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Abstract
Different weight ratios of polyaniline (PANI) to poly (acrylic acid) (PAA) were synthesized as

interpenetrating polymer networks and blended with sulfonated poly (ether ether ketone)
(SPEEK). In-situ polymerization was performed by chemical oxidation of aniline in the presence
of PAA. The composites showed actuation capability in the presence of fuel/air and moisture.
Mechanical testing indicated that samples with higher concentration of PAA were stronger. For
instance, PANI1PAA>SPEEK: breaks at 8.4 MPa and has a failure strain of 2.5 %, which is higher
than PANI;PAAISPEEKS3 at 7 MPa and 2%. However, higher amount of PAA resulted in a lower
electrochemical conductivity of 1.52 x 102 S/cm for the former and 1.8 x 102 S/cm for the latter.
Intermolecular interaction at the optimum composition is necessary to induce forward and reverse
bending of catalyst coated composite under exposure of fuel and air. In addition, the formation of
compact structures and rough surfaces resulted in the maximal contractile strain of 1% for

PANIPAA1SPEEK; based on moisture actuation.

Keywords: Semi-IPN Composite, Polyaniline (PANI), Polyacrylic Acid (PAA), Sulfonated Poly
(Ether Ether Ketone) (SPEEK, moisture actuation, redox actuation, Artificial Muscles.



1 Introduction

The exploration of interpenetrating polymer networks (IPNs) to introduce materials with high
conductivity, enhanced stability, flexibility, and good mechanical properties have attracted
enormous attention.'> IPNs are a promising means to optimize physical and chemical properties
and to tackle shortcomings of PANI based composites that have been used in many applications
including energy storage, solar cells, electrochemical devices, and artificial muscles.*® PANI has
many outstanding properties including reversible doping-dedoping chemistry, and it is well-known
for its intrinsic conductivity which varies based on dopants.”® The conductivity of PANI is
ascribed to it being a m-conjugated system where the alternating single and double bonds of the
PANI chain allow free movement of electrons.”'® However, brittleness, weak mechanical
properties, poor electrochemical stability, and solubility issues of PANI in organic solvent limit its

use in applications.

On the other hand, while soft polymers such as PAA possess poor electrochemical
properties, many of their other properties are advantageous. PAA shows good elasticity behavior
and it has the capability to absorb more than 100 times its own weight in water due to the presence
of COOH groups. As such, a combination of a rigid, field due to the ionic repulsion between the
anionic charged groups.!'! Combinations of rigid and conductive polymer such as PANI with PAA
in an intimate mingling is a unique way to ensure a synergistic network ® that enables large volume
expansion and contraction under different stimuli, e.g., pH, moisture, temperature, and electric soft
polymers have attracted considerable attention because of their potential use in robotics
applications as they resemble the physiology of animals dermis where the rigid collagen fibers

interact with soft elastin fibers to form a resilient and stretchy material. For example, a rigid



polypyrrole (PPy) was combined with a soft polyol-borate to form a network that has water
sensitivity to induce rapid expansion and contraction, where the polyol-borate was responsible for

water sorption and desorption inside the PPy resulting in quick and continuous locomotion.'?

PANI is doped by PAA through acid-base interactions. The modification results in a strong
chemical reaction forming a strong adhesion force between the polymer chains. Embedment of
the doped PANI in a host matrix such as polymethacrylate, polyvinyl alcohol (PVA), and poly
(ether ether ketone) (PEEK) is a secondary interaction leveraged for ease of fabrication. It ensures
further enhancement in conductivity and mechanical properties. However, these materials,
including PEEK, are insoluble at room temperature in most organic solvents and have poor proton
conductivity.!> There are many methods to enhance solubility and conductivity such as
acetalization and application of heat treatment. However, acetalization is not cost effective, and
the solubilizing effect of heat treatment is not permanent.'* Here, in this study, the PEEK is
modified through sulfonation with sulfuric acid. Carboxylate groups in PAA increase
hydrophilicity while the SPEEK enhances ionic conductivity through sulfonate groups, increases

hydrophilicity, boosts the mechanical properties, and helps with film casting.'>

Catalysis plays a significant role in artificial muscle techniques by converting chemical or
electrical energy to mechanical motion. Combinations of nanoparticles and polymers facilitate
artificial muscle development. For example, incorporation of gold nanoparticles into electrospun
polymer has been shown to help with increasing conductivity.'®!” In another study, deposition of
catalysts on polymers was used with PAN fibers to increase conductivity as a direct electrode,
resulting in a 40% change in PAN muscle length in less than 10 minutes under application of
electric field.'® Unlike electronic electroactive polymers which require high voltage, actuation of

ionically conductive electroactive polymers can be achieved based on various mild external stimuli



such as heat, light, pH, and electrochemistry.!*?° For moisture-based actuation, mass uptake and
release results in polymer volume change due to the polymer molecular distance change,?' while
for electrochemical driven actuation, the redox process causes electrostatic expulsion between
polymer chains as result of ion movement in and out of the polymer network.?? In the present work,
the prepared semi-IPN composite of PANI and PAA with different weight ratio are mixed with
SPEEK. A key novelty of this work is preparation of a composite that has capability of
conformational change based on electrochemical activation and moisture stimulation. In
comparison to a singular stimuli actuator, the system has clear advantages in robotics applications
in terms of actuation in response to different stimuli. The results of this work appear to fulfill the

prerequisites required of a moisture and chemical based- actuator.

2 Experimental Section
2.1 Materials

Aniline, poly (acrylic acid, Mw = 450000) (PAA), Ammonium persulfate (APS), platinum
nanoparticle loaded on carbon 40% (Pt/C), sulfuric acid (H2SOs4), hydrochloric acid (HCI), and
perchloric acid (HC1O4) were purchased from Sigma -Aldrich. 2-butanone from, Alfa-Aesar, and
FKM (Solvay S. A.). Polyether ether ketone (PEEK) was received from Victrex. All chemicals
were used as received

2.2 Sulfonation of Poly (Ether Ether Ketone) (PEEK)

The SPEEK was obtained by dissolving the PEEK in concentrated H2SO4 at 60 °C for 24 hours.
Then water was added to induce the phase inversion process. The contents were filtered and
washed with water to remove traces of H2SOs4. Then the collected product was left to dry
overnight. The sulfonation degree was determined to be 68% using a classical titration method, in

which the test films were soaked in a known concentration and volume of NaOH for 48 hours to



be fully neutralized. The remaining excess of NaOH was back-titrated with known concentration
of sulfuric acid.

2.3  Synthesis of PANI-PAA-SPEEK

A modified method of a protocol reported earlier was followed for fabrication of PANI/PAA.%
The composites were synthesized through chemical oxidative method using perchloric acid as the
solvent. Aniline polymerization is exothermic, so to ensure an efficient synthesis and to control
heat generation, the polymerization took place in a stirred ice bath (0-5 °C). The monomer of
aniline was added dropwise in the presence of PAA, then ammonium persulfate was slowly added
to initiate the in-situ polymerization of aniline. The color of the solution changed gradually from
brown to black, indicating complete oxidation of aniline. To produce the maximum molecular
weight, the polymerization was carried out over a period of 12 hours.?* The reactor contents were
filtered and washed with a mixture of acetone and water, then the product was dried at 70 °C.
Resulting PANI/PAA IPNs were blended with SPEEK. Controlled weight ratios of
PANI/PAA/SPEEK were dissolved in 1 molar perchloric acid. Films were obtained by casting the
composite solutions in petri dishes, followed by evaporation of the solvent at 70 °C.

24 Preparation of Films for Actuation Testing

The films were soaked at least for 24 hours in 1M HCl(aq.) to protonate the solid electrolyte
structure. The films were, then, dried at room temperature, and were cut into (1 cm X 4 cm)
strips. Then, the self-sticking conductive copper foil was attached to the one side of the warm
film.

The catalyst ink prepared was made from 40%Pt/C, 2-butanone, and FKM binder. A typical
catalyst ink preparation involved dissolving 2.0g (1.05 mL) FKM binder in 98.0g (121.7 mL) of

2-butanone in closed vessel with Teflon-coated stir-bar agitating closed vessel for 1-2 days of



stirring at room temperature. Next, 1.84g of 40%Pt/C was added to the clear FKM solution (2
wt.% FKM in 2-butanone). Then, the closed vessel was sonicated for at least 30 minutes in ice-
water.
2.5 Mass Uptake
The assembled films were soaked in 1 molar hydrochloric acid at room temperature for 3 hours.
The soaked film were taken out and rinsed with deionized (DI) water and wiped with a tissue to
remove residue of acid and weighed immediately. The mass uptake percentage was calculated by
the following equation

W= (Ws-Wa)/Wa x 100 (1)
where Ws and Wy are the mass of soaked and dry membrane, respectively.
2.6 Characterization
PerkinElmer Lambda 650 S UV-Vis spectrometer was used to obtain UV-Vis spectra. The films
were cut into circular shapes and each placed in a quartz sample holder. The measurements were
done over the 200-800 nm wavelength range. An FEI Quanta 200F scanning electron microscope
(SEM) was used for surface morphology characterization. Powder X-ray diffraction (XRD)
patterns were recorded by using a Rigaku Ultima III diffractometer (Cu Ko radiation) in the 26
range from 1 to 40 degrees with a scan rate of 1 degree per minute. Conductivity/AC impedance
measurements were performed via the two probe technique using a computer controlled
electrochemical workstation CHI 760E over a frequency range of 0.1 Hz and100 kHz. Mechanical
properties were determined using a universal testing machine (ADEMT, eXpert 7601). Films were
cut from the cast films of dimensions (20 mm x 5 mm x 0.2 mm) and stretched at a constant rate

of 0.1 mm/min until failure (grip separation rate =2 mm/min). Young’s modulus was determined



from the initial slope of the stress-strain curve from 0.5-1.0% strain and the ultimate tensile

strength was taken as the maximum stress prior to failure.

3 Results and Discussion
3.1 Composite and Characterization

After the synthesis and casting process, shown schematically in Figure 1, each film was
peeled from the petri dish. The top surface of the films showed a rough morphology, whereas the
bottom surface was much smoother. Among different compositions, in this work, films with four
different  weight ratios, PANLPAAISPEEK3 (A-1), PANIPAAISPEEK; (A-2),
PANIIPAA>SPEEK3 (A-3), and PANIZPAAISPEEK: (A-4) were synthesized. Note that the three
times weight ratio of the host SPEEK to PANI-PAA was necessary to obtain films without
fractures and cracks. Also, a higher ratio of PAA resulted in unstable composites, readily soluble
in water and ethanol. The functional group or the negative species of the weak polyanion PAA
was used as a dopant to overcome the stiffness of PANI owing to its rigid backbone.?> The
intermolecular hydrogen bond and strong electrostatic interaction between anion radicals (COQO™)
of PAA and cation radicals (NH3") results in the formation of semi-IPNs with enhanced mechanical
properties.’® The SPEEK makes a significant contribution in enhancement of the conductivity and
stretchability through formation of hydrogen bonds and electrostatic interactions. Furthermore,
the formation of hydrogen bonds assists with restoration of the original form through dissipation

of mechanical energy under stress.?’

solvent evaporation
A A A

® A1 @ PANI
VV/V PAA Q SPEEK
Figure 1 Schematic illustrations of semi-IPN composite preparation protocol
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The as-prepared films show excellent mechanical flexibility. Unlike the PANI strip which is brittle
and cracks when it is bent, the PANI-PAA-SPEEK films can be twisted and bent freely indicating
synergistic network effect (Figure S1)

To investigate the presence of PANI in the composite, UV-Vis spectroscopy was
employed. In the UV-vis spectra, the absorption peaks detected at 350-450 nm are attributed to
the m-* transition and polaron-nt*, and the band at 550-700 nm is consistent with the polaron-n

interaction,?®?° which is a characteristic of protonation of the emeraldine salt form of PANI
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Figure 2 UV-Vis spectra (A), and XRD patterns (B) of as-synthesized for PANI;PAA;SPEEK; (black,
A-1), PANIL,PAASPEEK; (red, A-2), PANI,PAA,SPEEK; (blue, A-3), and PANI;PAA;SPEEK;

(green, A-4)

To examine the phases of the composites, powder diffraction (XRD) pattern was employed.
Figure 2B shows a set of X-ray diffraction patterns of the PANI-PAA-SPEEK samples with
different compositions. The diffraction peaks at ~20° and 25° were assigned to PANI (020), and
(200) respectively. ?®*! The assigned peaks of PANI are not shifted for PANI/PAA with different

ratios, indicating that the composites are free from impurities and that no other organics generated



due to the interaction between PANI and PAA.3? The intensity of the diffraction peaks increases
as the percentage of PANI increases indicating strong interaction of the components, resulting in
a well aligned chain interaction between the composites. As can be seen from Figure2B, the
crystallinity is less pronounced in composite A-1. This indicative of more interactions between
PANI and PAA with a higher composition. The SEM image in Figure 3, show rough and irregular
surfaces for the synthesised PANI-PAA-SPEEK composites with obvious porosity of 10-15 um in
size distributed inconstantly along the samples. Formation of porosity may be linked to trapped
air bubbles as a result of solvent evaporation during the film preparation.?” Vacuum degassing
helped with the removal of the air bubbles, however, some remained due to the viscosity of the
solution. As can be observed from the SEM images, segregation of the PANI and PAA-SPEEK is
less pronounced in A-4 than in the other composites, suggesting that the intermolecular

interactions between the components was adequate and resulted in a more compact structure.

Figure 3: SEM images showing the surface morphology for PANI,PAA;SPEEK; (A-1),

PANI,PAASPEEK; (A-2), PANIiPAA,SPEEK; (A-3), and PANI;PAASPEEK; (A-4)

The two-probe method was used to determine the conductivity of the membranes. The test
was performed following the immersion of the samples in 1 molar hydrochloric acid for 4 hours.
The conductivity test of the membranes was performed by measuring the resistance R by
sandwiching the membranes between two electrodes via AC impedance spectroscopy over a

frequency range of 0.1 Hz-100 kHz in room temperature. (Derivation of R from the frequency-



dependent impedance is discussed below.) The following expression was used to measure the
conductivity
oc=L/RA (2)

where L is the thickness of the membrane, and A is the membrane area. The conductivity data of
the films shows a clear dependence on the composition, displaying an increase in the order of A-
1 < A-3 < A-2 <A-4 as shown in Figure 4A. Having conductivity of 1.8 x 102 S/cm, A-4 is a
considerable improvement in comparison with the reported conductivity value of PANI-PAA (10
3 S/cm).?® The enhanced conductivity property is believed to be linked to the contribution of many
factors including intermolecular hydrogen bonds, electrostatic interactions, and that the presence
of carboxylate groups contributing to charge transfer along the network. In addition, it was
suggested that the optimized molar ratio of PAA resulted in an increase of aniline units along the

PANI segment during polymerization.>®
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Figure 4 Conductivity test (A); and impedance test (C) for PANI,PAA;SPEEK; (black, A-1),
PANI,PAA;SPEEK; (red, A-2), PANI,PAA,SPEEK; (blue, A-3), and PANI;PAASPEEK; (green, A-4)

The interaction between PANI and PAA is governed by the acidity and the microscopic

surroundings of the reactants. Due to low acidity of PAA and low basicity of PANI, only a small
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12> Hence, optimizing the

portion of carboxylic acid groups of the PAA interact with PAN
composition of PANI/PAA is critical to obtaining a robust composite with enhanced conductivity.
Furthermore, addition of SPEEK clearly boosted the conductivity in comparison to bipolymer
PANI-PAA in previous reported data.?® Incorporation of sulfonic groups into the polymer structure
via treatment with concentrated sulfuric acid enhances proton conductivity, controls water uptake,
and prevents mechanical deterioration.>* The contribution of SPEEK in conductivity enhancement
is dependent on the sulfonation degree. The average degree of sulfonation (DS) achieved was
68%, close to the ideal 70% since lower DS reduces the conductivity and higher DS decreases the
polymer resistance *° and increases water uptake to a degree that negatively affects the reversible
contraction of the polymer.*® The impedance of the composites was determined by sandwiching
the films between the electrodes and the frequency was scanned between 0.1 Hz and100 kHz.
Figure 4B shows a Nyquist plot where the semi-circle indicates charge-transfer resistance and
double-layer capacitance of the electrode.® The depressed semicircle indicates roughness and
irregularities at the electrode/membrane surface. The imaginary part which prevails at lower
frequency is used to characterize the impedance of the composites due to the contribution of the
uncompensated resistance to the real part of impedance at higher frequency.!>*7 As can be seen
from Figure4C, the data showed the lowest semicircle for sample A-4 followed by A-3, A-2, and
A-1. The lower semicircle diameter represents faster electron kinetics within the high frequency

region.?®
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Figure 5 Stress-strain curves (A), and Young’s Modulus (B); for PANI,PAA;SPEEK; (black, A-1),
PANIL,PAASPEEK; (red, A-2), PANI,PAA,SPEEK; (blue, A-3), and PANI;PAASPEEK; (green, A-4).
The standard deviation is +

The mechanical properties of the samples at different compositions are shown in Fig SA
and summarized in Table 1. All tensile stress-strain measurements were conducted in the dry state
at ambient conditions. The ultimate tensile strength of sample A-3 was the highest measured at
8.4 MPa and failure strain was 2.5%, greater than sample A-4 at 7 MPa and 2%, while sample A-
1 was 1 MPa and 1.7%, lower than sample A-2 at 5.5 MPa, which exhibited the highest failure
strain at 3.1%. The mechanical property of sample A-3 is attributed to higher PAA content and
therefore greater ductility than the samples with a greater fraction of more brittle PANI. The
mechanical properties were further assessed by determination of Young’s modulus as shown in
Figure 5B from the initial slope of the stress-strain curve from 0.5-1.0% strain. The calculated
Young’s modulus for sample A-3 is 4.75 MPa, higher than that of sample A-4 at 4.37 MPa, sample
A-2 at 2.96 MPa, and sample A-1 at 1.25 MPa, indicating the importance of the PAA composition
effect in terms of controlling flexibility and strength. Nevertheless, higher concentrations of PAA
resulted in an unstable composite with lower electrochemical conductivity. The optimum

composition of the composite resulted in a dense structure resistive to defect formation through
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development of crosslinked network of hydrogen bonds and intermolecular interaction. Note that
physical differences including brittleness and slight powdery touch were observed for film A-1,
indicative of inhomogeneity and lack of interaction between the composite’s components, which
in turn affected the mechanical properties.

Table 1 Mechanical parameters of PANI;PAA;SPEEK; (A-1), PANI,PAA;SPEEK3 (A-2),
PANI,PAA,SPEEK; (A-3), and PANI;PAASPEEKS;. The standard deviation is +

Composites  Young’s modulus Tensile strength ~ Elongation to failure (%)
(MPa) (MPa)
A-1 1.25 1.0 1.7
A-2 2.96 5.5 3.1
A-3 4.75 8.4 2.5
A-4 4.37 7.0 2.0

3.2  Redox potential actuation

To test the actuation capability based on redox potential, the samples were cut into
rectangular (1 cm x4 cm) strips and attached to an adhesive copper tape backing to form a bilayer
bending actuator. Their front sides were then coated with carbon loaded platinum to allow direct
conversion of the fuel. The catalyst ink was added dropwise onto copper foil bonded polymeric
strips. The copper foil-polymeric strip was clamped on edge to allow free movement of the film
while adding to the hexanes soak strip 10 drops of 6 mg Pt/mL of catalyst with a drop
approximately 0.02 mL (See Figure S2). The resulting film had approximately 0.3 mg Pt/cm?
loading. Next, the film was subjected to gentle breeze of air with the chemical fume hood to
quickly evaporate the 2-butanone solvent, which to reduce or prevent dissolution of the s-IPN. To
firmly attach copper foil to s-IPN, the copper foil-polymeric strip was pressed between aluminum
foil-Teflon sheets at 5000 psi for 30 seconds at 100 °C. The aluminum foil-Teflon-copper-
polymeric catalyst ink coated film-Teflon-aluminum foil prevents bleed through of the s-IPN into
the Teflon sheet. The resulting copper foil-polymeric-catalyst ink structure was trimmed, soaked

in deionized water for at least 10 minutes followed by placing in the actuation test reactor system.
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After re-sealing the actuation reactor chamber, initial actuation tests were completed with wet
(moist) argon or dry argon. The gas flow rate for all gases was calibrated (with glass column) to
be 3.1 L/minute (STP). With several wet Ar/dry Ar cycles completed, then, wet H> was passed for
30 seconds. Next, wet (or dry) Ar was passed for 30 seconds followed by 30 seconds of dry oxygen
Typically, three full cycles were completed for each strip. A full-cycle comprised the following:
Ar 30 s; H230 s; Ar 30 s; 30 s O2; and repeat (Figure 6). The catalyst coated, mixed conducting
polymer sample A-4 cycles between fuel (Hz), argon, and oxidizer (Oz) to induce forward bending,
and reverse bending as shown in Movie S1, indicating change of oxidation state of the polymers
due to the charge injection that caused conformational change along the polymer chain resulting
in a stress which in turn bends the membranes. Conducting polymers can be doped and undoped,
thus the conductivity and structural conformational change can be utilized for actuation purposes.
The average angular speed was recorded by assessing bending angle and time. However, only
sample A-4 showed a maximum angle of 90° in 45 seconds with repeatable cycling. It is possible
that the layers and formation of PAA agglomerate physically to prevent charge injection into the

PANI, thus, preventing conformational change in case of other samples.

]
H,
=)
0O,

Figure 6 Fuel bending actuation for PANI;PAA;SPEEK;3 (A-4) under exposure of H; (left) and then O (right)

33 Moisture absorption
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The PANI-PAA-SPEEK composites exhibited a significant moisture absorption capability
due to the presence of hydrophilic functional groups including hydroxyl groups (-OH) and amide
groups (-NH-) of the PAA and PANI, respectively, by formation of hydrogen bonds with water
molecules as shown in Figure 7. The amount of moisture present on human hands at ambient
humidity is sufficient to roll up the films swiftly. This material recovers its original state when
removed from the hand. This process could be repeated many times which is an indication of

flexibility and reversibility (Movie S2).
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Figure 7 Schematic illustrations of PANI-PAA/SPEEK composite moisture absorption and desorption

Changes in morphology based on moisture absorption can be utilized to provide tensile actuation
and work capacity.*’ Sections of the composite films measuring 25 pm in thickness were cut into
rectangles (2 cm x 4 cm) and used to measure mechanical actuation due to moisture
absorption/desorption. The samples were tested without twisting or forming a helical structure
because that is inconvenient in application due to the potential for the formation of side snarls or
loose snarls that have detrimental effects on actuation. The mechanical actuation property was

evaluated under applied tension of 100 mN by hanging a load at the end of the sheet.
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Figure 8 Tensile test (A), Mass uptake (B); for PANI,PAA;SPEEK; (black, A-1), PANI,PAA;SPEEK; (red, A-2),
PANI,PAA,SPEEK; (blue, A-3), and PANI;PAASPEEK; (green, A-4)

The films exhibited a rapid axial expansion when exposed to wet air, indicating water absorption.
As shown in Figure 8, sample A-4 expanded 3mm in 15 seconds giving a stroke of 1%, higher
than all other samples which had strokes in the range of 0.4-0.5 %. The samples return to their
original length within 1 minute following exposure to dry nitrogen which caused water molecules
to evaporate. The maximal contractile strain remained the same for 8 cycles. The existence of
porosity in A-4 D may have enhanced the rate of water molecule exchange between the composite
and the environment. Mass uptake is a good indication of proton transfer; however, high swelling
means slower reversible contraction. The mass uptake of the composites increases with increasing
PAA content, as expected, owing to its capability to form hydrogen bonds. However, the swelling
ratio in the case of sample A-3 showed the lowest at 16% followed by 39% for A-2, 47% for A-1,
and 50% for A-4. Highest mass uptake of 50% for sample A-4 is consistent with moisture
absorption stroke data. This result shows that higher concentration of PAA may result in a higher
degree of crosslinking, shortening the molecular distance and creating a stiff structure, which in

turn affected the mass uptake and thus results in less actuation performance.
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4 Conclusion

A series of PANI-PAA-SPEEK composites were prepared. The optimum composition of
PANI:PAASPEEKs, with excellent mechanical properties, enhanced conductivity (1.8x 107
S/cm), redox potential bending capability, and moisture-based linear actuation is demonstrated.
The role of composition is revealed by the mechanical and electrochemical impedance
characterizations. A higher tensile strength of 8.4 MPa was obtained for a composite with a higher
concentration of PAA, however, the mass uptake, conductivity, and actuation capability were
lower for that composition, indicating that PANI3PAAISPEEK3 is more optimal for this

application space.
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