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A naturally derived polymer based on iota carrageenan and differ-
ent ammonium and imidazolium based ionic liquids (ILs) are used
for the development of environmentally friendly soft actuators. The
influence of IL content and type and solvent evaporation tempera-
ture on the morphological and physico-chemical properties of the
materials was evaluated, together with the effect on actuator
functional response. Independently of the IL content and type,
and the solvent evaporation temperature, a non-porous structure
is obtained. The incorporation of the IL within the polymer matrix
does not affect the thermal stability but leads to a decrease in the
Young modulus for the different IL/carrageenan samples. The high-
est influence was observed by using the [Ch][DHP] IL at a filler
content of 40% w/w with a decrease in the Young modulus from
748 MPa for the neat polymer to 145 MPa for the [Ch][DHPl/
carrageenan sample. Furthermore, the ionic conductivity of the
samples increases with increasing IL content, with the highest
values being 2.9 x 107 S cm™* and 1.2 x 107 § cm™? for the
samples with 40% w/w of [Bmim][FeCl;] and [Ch][DHP], respec-
tively. Regarding the soft actuator performance, the maximum
displacement was obtained for the [Ch][DHP]/carrageenan sample
with an IL content of 40% w/w, showing a maximum displacement
of 5.8 mm at a DC applied voltage of 9 V.

Introduction

Smart materials possess the ability to change their properties in
a controlled manner in response to external stimuli.® These
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stimuli are associated with variations in environmental condi-
tions (e.g. temperature, pressure, or light) or specific stimuli
such as pH variations, enzymatic action, and magnetic, elec-
trical or mechanical solicitations.>? Due to their versatility,
they can be applied in a large variety of areas including tissue
engineering,” photocatalytic applications® or energy storage.®
One of the most important implementation areas, nevertheless,
is in sensor and actuator applications.””®

In particular, smart materials are able to convert an elec-
trical stimulus into a mechanical response, leading therefore to
suitable actuator responses.’ Polymer-based actuators, typically
identified as soft actuators, have gained increasing attention in
areas including biomedicine, packaging, factory automation,
microelectronics, or robotics, among others.'® To improve
actuator performance or even to add further functionalities,
fillers such as ionic liquids (ILs) are being explored."" ILs are
defined as liquid salts at convenient working temperatures
(conventionally below 100 °C), composed solely of anions and
cations, with a large potential to be applied in the design of
actuators due to their high electrochemical window and ionic
conductivity, among others, that can be tuned by designing
specific cation/anion combinations.’® ILs also present other
relevant physico-chemical characteristics such as almost non-
volatility and non-flammability, air and water stability, as well
as good dispersion and null agglomeration in solutions."""*

Most IL/polymer based actuators are composed by synthetic
polymers derived from fossil fuels, such as poly(vinylidene
fluoride) (PVDF) and its copolymers,"* poly(ethylene oxide)
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(PEO),"® and poly(i-lactic acid) (PLA),'"® among others,"”°
mainly based on their mechanical, thermal, and chemical
stability. However, industry and society demand a new genera-
tion of materials in the scope of sustainable and circular
economy paradigms.”® In fact, environmental problems such
as global warming related issues, may be aggravated in the next
few decades and several of those problems are caused by a
lifestyle strongly dependent on fossil fuels.”" In this scope, a
reduction of the dependence on fossil fuel derived products is
necessary.”” In this sense, the replacement of synthetic poly-
mers by natural and biopolymers is an urgent need.

Natural polymers are a class of materials produced by
biological and renewable resources (plants and animals), many
of them being biodegradable and/or biocompatible, allowing
also to improve reuse and recyclability.*® Natural materials can
be classified into six different groups: lignin, polyesters, poly-
isoprenes, polynucleotides, polysaccharides and proteins, giv-
ing rise to different types of natural polymers, such as agar,
alginates, cardlan, carrageenan, cellulose, chitin, galactoman-
nans, gelatin, hyaluronan, pectin or xanthan, which can be
selected for applications based on their different physico-
chemical, thermal and mechanical properties.**

Carrageenans are sulphated polysaccharides extracted from
red marine algae and they allow the formation of stiff and
thermoreversible gels at room temperature.”® Carrageenans are
linear polymers composed of 1,3-linked B-p-galactose and 1,4-
linked o-p-galactose.”®?” All carrageenans show high molecular
flexibility and in high concentrations they can form a double-
helical structure.®® There are different types of carrageenan
which are designated by the Greek alphabet letters (kappa (k-),
iota (1-), lambda (A-), nu (v-), mu (u-) and theta (6-)).>° The
most used are the first three and they differ in the number
of sulphate groups and in the content of 3,6-anhydro-galactose.
Thus, k-carrageenan has one, 1-carrageenan has 2 and A-carra-
geenan has 3 of these sulphate groups.>**! I-Carrageenan is
one of the natural polymers with a large abundance in nature,
biodegradability and low cost.>** This type of carrageenan is
considered a promising and environmentally friendly material
for electronic devices but has a low ionic conductivity when
compared with other types of carrageenan.*® Recently, the
potential of carrageenan hydrogels as actuators has been
demonstrated,*® with the use of different types of carrageenan
(k, v and A) combined with poly(3-hexylthiophene) (P3HT)
allowing the tailoring of the electrical and electrochemical
properties of neat carrageenan hydrogels.** However, besides
the great interest on soft actuators, natural polymers and ILs,
the area of natural polymer based soft actuators is an emergent
one, with a lack of studies concerning the suitable combination
of natural polymers and ILs, despite its great potential in
tuning material properties and functional performance.''"*®
Imidazolium-based ILs and epoxidized natural rubber
(ENR), able to improve the polymer heat resistance and elec-
trical conductivity have shown potential in applications as
elastomeric sensors and actuators.”® In another work,
Migliorini et al®’ combined the bioplastic poly(3-hydroxy-
butyrate) (PHB) with the ionic liquid 1-butyl-3-methylimidazolium
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bis(trifluoromethylsulfonyl)imide ([Bmim][TFSI]) producing soft
actuators with a working window from 0.1 to 7 V and a displace-
ment ranging from 0.2 to 17 mm, respectively.”” Other natural
polymers, such as cellulose incorporating hydroxyethyltrimethylam-
monium dihydrogen phosphate [Ch[DHP], have also been devel-
oped for actuator applications, displaying a displacement of 9 mm
at 8 vpp.*®

Related to the use of carrageenan, electromechanical actua-
tors have been developed based on poly(3-hexylthiophene)/
carrageenan conductive hydrogels, the 1-hydrogel showing a
deflection distance of 12.70 £+ 0.1 mm and a deflection angle of
77.62 & 0.35 at an electric field strength of 600 Vmm™".>° Thus,
it seems interesting to further explore the potential of carra-
geenan as an actuator material, by the development of blends
with ILs to tune electrical conductivity and mechanical proper-
ties, and therefore the functional response.

In the present work IL/carrageenan hybrid materials have
been developed containing different ILs and produced at
different solvent evaporation temperatures (25 and 80 °C).
The ILs were selected attending to their high miscibility with
water and taking into consideration the main focus of the
study, related to the evaluation of the effect of IL cation and
anion type on the IL-polymer matrix interaction and, as a
consequence, on the actuator response. The effect of both IL
type and content and solvent evaporation temperature on the
morphological and physico-chemical properties of the materi-
als was evaluated, together with the functional electromecha-
nical actuator response. This study represents a contribution to
the development of natural polymer based soft actuators, with
strong potential for soft robotics and biomedical applications,
among others.

Experimental section
Materials

Carrageenan (iota-1 type) (Fig. 1) was purchased from Alfa Aesar
(Kandel, Germany) (Molecular weight 946.75 g mol !, impurity
content of heavy metals <20 ppm). The ILs N-2-hydroxyethyl-
N,N,N-trimethylammonium dihydrogen phosphate >98%
[Ch][DHP], 1-butyl-3-methylimidazolium tetrachloroferrate(ur)
>97% [Bmim][FeCl,], and 1-butyl-3-methylimidazolium tricya-
nomethanide 98% [Bmim][C(CN);] were supplied by Iolitec
(Heilbronn, Germany). [Ch][FeCl,] was prepared by the recipe
used by Zhong et al.*® with the change of the initial IL from
[Bmim][Cl] to [Ch]CL. The purity of the initial components
([Ch]Cl and FeCl;) was higher than 99%, so the purity of
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Fig. 1 Chemical structure of i-carrageenan.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical structure and relevant properties of the different ILs used in this work. (Data obtained from lolitec)

IL Structure Molecular weight (g mol ) Density (p) (g m ™) Conductivity (¢) (ms em™")
Ny
[Ch][DHP] N2 AN H,POP 201.16 — <0.4
Ny
[Ch][FeCLy] N FeCl{ 301.83 — _
[Bmim][FeCl,] PPN FeClP 366.87 1.37 4.37
[Bmim][C(CN);] PPN c(eN)® 229.28 1.05 8.83
®

[Ch][FeCl,] is >99%. The chemical structure and relevant
properties of the selected ILs are presented in Table 1.

Preparation of the neat and IL/carrageenan films

Neat carrageenan thin films were obtained by solvent casting
after the dissolution of the polymer in ultrapure water (3/97% w/w)
under magnetic stirring. For IL/carrageen composites, different
amounts of [Ch][DHP] (10, 20 and 40% w/w) were first dispersed
in ultrapure water for 10 minutes. Subsequently, carrageenan was
added to the solution (3/97% w/w) and magnetically stirred at
40 °C. After complete polymer dissolution, the solution was
spread on Petri dishes followed by solvent evaporation at different
drying temperatures: 25 °C (3 days) and 80 °C (4 hours) in an oven
(P-Selecta) (Barcelona, Spain) (Fig. 2). The thickness of the films is
shown in Table 2.

To study the effect of IL type on the characteristics and
actuator performance of these materials, different ILs ([Bmim][-
FeCl,], [Bmim][C(CN);] and [Ch][FeCl,]) were used at a 40% w/w
concentration. In order to evaluate the effect of cation and
anion on the hybrid material’s physical-chemical characteris-
tics, two ILs have been selected with different cations but a
common anion, while the other two share a common cation but
with different anions. IL/carrageen films based on these ILs
were prepared following the solvent evaporation temperature
of 80 °C.

Characterization of the thin films

After sputter coating the samples with a thin (200 nm) gold
layer (Polaron, model SC502) (Goéttingen, Germany), the mor-
phology of the samples was evaluated by scanning electron
microscopy (SEM, Zeiss EVO 40) (Gottingen, Germany) with an
accelerating voltage of 20 kV. Energy-dispersive X-ray (EDX)

Ultrapure
water

Carrageenan N
\_ e
N . = Ir 25°C
S (] ~— 80°C
——0= —J
Magnetic Magnetic Solution in Petri dishe Solvent
Stirring Stirring Evaporation

Fig. 2 Schematic representation of the procedure used for the prepara-
tion of the IL/carrageenan hybrid materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Table 2 Thickness of the IL/carrageenan films

% w/w Solvent evaporation tempera- Thickness + 1

IL/carrageenan IL ture (°C) pm
[Ch][DHP] 0 25 85
10 105
20 92
40 165
40 80 119
[Ch][FeCl,] 40 182
[Bmim][FeCl,] 40 215
[Bmim][C(CN);] 40 247

analysis was carried out in a Hitachi Tabletop Microscope TM
3000 (Tokyo, Japan).

The characteristic vibrational bands of the samples were
evaluated at room temperature by Fourier transformed infrared
(FTIR) spectroscopy in the Attenuated total reflection (ATR)
mode using a Jasco FT/IR-6100 (Easton, USA). The spectra, in
the 4000 to 600 cm™ ' range were collected with 64 scans and a
resolution of 4 cm ™.

Differential scanning calorimetry (DSC) measurements were
carried out in a PerkinElmer DSC 6000 (Massachusetts, EUA) in
the temperature range between 25 °C and 200 °C at 10 °C min ™"
under a nitrogen atmosphere.

Thermogravimetric (TGA) analysis was carried out in a
PerkinElmer Pyris-1 TGA (Massachusetts, EUA) apparatus
between 25 °C and 800 °C, at 10 °C min~ " under a nitrogen
atmosphere.

Mechanical stress-strain measurements were performed in
the tensile mode with a TST350 Linkam Instrument (Tadworth,

England) set up at a strain rate of 15 um s~ .

Ionic conductivity and electromechanical characterization

The ionic conductivity of the different IL/carrageenan samples
was measured by impedance analysis (real and imaginary
impedance) in an Autolab PGSTAT-12 (Eco Chemie) (Utrecht,
Netherlands) at frequencies between 500 mHz and 65 kHz and
a temperature range from 25 to 70 °C, using a constant volume
support equipped with gold blocking electrodes placed within a
Buchi TO 50 oven (Flawil, Switzerland). The sample tempera-
ture was evaluated by means of a type K thermocouple placed
close to the IL/carrageenan composites.

Mater. Adv., 2022, 3,937-945 | 939
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The ionic conductivity (¢) was determined by:

t
G_AXRb

1)

where ¢ is the thickness, A is the area and Ry, is the sample bulk
resistivity, obtained by interception of the imaginary impe-
dance (minimum value of Z”) with the slanted line in the real
impedance (Z).

The electromechanical response of the IL/carrageenan films
was evaluated by bending measurements using a PC connected
to a Logitech HD 1080p Webcam camera (Lausanne, Switzer-
land). In the actuator design, two gold electrodes were depos-
ited by magnetron sputtering, on both sides of the samples
(dimensions of 2 mm x 12 mm), using a Polaron SC502
equipment (Gottingen, Germany). For the displacement mea-
surements, the actuators were clamped with two needles and
connected to an Agilent 33220A function generator (California,
USA). The performance of the samples as actuators was eval-
uated in DC mode for applied voltages ranging from 4 Vto 9 V.

Results and discussion
Morphological features

The morphology of neat carrageenan and the IL/carrageenan
films was evaluated by SEM. The influence of IL content, type
and solvent evaporation temperature were evaluated. Fig. 3a
shows that neat carrageenan films present a non-porous struc-
ture with a cratered morphology as a result of its semicrystal-
line structure.*' The incorporation of [Ch][DHP] leads to a more
homogeneous cross-section surface, with irregularities in the
films surface attributed to IL aggregation during the drying
process. It is also important to notice that increasing the IL
content up to 40% w/w led to a more compact structure,
indicating that, independently of the [Ch][DHP] concentration,
the IL is embedded into the carrageenan matrix.

The effect of the IL type and solvent evaporation tempera-
ture (25 °C and 80 °C) were also assessed. Similarly, as for the

Fig. 3 Cross-section images of the IL/carrageenan composites with
different IL contents obtained at different solvent evaporation tempera-
tures: (a) 0% w/w at 25 °C, (b) 20% w/w of [Ch][DHP] at room temperature,
(c) 40% w/w of [Ch][DHP] at 80 °C and (d) 40% w/w of [Bmim][FeCl,] at
80 °C.
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[Ch][DHP]/carrageenan samples, the incorporation of the
[Bmim][FeCl,] (Fig. 3d) induces a compact internal structure,
when compared to neat carrageenan. Similar results are also
observed upon the incorporation of 40% w/w of [Ch][FeCl,] and
[Bmim][C(CN);]. It is important to notice that for all samples,
no significant differences are observed in their morphology
when subjected to the different drying temperatures. Thus, we
have mostly concentrated on the samples prepared at 80 °C
based on the faster preparation.

The presence of ILs in the carrageen matrix was also
assessed by EDX analysis. Fig. 4 shows the EDX cross section
images for the different IL/carrageenan samples, comprising
40% w/w of each IL type obtained at a solvent evaporation
temperature of 80 °C. For the sample containing [Ch][DHP] the
phosphor (P) chemical element is identified through a yellow
colour (Fig. 4a). Similarly, for [Ch][FeCl,], [Bmim][FeCl,] and
[Bmim][C(CN);], iron (Fe) and nitrogen (N) are identified,
respectively. It is confirmed that, independently of the IL type,
all the EDX images shows a uniform IL distribution along the
carrageenan matrix. Similar results were observed for the
[Ch][DHP]/carrageenan samples comprising different IL con-
tents obtained at 25 °C. It is also important to notice the
presence of the element P in the surface of the [Ch][DHP]/
carrageenan sample (Fig. 4a), indicating that some IL remains
at the surface of the material.

Infrared vibrational bands and mechanical proprieties

The influence of the incorporation of different ILs on the
chemical properties of the carrageenan matrix has been studied
by FTIR-ATR measurements (Fig. 5a and b). Additionally, the
effect of solvent evaporation temperature during the sample’s
preparation was also evaluated.

Fig. 5a shows the FTIR spectra of [Ch][DHP]/carrageenan
samples with different IL contents obtained at different solvent
drying temperatures. Independently of IL content and solvent
evaporation temperature, the main carrageenan absorption
bands are observed in the FTIR spectra. The absorption bands
at 805, 845 and 905 cm ™' are attributed to the C-O-SO; bonds

b)

Fe N

50 pm 50 um

Fig. 4 EDS cross section images for the IL/carrageenan samples contain-
ing different ILs: (a) 40% w/w of [Ch][DHP], (b) 40% w/w of [Ch][FeCl4], (c)
40% w/w of [Bmim][FeCly] and (d) 40% w/w of [Bmim][C(CN)z]. All the
samples were obtained at a solvent evaporation temperature of 80 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) FTIR-ATR spectra and (c and d) stress—strain curves for:
[Ch][DHP]/carrageenan samples containing different IL contents (10, 20
and 40% w/w) obtained at different drying temperatures (25 and 80 °C)
and for IL/carrageenan samples comprising different ILs obtained at a
solvent evaporation temperature of 80 °C, respectively.

at C2 of 3,6-anyhydrogalactose and to C4 and C6 of the
galactose unit, respectively. The absorption bands that appear
at 930 and 1070 cm ™' are attributed to the C-O bond of 3,6-
anhydroglactose. The galactose groups are also identified
at 970-975 cm™ " and the band appearing between 1240 and
1260 cm ™' is ascribed to an S=0 bond of sulphate esters.** The
band at 1635 cm ' corresponds to the C—O asymmetric
stretch/N-H deformation and at 3400 cm™" to the OH/NH
stretching.*> The absorption bands of the IL [Ch][DHP] are
observed at 1479 and 1644 cm ', corresponding to the CH;
vibration and the band at 1644 cm™" to the 1(O-H) stretching
vibration.*»*> It is important to notice a decrease in the
stretching [Ch][DHP] vibration observed at 1479 cm ' with
increasing solvent drying temperature from 25 to 80 °C, and
also in the carrageenan absorption bands due to the water
molecules enhancing the structural stability by connecting the
sulfate groups to the neighbouring hydroxymethyl group.*®

The absorption band observed at 2164 cm ' for the
[Bmim][C(CN);] sample (Fig. 5b) is attributed to the C-N
stretching vibration characteristic of the [C(CN);]~ anion.**
For [Bmim]|[FeCl,]/carrageenan composites, the absorption
band at 1163 cm™ " is assigned to the aromatic C-H vibrations
of the [Bmim]" cation and the bands at 829 and 1459 ¢cm™*
correspond to the aliphatic C-H vibrations of the [Bmim]"
cation.®*°

The influence of IL content, type and processing tempera-
ture on the mechanical properties of the IL/carrageenan sam-
ples are presented in Fig. 5c and d.

Fig. 5¢ shows that neat carrageenan presents a mechanical
behaviour characteristic of a thermoplastic polymer,> charac-
terized by an elastic region, corresponding to elastic deforma-
tion. Upon the incorporation of [Ch][DHP] into the carrageenan
matrix and using a solvent evaporation temperature of 25 °C, a
noticeable plastic deformation is observed, decreasing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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films stiffness, this behavior being more noticeable for larger
IL contents, indicating a plasticizing effect of ILs. Thus,
[Ch][DHP] seems to act as a nucleating agent leading to a
crystallinity decrease of the samples® and in this sense to a
decrease in the maximum tensile strength (o,). As shown in
Fig. 5¢c, a decrease in o), occurs with the IL content increase
being independent of the solvent temperature, displaying that
the carrageenan has a o, of 45.58 MPa and [Ch][DHP]/carra-
geenan 40% w/w, a g, of 11.56 MPa. Furthermore, a small
increase in the elastic region is observed for the samples
processed at 80 °C, which may be attributed to the plasticizing
effect of the IL. The extension of the plastic deformation region
is IL type dependent as observed in Fig. 5d. The more notice-
able plastic deformation is observed for the carrageenan sam-
ples comprising the cation cholinium ([Ch][FeCl,] and
[Ch][DHP]), followed by the samples incorporating the ILs
[Bmim][C(CN)z] and [Bmim][FeCl,] as a result of the higher
cation size of the methylimidazolium based ILs (see Table 1)
when compared to the cholinium cation, the cation/anion-
carrageenan interactions being favored for cholinium-based
ILs. Attending to values obtained for the Young modulus (E’)
values, obtained from the linear regime at 2% of maximum
elongation in the elastic region by the tangent method
(Table 3), it is observed that the increase in the elastic region
is accompanied by a decrease in E', the yield strength also
decreasing and increasing the yielding strain.

As shown in Table 3, for the samples obtained at 25 °C, E’
decreases from 748 MPa for neat carrageenan to 145 MPa
for the [Ch][DHP]/carrageenan sample with an IL content of
40% w/w. This decrease is IL content dependent, with the E’
decreasing with increasing IL content. Furthermore, the
mechanical properties are also drying temperature dependent,
with E’ decreasing from 145 MPa (at 25 °C) to 91 MPa (80 °C) for
the [Ch][DHP]/carrageenan sample with 40% w/w IL content
because of the higher chain mobility as a result of the tem-
perature increase. The type of IL also influences the mechanical
properties of the hybrid samples: smaller choline anions lead
to a higher decrease of E’ with respect to the neat polymer.
Thus, E’ decreases in the following order, [Ch|[DHP], 91 MPa <
[Ch][FeCl,], 261 MPa indicating that polymer-anion interac-
tions are predominant in the determination of the mecha-
nical properties. This behavior is not so prominent for the
carrageenan comprising the imidazolium based ILs in which

Table 3 Young modulus and glass transition temperature of the different
IL/carrageenan composites

% w/w Solvent evaporation tem- E +£15 Ty %2
IL/carrageenan IL perature (°C) MPa (°Q)
[Ch][DHP] 0 25 748 105
10 667 104
20 673 104
40 145 106
40 80 91 100
[Ch][FeCl,] 40 261 97
[Bmim][FeCl,] 40 207 96
[Bmim][C(CN);] 40 210 100
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no significant differences are observed, with [Bmim][FeCl,]/
carrageenan presenting an E’ of 207 MPa and [Bmim][C(CN);]/
carrageenan an E’ of 210 MPa.

Thermal properties

The influence of IL content and type and solvent evaporation
temperature on the thermal characteristics of the IL/carragee-
nan samples was evaluated by DSC and TGA measurements
(Fig. 6).

Fig. 6a and b show the DSC curves for all [Ch][DHP]/
carrageenan samples comprising different IL contents obtained
at a solvent evaporation of 25 and 80 °C, and for IL/carrageenan
samples comprising different ILs obtained at a solvent evapora-
tion temperature of 80 °C, respectively. Independently of the IL
content and drying temperature, neat and [Ch][DHP]/carragee-
nan samples display a single endothermic peak between 60 and
140 °C attributed to the sol-gel transition temperature (Tj).”>
This endothermic peak also occurs in the same range for the
hybrid materials, indicating no influence of the IL’s type or
content on this peak of carrageenan (Table 3). On the other
hand, for a given IL content but varying drying temperature, a
decrease in this peak is observed when solvent evaporation
takes place at 80 °C. This fact is attributed to the transforma-
tion of carrageenan molecules from random coils to a double
helix structure.*

The thermal stability of the IL/carrageenan samples was
evaluated by TGA measurements, as presented in Fig. 6¢ and
d. For neat carrageenan, three main weight loss steps are
observed. The first stage occurs between 25 and 100 °C and is
associated with the adsorbed and bound water loss of the
samples.>® The second degradation step is observed in the
range 210 to 330 °C and is attributed to the polymeric backbone
-0S0;~ decomposition.>® The third and last stage is observed

o
2
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Fig. 6 (a and b) DSC and (c and d) TGA thermograms for: [Ch][DHP]/
carrageenan samples containing different IL contents (10, 20 and 40% w/
w) and obtained at different drying temperatures (25 and 80 °C) and for IL/
carrageenan samples comprising different ILs obtained at a solvent eva-
poration temperature of 80 °C, respectively.

Temperature (°C)
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at ~600 °C and corresponds to the decomposition of the
carrageenan.” Attending to [Ch][DHP]/carrageenan samples
(Fig. 6¢), it is observed that, independently of the IL content
and solvent evaporation temperature, all samples display the
same three degradation steps with no significant changes in
the decomposition temperatures. However, a decrease in the
weight loss occurs when compared to neat carrageenan prob-
ably as a result of the IL-carrageenan interactions. The influ-
ence of the IL anion type was also evaluated for the samples
obtained at a solvent drying temperature of 80 °C (Fig. 6d), the
same three degradations being observed. However, for the
imidazolium-based carrageenan films, the onset temperature
(Tonser, calculated from the partial peak resulting from the
decomposition of the films), of each individual degradation
stage decreases, indicating a decrease in the thermal stability of
the films indicating that the higher size of [Bmim]" cations
promotes weaker IL-polymer interactions, resulting in a ther-
mal stability decrease.

Ionic conductivity

The ionic conductivity is an essential parameter determining
actuator performance. The ionic conductivity of the developed
materials, comprising the different ILs and obtained at room
temperature and 80 °C, was obtained from the Nyquist plots
obtained in the temperature range from 25 °C to 70 °C (Fig. S1 -
ESIT). Regardless of the composite, the Nyquist plot shows
three different regions: a semi-circle located in the high fre-
quency range that corresponds to a charge transfer process, a
straight line at lower frequencies, characteristic of a charge
diffusion process, and finally, the transition between these two
phenomena.”® It is only shown the results of the Arrhenius
plots for the ionic conductivity of the IL/carrageenan compo-
sites because for neat carrageenan, the ionic conductivity is
very low in comparison to the composites (Fig. 7a). Regardless
the composite type, increasing the temperature leads to an
increase in the ion diffusion caused by an increase in the
charge transfer process. The ionic conductivity was calculated
from eqn (1) and the typical Arrhenius plots for the different IL/
carrageenan composites are shown in Fig. 7.

Fig. 7a shows the ionic conductivity values of the carragee-
nan and [Ch][DHP]/carrageenan composites with different IL
contents (10, 20 and 40% w/w) in the temperature range from

5 ; 2
a
P
-6 M —
S £ 4
a K.
~ 7 9 \_&—_;?{\‘
6 - & —
o © Thh——
g g
a2
~8= 0 wiw % [CH[DHP] -8 40 Wk [CHI[DHP at 80°C
-9 —&— 10 wiw % [ChI[DHP] —&— 40 wiw% [Ch[FeCl,] at 80°C
i 20w o -9 S 0wk [smimieciy at
whv % (Ch]
o [ el i ] 40w [BmimloioN) at 80
28 3,0 32 34 30 31 32 33 34
1000/T / K 1000/T / K

Fig. 7 Arrhenius plots for the ionic conductivity of the IL/carrageenan
composites: (a) [Ch][DHP]/carrageenan samples containing different IL
contents (10, 20 and 40% w/w) and obtained at different drying tempera-
tures (25 and 80 °C) and (b) IL/carrageenan samples comprising different
ILs obtained at a solvent evaporation temperature of 80 °C.
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25 °C to 70 °C. Regardless of the IL content, the ionic con-
ductivity increases with the IL incorporation into the carragee-
nan matrix and with increasing temperature due to
improvement of the segmental motion of the polymer chains
and of the ionic mobility.”” It is also observed that the IL
content and solvent evaporation temperature affects ionic con-
ductivity, increasing the conductivity with IL content increase
due to the larger ionic charge content. At room temperature,
the highest ionic conductivity is 1.2 x 107® S em™' for
[Ch][DHP] with 40% w/w prepared at 25 °C, probably attributed
to the presence of intrinsic water.

Fig. 7b shows the ionic conductivities of 40% w/w IL/
carrageenan composites in the same temperature range but
obtained after processing at 80 °C. All 40% w/w IL composites
show a similar ionic conductivity, independently of the anion
type, except for the composite with 40% w/w [Ch][DHP] which
shows a lower ionic conductivity as a result of the lowest ionic
conductivity of this IL type (<0.4 mS cm™ ).

Thus, the ionic conductivity is mainly affected by IL content,
due to increases in the carrier concentration inside the compo-
sites, but also the solvent evaporation temperature, as it affects
the carrageenan final conformation correlated with the double
helix conformation.*®

Electromechanical functional response

Due to their ionic properties as a result of the presence of
cations and anions in the polymer matrix, the potential of the
developed materials to be applied as actuators was accessed
through electromechanical measurements. The results pre-
sented in Fig. 8 correspond to the [Ch][DHP]/carrageenan
samples comprising different 10, 20 and 40% w/w IL contents,

61a) 6b)
5 5
4 £ 4
£
<
3 =3
21 2
! :;g m : m{mi{ 1 —— 40 w/w % [ChJ[DHP] 25 °C|
—— 40 Wi % [Ch][DHP] —— 40 w/w % [Ch][DHP] 80 °C|
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35
t/s t/s
) d)

40% [Ch][DHP)

40% [Ch](DHP]
80°C

G::u:_
clecrod ‘:Voﬂ—j I:Von
Fig. 8 (a) Displacement of the [Ch][DHP]/carrageenan composites con-

taining 10, 20 and 40% w/w of IL at the same maximum applied voltage (9
V) under a DC field. (b) Bending motion as a function of time for 40% w/w
[Ch][DHP]/carrageenan films prepared at solvent evaporation tempera-
tures of 25 °C and 80 °C for an applied voltage of 9 V. (c) Schematic
representation of the bending actuation mechanism and (d) optical pic-
tures of the [Ch][DHP]/carrageenan films prepared at solvent evaporation
temperatures of 25 °C and 80 °C for an applied voltage of 9 V.
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obtained at different solvent drying temperatures (25 and 80 °C)
as no bending displacement was observed for the other IL/
carrageenan samples comprising [Ch][FeCl,], [Bmim][FeCl,]
and [Bmim][C(CN);] indicating that the carrageenan matrix
favours ion diffusion and mobility as a result of the high ion-
dipole interactions between the [Ch][DHP] with the carragee-
nan polymer chain, namely the negatively charged SO; ™ groups
of carrageenan with the [Ch]" cations from the IL. For the
samples comprising the imidazolium cation [Bmim]" the
absence of a bending response results, as above-mentioned,
from the lower IL-carrageenan interactions in these types of
composites as a result of the cation size.

Fig. 8a shows the displacement developed by the sample
obtained at 25 °C comprising 10, 20 and 40% w/w of [Ch][DHP]
and at 80 °C (Fig. 8b) at an applied voltage of 9 V in DC mode as
a function of time. The observed bending response with the
applied voltage results from the different sizes of cations and
anions and their movement and diffusion to the negative and
positive electrode layers, respectively®*® (Fig. 8c). As a result,
the cations and anions from the IL migrate and redistribute
near to the electrodes, leading to a electromechanical
response.”® The maximum displacement was developed by
the sample [Ch][DHP]/carrageenan comprising 40% w/w of IL
with a maximum displacement of 5.8 mm upon an applied
voltage of 9 V (see the ESI,T video S1), followed by 20% w/w of
[Ch][DHP] (1.65 mm) and 10% w/w of [Ch][DHP] (0.95 mm).
These results are explained from the lower Young modulus
obtained for [Ch][DHP]/carrageenan comprising 40% w/w,
compared to the other [Ch][DHP]/carrageenan comprising 10
and 20% w/w, and in this sense in a higher ion density,
resulting in a higher bending response.

The sample processing temperature also influences the
bending motion response. As shown in Fig. 8b and d through
the representative images of the bending motion as a function
of time for 40% w/w [Ch][DHP]/carrageenan films for an
applied voltage of 9 V at solvent evaporation temperatures of
25 °C and 80 °C, the maximum displacement is obtained for the
sample 40% w/w of [Ch][DHP]/carrageenan obtained at 25 °C
due to the double helix conformation resulting from the
interaction between water and the carrageenan chains. Further-
more, the higher bending motion is also attributed to the
higher ionic conductivity of this composite (1.2 x 107® S cm™),
which can also be related to the presence of water, as identified
by TGA curves, the water also acting as a plasticizer, lowering
the Young modulus of this sample. In fact, the displacement is
governed by the electrical properties of the samples but also by
their mechanical properties. For a solvent evaporation tempera-
ture of 25 °C, the sample containing 40% w/w of [Ch][DHP]
shows the lowest E’ (145 MPa), when compared to the samples
comprising 10 and 20% w/w of IL, favouring the bending
response as a result of ion accumulation. On the other hand,
this sample shows a displacement of 2 mm when the solvent
evaporation occurs at 80 °C.

The obtained results demonstrate that [Ch][DHP]/carrageen-
based materials are suitable to be applied as soft bending
actuators.
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Conclusions

In the present work, novel naturally derived materials based on
iota-carrageenan and different ammonium and imidazolium
based ionic liquids (ILs) were developed for actuator applica-
tions. [Ch][DHP]/carrageenan samples comprising different
[Ch][DHP] contents (10, 20 and 40% w/w) and [Ch][FeCl,],
[Bmim][FeCl,] and [Bmim][C(CN);]/carrageenan samples incor-
porating 40% w/w of IL were developed.

A non-porous structure was obtained for all samples, being
independent of the IL content, type, and solvent evaporation
temperature. Increasing the [Ch][DHP] content up to 40% w/w
leads to a more compact structure, indicating that, indepen-
dently of the [Ch][DHP] concentration, the IL is embedded into
the carrageenan matrix. Similar results were observed for the
other IL/carrageenan samples comprising different ILs. The
mechanical properties evaluated from tensile measurements
revealed a plasticizing effect as a result of the IL incorporation
into the carrageenan matrix, resulting in a decrease of the
Young modulus for all the produced composites with respect to
the neat polymer. This reduction is IL content dependent, a
decrease from 748 MPa for carrageenan to 145 MPa for the
sample with 40% w/w of [Ch][DHP] being observed. On the
other hand, no significant difference is observed in the thermal
stability of the samples.

The ionic conductivity depends on IL content and solvent
evaporation temperature, but it is nearly independent of IL
type. For [Ch][DHP]/carrageenan composites, the highest ionic
conductivity at room temperature is 1.2 x 10~ S cm™ " observed
for an IL content 40% w/w processed at 25 °C.

The successful performance of the materials as electrome-
chanical actuators was demonstrated, the maximum electro-
mechanical bending displacement (5.8 mm upon an applied
voltage of 9 V) being obtained by the [Ch][DHP]/carrageenan
sample containing 40% w/w of IL and processed at 25 °C. The
obtained results demonstrate the suitability of the developed
natural-based bending actuator for environmentally friendlier
soft robotic applications, among others. Additionally, due to
the biocompatibility of choline-based ILs, [Ch][DHP]/carragee-
nan samples can also be evaluated as soft actuators or active
scaffolds in biomedical applications.
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