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(57) Abstract: A method comprising: providing at least one
first composition comprising at least one conjugated poly-
mer and at least one solvent, wet spinning the at least one
first composition to form at least one first fiber material,
hot-drawing the at least one fiber to form at least one second
fiber material. In lead embodiments, high-performance
poly(3,4-ethylenedioxy- thiophene)/poly(styrenesulfonate)
(PEDOT/PSS) conjugated polymer microfibers were fabric-
ated via wet- spinning followed by hot-drawing. In these
lead embodiments, due to the combined effects of the vertic-
al hot-drawing process and doping/de-doping the mi-
crofibers with ethylene glycol (EG), a record electrical con-
ductivity of 2804 S - cm™ was achieved. This is believed to
be a six-fold improvement over the best previously reported
value for PEDOT/PSS fibers (467 S - cm™) and a twofold
improvement over the best values for conductive polymer
films treated by EG de-doping (1418 S - ecm™). Moreover,
these lead, highly conductive fibers experience a semicon-
ductor-metal transition at 313 K. They also have superior
mechanical properties with a Young's modulus up to 8.3
GPa, a tensile strength reaching 409.8 MPa and a large
elongation before failure (21%). The most conductive fiber
also demonstrates an extraordinary electrical performance

during stretching/unstretching: the conductivity increased by

25% betore the fiber rupture point with a maximum strain
up to 21%. Simple fabrication of the semi-metallic, strong
and stretchable wet-spun PEDOT/PSS microfibers can make
them available for conductive smart electronics. A dramatic

improvement in electrical conductivity is needed to make conductive polymer fibers viable candidates in applications such as flex -
ible electrodes, conductive textiles, and fast-response sensors and actuators.
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SEMI-METALLIC, STRONG CONDUCTIVE POLYMER MICROFIBER,
METHOD AND FAST RESPONSE RATE ACTUATORS AND HEATING
TEXTILES

RELATED APPLICATIONS

This application claims priority to US provisional application serial
number 62/086,885 filed December 3, 2014, which is hereby incorporated by

reference in its entirety.

BACKGROUND
PARTI:

Fiber-shaped conductive materials are attractive for use in applications
ranging from simple textiles to complex multimaterial piezoelectric fibres and
supercapacitors (a listing of cited references 1-48 is provided hereinbelow for
Part I).' Conjugated polymer fibers, featuring tunable electrical conductivity,
have been extensively investigated from both fundamental and application
perspectives to understand their electrical and mechanical properties and their
practical use in conducting textiles, organic electronics, sensors and actuators.”
' The main techniques for processing polymer fibers are dry-spinning, wet-
spinning, melt-spinning and electrospinning.” In particular, wet-spinning is an
important process to produce continuous polymer microfibers by submerging
the spinneret in a coagulation bath that causes the fiber to solidify.""*

Among the popular conjugated polymers, polypyrrole (PPy), polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene) /
poly(styrenesulfonate)(PEDOT/PSS) have been successfully spun into
microfibers by the wet-spinning process.8’9’] LIS PEDOT/PSS has been found to
have the good spinnability and its preparation technique can be scaled up to an
industrial process.'® In the past decade, doping and/or de-doping with various

polar solvents has been carried out to enhance the conductivity of PEDOT/PSS
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films and fibers by two or three orders of magnitude.”'”*! Doping PEDOT/PSS
involves mixing it with a small amount of secondary dopant (with a high boiling
point and < 6 wt%) to change its molecular structure to a more conductive state;
de-doping requires partially removing amorphous PSS by washing it with polar
solvents. Depending on grade of the employed pristine PEDOT/PSS, as-spun
microfibers (without any doping) generally display low electrical conductivity
(from 1to 74 S - cm™).*’ Their electrical conductivity could be improved up to
467 S - cm' by using an ethylene glycol (EG) de-doping process, which
partially removes the amorphous and insulating PSS phase.? Jalili et al’ showed
that by combining doping and de-doping, the electrical conductivity of
PEDOT/PSS microfibers could reach 351 § - cm™"'. Spinning PEDOT/PSS with
functionalized carbon nanotubes into fibers led to limited improvement in
conductivity (400 S - cm™').”>** To meet the requirements for use as flexible
electrodes, conductive textiles and fast-response sensors and actuators, such
conductive polymer fibers must have dramatically improved electrical
conductivity.

A need exists for improving commercial prospects to find better materials
and processing methods which provide improved electronic and mechanical
properties and combinations of these and other properties. See, for example,
US Patent Nos. 7,132,630; 7,886,617; 8,501,317; WO 2007/099889; and US
Pat. Pub. 2008/0099960.

SUMMARY

Embodiments described and/or claimed herein include polymers and
compositions, and methods of making and using such polymers and
compositions, including devices. The polymers and compositions can be in
fiber form or also called a fiber material.

For example, one aspect is for a method comprising: providing at least

one first composition comprising at least one conjugated polymer and at least
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one solvent, wet spinning the at least one first composition to form at least one
first fiber material, and hot-drawing the at least one first fiber material to form
at least one second fiber material.

In a preferred embodiment, a method is provided comprising: providing
at least one first composition comprising PEDOT/PSS and water, wet spinning
the at least one first composition to form at least one first fiber material, hot-
drawing the at least one first fiber material to form at least one second fiber
material, wherein the method further comprises doping of the first composition
and de-doping of the first fiber material.

Other embodiments are the materials provided by these and other
methods described herein.

In preferred embodiments and working examples described further
hereinbelow, semi-metallic, strong, and stretchable wet-spun PEDOT/PSS
conjugated polymer microfibers were fabricated. For some embodiments, the
novelty of the fabrication technique lies in a two-step method (wet-spinning
followed by immediate hot-drawing) that greatly promotes molecular
alignment. When combined with, for example, doping/de-doping by ethylene
glycol (EQ), it achieves what is believed to be a record electrical conductivity as
high as 2804 S - cm™". This is believed to be a six-fold improvement over the
best value previously reported for fibers (467 S - cm™) and double the best
value reported for PEDOT/PSS films treated with EG (1418 S - cm™").2* It was
also found that these highly conductive fibers display a semiconductor-metal
transition at 313 K. They also display superior mechanical properties: for
example, the Young’s modulus is 8.3+0.4 GPa, the tensile strength is
409.8+13.6 MPa and the elongation at break for these fibers is 21.2+1.4%.
These results show that the combined properties of the preferred fibers have
been remarkably improved in comparison with previously reported PEDOT/PSS

fibers, as shown in Figure 1a. Good thermal stability also can be exhibited.
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These and other advantages, found for at least some embodiments, are described

more herein.

BRIEF DESCRIPTION OF FIGURES
Figure 1(a)-(f): Wet-spun PEDOT/PSS microfibers and their semi-metallic

behaviors. (a) The electrical conductivity and Young’s modulus of
PEDOT/PSS microfibers. Circle and triangle shapes denote reference
values (ref. 8 by Okuzaki et al. and ref. 9 by Rouhallah et al.), square -
shape denote values in this claimed invention. (b) A schematic of the wet-
spinning set-up with the vertical hot-drawing apparatus used in this
invention. (¢) SEM images of as-spun PEDOT/PSS fibers from a 22 mg/mL
PH1000 dispersion. The inset is the SEM image of a knotted fiber. (d)
Demonstration of a LED lit by two PEDOT/PSS fibers with diameters of 10
um at 6 V. (¢) Temperature-dependent electrical conductivity and (f)
normalized electrical conductivity of an as-spun PEDOT/PSS fiber, an
EG/(PEDOT/PSS) fiber, a (PEDOT/PSS)EG fiber and an
EG/(PEDOT/PSS)/EG fiber.

Figure 2(a)-(b): (a) S 2p XPS spectra of as-spun PEDOT/PSS fibers before and
after EG de-doping. (b) S 2p XPS spectra of EG doped PEDOT/PSS fibers
before and after EG de-doping.

Figure 3(a)-(f): (a), (b), (c) and (d) are AFM phase images of the as-spun
PEDOT/PSS fiber, EG/(PEDOT/PSS) fiber, (PEDOT/PSS)/EG fiber and
EG/(PEDOT/PSS)/EG fiber, respectively. (¢) and (f) HADDAF-STEM images
of the as-spun PE-DOT/PSS fiber and EG/(PEDOT/PSS)/EG fiber, respectively.
Selected area electron diffraction (SAED) patterns in the insets (e) and (f)
indicate random-oriented polycrystalline and preferred-oriented polycrystalline,

respectively.
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Figure 4(a)-(f): Transmission WAXS characterization of PEDOT/PSS
microfibers. 2D WAXS pattern of (a) as-spun PEDOT/PSS fibers, (b)
(PEDOT/PSS)/EG fibers, (c) EG/(PEDOT/PSS) fibers and (d)
EG/(PEDOT/PSS)/EG fibers. The white markers in (b) show the directions of
intensity integration. (e) and (f) Intensity integration in the vertical and
horizontal directions of all fibers.

Figure 5: Stretchability of a fiber bundle that was made into a spiral shape. The
bundle can be stretched under a large strain and can recover almost to its
original shape.

Figure 6(a)-(d): The mechanical behaviors and electrical resistance changes in
conjugated polymer fibers upon stretching/unstretching. (a) Representative
stress-strain curves of the fibers. (b) Cyclic mechanical tests of as-spun
PEDOT/PSS fibers and EG/(PEDOT/PSS)/EG fibers. (c), (d) The resistance
change to the cyclic loading of as-spun PEDOT/PSS fibers and
EG/(PEDOT/PSS)/EG fibers, respectively. The insert in (c) is a schematic of
the response measurement for the fibers.

Figure 7(a)-(b): Correlation between the PEDOT/PSS microstructure and
electrical and mechanical properties. (a) Different stages of the molecular level
deformation in a PEDOT/PSS fiber upon loading.(b) The grain-level
deformation and resistance change mechanism of fibers before and after EG de-
doping.

Figure 8: SEM image showing irregular shapes of as-spun PEDOT/PSS
microfibers without sufficient drying after winding to the drum collector.
Figure 9: The effect of hot-drawing on the conductivity of the fibers. The draw
ratio was controlled to 3.0. The molecular weight of Clevios P < Clevios
PH1000.’

Figure 10(a)-(d): SEM images of the conductive polymer microfibers. (a)
PEDOTY/PSS fibers spun from the 11 mg/mL dispersion with hot-drawing, (b)
PEDOTY/PSS fibers spun from the 22 mg/mL dis-persion without hot-drawing

5
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(c) PEDOT/PSS fibers from the Clevios P dispersion (13 mg/mL). (d) 3 wt%
EG doped PEDOT/PSS (EG/(PEDOT/PSS)) fibers spun from the 22 mg/mL
dispersion. (a), (b) and (d) are spun from the Clevios PH1000 dispersion, (c) is
spun from the Clevios P dispersion.

Figure 11(a)-(d): AFM height images of the conductive polymer microfibers.
(a) As-spun PEDOTY/PSS fiber, (b) EG/(PEDOT/PSS) fiber, (c)
(PEDOT/PSS)YEG fiber and (d) EG/(PEDOT/PSS)/EG fiber. All the images are
1 um x 1 um. Root to square (rms) roughness measured from these images are
11.2,14.1,21.8 and 18.0 nm for (a), (b), (c) and (d) respectively.

Figure 12: Illustration of Transmission WAXS geometry. The fibers were
aligned horizontally into a bundle and placed perpendicularly into a
monochromatic x-ray beam. The scattering patterns were collected by a CCD
detector at a distance of 10 cm away from sample.

Figure 13(a)-(e): Microstructure of the conductive polymer microfibers. (a), (b)
Wide-angle X-ray diffraction of the conductive polymer fibers. (c) and (d)
Raman spectra of the conductive polymer fibers. (e) A schematic of the
microstructure change of PEDOT chains before and after EG de-doping.

Figure 14(a)-(b): (a) Wide-angle X-ray diffraction pattern of PEDOT/PSS film
and EG de-doped PE-DOT/PSS film. (b) Raman spectra of PEDOT/PSS film
and EG de-doped PEDOT/PSS film.

Figure 15(a)-(b): SEM images of as-spun PEDOT/PSS fibers after tensile
testing show that fibrils are protruding from the cross-sections.

Figure 16: Relative changes in the Young’s modulus of the as-spun
PEDOT/PSS fiber and EG/(PEDOT/PSS)YEG fiber at maximum strain of each
cycle.

Figure 17(a)~(f): Characterization of PEDOT/PSS fibers. (a) SEM image of as-
spun PEDOT/PSS fibers. (b) Current density versus voltage curves of four kinds
of PEDOT/PSS fibers used in this study, and the break down current densities

of copper wire, carbon nanotube fiber and Ag-doped graphene fiber from
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literature. (c) and (d) SEM images of an as-spun PEDOT/PSS fiber after
electrical failure at different magnifications. (e) and (f) SEM images of an
EG/(PEDOT/PSS)/EG fiber after electric failure at different magnifications.
Figure 18(a)-(h): Temperature sensing of single PEDOT/PSS fibers. ()
Temperature-time curves of the as-spun PEDOT/PSS fiber and
EG/(PEDOT/PSS)/EG fiber at 7 V cm™ for 25 s. The estimation of the first
order response time is shown in the figure. (b) and (¢) Temperature variation
and current vs. time curves of the as-spun PEDOT/PSS fiber. (d) and (e)
Temperature variation and current vs. time curves of the EG/(PEDOT/PSS)/EG
fiber. 1 V cm™ increments were made for each step. (f) The dependence of
temperature on voltage of four kinds of fibers measured by FBG1.a. (g)
Dynamic thermal response of the EG/(PEDOT/PSS)/EG fiber measured by two
FBGs at different frequencies. A square wave voltage was applied from 0 to 2.5
Vem' at frequencies of 0.02, 0.1, 0.5 and 1 Hz. (h) The temperature-time
curves under 0.1 Hz of the EG/(PEDOT/PSS)/EG fiber.

Figure 19(a)-(h): A heatable glove using a PEDOT/PSS fiber bundle. (a) A
PEDOT/PSS fiber bundle (25 cm long) knitted on the surface of a polyester
glove. (b) Optical image of the PEDOT/PSS fiber bundle in polyester glove. (c)-
(f) Thermal images showing temperatures of the as-spun PEDOT/PSS fiber
bundle on a polyester glove at 0, 0.4, 0.8 and 1.2 V em™’, respectively. (g) A
photo of an assembled circuit with a heatable glove using a 9-V battery. For
comparison, the fiber bundle is the as-spun fiber bundle used in (c) to (f) after
EG de-doping. (h) The corresponding thermal image in (g) powered by a 9-V
battery.

Figure 20(a)-(e): Performance of the as-spun PEDOTY/PSS fiber bundle actuator
under isotonic conditions. (a) Photograph of a 14-cm-long as-spun PEDOT/PSS
fiber bundle (3 mg) carrying a 0.45 g load on its movable end. (b) [llustration of
the set-up shows the motion of the actuator by switching the voltage on and off.

(c) The evolution of displacement with time at 1.14 V cm™". Inset images show

7
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the position change of the load by switching the voltage on and off. (d) The
corresponding thermal images of the fiber bundle in (a) at different voltages. (e)
Readings from video and thermal camera give the displacement and temperature
of the fiber bundle as functions of the applied voltage, respectively.

Figure 21(a)-(c): (a) The set-up for isometric measurement of fibers. (b)
Actuation stress amplitude to voltage profiles of the as-spun PEDOT/PSS and
EG/(PEDOT/PSS)/EG fibers. (¢) Dynamic mechanical behavior of as-spun
PEDOQOTY/PSS fibers and EG/(PEDOT/PSS)/EG fibers.

Figure 22(a)-(f): Low frequency actuation of single PEDOT/PSS fibers at 0.02
Hz. (a) and (b) Tensile actuation of the as-spun PEDOT/PSS fiber under the
applied square wave voltage (0-2.5 V cm™). (c) and (d) Tensile actuation of the
EG/(PEDOT/PSS)/EG fiber under the applied square wave voltage (0-2.5 V ecm’
". (¢) The enlarged figure in the dash box of (d). (f) lllustration graph of
actuation mechanism.

Figure 23(a)-(d): Frequency-dependent actuation of PEDOT/PSS fibers. (a)
Tensile actuation of the EG/(PEDOT/PSS)/EG fiber at different frequencies
(0.02, 0.1, 0.25, 0.5 and 1 Hz) at a square wave voltage (0-2.5 V cm™). Inset
curves show details of the actuation at different frequencies. (b) Actuation stress
amplitude as a function of driven frequency at a square-wave voltage (0-2.5 V
cm™). (c)Tensile actuation of the EG/(PEDOT/PSS)/EG fiber under the applied
1 Hz square-wave voltage (0-2.5 V em™) for 10,000 cycles. (d) Detailed
information on the tensile actuation given in (c).

Figure 24(a)-(c): Improving the conductivity of PEDOT/PSS fibers. (a) A
schematic of the wet-spinning set-up with the vertical hot-drawing apparatus
used in this study. The draw ratio was controlled to 3:1. (b) A schematic of
strategies to improve the conductivity of PEDOT/PSS fibers. (c) Average
electrical conductivity of different PEDOT/PSS fibers by using the strategies in

(b).
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Figure 25(a)-(b): Temperature sensing by FBGs. (a) Experimental setup for the
temperature measurement of the polymer fiber using FBGs. (b) Optical image
shows the position of optical fibers and the PEDOT/PSS fiber during the
temperature measurement. The distance between two FBGs is 700 mm.

Figure 26: TG curves of the as-spun PEDOT/PSS fiber and the
EG/(PEDOT/PSS)/EG fiber. Inset is the TG curve from 20 to 100°C.

Figure 27(a)-(f): SEM images of the conductive polymer microfibers before
and after TG analysis (25 to 800°C) in N,. (a) As-spun PEDOT/PSS fiber, (b)
EG/(PEDOT/PSSY/EG fiber, (c) As-spun PEDOT/PSS fiber after TG. (d)
EG/(PEDOT/PSS)/EG fiber after TG. (e) and (f) cross section images of the as-
spun PEDOT/PSS fiber and the EG/(PEDOT/PSS)EG fiber after TG.

Figure 28: Actuation stress amplitude of the EG/(PEDOT/PSS)/EG fiber under
the applied 1 Hz square wave voltage (0-5V) at different cycle numbers (1, 10,
100, 1000 and 10000).

DETAILED DESCRIPTION
INTRODUCTION

References cited herein can be used by one skilled in the art in the
practice of the claimed inventions.

Priority US provisional application serial number 62/086,885 filed
December 3, 2014 is hereby incorporated by reference in its entirety including
all figures and working examples and associated text linked to the figures and
working examples.

One lead aspect provides for a method comprising: providing at least one
first composition comprising at least one conjugated polymer and at least one
solvent, wet spinning the at least one first composition to form at least one first
fiber material, hot-drawing the at least one fiber to form at least one second

fiber material. Each of these elements is now described in more detail.
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For example, the providing step is not particularly limited as one can, for
example, make a first composition or one can purchase a first composition. If
one purchases a first composition, one can alter it after purchase. For example,
one can dilute a purchased solution.

A fiber material can include, for example, filaments, yarns, and ribbons.

FIRST COMPOSITION

The first composition can comprise at least one conjugated polymer and
at least one solvent, each of which is described further hereinbelow.

The first composition can be adapted for wet-spinning as known in the
art. See, for example, Handbook of Conducting Polymers, 3 Ed.; Conjugated
Polymers, Processing and Applications, Eds. Skotheim and Reynolds, CRC
Press, 2007, wherein Chapter 2 (2-1 to 2-72) describes fiber spinning of
conjugated polymers.

The conjugated polymer and solvent can be in the form of a dispersion.
The conjugated polymer may be in the form of small nano- or micro-sized
particles. The solvent can act as a carrier even if the conjugated polymer is not
fully soluble in the solvent. In other embodiments, the conjugated polymer may
be in the form of a solution, not a dispersion.

In one embodiment, the first composition has a concentration of at least
11 mg/mL, or at least 15 mg/mL of conjugated polymer including in
combination, if present, with polymeric dopant. In another embodiment, the
first composition has a concentration of at least 22 mg/mL of conjugated

polymer including in combination, if present, with polymeric dopant.

CONJUGATED POLYMER

Conjugated polymers are known in the art. See, for example, Handbook
of Conducting Polymers, 3 Ed.; Conjugated Polymers, Processing and
Applications, Eds. Skotheim and Reynolds, CRC Press, 2007. They can also be

10



WO 2016/087945 PCT/IB2015/002467

called conducting polymers. The conjugated polymer can have extended
conjugation along the backbone as known in the art.

Typical examples of conjugated polymers including polythiophene,
polyaniline, polypyrrole, polyphenylene vinylene (PPV), polyacetylene, and the
like. The conjugated polymer can be soluble or insoluble.

The conjugated polymer can be doped as known in the art. In one
embodiment, the first composition comprises a polymeric dopant for the
conjugated polymer. In one embodiment, the first composition comprises a
polymeric dopant for the conjugated polymer which is a polyelectrolyte
polymer. In one embodiment, the first composition comprises a polymeric
dopant for the conjugated polymer which is polystyrene sulfonate (PSS). The
polyelectrolyte, such as PSS, can be used in different forms with different forms
of counterion including the acid and salt forms.

In one embodiment, the conjugated polymer comprises a polythiophene.
In one embodiment, the conjugated polymer comprises a 3,4-di-substituted
polythiophene. The substituents at the 3- and 4-positions can be, for example,
alkoxy or polyether substituents, and they can be joined together to form a
bridge if desired. The bivalent bridging moiety can be, for example, a bivalent
alkyleneoxy group such as, for example, ethyleneoxy or propyleneoxy.

In one embodiment, the conjugated polymer comprises PEDOT which is
known in the art. See, for example, PEDOT: Principles and Applications of an
Intrinsically Conductive Polymer, Elschner et al., 2011. The method of making
PEDOT is known and use of terms like the monomer, EDOT, and the doped
form of the polymer, PEDOT:PSS are known.

SOLVENT
Solvent means a liquid to carry the conjugated polymer in the first
composition whether or not a true solution is formed. The solvent can include

one or more compounds and can be called also a “solvent system.” One

11
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compound can be water. The water can be mixed with one or more organic
compounds and organic solvents.

In one embodiment, the first composition is an aqueous dispersion. In
one embodiment, the first composition comprises water and at least one polar
solvent, including for example at least one protic polar solvent. Aprotic
solvents can be used.

Examples of solvents include DMSO, NMP, or an alcohol such as

ethanol.

WET-SPINNING

Wet-spinning is known in the art. See, for example, Handbook of
Conducting Polymers, 3" Ed.; Conjugated Polymers, Processing and
Applications, Eds. Skotheim and Reynolds, CRC Press, 2007, including Chapter
2 (2-1 to 2-72).

For sake of clarity, one embodiment is that the wet-spinning is not an
electro-spinning process.

In one embodiment, the wet spinning is carried out with a coagulation
bath comprising a mixture of solvents such as, for example, a mixture of two
organic solvents such as, for example, a mixture of a C2-C5 ketone and a C2-C5
alcohol, such as for example, a mixture of acetone and isopropyl alcohol. The
volume ratio of the two solvents can be, for example, 3:1 to 1:3, or 2:1 to 1:2, or
about 1:1.

The spin-dope preferably comprises 1.1 wt.% to 6 wt.%, or 1.1 wt.% to
3.1 wt.%, or 2.2 wt.% to 3.1 wt.%, conjugated polymer based on the total
weight of the spin-dope. These relatively low concentrations of conductive
polymer in the spin-dope enable the resulting conductive polymer fiber to have
for at least some embodiments good spinability, a high conductivity, and a
higher modulus.

12
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The extruded conjugated polymer fibers can be spun directly into the
coagulation medium without an air gap. The coagulation medium can be

contained in a coagulation bath.

The extruded conductive polymer fibers may be spun horizontally,
vertically or even under an angle to the vertical direction. In an embodiment, the
extruded conductive polymer fibers can be spun directly into the coagulation
bath in vertical direction. Extruding conductive polymer fibers in a vertical
direction is especially preferred as the density of the spun conductive polymer
fibers is higher than the density of the coagulation medium. At start-up of the
process, the extruded conductive polymer fibers will go to the bottom of the
coagulation bath where the conductive polymer fibers can be picked up and
collected through the coagulation bath vertically. The spun conductive polymer
fibers enter the coagulation medium directly to coagulate the conductive
polymer fibers to increase the strength of the conductive polymer fibers and to
ensure that the “wet” conductive polymer fibers are strong enough to support
their own weight. The extruded conductive polymer fibers are stretched by
gravity forces and are supported by the liquid coagulation medium and are not
break up into smaller pieces under their own weight. Vertical spinning can be
partially helpful for the electrical conductivity and modulus enhancement and

essential for the following step of hot-drawing and temperature control.

FIRST FIBER MATERIAL AND HOT-DRAWING

The first fiber material is in essence an intermediate as it will usually be
subjected to hot drawing processes and other processing steps as described
herein.

After the wet fiber is taken from the coagulation medium, it can be
immediately heated and subjected to a vertical hot-drawing process, as shown in

Figure 1b for example. The distance between the collector and the surface of
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the coagulation medium is preferably from 0 to 100 cm, more preferably from
20 to 80 cm, even more preferably from 20 to 60 cm, most preferably at 50 cm
or so to ensure that the fibers are dried before collecting on the rotating spool
and not break during the collection process. Insufficient drying can result in no-
circular fibers on the collector. The speed of the rotating spool collector is
controlled by a motor, and the conductive polymer fibers are collected at a line
speed preferably from 0.5 to 10 m/min, more preferably from 1 to 6 m/min.,
most preferably from 2 to 4 m/min. The draw ratio is calculated from the fiber
collection speed and the wet spinning speed. To obtain conductive polymer
fiber having high conductivity and high modulus, hot-drawing was applied to
the conductive polymer fiber preferably at a draw ration of 1.0 to 5.0, more
preferably from 1.0 to 3.0, most preferably about 3.0.

Hot drawing temperature around the fiber can be controlled by one or
more (e.g. two) hot plates with a distance around 4 cm and monitored by, for
example, a thermal couple.

In one embodiment, the hot drawing is done at a temperature of 50°C to
140°C, and in another embodiment, the temperature is 50°C to 120°C, and in

another embodiment, the temperature is 60°C to 90°C.

SECOND FIBER MATERIAL AND OVERALL FIBER SPINNING
PROCESS

The second fiber material can be collected and dried (or dried and
collected) as known in the art.

The overall process can be carried out with a draw ratio which is at least
3, or at least 4, or at least 5, or at least 10.

In one embodiment, the second fiber material has a diameter of at least
one micron, or at least 2 microns, or at least 3 microns, or at least 5 microns. In
another embodiment, the second fiber material has a diameter of at least 10

microns.
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The fiber length ranging, for example, from a micrometer to virtually
endless. In one embodiment, the fiber length is at least 10 c¢m, or at least one
meter, or at least 10 m, or at least 100 m. In another embodiment, the fiber
length is at least 500 m. In another embodiment, the fiber length is at least

1,000 m.

SECONDARY DOPING STEP

In one embodiment, the method further comprises a secondary doping of
the first composition. In one embodiment, the doping is carried out with at least
one organic solvent such as, for example, an oxygenated solvent such as an
alkylene glycol. In one embodiment, the doping is carried out with ethylene
glycol. Poly(ethylene glycol) can be used.

The working examples hereinafter further describe embodiments for the

doping step.

DE-DOPING STEP

In one embodiment, the method further comprises de-doping of the first
fiber material before hot drawing. In one embodiment, the method further
comprises doping of the first composition, and the method further comprises de-
doping of the first fiber material before hot drawing.

In one embodiment, the de-doping is carried out with at least one organic
solvent such as, for example, an oxygenated solvent such as an alkylene glycol.
In one embodiment, the de-doping is carried out with ethylene glycol.

The working examples hereinafter further describe embodiments for the

de-doping step including coupling of doping and de-doping steps.

FIBERS AND PROPERTIES OF FIBERS
One embodiment is a fiber material prepared by the methods described

herein. These include intermediate fibers before all processing steps are
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finished as well as final fiber materials including fiber materials which are
disposed into articles and devices.

In one embodiment, the fiber material shows a conductivity of at least
300S - cm’, oratleast 368 S - cm’or at least 500 S - cm™. In another
embodiment, the fiber material shows a conductivity of at least 2,000 S - cm’ or
at least 2,800 S - cm’.

In one embodiment, the fiber material shows a cross-over temperature of
semiconductor-to-metal transition of at least 25°C. In another embodiment, the
fiber material shows a cross-over temperature of semiconductor-to-metal
transition of at least 40°C.

In one embodiment, the fiber material shows a Young’s modulus of at
least 5 GPa, a tensile strength of at least 300 MPa, and an elongation at break of
at least 10%. In another embodiment, the bundle of fibers shows a Young’s
modulus of at least 8 GPa, a tensile strength of at least 409 MPa, and an

elongation at break of at least 21%.

METHODS OF USE AND APPLICATIONS

The fiber materials can be used in many applications including, for
example, actuators, including electromechanical and electrochemical actuators,
various sensors including vapor and humidity sensors and strain sensors,
resistive heaters and resistive heating textiles, electromagnetic interference
shielding, flexible electrodes, and wearable electronics.

Fiber extensional actuators can be prepared which convert electricity or
other input energy to mechanical energy at a low voltage and a very high
frequency (e.g., up to 10 Hz) in air.

Additional embodiments are provided in the following non-limiting

working examples (including Parts I and II).

WORKING EXAMPLES
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RESULTS AND DISCUSSION (PART I)

The effect of hot-drawing on the conductivity of as-spun PEDOT/PSS fibers.

Figure 1b shows a schematic of the wet-spinning process (see the
Experimental Methods section below for details). A vertical hot-drawing system
was set up to process the "wet" fibers as they are pulled out of the
acetone/isopropyl alcohol (acetone/IPA) coagulation bath. Optimization of the
wet-spinning parameters to achieve the highest reported conductivity of as-spun
fibers is described in the Supplemental Working Example Information section.
The vertical hot-drawing process helps to align the molecular chains of the
fibers in the fiber direction. The draw ratio is calculated from the ratio of the
fiber collection speed and the wet-spinning speed (see details in the
Supplemental Working Example Information section and Figure 9). Spinning of
a pristine PH1000 dispersion (11 mg/mL) by using this system resulted in a
discontinuous spinning process producing fibers with lengths up to 20 m at a
draw ratio of 3.0. These fibers had an average diameter of 4.9+0.6 pm (Figure
8a). The spinnability of the fiber was dramatically improved by doubling the
concentration of the PH1000 dispersion (22 mg/mL), resulting in fibers with
lengths up to 100 m, while the diameter increased to 9.8+1.3 um, as measured
in SEM image (Figure 1c). The fibers were found to have remarkably smooth
surfaces and they could be easily knotted, demonstrating their excellent
flexibility (inset of Figure 1c). The electrical conductivity of the fibers spun
from these two concentrations were 361+31 and 368+34 S - cm™ ', respectively.
These results suggest that the initial concentration of the dispersion does not
affect the fiber conductivity by much. It is important to point out that no
pretreatment was done on these dispersions and that the conductivity values
were five times higher than the highest previous values of as-spun PEDOT/PSS
fibers (74 S - cm™")® and three orders of magnitude higher than that of bulk film
(0.7 S - cm™)."” Fibers without hot-drawing (draw ratio = 1) from the
concentrated dispersion (22 mg/mL) were also fabricated and had a diameters of
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24.9+1.3 um (Figure 8b). The conductivity of these fibers without hot-drawing
was 188+16 S - cm™', which was only half of the value of the hot-drawn fibers.
To further confirm the effect of the hot-drawing, another source of PEDOT/PSS
dispersion (Clevios P, 13 mg/mL) was also spun into much thinner fibers with
diameters of 2.940.2 um using the hot-drawing process (Figure 10c). The
conductivity of these Clevios P microfibers was 121+11 S - cm”', which is one
order of magnitude higher than that of the earlier reported value (11 S - cm™).?
As a result, while not limited by theory, the inventors attributed the
improvement in the conductivity of the fibers to the preferential alignment of
the molecular chains along the fiber axis induced by the hot-drawing. By using
a simple hot-drawing assisted wet-spinning process, the inventors could
therefore fabricate fibers with electrical conductivity comparable with that of
fibers doped and/or de-doped by organic solvent.

The effect of EG doping and/or de-doping.

To obtain the highest possible electrical conductivity of the conjugated
polymer fibers, doping and/or de-doping processes were applied to these fibers,
as shown in Table A (Supplemental Working Example Information,
hereinafter). First, doping was accomplished by adding 3 wt% EG with respect
to the concentrated PH1000 dispersion (22 mg/mL). The average diameter of
the fabricated fibers (EG/(PEDOT/PSS) fiber) was 9.7+1.4 um (Figure 10d) and
the conductivity readily improved from 368434 to 607+60 S - cm™'. While not
limited by theory, this conductivity enhancement perhaps was due to the
microstructure arrangement of the PEDOT chains. The dipole-dipole interaction
of EG with thiophene rings results in a planarization of the PEDOT chains. The
quinoid structure becomes the dominating conformation on the chains. Thus, the
PEDOT chains transformed from a coil to an expanded coil or linear structure
after doping.’

The effect of de-doping was studied separately. Specifically, the as-spun
fibers produced from the concentrated PH1000 dispersion (22 mg/mL) were de-
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doped by directly immersing the fibers in an EG bath for 1 hour and a
conductivity of 1304+56 S - em™' was achieved. While not limited by theory,
perhaps the main reason for the conductivity enhancement by de-doping is the
partial removal of amorphous PSS.*

Earlier research has shown that an effective way of achieving the highest
conductivity (1418 S -cm™") of PEDOT/PSS films is to use both doping and de-
doping processes together.” Here, we achieved a striking increase in the
electrical conductivity of the fibers: from 60760 S - cm ™' to 28044311 S -
cm . This value is six times better than best value for previous reported fibers
(467 S - cm™") and twice the best value (1418 S - cm™') of PEDOT/PSS films
with EG treatment.”* Although a conductivity for PEDOT/PSS film ranging
from 2400 to 4380 S - cm™' has been achieved by treating the film with sulfuric
acid, the use of strong and corrosive acid will cause safety concerns and is
undesirable in commercial device fabrication.'* In this work, by assisting the
wet-spinning process with hot-drawing and doping/de-doping the fibers with
EG, the inventors can achieve a high conductivity that is comparable with the
highest values for PEDOT/PSS films. The inventors also demonstrate the
electrical properties of our fibers by wiring a light-emitting diode (LED) with
two PEDOT/PSS conductive fibers. The fiber resistance was low enough to
light the LED at 6 V, as shown in Figure 1d.

The Semi-metallic behavior of the fibers.

Apart from the electrical conductivity at room temperature (RT), a second
important factor characterizing electrical transport in conductive fibers is the
dependence of conductivity on temperature. Figure 1e shows the temperature-
dependent conductivity of an as-spun PEDOT/PSS fiber, an EG/(PEDOT/PSS)
fiber, a (PEDOT/PSS)/EG fiber and an EG/(PEDOT/PSS)/EG fiber. All these
fibers exhibited two regimes in the conductivity: at low temperature, the

conductivity rises with temperature (semiconductive behavior), whereas at high
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temperature, the conductivity drops (metallic behavior). The crossover
temperature for the semiconductor-metal (S-M) transition is around 313 K
(40°C). The insulator-metal (I-M) or S-M transition in conductive polymers or
carbon-based fibers has been observed in a wide temperature range in a number
of systems, including polyacetylene, polypyrrole, polyaniline, polythiophene
derivatives and carbon nanotubes.>**! Generally, the crossover temperature,
Ty, of conductive polymers has been reported to be below room temperature,
whereas T, of CNT fibers has been reported to vary from 40 K to well above
room temperature.””' The conductivity ratio, (T )/o(Ty), has been chosen to
qualify the relative disorder in different samples and for identification of the
various regimes.”® Figure 1f shows that the semiconductive behavior is more
pronounced for low conductivity fibers. The typical semiconductive behavior
that the fibers displayed at low temperature can be understood as carrier
hopping or tunneling between adjacent PEDOT/PSS grains. These points will
be addressed in detail in the following. At high temperature, metallic behavior
in EG doped and/or de-doped fibers indicates diffusive, intra-chain transport,

during which the conductivity is reduced by electron-phonon scattering.

Microstructure characterization.

To understand the electrical properties of the conductive fibers, the
inventors studied the surface and inner structural changes of the fibers. The
inventors used X-ray photo-electron spectroscopy (XPS) to investigate the as-
spun PEDOT/PSS fibers and EG/(PEDOT/PSS) fibers before and after EG de-
doping. High-resolution XPS of the S 2p core-level spectra are shown in
Figures 2a and b. The S 2p core-level has a signature with two distinct peaks
from 162 to 166 €V and from 166 to 171 eV. Each peak involves contributions
from a spin-split doublet, S 2ps, and S 2p,, with 1.2 eV energy splitting and a
1:2 intensity ratio.’? The two peaks from 162 to 166 eV are well separated

compared with the peaks from 166 to 171 eV. The S 2ps;, components at 163.3
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eV and 167.6 eV correspond to sulfur atoms of the PEDOT and the sulfonate
fragment of PSS, respectively.'***** The experimental PEDOT-to-PSS ratio (Rs)
was determined by quantitative analysis of the S 2p core-level spectra. In as-
spun PEDOT/PSS fiber and EG/(PEDOT/PSS) fiber, the R; are 0.50 and 0.52,
respectively. By EG de-doping, the R; increased to 0.86 and 1.04 for
(PEDOT/PSS)/EG fiber and EG/(PEDOT/PSS)/EG fiber, respectively. This
change clearly suggests that PSS is partially removed from fibers by EG de-
doping. The fact that the EG/(PEDOT/PSS)/EG fiber also has the highest
conductivity (2804 S-cm™") also indicated that the less insulating polymer, PSS,
in the fiber will increase the electrical conductivity.

AFM images were taken to probe the changes in the surface
microstructures of all fibers. The root mean square (rms) roughnesses measured
from height images of as-spun PEDOT/PSS fiber and EG/(PEDOT/PSS) fiber
were 11.2 and 14.1 nm, respectively. After de-doping with EG, the roughnesses
increased to 21.8 and 18.0 nm, respectively (Figure 11). This trend is in
agreement with observations of PEDOT/PSS films with EG de-doping'” and
suggests partial removal of PSS segments in the fibers as indicated by XPS
results. In the AFM phase images (Figures 3a and 3b), the EG/(PEDOT/PSS)
fiber shows a phase separation between PEDOT and PSS compared with the as-
spun PEDOTY/PSS fiber, indicating that EG doping can largely reduce
electrostatic interactions between PEDOT and PSS.” The dark areas can be
regarded as the amorphous PSS region, while the bright areas are the conductive
PEDOT region. As the thick and insulating PSS acts as barriers for electron
transport between PEDOT grains, the conductivity of these fibers is relatively
low. Figure 2¢ and d show that after EG de-doping, the amorphous regions
(PSS) of both fibers are largely reduced, resulting in interconnected PEDOT
grains with an extremely thin layer of PSS between them. The average size of
the grains in the EG/(PEDOT/PSS)/EG fiber (14.8 £4.4 nm) is much smaller
than that in the (PEDOT/PSS)/EG fiber (56.8 £12.7 nm). The reduction of grain
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size indicates that more PSS is removed from the EG/(PEDOT/PSS) fibers after
de-doping. This change is also in agreement with the increased R, (0.86 and
1.04 for the (PEDOT/PSS)/EG fiber and EG/(PEDOT/PSS)/EG fiber,
respectively). A crucial point is that doping PEDOT/PSS makes the de-doping
step more efficient by reorganizing the initial microstructure of the fiber. As
there is a very limited amount of PSS between the conductive PEDOT grains,
this leads to an increased number of interconnections with highly conductive
PEDOT neighbor grains on the surface of the fibers and makes the electron
transport three-dimensional, thereby resulting in the highest conductivity of the
fibers considered in this study.

To investigate the inner microstructural changes between the as-spun
PEDOT/PSS fiber and the EG/(PEDOT/PSS)/EG fiber, the samples were cut
into nanofilms by Focused Ion Beam (FIB) along the fiber axis direction and
investigated by High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM). The average thickness of the films was
determined to be 56.7 nm from the effective mean free path.* Figure 2e shows
that the as-spun PEDOT/PSS fiber exhibits no obvious grain structures
compared with previous spin-coated PEDOT/PSS nanofilms,”’ indicating that
PEDQTY/PSS has a very condensed fiber structure. With EG doping/de-doping,
PEDOT/PSS aggregates with diameters of 8.5 = 1.7 nm appear in the film
(Figure 2f). Small grains with a size down to 1 nm are also observed between
these aggregates, revealing that EG doping/de-doping releases conductive
PEDOT from the PEDOT/PSS complex. The selected area electron diffraction
(SAED) pattern of the as-spun PEDOT/PSS fibers shows amorphous rings,
indicating that the crystallinity of PEDOT is inhibited by a strong electrostatic
interaction with the entangled PSS. On the other hand, the SAED pattern of the
EG/(PEDOT/PSS)/EG fiber is similar to PEDOT microribbons with a width of
1.8 um,*® showing discrete diffraction spots in each Debye ring. These results

suggest that after EG doping/de-doping, the PEDOT structure is rearranged
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from random-oriented polycrystalline to a preferred-oriented polycrystalline.
Thus, interchain charge carrier transport will be significantly improved by the
chain alignment so that the EG/(PEDOT/PSSY/EG fiber has the highest
conductivity.

To understand the electrical transport in the fibers, the fiber
microstructure was investigated by transmission Wide Angle X-ray Scattering
(WAXS). The fibers are bundled and aligned perpendicularly to scatter the x-
ray beam, as shown in Figure 10. Figure 4 presents the 2D WAXS pattern and
the intensity integration plots along the vertical and horizontal directions,
presenting the anisotropic structure in the fibers. For the as-spun PEDOT/PSS
fibers, three broad peaks are observed in the vertical direction at approximately
q,=2.5,11.6 and 17.5 nm™', corresponding to the d-spacing of 2.51, 0.541 and
0.359 nm (Figure 3e), respectively. The (100) peak at g, =2.5 nm ™' is assigned
to lamella stacking of alternate orderings of PEDOT and PSS in the plane. The
(020) peak at q, = 17.5 nm™" indicates 7 — = stacking of PEDOT chains along
the vertical direction.®*® The broad peak at q,= 11.6 nm™' is attributed to the
amorphous halo of randomly distributed PSS.*%* On the other hand, the
integrated plot in the horizontal direction, which shows the microstructure in the
transverse fiber direction, has only a PSS peak but no (100) and (020) peaks
(Figure 3f). Due to the amorphous nature of PSS, there is no obvious anisotropy
with this broad peak (qy, = 11.6 nm 1Y in both directions. To conclude, the
strong scattering anisotropy of PEDOT in as-spun PEDOT/PSS fibers reveals
that the PEDOT chains orient preferentially along the fiber direction.

The EG doped fibers have a similar structure as the as-spun fibers but
they have better crystallinity. Figure 4c presents the WAXS pattern of
EG/(PEDOT/PSS) fibers showing the higher intensity from both n — = stacking
and polymer backbones. The fibers made with 3 wt% EG-doped PEDOT/PSS
exhibit narrower peaks at both q, =2.34 and 17.6 nm”', indicating that better
crystallinity formed in the fibers. The broad hump peak at g, = 11.6 nm™" is
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more evident, suggesting that EG weakens the electrostatic interactions between
PSS and PEDOT. This improvement is consistent with observations in former
AFM phase images (Figure 3a,b), in which the phase segregation of PEDOT
and PSS is more evident than that of as-spun PEDOT/PSS fibers. It is worth
noting that after de-doping, the 7 — « stacking peak of as-spun PEDOT/PSS
fibers and EG/(PEDOT/PSS) fibers shifted from q,= 17.5 and 17.6 nm”' to q, =
17.9 and 18.0 nm™', respectively. The above peak shifts correspond to a
reduction in the & — = stacking distances from 3.59 and 3.57 to 3.51 and 3.48 A,
respectively. The shorter distance indicates stronger & —x interactions between
adjacent PEDOT chains, facilitating electron transport in these directions. There
is also an intensity reduction on the broad hump peak at q, and q,, =11.6 nm”’,
as manifested by the partial removal of PSS in XPS results (Figure 2a,b).
Normal WAXS (Figure 13a,b, Figure 12a and Table B) were also performed
and the results are comparable with those of transmission WAXS. The
inventors verified again that the most effective way to improve the order of the
molecular chains and the crystalinity of the fibers involves stretching the
molecular chains by hot-drawing, reducing of the PEDOT and PSS electrostatic
interaction by EG doping and reducing the = — m stacking distance of PEDOT
chains by EG de-doping.

Mechanical and electromechanical behaviors.

An important feature of these fibers is that they can be easily shaped into
highly flexible structures, which is crucial to successful applications requiring
stretchable electronics and functional fabrics. To illustrate this, a bundle of
fibers was wound around a thin glass capillary (diameter: 5 mm) to form a
helical shape after drying (inset in Figure 5). The spring-like bundle was then
manually stretched from 3.5 cm to a final length of 12.5 cm, corresponding to
an elongation of 257%. The stretched bundle did not break and could recover its

original shape upon release.
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Next, the inventors investigated the single fiber mechanical behavior.
Figure 6a shows stress-strain curves obtained for fibers subjected to hot-
drawing but with various formulations. All fibers display a bi-linear stress-strain
curve, which is characteristic of linear strain-hardening behavior. The
mechanical properties of these fibers are greatly improved over those of earlier
reported PEDOT/PSS fibers.”” First of all, we note that hot-drawing by itself
already largely enhances the properties of the fibers. Indeed, as-spun
PEDOT/PSS fibers have a tensile strength 0f 242.5 £21.0 MPa and a Young’s
modulus of 5.9 = 0.7 GPa, which are already twice the values of as-spun fibers
prepared from IPA coagulant in a previous study.” Further SEM observation of
the cross section of a broken fiber after mechanical testing did not reveal any
obvious pores. More importantly, fibrilization at the fracture cross-section was
observed (Figure 15), suggesting typical plastic deformation of the fibers.

Our results indicate that doping and/or de-doping the fibers with EG
improved the mechanical properties. These fibers had a tensile strength of 409.8
+ 13.6 MPa and a Young’s modulus of 8.3 + 0.4 GPa, which are three and 1.5
times higher than previously reported, respectively.” Generally, while not
limited by theory, the inventors attribute these improvements to the partial
removal of amorphous PSS (Figure 2a,b) and an increase in the crystallinity of
PEDQOTY/PSS fibers as shown in Figure 4. Along with the increase in the
Young’s modulus, we observe that the plastic behavior was largely reduced
after doping and de-doping. First, the yield stress, oy, increased from 135 MPa
for the as-spun fibers to 187 MPa for the EG/(PEDOT/PSS)/EG fibers,
indicating that the plasticity developed at a 38% higher load in the latter. When
plasticity was initiated (> oy), it also developed more slowly in the
EG/(PEDOT/PSS)/EG fibers compared with the as-spun fibers. Indeed, this
typical bi-linear be-havior can be matched as a first approximation by a simple

Prandtl-Reuss elasto-plastic model.*® In this model, the classical linear
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hardening parameter, H, ranges from 0 for materials with perfect plasticity to

+oo for perfectly elastic behaviors and it can be expressed as:

(1) H= on-—o,

D
where oy, is the final tensile stress and D is the plastic strain, as shown in Figure
4a. H takes here the values 819, 1039, 1216 and 1315 MPa for the as-spun
fibers, the EG/(PEDOT/PSS) fibers, the (PEDOT/PSS)/EG fibers and the
EG/(PEDOT/PSS)/EG fibers, respectively. The increases in the Young’s
modulus (E), the yield stress (oy) and the linear hardening parameter (H) are
consistent with removal of the PSS phase. Indeed, the PEDOT/PSS fiber is in
fact a composite between a soft and plastic phase (PSS) with a much stiffer and
less plastic phase (PEDOT). Removal of PSS tends to increase the elastic
properties while decreasing the plastic properties. Note that the mechanical tests
in this work were performed at room temperature and 60% relative humidity
(RH). It is expected that the values reported here for tensile strength and
Young’s modulus would further increase by reducing the RH level.** The
inventors also found that the fibers that display the best mechanical properties
(i.e., EG/(PEDOT/PSS)/EG fibers), are also those that exhibit the highest
electrical conductivity. Thus, the mechanical properties and electrical
conductivity are improved in a correlated manner as the degree of chain
alignment is increased, as shown in Figure la.

The superior mechanical and electrical properties motivated the inventors
to further investigate the degradation of the mechanical and electrical properties
by stretching/unstretching. First, the inventors performed cyclic
loading/unloading tests (Figure 6b). These are consistent with the monotonic
loading test in the sense that the former confirms the envelope of the cyclic
curve, excluding any effect of the cycling on the envelope curve. To track any

development of degradation within the fibers while increasing the loading, the
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inventors followed a classical damage mechanics approach.” The relative
Young’s modulus change, E//E,, of as-spun PEDOT/PSS fibers and
EG/(PEDOT/PSS)/EG fibers is plotted as a function of the maximum strain at
each cycle (Figure 16), where E, and E; are the initial and current Young’s
modulus, respectively. For the as-spun PEDOT/PSS fibers, the inventors
observe a 20% decrease in the Young’s modulus at low strain levels (< 4%).
Beyond this point, the modulus increases slightly. This behavior in the low
strain regime is attributed to the large amount of amorphous PSS in
PEDOT/PSS fibers. At larger strains (> 4%), the PEDOT crystalline region
rotates the chain molecules into the fiber loading direction and the modulus
increases again. In contrast, the Young’s modulus of EG/(PEDOT/PSSYEG
fiber remains almost constant until the strain level increases over 4%. While not
limited by theory, this can be explained by the fact of that partial removal of
PSS can lead to an earlier rotation of the PEDOT crystalline region in
comparison with the as-spun PEDOT/PSS fiber.

The relative resistance change (AR/Ry) was also monitored under cyclic
loading/unloading with progressive extension of the as-spun PEDOT/PSS fiber
and EG/(PEDOT/PSS)/EG fiber (Figure 6c,d). As expected, the resistance of
the sample increases with increasing strain. The resistance in a bulk material

with a circular cross section is given by:

(2) R =l/nr’o

where C is the electrical conductivity, and 1 and r are the length and the radius
of the fiber, respectively. To determine the intrinsic conductivity change, the
pure geometric factor was calculated and subtracted from the measured
resistance. The relationship between the relative resistance change and the

conductivity change can be expressed by:
(3) AR/Ry=-Ac/lc+ A1 -2 At/r
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For small changes A 1/l = g;and A r/r = —vg,, where g, is the strain in the fiber
direction, and v is the Poisson’s ratio. substituting these values in equation (3)

gives

(4) AR/Rg=- Ac/o +¢g(1 +2v)

where F = g/(1 + 2v) comes only from the change in the cross-section of the
fibers, whereas the first part on the right-side term, Ac/c, reflects changes in the
conductivity of the material that can also be dependent on the strain.

For the as-spun PEDOT/PSS fibers, the relative resistance change is 0.23
at 13% strain level. Assuming v = 0.34," one can calculate F=0.22 and Ac/o =
0. Therefore, the variation in resistance can be mostly attributed to the change in
the geometry of the sample. However, it is important to highlight that the
EG/(PEDOT/PSS)/EG fiber exhibits a much lower variation in resistance. At
the same strain level of 13%, the resistance change is only 0.05, which is almost
3.5 times lower than that of the as-spun fiber. With the previous values, one

finds that Ac/c = 0.17 , suggesting an increase in the conductivity of the fiber.

Correlation between the microstructure and the electrical and mechanical
properties.

The morphology, microstructure and electromechanical analyses of the
fibers provide some insight into the correlation between the PEDOT/PSS
microstructure and the electrical and mechanical behaviors. While not limited
by theory, the stages of the molecular level deformation of PEDOT/PSS fiber
are proposed in Figure 7a. PEDOT/PSS is a semi-crystalline complex, in which
PEDOT is a conductive nanocrystal and PSS is an amorphous insulator.” The
plastic deformation starts by lengthening amorphous PSS chains. At larger
strains, the PEDOT crystalline region rotates the molecule chains into the
fiber’s loading direction. Further deformation results in crystalline regions
separating into differ-ent blocks. This rearrangement improve the dispersion of

the PEDOT nanocrystals in the fiber and the molecule chains tend to align with
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respect to the loading direction, leading to an enhancement of the Young’s
modulus. As the weakest part is the interface between amorphous and
crystalline regions in PEDOT/PSS, deformation at the last stage may result in
damage to the interfaces and rupture of the fiber.*’

To address the mechanism that leads to electrical conductivity changes in
the fibers, a schematic deformation of PEDOT/PSS grains in fibers before and
after EG de-doping is displayed in Figure 7b. A key point is that as-spun
PEDOTY/PSS fibers contain large amounts of amorphous PSS as insulators.
Upon stretching, the PSS-rich shell around the PEDOT-rich core is elongated,
so that the electron hopping distance between neighbor PEDOT/PSS grains in
the fiber direction increases. This change results in a larger AR/Ry. In
EG/(PEDOT/PSS)/EG fibers, the PSS insulator is partially removed by EG de-
doping, reducing the distance between PEDOT-rich cores and thereby creating
conductive pathways. As a result, the AR/R, for EG/(PEDOT/PSS)/EG fiber is
dramatically reduced compared with that of as-spun PEDOT/PSS fibers under
the same strain. Oh et al.*® have shown that using PEDOT/PSS in electrodes and
electrical circuits presents a number of challenges, especially that the
conductivity decreases at large strains (> 2%). However, our conductive fibers
show an extraordinary electrical performance during stretching/unstretching: the
conductivity increased by 25% (as calculated from Equation (4)) before the
fiber rupture point with the maximum strain up to 21%.

In conclusion, in the working examples, the inventors systematically
studied the effects of hot-drawing and EG doping/de-doping on the conductivity
of wet-spun PEDOT/PSS microfibers. Specifically, hot-drawing can improve
the conductivity from 187 to 368 S - cm™', and EG doping these fibers (3 wt%)
further improves the conductivity from 368 to 607 S - cm™". Finally, with EG
de-doping the EG doped fibers, the conductivity value reaches as high as 2804 S
- em”, the highest value in conjugated polymer fibers. All the fibers in this

study display a semiconductor-metal transition around 313 K. The results also
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show a clear correlation between the microstructure and the electrical and
mechanical properties. In particular, the inventors found a maximum Young’s
modulus of 8.3 GPa for the most conductive fiber, which corresponds an
increase of 41% over as-spun PEDOT/PSS fibers. The enhanced properties
resulted from microstructural refinement, which was achieved by (1) preferred
alignment of PEDOT molecule chains through hot-drawing, (2) reduction in the
electrostatic interaction of PEDOT and PSS by EG doping and (3) partial
removal of amorphous PSS from the fibers by EG de-doping. The fibers with
enhanced properties also show superior stretchability and are able to retain high
stiffness with an obvious increase in electrical conductivity (25%) at strain
levels as high as 21%. These results can provide a foundation for performance
maximization of conjugated polymer microfibers and pave the way for

stretchable electronics in the form of fiber structures.

EXPERIMENTAL METHODS (PART I)

Materials. The PEDOT/PSS aqueous dispersion (Clevios™ P and PH1000) was
purchased from HC Starck, Inc. Ethylene glycol (EG), Isopropyl alcohol (IPA),

and acetone were purchased from Sigma-Aldrich.

Preparation of highly spinable inks. PEDOT/PSS inks: 10 mL of water was
evaporated from 20 mL of the PH1000 dispersion (11 mg mL™") at 50°C to
increase the viscosity of the ink. Then 0.3 g of EG was mixed into the

concentrated PH1000 dispersion (22 mg mL™") by a magnetic stirrer for two

1747 Then it was homogenized at

hours to enhance the electrical conductivity.
20,000 rpm for 5 mins using a T18 homogenizer (IKA) and followed by 20
mins bath sonication using a Brason 8510 sonicator (250 W, Thomas Scientific)
at room temperature. Finally, the dispersion was degassed in a vacuum oven at
room temperature (21°C) before wet-spinning.

Wet-spinning of PEDOT/PSS fibers. The spinning formulation was loaded into

a 5 mL glass syringe and spun into a coagulation bath though a metal needle
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with an inner diameter from 100 to 220 um. The flow rate of the ink was
controlled between 2 to 50 L min”' by using a syringe pump. The fibers were
collected vertically onto a 50 mm winding spool, which gives a line speed of 2
to 4 m min~". The air temperature along the path of the fiber was controlled by
two vertically located hot-plates (see Figure 1b) and was monitored by a
thermocouple. After wet-spinning, de-doping of the as-spun fibers was carried
out by immersing them in a EG bath for 1 hour and the fibers were then dried in
air at 160°C for 1 hour. Herein, as-spun PEDOT/PSS fiber, EG/(PEDOT/PSS)
fiber, (PEDOT/PSS)/EG fiber and EG/(PEDOT/PSS)/EG fiber represent
pristine PEDOT/PSS fiber, 3 wt% EG doped PEDOT/PSS fiber, EG de-doped
PEDOTY/PSS fiber and EG de-doped 3 wt% EG doped PEDOT/PSS fiber,

respectively.

Characterizations. Electrical resistance of the fibers was measured by using an
Agilent 1252B multimeter. The electrodes on the fiber were made by
connecting a copper wire to the fiber surface with silver epoxy. The distance
between two contacts was about 10 mm. The temperature-dependent DC
electrical conductivity was measured by the two probe method in a temperature
controllable chamber, in which highly pure N, was purged at a flow rate of 200
mL min~' to protect the sample and measurement electronics from the humid
air. The electrical conductivity measurements of the specimens were carried out
in the temperature range from -150 to 220°C with a heating rate of 5°C min™".
At least three measurements were conducted for each type of fiber.

Scanning electron microscopy (SEM) was performed using a Quanta 3D
(FEI Company). TEM samples were prepared by focused ion beam (FIB)
cutting with help from the same SEM machine. The conductive fibers were first
fixed on the SEM holder with silver epoxy. The samples were tilted 52° and
cuts were made along the fiber axis direction. The ion beam source was a field-

emission
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FIB with a Pt ion emitter, an ion beam voltage of 30 kV and a beam current of
0.47 nA.

X-ray photoelectron spectroscopy (XPS) analyses were carried out with a
Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Ka X-
ray source (hv = 1486.6 eV) operating at 150 W, a multichannel plate and delay
line detector under a vacuum of 1x10™ mbar. All spectra were recorded using
an aperture slot of 300 x 700 pm. The survey and high-resolution spectra were
collected at fixed analyzer pass energies of 160 eV and 20 eV, respectively. The
XPS peaks were analyzed using a Shirley-type background and a nonlinear
least-squares fitting of the experimental data based on a mixed Gauss/Lorentz
peak shape. XPS quantification was performed by applying the appropriate
relative sensitivity factors (RSFs) to the integrated peak areas.

Atomic Force Microscopy (AFM) images of conductive polymer fibers
were taken using an Agilent 5400 (Agilent Technologies) microscope in the
tapping mode over a window of 1 um x 1 um. The fibers were fixed on glass
slides with a thin layer of epoxy adhesive.

TEM images of conductive polymer fibers were taken by using a Titan
G2 80-300 CT (FEI Company) at an accelerating voltage of 300 kV equipped
with a field-emission electron source. The PEDOT/PSS thin films cut from
fibers by FIB were analyzed with High-Angle Annular Dark-field Scanning
Transmission Electron Microscopy (HAADF-STEM) observation modes at a
dose of 187 ¢ A~2. The HAADF-STEM micrographs were recorded with an
analog detector (E. A. Fischione, Inc). The entire image acquisition as well as
processing of the data was accomplished by using the GMS v1.8.3 microscopy
suite software (Gatan, Inc).

Transmission Wide-angle X-ray Scattering (WAXS) measurements were
performed on the D-line, Cornell High Energy Synchrotron Source (CHESS) at
Cornell University. The fibers were aligned vertically into a bundle and placed

perpendicularly into a monochromatic x-ray beam with the wavelength of 0.115
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nm. The scattering patterns were collected by a CCD detector (Medoptics) with
a pixel size of 46.9 um at a distance 100 mm away from sample. The exposure
time was 10 s. To present the anisotropic scattering, the plots were integrated
along the horizontal and vertical directions in the +5° region by the Fit2d
program.*®

Normal WAXD tests were performed from 2 to 35° in a continuous mode
using a Bruker D8 Advance powder X-ray diffractometer, with Cu-Ko. radiation
(A=1.54 A) at 40 kV and 40 mA. To generate peaks with relatively high
intensity, a slow increment at 0.02° and a slow scan speed at 12 sec/step was
applied, and the percentage of crystallinity was determined by the Diffract EVA
software (Bruker). Raman spectra were collected using a LabRAM Aramis
Raman spectrometer (Horiba, Ltd.) on casted films and fibers using a 632 nm
laser.

The mechanical behavior of the fibers was measured by an 5966 Instron
universal testing machine at a strain rate of 5% min™'. The tests were performed
inside an enclosure to protect the fibers from environmental disturbances. 2 cm
long fibers were prepared and fixed on a paper card. The tensile strength,
Young’s modulus and elongation were calculated, and the values were collected
from at least 10 tests for each formulation. The electrical resistance change of
the fibers was monitored using an U1252B digital multimeter. A cyclic
loading/unloading program was applied to the fiber with an incremental
extension of 0.2 mm at each cycle and then releasing to a load of 1 mN. The
resistance data were captured every | s during the test. Two ends of the samples
were connected with copper wires and painted with silver epoxy, followed by

sealing the silver epoxy area by epoxy glue.
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SUPPLEMENTAL WORKING EXAMPLE INFORMATION (PART I):

A. Optimization of wet-spinning parameters

Research has showed that fiber spinnability can be greatly affected by
various physical parameters, such as composition of the coagulation bath, the

ink concentration and viscosity, the spinning speed and nozzle diameter. (See
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Reference S-1 and Reference S-2). Among these parameters, viscosity and

spinning speed can play important roles in obtaining continuous fibers.
Spinning Dope Formulation:

Pristine PH1000 dispersion (11 mg/mL) can form fibers over a wide
range of spin speeds from 0.3 to 150 pL/min. However, fibers can easily break
in the coagulation bath or in the air due to the low viscosity of the dispersion.
Higher concentrations of PH1000 dispersion (22 mg/mL) greatly improve the
stability of the wet-spinning process due to the easier entanglement of the
polymer chains. To improve the conductivity of the fibers, EG was mixed with
the PH1000 dispersion (22 mg/mL) (this process was called EG doping). We
found that 3 wt% of EG was the optimized concentration for doping
concentrated PH1000 dispersion (22 mg/ml), and the final conductivity was as

high as 607.0 £60.2 S - cm.

Fiber hot-drawing:

After the "wet" fiber was taken from the coagulation bath, it was
immediately heated and subjected to a vertical drawing process, as shown in
Figure 1b. The temperature around the fiber was controlled by two hot plates
and monitored by a thermal couple. The draw ratio was calculated from the
fiber collection speed and the wet-spinning speed. Fibers collected without hot
drawing and with a draw ratio of 3.0 were first investigated. The distance
between the collector and the surface of the coagulation bath was fixed at 50
cm to ensure that the fibers were dried before collecting on the rotating spool.
Insufficient drying resulted in non-circular fibers on the collector, as shown in

Figure 8. The effect of hot-drawing on fiber conductivity is shown in Figure 9.

Coagulation bath:
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By fixing the dispersion concentration at 22 mg/ml, and keeping the same
collection speed, two kinds of coagulation baths were tried. Conductivity of the
fibers was 231 + 12 S - cm™' from the acetone bath, while the conductivity
increased to 368+34 S - cm™ by using an acetone/IPA (volume ratio 1:1) bath.
Research has shown that the conductivity of PEDOT/PSS films can be
enhanced from 0.30 to 468 S - cm™ by IPA dip-treatment for 10 min. (See
Reference S-4). As the continuous wet-spinning process ends up with a dip
time of 10 s for the fibers in the bath, the conductivity enhancement should be
minimal. However, introducing IPA could greatly reduce the number of pores
inside the fibers, which would result in better mechanical properties. (See
Reference S-5, Reference S-6). Thus, in this study, a mixture of acetone/IPA

(volume ratio 1:1) was used as the cogulation bath to maximized the fiber
quality.
Spinnability:

Spinnability of the inks was monitored in an acetone/IPA (volume ratio
1:1) tank by a high speed camera. Commercial Clevios PH1000 ink after
homogenization and sonication was first spun through a 50 um glass nozzle.
The concentration of prepared PH1000 ink (11 mg/mL) was relatively smaller
compared with earlier studies, e.g., Clevios P (13 mg/mL), PH500 (11 mg/mL)
and even Orgacon dry inks (15-30 mg/mL). See Reference S-5, Reference S-7,
Reference S-8. It is noted that PH1000 ink in the current study had a wide
range of spin speeds from 0.3 to 150 uL/min.
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B. Morphology of conductive polymer fibers (SEM, AFM)

Table A: Summary of the electrical conductivity of EG doped and/or de-doped
PEDOT/PSS fibers prepared from concentrated Clevios PH1000 (22 mg ml™).

Doped and/or de-doped | Diameter (um) Conductivity (S cm™)
PEDOTY/PSS fiber type

EG/(PEDOT/PSS) fiber |9.7+1.4 607+60
(PEDOT/PSS)/EG fiber | 8.6+0.8 1304+56
EG/(PEDOT/PSS)YEG 8.4+0.7 28044311

fiber

C. Microstructure characterization (XRD and Raman) of PE-DOT/PSS fibers

To understand the electrical transport in the fibers, microstructure
characterization of the fibers was carried out by normal XRD and Raman
spectroscopy. Figures 13a and 13b present the XRD patterns of PEDOT/PSS
fibers with or without EG doping and/or de-doping. For the as-spun
PEDOTY/PSS fiber, the XRD patterns show four characteristic peaks at 20
values of 4.7°, 14.0°, 17.5° and 26.3° that correspond to lattice spacings (d) of
18.7, 6.3, 5.1 and 3.4 A, respectively as calculated using Brag’s Law. See
Reference S-9. Three peaks of interest at 20 = 4.7, 14.0 and 26.3 ° correspond
to the lamella stacking distance, d(jqq), of alternate orderings of PEDOT and
PSS in the plane, its second-order reflection with the stack distance, dq0), and
the interchain planar m —n stacking distance d ;0 of PEDOT, respectively. See
Reference S-10, Reference S-11 In fact, the as-spun fiber has the same & —x
stacking distance as the EG de-doped PEDOT/PSS films (d10y= 3.4 A),and the
EG de-doped Clevios P and Clevios PH500 fibers (d10)= 3.4 A),S which
indicates that wets-pinning of the fibers incorporating hot-drawing prompts
alignment of the molecular chains, thus reducing the n —mr stacking distance of

the PEDOT chains from 3.5 to 3.4 A. After de-doping these as-spun fibers with
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EG, one of the high-angle peaks at 26 = 17.7° indicating amorphous halo of
PSS chains almost disappeared, while the intensity of second-order lamella
stacking at 26 = 14° increased noticeably. This change can be attributed to the
partial removal of amorphous PSS in these fibers by EG de-doping. Another
peak representing the interchain planar = — n stacking distance, dg), of
PEDOT, became broader and centered at 20 = 27° (corresponding to the lattice
spacing dgig) = 3.3 A). It is necessary to note the lack of a distinct shift in the
characteristic peak of lamella stacking at 28 = 4.7° after de-doping of
as-spun fibers (Figure 13a), indicating no obvious planarization of alternating
PEDOT and PSS polymer chains. By incorporating both doping and de-doping
of EG, the d100) peak shifted from 4.7 to 4.1. The dg0) peak shifted from 26.3
to 28.0¢, corresponding to a further reduction of & — x stacking distance from
3.4 t0 3.2 A. It is important to note that the intensity of the d(o10) peak obviously
increased after EG de-doping, suggesting that the crystallinity had increased in
the fibers. The corresponding lattice distance and percentage of crystalinity for
all samples are listed in Table A. Figure 13a, b and Table A indicate that the
most effective way to increase the order of the molecular chains and percentage
of crystalinity of the fibers involves partially stretching the molecular chains by
hot-drawing, planarization of the thiophene rings on PEDOT by EG doping and
reduction of the © — © stacking distance of PEDOT chains by EG de-doping.
Figures 13c, d show the Raman spectra of PEDOT/PSS fibers. The strong
peak at 1421 cm™' is assigned to the C, = Cp symmetric stretching of the
thiophene ring in PEDOT chains in as-spun PEDOT/PSS fibers. See Reference
S-5, See Reference S-12. Note that the position of the peak is 16 cm™' lower
than pristine PEDOT/PSS films (Figure 14b) and 5 cm™' lower than other
PEDOT/PSS fibers. This suggests that the quinoid structure of the thiophene
rings dominate in our conductive PEDOT/PSS fibers (368 S - cm™) over
benzoid structures. This peak did not show an obvious shift after doping with 3
wt% EG. However, after de-doping the as-spun PEDOT/PSS fiber and the
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EG/(PEDOT/PSS) fiber, the peak shifted from 1421 to 1415 and 1411 cm™,
respectively. The peak shift to 1411 cm™' indicated the most preferred quinoid
structure and resulted in the record conductivity of 2804311 S em™. Figure
13e shows a schematic microstructure of the change of the fibers before and
after de-doping as manifested by XRD and Raman results. Though it is beyond
the scope of this study to quantify the ratio between the quinoid and benzoid
structures in the fibers, we could still remark that a more favorable quinoid
structure in the fiber leads to planarization of the conductive PEDOT chains,
resulting in the reduction of & —x stacking distance. As a result, the electrical
transport in the most conductive fibers becomes three-dimensional, because the
electrons diffuse to a neighboring chain prior to traveling between defects on a
single chain. See Reference S-13. This reduces electron pathways on the chains

and results in high conductivity of the fibers.
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Table B: 20 and d-spacing values of different PEDOT/PSS fibers and films
extracted from Figure 13a,b and Figure 14.

26(°)/d200)(A

Sample 26(°Ydi00/(A 26(°)/d@iofA | Crystallinity(%
) ) ) )

As-spun PEDOT/PSS | 4.71/18.70 | 14.00/6.30 |26.33/3.38 |27.8

fibers

EG/(PEDOT/PSS) 4.73/18.60 | 14.22/6.21 |26.32/3.38 |27.4

fibers

(PEDOT/PSSYEG 4.47/19.75 | 13.7/6.45 27.00/3.30 |38.2

fibers

EG/(PEDOT/PSSYE |4.20/22.3 13.60/6.50 |27.02/3.30 |39.8

G fibers

PEDOT/PSS film 4.22/20.88 |13.73/6.45 |25.74/3.46 |11.0

(PEDOT/PSS)YEG 3.64/24.25 |13.73/6.44 |26.36/3.38 |19.0

film

D. Mechanical Property Evaluation

See Figures 15 and 16.
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ADDITIONAL EMBODIMENTS (PART II):

High-ampacity conductive polymer microfibers as fast response wearable

heaters and electromechanical actuators

Additional embodiments are provided hereinbelow for Part II including

further working examples which supplement Part I. Conductive fibers with
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enhanced physical properties and functionalities are needed for a diversity of
electronic devices. Here, we report very high performance in the thermal and
mechanical response of poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) microfibers
when subjected to an electrical current. These fibers were made by combining
hot-drawing assisted wetspinning process with ethylene glycol doping/de-
doping can work at a high current density as high as 1.8 x 10* A cm’, which is
comparable to that of carbon nanotube fibers. Their electrothermal response was
investigated using optical sensors and verified to be as fast as 63 °C s™ and is
comparable with that of metallic heating elements (20-50 °C s™). We
investigated the electromechanical actuation resulted from the reversible
sorption/desorption of moisture controlled by electro-induced heating. Results
revealed an improvement of several orders of magnitudes compared to other
linear conductive polymer-based actuators in air. Specifically, the fibers we
designed here have a rapid stress generation rate (> 40 MPa s™') and a wide
operating frequency range (up to 40 Hz). These fibers have several
characteristics including fast response, low-driven voltage, good repeatability,
long cycle life and high energy efficiency, favoring their use as heating

elements on wearable textiles and as artificial muscles for

robotics.
Introduction

For Part II, additional introduction is provided. Electroactive materials
that convert electrical energy to thermal or mechanical energy have great
potentials for many applications, including heating components for wearable
textiles and artificial muscles for robots (for Part II, a new listing of references
is provided, A1-A64).(A1-4) Among these electroactive materials, conductive
polymers are very promising for these types of applications because they can be

easily shaped into low-voltage driven actuators and sensors.(A5—7) One of the
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most widely used conductive polymers, poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), is ideal for such
applications because it is lightweight, and has good processibility, tunable
electrical conductivity, suitable mechanical properties and good thermal
stability.(A8-12)

Previous works have attempted to design electroactive materials
based on PEDOT/PSS. The conversion of electrical energy into thermal energy
has been realized using PEDOT/PSS microfilms or silver
nanowire/PEDOT/PSS transparent nanofilms as heaters, although the heaters
had slow response times (15-80 s).(A13-14) Meanwhile, the conversion of
electrical energy into mechanical energy has been widely investigated in
PEDOT/PSS film or papers. The well-known actuation mechanism is strongly
related to the highly hygroscopic nature of PEDOT/PSS. When PEDOT/PSS is
subjected to an electrical current, Joule heating induces the desorption of water,
which subsequently results in a volume contraction. Actuation in PEDOT/PSS-
based devices thus results from an electro-thermal-mechanical coupling, a
multiphysics nature that facilitates various actuation stimuli.(A13, A15-19)
For example, a (PEDOT/PSS)/elastomer bilayer actuator was developed to
achieve a bending motion under multiple control stimuli, such as electrical
current, heat and humidity changes.(A20) To date, most research on
PEDOT/PSS-based electroactive materials has focused on two-dimensional
films or coated papers.(A13, A16, A17, A19) Therefore, opportunities to
design PEDOTY/PSS fibers or wires for specific applications, such as functional
textiles, or to increase their sensitivity in general remain outstanding.

In a previous study, we investigated the electromechanical actuation
properties of low conductivity (PEDOT/PSS)/polyvinyl alcohol fibers, which
can generate a maximum actuation stress of 11 MPa at 8 V.(A21) However,
they feature a low response time (80 s), which leads to a slow stress generation
rate (0.14 MPa s™') and a narrow operating frequency window (< 1 Hz). Other
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conductive polymer fiber-based actuators have also been developed, where
their actuations are controlled by oxidation-reduction reactions in liquid. These
materials can produce large actuation strain but have limited cyclability and the
technique requires complicated counter electrode, electrolyte and device
packaging.(A6, A22)

A direct consequence of low efficiency in converting electrical energy to
thermal or mechanical energy is an increase in power consumption. Although it
has been shown that short-time application of high voltages does not harm the
polymer, long term operation results in electrical failure of the materials. (A23)
Small size microactuators should also feature enhanced response rate and be
powered with coin batteries.(A5) In addition, increasing the conductivity of the
material can improve response rate and permit the use at low voltage power
sources. In our previous study, we fabricated highly conductive polymer
microfibers by combining hot-drawing assisted wet-spinning process with
chemical treatment (ethylene glycol doping/de-doping).(A24) Results showed
that the performance of these fibers was superior to that of other conductive
polymer fibers, with conductivity ranging from 368 to 2804 S cm™ and Young’s
modulus values as high as 8.3 GPa.(A25, A26) These improvements favored
these fibers for use as actuators. For instance, their high conductivity allows
them to withstand high current density for long periods of time before electrical
failure, and their high Young’s modulus imparts good structural stability to the
systems based on these fibers.

Here, We demonstrate fast electrothermal and electromechanical
responses of a new generation of PEDOT/PSS fibers made by combining hot-
drawing-assisted wet-spinning process and chemical treatment. By increasing
the conductivity of the fibers, current density can be considerably increased a
maximum current density of 1.8 x 10* A cm™, which is two orders of magnitude
of copper wires and comparable to carbon nanotube fibers, indicating their high

potential for used as interconnects in a electrical circuit. Within the operating
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range before electrical failure, the electrothermal response was investigated
systematically using fiber Bragg gratings (FBGs). The single conductive
polymer fiber shows rapid electrothermal responsiveness and high reversibility
at low voltages. Based on these features, the fiber bundle was demonstrated as
wearable heaters on a glove. The fibers also showed remarkable
electromechanical behavior induced by Joule heating and featured in fast
response, long cycle life and excellent repeatability. Additionally, we show that
bundles of novel fibers could be used as actuators, which can lift a load much
heavier than itself. The availability of these fibers with high conductivity, high
ampacity, and rapid electrothermal and electromechanical responsiveness could
facilitate the development of, for example, electronic interconnects, wearable

heating textiles and artificial muscles.

Experimental (Part IT)

Materials
The PEDOT/PSS aqueous dispersion (CleviosTM PH1000) was
purchased from HC Starck, Inc. Ethylene glycol (EG), isotropyl alcohol (IPA)

and acetone were purchased from Sigma-Aldrich.

Preparation of PEDOT/PSS fibers
Fiber preparation strategies are systematically illustrated in Fig. 24. The

as-spun fiber was wet-spun from a 22 mg mL"' dispersion (using Clevios
PH1000) followed by a vertical hot-drawing process (Fig. 24a). Both doping
and dedoping methods were used to enhance the conductivity of the fibers (Fig.
24b). Doped dispersion was prepared by adding 3 wt% EG in a PEDOT/PSS
dispersion (22 mg mI™'"). The spinning formulation (with or without EG doping)
was loaded into a 5 mL syringe and spun into a coagulation bath though a

needle with an inner diameter of 220 mm. The flow rate of the dispersion was
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controlled at 10 mL min™ by using a syringe pump. Wet fibers were pulled out
from 1:1 volume ratio of acetone to IPA coagulation bath, where the volume
ratio of acetone and IPA is 1 to 1. The fibers were collected vertically onto a 50
mm winding spool, which gives a line speed of 2 to 4 m min™'. The temperature
along the path of the fiber was set to 90°C by two vertically hot-plates and was
monitored by a thermocouple.(A24) After wet-spinning, dedoping of as-spun
and EG-doped fibers was performed by immersing them in a pure EG bath for 1
h and the fibers were then dried in air at 160°C for 1 h. In this study, the as-spun
PEDOT/PSS fibers, EG/(PEDOT/PSS) fibers, (PEDOT/PSSYEG fibers and
EG/(PEDOT/PSS)/EG fibers represent the pristine PEDOT/PSS fibers, 3 wt%
EG doped PEDOT/PSS fibers, EG de-doped PEDOT/PSS fibers and EG de-
doped 3 wt% EG doped PEDOT/PSS fibers, respectively.

General characterizations

Thermogravimetric analysis (TGA) was performed to measure the water
absorbed in the fibers using a TG 209 F1 instrument (NETZSCH Company)
under a nitrogen purge. Samples were heated from 25 to 800 °C at a heating rate

of 10 °C min ..

Characterization of properties and demonstration for applications

as heating elements
To assess the potential of these fibers for applications as heating

elements, their electrothermal response needed to be accurately calculated. We
followed a previous report based on fiber Bragg gratings (FBG) to make
temperature measurements for single PEDOT/PSS fibers subjected to electrical
stimulus; FBGs have been proven to be suitably efficient both experimentally
and numerically.(A27) Measurements were performed inside a chamber to
avoid environmental disturbances, and the experimental set-up is sketched in

Fig. 25. Conductive polymer fibers were prepared and fixed on a paper card.
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The relationships between temperature and voltage and between temperature
and frequency at a certain voltage were investigated by applying electrical fields
to the fiber using a 382280 DC power supply (EXETECH instruments) and an
81150A pulse function generator (Agilent Technology). Each end of the fibers
were connected with copper wires, painted with silver epoxy and sealed with an
epoxy glue. The effective length of the fibers between the silver paste was 2.0 +
0.1 cm. Next, the fibers were positioned along the optical fiber containing a 5-
mm long FBG and fixed with tape. The temperature of the optical fiber was
monitored by an FBG (FBG1.a) connected to the first channel (CH1). An FBG
reflects a part of the incident light signal that is represented by a spectrum of
reflected wavelength, which peaks in correspondence with the Bragg
wavelength, Ag.(A28) When the FBG is only subjected to temperature changes,
AT, the peak shifts proportionally. The Bragg wavelength variation, Ahg/ A,
can be expressed as(A29):

A}\,B/ }\‘B = KTAT (1)

where, K, is the thermo-optic coefficient related to the temperature sensitivity
of the FBG. This sensitivity was calibrated by immersing it with a thermocouple
in a beaker filled with water, and the sensitivity of the FBG was determined to
be 9.9 pm °C'.(A27) We used 5-mm long FBGs written on SMF28e standard
fibers, and the coating was removed. The Bragg wavelength of the sensor was
1530 nm at room temperature. The radiation/convection heat transfer was also
estimated by measuring the temperature at about 700 mm away from the
PEDOT/PSS fibers by using another FBG (FBG2.a), which was connected to
the second channel (CH2) (Fig. 27b). Note that evaluating long distance (non-
contact) heat transfer is of interest for some heating applications in which the
heater is not directly in contact with the system to be heated. Due to the

limitation of the instrument (the data acquisition rate is 2 Hz), frequencies in
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temperature change higher than 2 Hz were not measured in this study. Current
flow in the fibers was monitored using a U1252B digital multimeter that
captured every 1 s throughout the test. All tests were conducted three times in
air. The FBG signal and current changes were collected through USB
communication with the computer. Knitted fabric was used to create a heatable
glove, where a PEDOT/PSS fiber bundle was interlaced onto a nonconductive
polyester glove. The voltage was supplied by using a 382280 DC power supply
(EXETECH instruments) or a 9-V battery. Thermal images of the glove were
taken by an SC7000 thermographic camera (FLIR Systems, Inc).

Characterization of properties and demonstration for application

as actuators

To test the suitability of the fibers as actuators, the following tests were
conducted. Demonstration of a PEDOT/PSS fiber bundle actuator was
performed under an isotonic measurement, where a load was attached to the
movable end of the bundle to eliminate bulking. Displacement at the movable
end was measured with a video camera, and thermal images of the fiber bundle
during the actuation test were taken with an SC7000 thermographic camera.
Single-fiber actuation test was performed under isometric conditions (the length
of the fiber remained to be constant during the duration of the test). All tests
were performed by applying a preload of 0.5 mN, which kept the fibers straight.
Two types of tests are performed by applying either a constant voltage or a
harmonic voltage variation with prescribed frequency. In both cases, the force
generated by the fiber was monitored, where sampling rate depend on
frequency. The data acquisition rate was every 100 ms at 0.02, 0.1, 0.25 and 0.5
Hz; every 20 ms for 1, 2 and 5 Hz; every 2 ms for 10, 20 and 40 Hz. All tests
were performed at room temperature (21 °C) with a relative humidity of 60%.
The actuation stress values were determined by normalizing the measured load

to the fiber cross-sectional area measured before the test. Dynamic mechanical
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analysis (DMA) was performed on arrays made from 15 fibers of approximately
6 mm in length on a Q800 instrument (TA Instruments) in tension mode. DMA
measurements were performed between 25 and 120 °C, at 1 Hz and at a heating

rate of 3 °C min™' in air.

RESULTS AND DISCUSSION
High current density of PEDOT/PSS fibers

Before any deeper investigation into the electrothermal and
electromechanical behavior, we need to determine the maximum current density
(denoted as j,) that each formulation could sustain before reaching electrically
induced failure. By gradually increasing the applied voltage on the fibers, heat
induced by Joule heating finally result in the fiber breakage. The current
carrying capacity is defined here as a maximum current density at which two
ends of the fiber fixed on a paper card and show a constant resistance during the
experiment. The method for measuring resistance is described earlier by a two-
probe method. If the temperature increase in the fiber, caused by an increase in
electrical resistance, does not stabilize then at a certain temperature, the fiber
breaks.

Fig. 17a shows the SEM image of as-spun PEDOTY/PSS fibers fabricated
from a hot-drawing-assisted wet-spinning process. The length of the fibers
could be several hundred meters with an average diameter of around 10 mm and
remarkably smooth surfaces (Fig. 27a). Fig. 17b and Table 1 show that the j, is
relatively small for the as-spun PEDOT/PSS fibers (5.6 x 10°A cm™). By EG
doping, j, increased to 7.1 x 10* A cm™. After a combination of the EG-doping
and de-doping, j, increased considerably (about 330%) up to 1.8 x 10* A cm™;
this value is two orders of magnitude higher than that of copper wire (1.6 x10?
A cm®) and even higher than that of carbon nanotube fibers and Ag-doped
graphene fibers, as shown in Fig. 17b.(A30-33)
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The SEM images in Fig. 17c and d show that a slight increase in the
diameter at the tip and short nodules form in the failure surface of an as-spun
PEDOT/PSS fiber. Similarly, the SEM images in Fig. 17e and f shows that the
diameter is twice that of the original and fibrils have formed at the tip in the
failure cross section of an EG/(PEDOT/PSS)YEG fiber. The failure mechanism
was revealed by pure thermal heating by TG analysis in a N, atmosphere (Fig.
26). This technique shows that weight loss up to 120 °C can be ascribed to 12
and 8 wt% loss of water in as-spun PEDOT/PSS fibers and
EG/(PEDOT/PSS)/EG fibers, respectively. Differences in water loss indicate
that PSS phases are partially removed due to EG de-dopir}g. The first
decomposition of PEDOT/PSS fibers is from 265 °C to 320 °C. The weight loss
of about 30 wt%, which is attributed to the decomposition of PSS as the
sulfonate groups disassociate from styrene.(A34) Next, a weight loss of about
10 wt% occurs between 350 and 600 °C, which is caused by the rupture of the
polymer backbone.(A11, A34). Itis interesting to see that both as-spun
PEDOT/PSS and EG/(PEDOT/PSS)/EG fibers remain fibrous structures after
heating from 25 to 800 °C (Fig. 27¢ and 27d). Energy dispersive x-ray
spectroscopy quantification showed that carbon to oxygen and carbon to sulfur
atomic ratios increased considerably in the fiber due to degradation (Table S1),
and nanofibrils were also observed on both the surface and cross section of
EG/(PEDOT/PSS)/EG fibers after degradation; However, no nanofibrils are
observed for as-spun PEDOT/PSS fibers after degradation (Fig. 27c).
Electrically induced failure of structures are expected to cause these types of
morphological changes, and differences in changes indicated that these two
polymer fibers have different microstructures.

In fact, the weakest part of the fibers is the amorphous nonconductive
PSS interface that connects PEDOT/PSS grains. The decomposition
temperature of PSS phases is low enough to cause an electrical current that

results in over-heating followed by failure of the material (Fig. 26). The
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relatively small current density of as-spun fiber can be ascribed to the presence
of large amounts of PSS between PEDOT/PSS grains, in which the amorphous
nature of PSS is the source of electrical failure. On the other hand, amorphous
regions (PSS) of EG/(PEDOT/PSS)/EG fibers are partially removed due to EG
de-doping, resulting in interconnected PEDOT grains with extremely thin layers
of PSS between them.(A24, A35) Hence, these thin layers will become fibrils
from the over-heating of PSS phases induced by the electrical current. The
combination of high current density and high conductivity of PEDOT/PSS
fibers makes them promising candidates in the mini circuits, which need small

electrical interconnects.

Electrothermal response

Chemical treatment through EG doping/de-doping not only improves the
maximum current density, but also increase the conductivity of PEDOT/PSS
fibers (Fig. 24). The resistance of 2-cm-long fibers in the electrothermal
response study were 8.4, 5.2, 2, 1.1 kW, corresponding to the electrical
conductivities of 315.8, 520.7, 1722.4 and 3131.6 S cm™' for as-spun
PEDOT/PSS, EG/(PEDOT/PSS), (PEDOT/PSS)/EG and EG/(PEDOT/PSS)YEG
fibers, respectively. All properties of PEDOT/PSS fibers investigated in this
study are listed in Table 1.

Fig. 18a shows the changes in the temperature-time curves of the fibers
when a voltage of 7 V cm™ was applied for 25 s. The first-order response time,
At, of as-spun PEDOT/PSS fiber and EG/(PEDOT/PSS)/EG fiber were
estimated to be 2 and 1.2 s, respectively. The maximum heating rate estimated
from Fig. 18a for the EG/(PEDOT/PSS)/EG fiber was about 63 °C s™'. We also
tested the thermal response of these fibers by increasing the voltage by
increments of 1 V cm™ within the operating range, as indicated in Fig. 17b.
Taking the as-spun PEDOT/PSS fiber and the EG/(PEDOT/PSS)/EG fiber as
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examples, curves of temperature variation to current were plotted with respect
to time in Fig. 18b-e. Results are given for both FBGs in contact with the
polymer fiber (FBG1.a) and for the one located at 700 mm from the polymer
fiber (FBG2.a), as show in Fig. 25b. Each target temperature plateau at different
voltage was achieved within 2.5 s and the first order response time, At, was
estimated to be 1 s. The reachable temperature measured by both FBG1.a and
FBG2.a increased clearly when the resistance dropped from 8.4 to 1.1 kW. To
reach a target temperate of 75 °C, only 7 V cm™ was required for
EG/(PEDOT/PSS)/EG fibers, less than half of the 18 V cm’' that was needed for
the as-spun PEDOT/PSS fiber. Note that distance affected the change in
temperature, as detected by the FBG2.a, indicating that the PEDOT/PSS fiber
under an electrical current can create a temperature field nearby via radiation
and convection.(A27) The temperature of each conductive polymer fiber is
proportional to the square of the voltage applied to the fiber, proving that the
coupling between electrical and thermal behaviors was generated by the Joule
effect, which produces the body heat source in the PEDOT/PSS fiber (Fig. 18f).
The temperature of the fiber is determined by storage of the electrical power and
release of the energy through heat transfer (radiation and convection) to air. The
conduction mechanism was considered to be negligible due to the loose contact
of PEDOT/PSS fibers to FBGs. The temperature of the fiber, the heat flux
dissipated by the fiber and the relative fraction of the radiated and convective
heat flux can be extracted by a non-phenomenological model that we developed
previously.(A27) The stable and fast heating/cooling property of the fibers

was confirmed by analyzing the dynamic thermal response of the
EG/(PEDOT/PSS)/EG fiber using repetitive on-off cycles with a square-wave
voltage (0-2.5 V cm™) at different frequencies (Fig. 18g). The amplitude of the
temperature change stayed nearly constant at each frequency, indicating that the
thermal response is stable and repeatable for long-term use; however, from one

frequency to another, the temperature variation differs, showing that higher
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frequency cause less temperature variation. This indicates that either maximum
Joule heat was not generated or that its transmission to the temperature

sensor was not completed before the start of the next cycle. In detail, when the
curve at 0.1 Hz was enlarged, as shown in Fig. 18h, it clearly shows a reversible
heating/cooling process. The first order response time during both heating

and cooling was about 1 s. The fast cooling rate of the PEDOT/PSS fiber was
associated with the small diameter of the fiber and fast water absorption to
reduce the temperature of the fiber. The water absorption will start with the
fixation of H,O molecules on the highly hygroscopic SO;H groups in PSS. Then
the weakened hydrogen bonds in SO;H will react with water via reversible
reactions during the cooling/heating processes below. (A9, A55, A56) The
superior dynamic thermal response of the fiber is extremely crucial for fast

thermal response applications, which need reliable repeatability.

cooling

H,0 + PSS(HSO;) — H;0™PSS(SO;)™" (2)
) heating
H;0'PSS(SO;) Y — H,0 + PSS(HSO;) (3)

Table 2 compares the performance of various electrically driven heaters
prepared by different methods. The first-order response time of PEDOT/PSS
fibers is comparable with tungsten wires or copper interconnects, which need
several hundred mini-seconds to several seconds.(A36, A37) Moreover, these
fibers have the fastest response rate (63 °C s') compared with other types of
heaters. Nanomaterial-based heaters, such as silver nanowires (AgNWs),
carbon nanotubes (CNTs) and graphene, generally need a long response time for
heating because substrates hinder the measured heating rate as compared to a
free-standing arrangement. Some other PEDOT based heaters, such as
PEDOT/PSS film and PEDOT nanofiber mat, have a response time several
times longer than our PEDOT/PSS fibers due to their low conductivities.(A13,
A54) To summarize, the merit of PEDOT/PSS fibers as heaters lies in (1) very
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fast response which is comparable with metal wires; (2) low density, high
conductivity, high flexibility, stretchability and better tolerance to frequent
bending and contact as compared to carbon fibers and metallic wires(A57); and
(3) good spinnability for directly co-spinning with nonconductive polyester
fibers from different nozzles, which can be easily twisted and woven into
textiles for the application of wearable heaters.

As we know that the temperature range required for wearable applications
is much lower than the maximum temperature generated by the fiber (90 °C)
and the initial thermal degradation temperature of the fiber (265 °C), the
thermal stability of the PEDOT/PSS fiber is estimated to be appropriate for
wearable heating textiles. Fig. 19 demonstrates the application of PEDOT/PSS
fibers as heating elements on a glove. A textile-based electrode was fabricated
by knitting a PEDOT/PSS fiber bundle (25 cm long) onto the surface of a
polyester glove, as show in Fig. 19a and 19b. Fibers were adequately strong to
avoid damage during knitting or from repeated exposure to tensile and bending
strains on the hand. This is due to the excellent stretchability of PEDOT/PSS
fibers (16 to 21%) compared with metallic wires or carbon nanotube fibers (1 to
8%).(A24, A31, A58) The representative thermal images that taken at 0, 0.4, 0.8
and 1.2 V cm’™' at steady state show a clear temperature increase from 28 to 52
°C for the as-spun PEDOT/PSS fiber bundle (Fig. 19c¢ to f). The temperature
distribution of the coiled fiber bundle at each applied voltage was
predominately homogeneous. The bundle produces heat not only along the
paths where the fiber bundle extend but also into the spaces between adjacent
segments, especially at high voltages. A heat field generated by the fiber bundle
at 1.2 V em™ becomes apparent, further proving that the non-contact heating
mechanism (radiation and convection) is integral to the heat flux in the nearby
environment. To approach the practical use of these fibers as heating elements,
the as-spun PEDOT/PSS fiber bundle used in Fig. 19g was EG de-doped to
enhance electrical conductivity.(A24) Now, the fiber bundle on the glove can be
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powered by a 9-V battery (corresponding to an electrical field of 0.36 V cm™)
and can reach a maximum temperature of 36 °C (Fig. 19g and h), which is a
comfortable temperature range for hands (between 33 and 38 °C).(A44, A57)
Smaller power sources, such as coin batteries, could also be used, but the
location of the electrodes, the conductivity and the arrangement of the fiber

bundle on the glove would need to be engineered.

Electromechanical response

We applied voltages to a similar fiber bundle as that used in the heatable
gloves and found that it displayed linear electromechanical motion. The
preliminary actuation performance of the fibers presented as a bundle actuator
containing 118 fibers with 14 cm in length under isotonic conditions, as show in
Fig. 20a and b. Applying voltage to the fiber bundle enables it to lift upa 0.45 g
load, which is 150 times of the fiber bundle (3 mg). Using a video camera, we
measured the displacement, AL, and found that it took about 6 s to reach a
maximum displacement of 530 mm with a first order response of 2 s when
applying a voltage of 1.14 V cm™ (Fig. 20c). This value corresponds to an
actuation strain of 0.4%, which is appropriate for use as heating elements on
gloves because by switching the voltage on and off, would not be noticeable to
the wearer; however, this would be a limitation especially for applications that
need large actuation strokes. Here, we show that aligning polymer chains to
increase electronic conductivity and Young’s modulus leads to low power
consumption, long cycle life and good repeatability but lower actuation strains
in the direction of the alignment. Actuation strain can be increased by amplifiers
such as level systems or by improving the relative humidity around the
actuator.(A13, A59) In addition, we took the thermal images of the fiber bundle
at different voltages, and as show in Fig. 20d, thensile actuation is correlated
with and depends on the temperature of the fiber bundle. The evolution of

displacement with voltage is plotted together with the temperature of the fiber
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bundle (Fig. 20e); the displacement clearly increased with temperature until
reaching saturation after 40 °C.

By measuring the tensile actuation of single fibers, we learned more
about what affects their actuation performance (Fig. 21a). A 2-cm fiber
weighing 2.2 mg was clamped and preloaded with a force of 0.5 mN to keep it
tight and straight. Actuation stress was then measured as the voltage, V, was
increased while the extension was held constant. Actuation stress evolved in
three regimes as the applied voltage increased for both as-spun PEDOT/PSS
and EG/(PEDOT/PSS)/EG fibers, as shown in Fig. 21b. In the first regime (0 <
V <V,), actuation stress increases with voltage such that the maximum
actuation stress amplitudes, As, at peak voltage, V,,, were 14 MPa (V,=6 V cm’
'Y and 22 MPa (Vp=25V cm’™) for as-spun PEDOT/PSS and
EG/(PEDOT/PSS)/EG fibers, respectively. These values are close to those
generated by PEDOT/PSS films or papers(A13, A15) and are also comparable
with the performance of polypyrrole-based actuators (27 MPa) driven by
moisture gradients.(A60) Note that the peak temperature, Ty, of the fiber at the
maximum Ao for both fibers was about 30 °C. In the second regime (V,<V <
V, ), the mechanical response of the fibers lies in a state of equilibrium. The Ac
remains almost constant when the voltage is increased. We propose that at
relatively higher voltage levels, the fibers may start to soften and expand. In the
third regime (V >V, ), the temperature increases over 40 °C and 60 °C for as-
spun PEDOT/PSS fiber and EG/(PEDOT/PSS)/EG fiber, respectively (Fig.
18f). The actuation stress drops when voltages are higher thanV, (11 and 6 V
cm™ for as-spun PEDOT/PSS and EG/(PEDOT/PSS)/EG fibers, respectively).
We ascribe V and T; as the turning voltage and temperature for actuation,
respectively. DMA analysis was performed to explain the evolution of Ac with
temperature. We found that at first the storage modulus increased with
temperature up to T, which was due to the desorption of water from the fibers,

but then it decreased due to the softening and expansion of amorphous PSS
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phases at higher temperatures (Fig. 21c). As a result, reduced actuation stress
was caused by softening of the amorphous PSS phase in the fiber at higher
temperatures (T > T, ), and the thermal expansion of the fibers is compensation
for the contraction of the fibers induced by the electrical current. Qur result
agrees with the results of PEDOT/PSS film or paper actuation at higher
temperatures, where the actuation stress reduces due to thermal expansion of
PEDOT/PSS.(A13, Al5)

Knowing that the actuation stress can be generated and maximized in the
first regime (0 <V <'V,), we applied a cyclic current loading to the fiber to
investigate the repeatability of the actuator in this regime. The actuation stress,
voltage and current of the fibers at 0.02 Hz and a square wave voltage of 2.5 V
cm™ are shown in Fig. 22a-d. Using EG/(PEDOT/PSS)/EG fibers as an
example, when the current passing through the fiber is 3.5 mA and the
temperature is raised from 21 to 29 °C (Fig. 18f). Under the isometric condition,
the fiber charges the actuation force as elastic energy and then releases this
energy by contracting reversibly from maximum tension to near zero. Fig. 22e,
the response time is estimated about 0.5 s. The fiber shows a repeatable
generation of the actuation stress with fast rates of 40 MPa s™, a value that is
comparable to the peak capacity of natural and other artificial muscles (30 MPa
s1);(A23, A61) and an actuation mechanism similar to that of PEDOT/PSS
films or papers.(A13, A15) When an electrical field is applied to the sample,
electrical energy is converted to thermal energy, causing temperature to increase
on the fiber (Fig. 20d). Then the water vapor absorbed by the fiber desorped to a
certain level due to Joule heating, the volume of the fiber changed (Fig. 22f).
Superior and reversible electrothermal heating of the PEDOT/PSS fibers,
caused a reversible electro-induced actuation simplifying the actuation
mechanism: an electro-thermal-mechanical energy transfer in PEDOT/PSS

fibers.
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Square-wave voltages at different frequencies were applied to further
investigate the high frequency performance of PEDOT/PSS fiber actuators.
Inset curves in Fig. 23a show that the actuation amplitude remains almost
constant below 1 Hz. As actuation frequency increased, we observed a reduced
actuation stress amplitude after 1 Hz between the on and off states. We suggest
that neither actuated or relaxed states achieved stability because duration of the
step voltage was insufficient (Fig. 23a and b). Actuation was appreciable up to
40 Hz for EG/(PEDOT/PSS)/EG fibers, and the long-term reliability of actuator
performance was evaluated by repetitive cycling of this fiber actuator up to
10,000 cycles at 1 Hz. No obvious decline in the actuation amplitude presented
with more than 10,000 cycles (Fig. 23c and Fig. 28), which is likely because the
fiber actuator worked in the elastic region and because of the superior Young’s
modulus over PEDOT/PSS films.(A13) The performance of conductive
polymer-based linear actuators from the literature is summarized and compared
with this study in Table 3. Though the PEDOT/PSS have been shown before in
the film or fiber structure as actuators, the novelty of the current work lines in
clearly understanding the electrothermal and electromechanical response of a
pure single conductive polymer fiber. To summarise, our fiber actuators have
several merits including the following: (1) they are capable of working directly
in air at a low-driven voltage; (2) continuous fiber can be readily bundled for
use as large force linear actuators. Assembly of these fibers in air is much easier
than other conductive polymer film actuators; (3) they have a fast response rate
(up to 40 MPa s™); (4) wide frequency operating window (0.02 to 40 Hz); and
(5) excellent repeatability and long cycle life of the actuator due to their
improved Young’s modulus compared with films.

Finally, Figure 26 shows that the first stage of weight loss up to 200 °C is
from the loss of water. The decomposition of PSS starts from 265 °C ends at
320 °C with a weight loss of 25 wt%. This is due to the decomposition of PSS

as the sulfonate groups disassociate from styrene.(A63) This decomposition is
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followed by another decomposition of PEDOT in the range between 350 and
600 °C with a weight loss of 10 wt%, which is due to the rupture of the polymer
back bone.(A63, A64) It is worth noting that the residual is over 40 % around
800 °C.

In summary, in Part II, we systematically studied the current density,
electrothermal and electromechanical responses of highly conductive
PEDOT/PSS fibers. We construct these fibers by a combination of
thermomechanical (hot-drawing-assisted wetspinning) and chemical treatment
(EG doping/de-doping). We found that high-performance PEDOT/PSS fibers
can carry high current density that is comparable with carbon nanotube fibers,
making them promising candidates for use as interconnects in circuits. These
fibers could also be used as heating elements in wearable textiles because they
enable rapid heating at low operation voltages and show excellent heating
repeatability. Moreover, the unique electromechanical response of PEDOT/PSS
fibers surpasses other conductive polymer based actuators working in air. They
feature with low-driven voltage, fast response time (< 0.5 s), a wide frequency
window (up to 40 Hz), excellent repeatability (10,000 cycles) and controllability
in air. We demonstrated that a PEDOT/PSS fiber bundle can be used as a glove
heater powered by a 9-V battery. The fiber bundle can also be used as a linear
actuator to lift a load that is 150 times of its own weight. Our results provide the
basis bear the potential of these fibers to be implemented in wearable heating

textiles and in microelectromechanical systems that need actuators.
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TABLES FOR PART II:

Table 1 Properties of PEDOT/PSS fibers for the study of
electrothermal response.

Diameter Current density  Resistance  Conductivity  Young’s modulus

Samples D,um)  Gp.Acm™2)  (R.kQ) (6.Scm™") (E, GPa)
As-spun PEDOT/PSS fiber  9.8+13 5.6 x 10° 8.4 3158 5.9+07
EG/(PEDOT/PSS) fiber 97+14 7.1x10° 5.2 520.7 7.320.5
(PEDOT/PSS)EG/ fiber 8.6+08 1.3 x10¢ 2.0 1722.4 7.740.5
EG/(PEDOT/PSSVEG fiber 8.4+07 1.8 x 10* 1.1 3131.6 83404
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Table 2 Comparisons on the performance of electrically driven heaters from the related literature. ¢ is electrical conductivity, Ry is sheet
resistance and R is the resistance.

Preparation Electrical properties Firstorder ~ Max. heating  Voliage Rels.

Heater type method response {(s) e (°Cs™') (V)
Tungsten wire - o: 19x 1P Sem™'  0.1-0.5 - - Ed
Copper interconnects Lithography 0:59% 18 Sem™! 12 20 031 ¥
Gold microwire network Sacrificial templating R,:3.1-5.4Qsq7! 15-50 50 2-15 1
AgNW/PDMS Vacuum filtration R,:300sq! 30 2 2-10 3
AgNW/SBS Ligand exchange 0:35% 1PSem~! 102§ 3 051 ¥
AgNW/polyacrylate Drop casting R,: 10-60Q sq~! >15 9 5-11 4
Ag/Crackle precursor Metal sputtering R.:2-6Qsq™" 6-20 10 1-5 4
AgNW/CNT/PET film Spray/roll-to-roll coating ~ R,: 10-1000 Q2 sq~! 15 6 15 &
AgNW coated cloth Dip coating - 50 06 0612 ¥
SWCNT coated cloth Dip coating - 100 0.3 8-16 “
SWCNT functionalized fabrics  Dip coating R: 2.5-200 kQ 30-40 3 1040 4
SWCNT coated glass Dip coating R: 22.6-54.6 kQ 18-30 1 10-60 %
SWCNT coated glass or PET Filtration and transfer R,:0.25-35kQsq™! 25 3 612 9
MWCNT coated glass Pulling from CNT forest R,: 172756 5q~! 18-25 5 0-40 e
MWCNT/PDMS Spin-coating and casting R, 1-100kQ sq™! 20-40 10 1100 ¢
Graphene coated glass Layer-by-layer transfer R,: 403 Q2 sq~! 50-100 2 6-30 50
Graphite nanoplatelet/polyimide  Screen printing R.: 10-150 2 sq~! 70-100 2 2-14 sl
Polypyrrole coated textile Chemical polymerization  R,: 1000 Qsq~! > 60 1 5-30 5
PEDOT/PTSA coated lextile Chemical polymerization  R,: 12.8-127.90sq™! > 60 1 624 s
PEDOT/PSS microfilm Casling 0: 1508 cm™! 15 3 2-16 3
PEDOT nanofiber mat Electrospinning/deposition  : 60 S cm™! 15 3 10 s
AgNWHPEDOT/PSSYPET Blade coating Ry: 3-4 Qsq~! 50-80 2 15-6 1
PEDOT/PSS fibess Wet-spinning/hot-drawing ~ @: 360-2804 S cm~! 1.2-2 63 2-36 This study
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Table 3 Comparisons of the performance of linear, conductive polymer sctuators that work in air.

Driven voltage  Maximum ation stress  Maxi ion sirzin  Resp time  Maxi fregoency  Re
Materials V) (MPa) t4) (s) (Hz)
PPY(BF,)q 33(H20)g ¢ tilm 0.3 8.9 1 30 N WET
PEDOT/PSS film o-10 17 2445 20 - i
PEDOT semi-IPN hollow fiber 0.1 <1 3 30 . n
PEDOT/PSS/PVA blended fiter  0-8 1 0.12 50 1 2
As-spun PEDOT/PSS fiber 0.20 13 04 0.5 2 This study
EG/(PEDOT/PSS) (iber 0-16 16 0.4 0.5 5 This study
{PEDOT/PSS)EG! fiber 0.8 19 04 05 10 This study
EG/PEDOT/PSSYEG fiber 0-5 2 0.4 0.5 40 This study

Table $1 Relative clement gquantification in the fibers by the energy dispersive x-ray spectroscopy (EDS).

Element atomic ratio (At %)

Sample C 0 S Na
As-spun PEDOT/PSS fibers 75.61 12.67 11.02  0.64
EG/PEDOT/PSS)/EG fibers 76.19 13.88 9.14 079
As-spun PEDOT/PSS fibers-800°C  89.70 6.61 243 127
EG/(PEDOT/PSS)/EG fibers-800°C  88.48 7.02 241 2.10%
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WHAT IS CLAIMED IS:

1. A method comprising: providing at least one first composition
comprising at least one conjugated polymer and at least one solvent, wet
spinning the at least one first composition to form at least one first fiber
material, hot-drawing the at least one first fiber material to form at least one
second fiber material.

2. The method of claim 1, wherein the method further comprises doping of the
first composition.

3. The method of any one of claims 1-2, wherein the method further comprises
de-doping of the first fiber material before hot drawing.

4. The method of any one of claims 1-3, wherein the method further comprises
doping of the first composition and de-doping of the first fiber material before
hot drawing.

5. The method of any one of claims 2-4, wherein the doping is carried out with
at least one organic solvent.

6. The method of any one of claims 2-5, wherein the doping is carried out with
ethylene glycol.

7. The method of any one of claims 3-6, wherein the de-doping is carried out
with at least one organic solvent.

8. The method of any one of claims 3-7, wherein the de-doping is carried out
with ethylene glycol.

9. The method of any one of claims 1-8, wherein the conjugated polymer
comprises a polythiophene.

10. The method of any one of claims 1-9, wherein the conjugated polymer
comprises a 3,4-di-substituted polythiophene.

11.  The method of any one of claims 1-10, wherein the conjugated polymer
comprises PEDOT.

71



WO 2016/087945 PCT/IB2015/002467

12. The method of any one of claims 1-11, wherein the first composition
comprises a polymeric dopant for the conjugated polymer.

13. The method of any one of claims 1-12, wherein the first composition
comprises a polymeric dopant for the conjugated polymer which is a
polyelectrolyte polymer.

14. The method of any one of claims 1-13, wherein the first composition
comprises a polymeric dopant for the conjugated polymer which is polystyrene
sulfonate (PSS).

15. The method of any one of claims 1-14, wherein the first composition is an
aqueous dispersion.

16. The method of any one of claims 1-15, wherein the first composition
comprises water and at least one protic polar solvent.

17. The method of any one of claims 1-16, wherein the first composition has a
concentration of at least 15 mg/mL of conjugated polymer including in
combination, if present, with polymeric dopant.

18. The method of any one of claims 1-17, wherein the first composition has a
concentration of at least 20 mg/mL of conjugated polymer including in
combination, if present, with polymeric dopant.

19. The method of any one of claims 1-18, wherein the wet spinning is carried
out with a coagulation bath comprising acetone and isopropy! alcohol.

20. The method of any one of claims 1-19, wherein the hot drawing is done at a
temperature of 50°C to 140°C.

21. The method of any one of claims 1-20, wherein the average fiber diameter
is about 3 microns to about 150 microns.

22. The method of any one of claims 1-21, wherein the process is carried out
with a draw ratio which is at least 3.

23. The method of any one of claims 1-22, wherein the second fiber material

has a diameter of at least 3 microns.
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24. The method of any one of claims 1-23, wherein the second fiber material
has a diameter of at least 10 microns.

25. The method of any one of claims 1-24, wherein the fiber length is at least
100 m.

26. The method of any one of claims 1-25, wherein the fiber length is at least
500 m.

27. A method comprising: providing at least one first composition comprising
PEDOT:PSS and water, wet spinning the at least one first composition to form
at least one first fiber material, hot-drawing the at least one first fiber material to
form at least one second fiber material, wherein the method further comprises
doping of the first composition and de-doping of the first fiber material before
hot-drawing.

28. A fiber material prepared by the method of any one of claims 1-27.

29. The fiber material of claim 28, wherein the fiber material shows a
conductivity of at least 300 S - cm™.

30. The fiber material of any one of claims 28-29, wherein the fiber material
shows a conductivity of at least 2,000 S - cm™.

31. The fiber material of any one of claims 28-30, wherein the fiber material
shows a cross-over temperature of semiconductor-to-metal transition of at least
25°C.

32. The fiber material of any one of claims 28-31, wherein the fiber material
shows a cross-over temperature of semiconductor-to-metal transition of at least
40°C.

33. The fiber material of any one of claims 28-32, wherein the fiber material
shows a Young’s modulus of at least 5 GPa, a tensile strength of at least 300
MPa, and an elongation at break of at least 10%.

34. The fiber material of any one of claims 28-33, wherein the fiber material
shows a Young’s modulus of at least § GPa, a tensile strength of at least 409

MPa, and an elongation at break of at least 21%.
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