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Autonomic Self-Healing of PEDOT:PSS Achieved
Via Polyethylene Glycol Addition

Yang Li, Xinda Li, Shiming Zhang, Leslie Liu, Natalie Hamad, Sanyasi Rao Bobbara,

Damiano Pasini, and Fabio Cicoira*

Self-healing electronic materials are of primary interest for bioelectronics and
sustainable electronics. In this work, autonomic self-healing of films obtained
from mixtures of the conducting polymer poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT:PSS) and polyethylene glycol (PEG)
is reported. The presence of PEG in PEDOT:PSS films decreases the elastic
modulus and increases the elongation at break, thus leading to a softer mate-
rial with enhanced self-healing characteristics. In situ imaging of the cutting/
healing process shows that the healing mechanism is likely due to flowing
back of the material to the damaged area right after the cutting.

1. Introduction

Self-healing materials are able to recover their functionalities
after being damaged, via a process that can be spontaneous
(autonomic), or triggered by an external input.'¥l Mate-
rials showing autonomic self-healing are highly desired, in
particular for applications such as bioelectronics and wear-
able electronics, where frequent damages may occur due
to mechanical movement or prolonged contact with living
tissues and biological fluids.*"! Several approaches have
been proposed to achieve such kind of materials. Song et al.
reported an aerogel framework fabricated via in situ poly-
merization of N-isopropylacrylamide on sulfur-containing Ag
nanowires with an electrical conductivity of 93 S cm™, exhi-
biting autonomic self-healing due to the strong reversible Ag—S
bonds.® Autonomic self-healing, resulting from ion-dipole
interactions, was also found in ionic conductors consisting
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of ionic liquids in a poly(vinylidene
fluoride-co-hexafluoropropylene)  matrix,
which showed a conductivity ranging
between =10~ and 10 S cm B Iu
et al. reported autonomic self-healing of a
stretchable polymer complex composed of
poly(2-acrylamido-2-methyl-1-propanesul-
fonic acid), poly-aniline and phytic acid,
which also acts as a strain sensor.?l Other
types of autonomic self-healing materials
make use of micro-capsules of conductive
agents, such as liquid metal or silver paste,
embedded into a polymer matrix.2=3
The conducting polymer  poly(3,4-
ethylenedioxythiophene) doped with polystyrenesulfonic acid
(PEDOT:PSS) is attracting enormous interest as self-healing
material, due to its widespread use in bioelectronics and wear-
able electronics. Our group demonstrated that PEDOT:PSS
films can be healed electrically by water after being cut by a
razor blade and show autonomic self-healing when wetted with
water before being cut.?®! However, wet PEDOT:PSS films are
extremely fragile and their autonomic healing behavior van-
ishes after drying. A possible strategy to achieve autonomic
self-healing in PEDOT:PSS films is to modify their mechanical
properties via mixing with other polymers. Along this line, it
has been shown that mixtures of PEDOT:PSS with the sur-
factant Triton X-100 show autonomic self-healing and can
be used for deformable electronics and stretchable thermo-
electrics.®] However, as Triton X-100 is potentially harmful,[*’!
alternative approaches need to be explored to develop self-
healing materials for applications in bioelectronics.

We have recently reported that adding polyethylene glycol
(PEG) to PEDOT:PSS films significantly improves the per-
formance of stretchable organic electrochemical transis-
tors, by reducing the density of the cracks in the films upon
stretching.’8l PEG, also known to act as a moderate electrical
conductivity enhancer for PEDOT:PSS,33#] has been already
used to modify the mechanical properties of several polymers, by
decreasing the Young’s modulus and increasing the elongation
at break."*] The biocompatibility and anti-fouling properties of
PEG make it interesting for applications in bioelectronics.[**!
On the basis of these results, we believe that the presence of
PEG in PEDOT:PSS films can lead to significant changes
of the self-healing properties. In this work we explore the
self-healing properties of films obtained from blends of
PEDOT:PSS and PEG. We show that films processed from a
mixture of PEDOT:PSS aqueous suspension and PEG exhibit
repeatable autonomic self-healing when cut by sharp blades,
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even in presence of the conductivity enhancer glycerol. The
self-healing can be switched from autonomic to water-enabled
by varying the PEG amount in the film, the molecular weight
of PEG or by soaking PEG-containing films in methanol. We
found that the addition of PEG decreases the Young’'s modulus
and increases the elongation at break of PEDOT:PSS films,
thus leading to a soft and viscoelastic material.

2. Results and Discussion

Preliminary experiments revealed that to achieve films showing
autonomic healing, at least 3% PEG needs to be added to
the PEDOT:PSS aqueous suspension. The addition of lower
amounts leads to water induced healing. For our studies we
focused on films obtained from mixtures of PEDOT:PSS
and 4% PEG-400, as this composition is safely beyond the
threshold required for autonomic self-healing. Free standing
films obtained from mixtures of PEDOT:PSS and 4% PEG-400
(thickness =15 um, electrical conductivity =200 S cm™) show
autonomic self-healing upon multiple cuts (black curve in
Figure 1a, Figure S1, Video S1, Supporting Information), with
a healing efficiency close to 100%. An identical behavior was
observed when 5 v/v% glycerol was added to the processing
mixture, leading to an increase of the electrical conductivity
to =400 S cm™! (cyan curve in Figure 1a). The time-lapse cur-
rent measurements (Figure 1b) show that the process takes
place rapidly, with healing times ranging between =50 and
800 ms. The autonomic self-healing is observed for cut widths
ranging between =10 and 60 pum (i.e., about 4 times the film
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thickness), achieved with blades of different sharpness (Table S1,
Supporting Information). The SEM images of healed films
(Figure 1c,d, Figure S3, Supporting Information) show that,
although the damage induced by the blade can be clearly dis-
tinguished, there are no discontinuities between the two sides
of the cut. The autonomic self-healing vanishes when the cut
width is increased to =100 um, using the edge of a quartz
microscope slide (Figure S2, Supporting Information).

As shown above, the addition of PEG to the films processing
mixture is essential to achieve autonomic self-healing. To con-
firm that PEG is still present at the end of the film processing,
we performed thermogravimetric analysis (TGA, Figure 2a) and
Fourier-transform infrared spectroscopy (FTIR, Figure S4, Sup-
porting Information). TGA curves of pristine PEDOT:PSS films
show a sharp weight loss above 300 °C, due to the decomposi-
tion of thiophene.*®l Films containing PEG-400 show a different
behavior, with a main weight loss occurring between 150 and
300 °C, likely due to the vaporization of PEG-400. The weight
loss is more pronounced for samples containing 4 v/v% and
10 v/v% PEG-400, where it reaches =80%. In the FTIR spectra,
the peaks at 2875 cm™ (C—H stretching) and 1645 cm™ (C—O—H
bending), as well as the broad band at 3300 cm™ (O—H
stretching band of the hydroxyl group), confirm the presence
of PEG in the films.’*¥*) The intensities of the peaks at
2875 and 1645 cm ™ and of the broad band gradually increase with
increasing PEG amount (Figure S4, Supporting Information),
which indicates that the hydroxyl groups of PEG form hydrogen
bonding with the hydroxyl groups of other PEG molecules
and with the sulfonate groups of PEDOT:PSS."*) The total
hydrogen bonding contribution is enhanced with the increase
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Figure 1. a) Current versus time plots during several cuts in different regions of films processed from mixtures containing PEDOT:PSS and 4%
PEG-400, with or without 5% glycerol. b) Time-lapse current measurements during the cut/healing process for four different films processed from
mixtures containing PEDOT:PSS and 4% PEG-400. c,d) SEM images of the cut and healed region with different magnifications. The voltage applied
during the healing test was 0.2 V. The thickness of the films was =15 um.
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Figure 2. Thermal and mechanical properties of films processed from mixtures of PEDOT:PSS and different amounts of PEG-400. a) Thermogravimetric
analysis; b) stress—strain curves; c) Young's modulus and break elongation as a function of the PEG-400 content; d) storage modulus (E’); €) loss
modulus (E”); f) mechanical damping factor (tan 6 = E”/E’) for different PEG-400 contents, obtained via DMA in the frequency range 100-0.01 Hz.

The thickness of the films used for mechanical tests was =100-150 pum.

of PEG amount, due to the availability of more hydroxyl groups.
This is also reflected in the shift of onset temperature for
weight decrease in the TGA curves of conducting polymer films
containing larger amounts of PEG-400 (Figure 2a).*=" The
presence of PEG is further confirmed by X-ray photoelectron
spectroscopy (XPS), via the shift of C(1s) and O(ls) core level
spectra (Figure S5, Supporting Information), in agreement with
our recent work.[*8]

To evaluate the impact of PEG on the mechanical properties
of the films under study, we performed tensile stress—strain
measurements and dynamic mechanical analysis (DMA) of
PEDOT:PSS films processed from pristine PEDOT:PSS solu-
tion and from PEDOT:PSS solutions containing different con-
centrations of PEG-400. A maximum of 10% PEG was added to
the PEDOT:PSS processing solution, as higher amounts (=15%)
yielded a dough-like suspension, which could not be used to
make freestanding films. Stress-strain responses (Figure 2b
and Figure S6, Supporting Information) show almost linear
behavior for all films. Additionally, as the PEG content increases
the slope (Young’'s modulus) decreases. Pristine PEDOT:PSS
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films show elongation at break (percentage increase in length
that occurs before breaking under tension) of =0.5% upon
application of a stress of =4.5 MPa. Increasing the PEG con-
tent leads to an increase of the elongation at break, that is, =<4%
upon application of a stress of =3.8 MPa for 1 v/v% PEG-400,
=~6.5% upon application of a stress of =1.5 MPa for 4 v/v%
PEG-400 and =8.5% upon application of a stress of =0.3 MPa
for 10 v/v% PEG-400. The plots of the Young’s modulus and
the elongation at break (versus the amount of PEG in the film
processing mixture (Figure 2c, data extracted from the stress—
strain responses shown in Figure S6, Supporting Informa-
tion) show that increasing the PEG content leads to a gradual
decrease of the modulus from =800 MPa (pristine PEDOT:PSS)
to =4 MPa (10 v/v% PEG), and a gradual increase of the elonga-
tion at break from =1% to =9%. These results clearly indicate
that increasing the amount of PEG leads to softer films. It is
important to point out that the film conductivity increases from
a few S cm™ to =350 S cm™! upon addition of 1% PEG, then
decreases to =200 S cm™ upon addition of 4% PEG (Table 1).
To investigate the viscoelastic properties, we performed DMA
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Table 1. Summary of healing behaviors and electrical conductivity of
PEDOT:PSS/PEG films.

Processing mixture/treatment Healing behavior Electrical conductivity

[Secm™]
PEDOT:PSS/1%PEG-400 Water-enabled 356 +£23
PEDOT:PSS/4%PEG-400 Autonomic 201+13
PEDOT:PSS/4%PEG- Autonomic 373152
400/5%Glycerol
PEDOT:PSS/4%PEG-400 after Water-enabled 1399 £ 87
methanol soaking
PEDOT:PSS/4%PEG-200 Autonomic 237 +27
PEDOT:PSS/4%PEG-1500 Autonomic N8 +15
PEDOT:PSS/4%PEO-100000  Partial autonomic and 58+13

water-enabled

PEDOT:PSS/4%PEO-5000000 Water-enabled 17+9

at variable stress frequencies. The storage modulus E’, which
is a measure of the elastic response, does not show a strong
dependence on frequency, whereas the loss modulus E”, which
expresses the viscous response, increases with frequency. Both
E’ and E” decrease with increased PEG content, especially at
concentrations of 4 and 10 v/v% PEG (Figure 2d,e), with the
viscous component remaining lower than the elastic one. The
behavior of E’ parallels that of the Young’s modulus and con-
firms that the addition of PEG leads to softer films. The rela-
tive ratio (tan 6 = E”/E’) between loss and storage modulus
(damping factor) is almost constant for all films up to a fre-
quency of 40 Hz. In the 40-100 Hz range it shows a steep
increase for 4 and 10 v/v% PEG contents (Figure 2f). The latter
result points to an increased tendency of the material to dissi-
pate energy, that is, to a more pronounced viscoelastic behavior,
likely due to the mobility of the PEG chains.

Although further investigations are needed to establish
a clear correlation between mechanical properties and self-
healing behavior, our results suggest that autonomic self-
healing is favored by the sofiness and viscoelasticity provided to
PEDOT:PSS films by increasing amounts of PEG. For instance,
films processed from mixtures containing 4% PEG, character-
ized by a pronounced softness and viscoelasticity, show auto-
nomic self-healing. On the other hand, decreasing the amount
of PEG to 1%, leads to mechanical properties similar to those
of pristine PEDOT:PSS and, as a consequence, to a change
from autonomic to water-induced healing (Figure 3a,b).1’%l
SEM images confirm that the gap of =15 um created by the cut
(Figure 3c) is fully healed by water (Figure 3d).

With the aim to increase the conductivity of autonomi-
cally healable films, we carried out methanol soaking
(20 min followed by 20 min drying at 140 °C),>?~* which led to
an increase from =200 S cm™ to =1400 S cm™! (Table 1). TGA
curves (Figure 3e) show that this treatment leads to a behavior
similar to pristine PEDOT:PSS films, thus indicating that the
conductivity enhancement is most likely due to the dissolu-
tion of the insulating PEG during methanol soaking.l®>* The
PEG dissolution, however, led to a switch from autonomic to
water-enabled healing (Figure 3f). Re-immersing the films in
PEG for about 30 min led only to a partial recovery of the auto-
nomic healing (Figure S7, Supporting Information). Therefore,
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although it suppresses autonomic healing, methanol soaking
can be exploited to achieve water-healable films with high
conductivity. The self-healing performance of PEG containing
PEDOT:PSS films also depends on the molecular weight of
PEG. In addition to PEG-400, we investigated PEG-200, PEG-
1500, PEO-100000, and PEO-5000000, by keeping the added
amount constant to 4 v/v%. Films containing PEG-200 show
autonomic healing (Figure S8a, Supporting Information) and
a conductivity similar to that achieved with PEG-400. The use
of PEG-1500 leads to a decrease of the healing efficiency to
~80% (Figure S8b, Supporting Information). Films containing
polyethylene oxide (PEO, molecular weight 100 000) show a
partial autonomic healing, which can be completed by wetting
the damaged area with water (Figure S8¢, Supporting Informa-
tion). Films containing PEO-5000000 show only water-enabled
healing (Figure S8d, Supporting Information). This decrease
in autonomic healing efficiency can be attributed to the lower
mobility of the longer chains of high molecular weight PEG,
which may lead to increased stiffness, thus hindering the flow
back of material to the damaged area after cut. It is also worth
noticing that increasing the molecular weight of PEG results
in a significant conductivity decrease, as reported in the litera-
ture.3% The self-healing behavior and the electrical conductivity
of films processed from different PEDOT:PSS/PEG mixtures
are summarized in Table 1.

In our previous work, we hypothesized that swelling may
play a role in the mechanism of water induced healing.* To
validate our hypothesis, here we measured the swelling (i.e.,
weight gain upon water immersion) of PEDOT:PSS films con-
taining various amount of PEG-400 (Figure 4a). As pristine
PEDOT:PSS films were too brittle to handle for this experi-
ment, we replaced them with films containing 5% of glycerol.
Soaking for 10 min in water led to a weight increase of =300%
for PEDOT:PSS films containing glycerol and 1% PEG. This
high swelling ability may explain the water-enabled self-healing.
A higher amount of PEG causes the weight increase to drop to
=90% for 2 v/v% PEG-400 and =30% for 4 v/v% PEG-400. No
further changes were observed upon soaking for longer times.
Interestingly, upon increasing the PEG content, the weight of
dry films increases, in accordance with TGA (Figure 2a), while
that of wet films remains almost constant (Figure 4b). A simi-
lar trend was observed by exposing the films to water vapor in
a humidity chamber with a relative humidity (RH) of =95%
(Figure S9, Supporting Information). In agreement with the lit-
erature, the reduced swelling of films containing PEG is likely
due to partial removal of PSS, which is responsible of the high
swelling of PEDOT:PSS.5>71 A similar behavior is found for
the surfactant Triton X-100, which has also been reported to
induce autonomic healing of PEDOT:PSS films (Figure S10,
Supporting Information).[*8] We found that Triton-containing
PEDOT:PSS films show autonomic or water-enabled healing
depending on the amount added to PEDOT:PSS (Figure S11,
Supporting Information), as in the case of PEG.

To prove that swelling does not play a significant role in
autonomic healing of PEDOT:PSS films containing 4% PEG,
we performed cut/healing experiments in dry conditions in a
N, purged glove box, after baking the film in situ for 14 h at
140 °C. Notably, the autonomic self-healing after multiple cuts
was observed even in these conditions (Figure S12, Supporting

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Current versus time plot of a film processed from a mixture containing PEDOT:PSS and 1% PEG-400 during several cuts and water heal-
ings in different regions; b) time-lapse current measurements of the healing process of PEDOT:PSS/1%PEG films; SEM images of the damaged area
c) before and d) after healing; e) TGA curves of PEG containing PEDOT:PSS films before and after soaking in methanol compared to pristine PEDOT:PSS
films; f) current versus time plot of a film processed from a mixture containing PEDOT:PSS and 4% PEG-400 and rinsed in methanol upon several

cuts and water healings in different regions. The voltage applied during the healing test was 0.2 V. The thickness of the films was =15 um (methanol
soaking can lead to a thickness decrease).
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Figure 4. a) Weight increase versus water soaking time of PEDOT:PSS films containing different amounts of PEG-400; b) weight of PEDOT:PSS films
containing different amounts of PEG-400 before and after water soaking for 10 min.
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Information), thus excluding any significant role of water
trapped in the hygroscopic PEG matrix. The limited swelling
provides PEG-containing PEDOT:PSS films with an excel-
lent stability during wetting and drying cycles, while pristine
PEDOT:PSS films show a considerable shrinking in the same
conditions (Figure S13, Supporting Information). This property
can be exploited for the fabrication of electrodes for biomed-
ical devices operated under high humidity conditions, e.g. in
incubators for neonatal intensive care units, where swelling can
cause dramatic shape change, leading to detachment from the
skin and device failure.

To further investigate the healing process, we performed
in situ imaging of the cut/healing process, using a micro
scratcher equipped with an inverted optical microscope.
Imaging during the cutting process (Video S2, Supporting
Information, and Figure 5a, where the brighter part corre-
sponds to the blade and the dark part to the film being cut)
reveals that the gap created by the cut becomes narrower as
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the blade moves forward. Imaging right after completion of
the cut shows that the gap is completely healed and no longer
visible (Video S3, Supporting Information, Figure 5b), in
agreement with SEM images. These results clearly indicate
that, just after being cut, the material rapidly flows back to
the damaged area, likely due to the viscoelastic properties
imparted by PEG.

It has been reported that PEG chains present in the films
screen the ionic interaction between PEDOT and PSS by
forming hydrogen bonding with PSS. This leads to a phase sep-
aration between PEDOT and PSS, and favors the formation of
aggregated PEDOT domains, enhancing the film conductivity
(Scheme I in Figure 5¢).13% The PEG chains also function as a
soft matrix for PEDOT:PSS particles and endow a well-mixed
and strong entanglement between hydrophilic PSS chains, thus
favoring the flowing-back of material towards the damaged area
after cutting (Scheme II in Figure 5c). A further contribution
to the healing process, and thus to the rebuilding of the

)

PEDOT:PSS/PEG film after cut

PEDOT
-- PSS
— PEG
Glass substrate

Figure 5. a) Optical images of a PEDOT:PSS/PEG film while being cut by the micro scratcher and b) after the cut. The white lines have been added to
highlight the cut region. c,1) Scheme of the soft matrix effect played by PEG chains in PEDOT:PSS films; c,11) Scheme of the proposed mechanism for
the autonomic healing of PEDOT:PSS/PEG film. The chemical structures in the circles represent the H-bonds between two PSS chains, between two
PEG chains, and between a PSS and a PEG chain.
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PEDOT-PEDOT conducting pathways in the PEG matrix,
might be the formation of hydrogen bonds between PEG-PEG,
PSS-PSS, and PEG-PSS chains at the interfaces of the gap
(Scheme II in Figure 2c).16:8:39:58]

3. Conclusion

We have shown that PEDOT:PSS films containing PEG-400
show autonomic self-healing in dry conditions, even in the
presence of the conductivity enhancer glycerol. In situ imaging
of the cutting/healing process shows that, just after cutting,
the two parts of the film reconnect by flowing back to the
damaged area. The autonomic self-healing is attributed to the
change of mechanical properties induced by PEG, which leads
to a lower elastic modulus, a larger elongation at break and
more enhanced viscoelastic properties with respect to pristine
PEDOT:PSS films. The self-healing behavior of PEDOT:PSS/
PEG films depends on the molecular weight and the amount
of the PEG added to the processing mixture. Low-molecular
weight PEG (200 and 400) favors autonomic self-healing, likely
because of the high mobility of short molecular chains. Films
containing higher molecular weight PEG (1500 or 10 000) or a
lower amount of PEG (e.g., 1 v/v %) do not heal autonomically
and rather show water induced healing, which can be explained
by water swelling of the films. We believe that this work will
propel the development of healable electronics for wearable or
biomedical applications.

4. Experimental Section

Materials: The PEDOT:PSS aqueous suspension (Clevios PH1000)
was purchased from Heraeus Electronic Materials GmbH (Leverkusen,
Germany). Glycerol (99.5+% purity) was purchased from Caledon
Laboratories Ltd. (Georgetown, ON). PEG 200, 400, and 1500, PEO
100 000 and 50 00 000 and the liquid metal gallium—indium eutectic
(EGaln 495 425) were purchased from Millipore Sigma. All chemicals
were used without further treatment. Glass slides (Corning 2947-75 x 50)
were purchased from Corning Incorporated.

Processing and Characterization of PEDOT:PSS Films: The mixtures to
process the films were prepared by mixing Clevios PH1000 with PEG
or PEO and glycerol in a centrifugal mixer (Thinky M310) at 2000 rpm
for 5 min. As PEG-1500, 100 000, and 50 00 000 are solid at room
temperature, their volume was calculated by dividing the weight by the
density. The films were deposited by drop-casting (=0.5 mL of mixture)
on glass slides and successively baked on a hot plate with the following
sequence: 50 °C for 1 h, 90 °C for 2 h, and finally 140 °C for 6 h. The
gradual temperature increase permitted to obtain continuous films
without the formation of bubbles, which could be easily detached from
the glass slides.¥ The film thickness was measured with a profilometer
(Dektak 150) using a 12.5 um stylus tip with a 10 mg load. Optical
microscopy images were obtained with a Carl Zeiss Axio microscope.
SEM measurements were performed with a JEOL JSM-7600TFE field
emission scanning electron microscope with a voltage of 5.0 kV (LEI)
under a vacuum of 107 Pa. XPS was performed using a VG ESCALAB
3MKII system with Mg-Ka X-ray source in an ultra-high vacuum. FTIR
was performed using a PerkinElmer FTIR Spectrum Two spectrometer.
Electrical conductivity measurements were carried out on thin films
(thickness =200 nm) deposited by spin-coating at 1000 rpm and baked
at 140 °C for 1 h. Sheet resistances were measured by a four-point probe
(Jandel engineering) connected to an Agilent B2902A voltage-current
source measure unit.
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Self-Healing Tests: Self-healing experiments were carried out in
ambient air on films with a size of =(6.0 x 1.5) cm, and a thickness
of =15 um. Electrical contacts were made via two tungsten probes
immersed into EGaln contacts at the two sides of the film and the
current was measured with an electrical probe station equipped with
national instruments NI PXle-1062Q source-measure unit controlled
by Labview software. The cuts for the self-healing experiments were
performed manually using different razor, surgical and ceramic blades
(specifications reported in Table S1, Supporting Information) and a
quartz microscope slide (Micro-Tec 51-001113, (76.2 x 25.4 mm) X
1 mm). The size of the cuts induced by the different blades was
measured on pristine PEDOT:PSS films, which do not show autonomic
healing. A droplet (=40 uL) of deionized (DI) water (18.2 MQ cm at
25 °C, Millipore) was used as the healing agent for water-enabled
healing experiments. The time for current recovery is referred as the

Inealed — ldamaged

healing time; the ratio n= , where [ is the current measured

Toristine — ldamaged

for pristine, damaged, and healed films, as the healing efficiency. For
the time-lapse current measurement, the PEDOT:PSS/PEG film was
connected with a sensing series resistor. The output voltage on the
sensing resistor was measured after applying 100 mV of input voltage.
The plotted current was calculated from the relation | = Vigisior/R-
The actual voltage drop across the PEDOT:PSS/PEG films under test
was less than 100 mV. For real time imaging of the cutting/healing
processes, the cuts were performed with titanium-coated trimmer blades
(Fiskars) mounted a Micro Scratcher (MST3, CSM instruments SA)
equipped with an inverted microscope (Zeiss Axioscope Al). The force
applied by the cutting blade to the film was 200 mN and the blade
moving speed was 2 cm min~.

Thermogravimetric Analysis: TGA was performed on a TG Q500 (TA
Instruments). 5 mg samples of pristine PEDOT:PSS film or PEDOT:PSS/
PEG films were transferred into platinum pans to perform the test. The
TGA curves were acquired between 40 and 600 °C (heating rate of 10 °C s™)
under nitrogen atmosphere (flow rate of 60 mL min™).

Mechanical Tests: Tensile tests were conducted at room temperature
with a mechanical tester (Instron ElectroPuls E10000) equipped with a
500 N load cell. For each PEG amount, three or more films (5 cm x
1.5 cm, length x width; 100-150 pum, thickness) were measured. The
Young's modulus of each specimen was calculated by the linear fitting
of stress—strain curves at low strain (<1%). DMA was performed at room
temperature with a DMA 2980 (TA Instruments) in the thin-film testing
configuration using the same sample size as for tensile tests. The tests
were carried out in in frequency sweeping mode from 100 to 0.01 Hz.
The oscillation amplitude was 30 um. The static force applied to the
sample was 0.01 N.

Swelling Test: PEDOT:PSS films were weighed by an analytic balance
(Sartorius BP 210 D) right after baking to record their initial mass
and successively soaked in DI water or transferred into a Cole-Parmer
humidity-controlled chamber (03323-14) for 10-30 min. They were then
removed from the water and transferred onto a piece of lint-free paper
using tweezers. The water on the surface of the films was dried off and
the samples were weighed for a second time. The mass increase of each
sample was calculated using the following formula, where M, is the
mass of the wet film and M, is mass of dry film.

Weight Increase (%)= % %100 (1)
D

Films containing glycerol or PEG are easy to peel off from the glass
substrate after baking and stable during water soaking process. Swelling
of pristine PEDOT:PSS films could not be assessed, because they are
difficult to handle and break apart when soaked in water.

Supporting Information

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