can easily move from
one electrode to another along the crack paths. However, if the charge transport direction
is parallel to the stretching direction, some of the transport pathways will be blocked by the
presence of cracks, thus reducing the charge carrier mobilities.

—0 wt%

—0 wt% — 25 wt%
—25wt.% 50 Wt
—50 wt.% 7o
0.0008 - 0.0010 -
0.0007 |-
0.0008 -
0.0006 -
&7 00005 - S 0.0006 -
<, 00004 | <
E S 00004
T 00003 5
0.0002 |
0.0002 |
0.0001 |-
0.0000 - 0.0000 -
-0.0001 T T T T T T T T T T
-60 -40 -20 0 20 60 -40 -20 0 20
Gate Voltage (V) Gate Voltage (V)
(a) (b)

Figure 4. Transfer curves of OFET devices prepared from 0 to 50 wt.% LPE:P(DPPTVT) after stretching
at 25% elongation and measured parallel (a) and perpendicular (b) to the device channel. The gate
voltage was scanned from 20 to —60 V at Vg = —60 V.

From a general perspective, when LPE ratio increases, the decrease in mobilities upon
strain starts to decrease (Figure 4), which can be attributed to a better ability of the polymer
blend to accommodate deformation. For the pristine conjugated polymer upon strain in the
perpendicular direction, the devices suffered almost three orders of magnitude decreases in
average charge mobility at 25% strain elongation (from 0.0089 to 1.16 x 1076 cm? V-1 s71).
A similar result was obtained for the 25 wt.% LPE:P(DPPTVT) blend, which went from an
average charge mobility of 0.0085 cm? V=1 s~! at 0% strain to 4.11 x 107 ®ecm? V-1s 1 at
25 wt.%. In contrast, when 50 wt.% LPE was added to the semiconducting material, devices
were shown to better retain the charge mobility upon 25% strain and only suffered from an
order of magnitude decrease in average charge mobility (from 0.0129 to 0.0028 cm? V~1s~1).
This enhanced mechanical robustness to deformation can be explained by the plasticizing
nature of LPE, helping dissipate a portion of the applied strains and thus maintaining
pathways for charge transport. Overall, the incorporation of LPE helps devices to maintain
their performance upon strain in comparison to the pristine polymer that rapidly loses its
efficacy in OFETs. These findings prove that the incorporation of LPE, even at 50 wt.%, can
help the materials to maintain good electrical properties while protecting the integrity of
the device under moderate mechanical stress.

4. Conclusions

In conclusion, a new polymer blend system has been developed by combining a DPP-
based semiconducting polymer with a linear polyethylene derivative, and its application
to the fabrication of organic electronics has been explored. The physical blending of the
conjugated polymer with different quantities of LPE (from 0 to 75 wt.%) resulted in blends
with optical properties similar to those of the pure semiconducting polymer, with reduced
aggregation upon addition of the LPE component. The evaluation of the blend nanoscale
morphology by AFM revealed that the addition of LPE results in a more amorphous mi-
crostructure without any ordered and large domains. In addition, this microstructure
was not significantly impacted by thermal annealing. OFET devices prepared from the
polymer blends showed good electrical performance and good device characteristics, with
the highest average charge mobility of 0.151 cm? V~! s~ for 25 wt.% LPE:P(DPPTVT)
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blends. The evaluation of the mechanical properties of the blends revealed that LPE can act
as a plasticizer, thus helping to reduce crack propagation and crack widths at 100% strain
elongation. This was confirmed by polarized UV-vis spectroscopy and grazing incident
X-ray scattering. Finally, the impact of mechanical strain on the electrical performance of
P(DPPTVT):LPE blend films was evaluated by fabricating a series of OFETs by transferring
pre-stretched polymer blend films on silicon wafers and performing electrical character-
ization. Overall, the incorporation of 25 and 50 wt.% LPE was shown to be beneficial to
the charge mobility upon strain (25%) by helping the device to maintain a higher charge
mobility upon deformation than the pristine conjugated polymers. In comparison to the
pristine polymer, which suffered from a three orders of magnitude drop in average charge
mobility at 25% strain elongation (from 0.0089 to 1.16 x 1076 cm? V1 s’l), the 50 wt.%
LPE:P(DPPTVT) blend only experienced an order of magnitude drop in average charge
mobility with a decent charge mobility at 25% strain (0.0028 cm? V—1 s~ 1).

Polyethylene is one of the most important and largely used commodity polymers. Its
application to organic electronics and organic semiconductors opens new avenues for the
manufacturing of new technologies through innovative techniques such as 3D printing
owing to its moldability and tunable thermal properties. The results presented in this work
also reveal a new approach for the application of polyethylene in soft materials toward
more robust and efficient emerging electronics and related technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors10060201/s1, Scheme S1. The process of transfer-
printed organic field-effect transistor fabrication; Figure S1. UV-vis spectra of P(DPPTVT):LPE blend
solutions; Figure S2. UV-vis spectra of P(DPPTVT):LPE thin films with (a) 0 wt.% LPE, (b) 25 wt.%
LPE, and (c) 50 wt.% LPE, before and after thermal annealing at 150 °C; Figure S3. Atomic force
microscopy images (a,c,e,g): phase images; and (b,d,f,h): height images) of P(DPPTVT):LPE thin films
fabricated via spin-casting of solutions in chlorobenzene, before thermal annealing; Figure S4. Atomic
force microscopy images (a,c,e,g): phase images; and (b,d,f,h): height images) of P(DPPTVT):LPE
thin films fabricated via spin-casting of solutions in chlorobenzene, after thermal annealing at 90 °C;
Figure S5. Atomic force microscopy images (a,c,e,g): phase images; and (b,d,f,h): height images) of
P(DPPTVT):LPE thin films fabricated via spin-casting of solutions in chlorobenzene, after thermal
annealing at 150 °C; Figure S6. Transfer (a-d) and output (e-h) curves for OFET devices fabricated
using 0-75 wt.% LPE before thermal annealing (V4 = —60 V); Figure S7. Transfer (a—d) and output
(e-h) curves for OFET devices fabricated using 0-75 wt.% LPE after thermal annealing at 90 °C
for 30 min (V4 = —60 V); Figure S8. Transfer (a-d) and output (e-h) curves for OFET devices
fabricated using 0-75 wt.% LPE after thermal annealing at 150 °C for 30 min (V4 = —60 V); Table S1.
Average (yzvg ) and maximum hole mobilities (31'*¥), threshold voltages (Vy,), and Ion /I ratios
for OFETs fabricated using polymer blends (0-75 wt.% LPE) before and after thermal annealing;
Figure S9. Atomic force microscopy images (height) of P(DPPTVT): LPE blends at 100% strain
before thermal annealing; Figure S10. Polarized UV-vis spectra of P(DPPTVT) thin films with 0 wt.%
LPE stretched at different percent strains with the polarization direction of light parallel (0°, black
trace) and perpendicular (90°, red trace) to the stretching direction; Figure S11. Polarized UV-vis
spectra of P(DPPTVT):LPE blend films with 25 wt.% LPE stretched at different percent strains,
with the polarization direction of light parallel (0°, black trace) and perpendicular (90°, red trace)
to the stretching direction; Figure S12. Polarized UV-vis spectra of P(DPPTVT):LPE blend films
with 50 wt.% LPE stretched at different percent strains, with the polarization direction of light
parallel (0°, black trace) and perpendicular (90°, red trace) to the stretching direction; Figure S13.
Dichroic ratios of the P(DPPTVT):LPE blend films as a function of strain applied determined by
polarized UV-vis spectroscopy; Figure S14. GIWAXS 2D patterns of P(DPPTVT):LPE blend films
under: (a) 30% strain parallel, (b) 100% strain parallel, (c) 30% strain perpendicular, and (d) 100%
strain perpendicular to the incident X-ray direction; Table S2. Average (szg ) and maximum hole
mobilities ("), threshold voltages (Vy,), and lon/Iopr ratios for OFETs fabricated using pre-
stretched (0 and 25% strain) polymer blend films (0 to 50 wt.% LPE); Figure S15. Schematic diagram
illustrating the charge transport pathways (yellow arrows) between top electrodes when they are a:
parallel or b: perpendicular to the stretching direction (black arrows); Figure S16. Transfer (a—d) and
output (e-h) curves for OFET devices fabricated using transferred pre-stretched P(DPPTVT) films
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on SiO, at different applied strains: (a,e) 0% strain parallel to the charge transport, (b,f) 0% strain
perpendicular to the charge transport, (c,g) 25% strain parallel to the charge transport, and (d,h) 25%
strain perpendicular to the charge transport; Figure S17. Transfer (a—d) and output (e-h) curves
for OFET devices fabricated using transferred pre-stretched P(DPPTVT) films with 25 wt.% LPE
on SiO; at different applied strains: (a,e) 0% strain parallel to the charge transport, (b,f) 0% strain
perpendicular to the charge transport, (c,g) 25% strain parallel to the charge transport, and (d,h) 25%
strain perpendicular to the charge transport; Figure S18. Transfer (a-d) and output (e-h) curves
for OFET devices fabricated using transferred pre-stretched P(DPPTVT) films with 50 wt.% LPE
on SiO, at different applied strains: (a,e) 0% strain parallel to the charge transport, (b,f) 0% strain
perpendicular to the charge transport, (¢,g) 25% strain parallel to the charge transport, and (d,h) 25%
strain perpendicular to the charge transport.
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