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Abstract

Actuators based on polymer blends of poly(vinylidene fluoride) (PVDF) with 40 % of
different ionic liquids (IL) are prepared by solvent casting. [Comim][Cl], [Cemim][ClI],
[Ciomim][CI], [Comim][NTf,], [Cemim][NTf.] and [Ciomim][NTf.] were selected in
order to evaluate the effect of anion and cation sizes in the bending properties. The
microstructure, mechanical and electrical properties of the blend depend on the IL type,
which in turn leads to a different bending response. In particular, the mechanical
properties are independent on the IL type but the AC conductivity of the composites
depend more on the anion type than on the size of the alkyl chain connected to the
imidazolium based cation. Thus, the bending response of the IL/PVDF composites is
correlated with the anion and cation sizes and a maximum bending response of 0.3 % is
achieved for a 10 volts square signal in the IL/PVDF composite with 40 wt% content of
[Comim][NTHf].
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1. Introduction

For the development of micro-electro-mechanical systems (MEMS), artificial muscle,
sensor and actuator applications, among others, ionic polymer composites are a type of
electroactive polymers (EAPs) particularly interesting due to their lightweight, high
flexibility, low operation voltage and biocompatibility, being therefore suitable for
implementation in a large variety of areas and devices [1-3]. Among the most promising
ionic polymer actuators are the ones based in the introduction of ionic liquids (IL) within
the polymer matrix [4]. In those materials, large deformation actuation is achieved at low
voltages (<5V) based on the diffusion of ions [5]. The actuator device typically consist
on the ionic polymer composite and two conductive compliant electrodes deposited on
each side of the composite [4].

Further, ionic polymer composites based on IL are interesting for different application
areas as they represent suitable electrolytes with negligible vapor pressure, high chemical
and thermal stabilities, no volatility, flame retardancy, high ionic conductivity and broad
electrochemical potential window [6-9].

Research on ILs/polymer composites for actuators is of increasing interest in order to
improve the electrochemical stability window, and the actuation force and frequency at
low voltages [10].

Thus, different ILs have been used as dopants for Nafion ionomeric membranes [11], as
their integration in self-assembled sulphonated block copolymer electrolytes induce a
large strain [12]. These ILs are 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  ([Comim][NTf.])  [13] and  1l-ethyl-3-
methylimidazolium tetrafluoroborate ([Comim][BF4]) and generated strains from 0.90 to
1.05% for the frequency range from 0.01 to 0.005 Hz [14].

Poly(vinylidene fluoride), PVDF [15-17] and its copolymers [13, 18-20], are among the
most used polymers for actuators applications, due to their large dielectric constant, high
polarity, biocompatibility, easy processing, high piezoelectric coefficients, high
mechanical strength and ionic conductivity [21].

Large actuation strains have been observed in poly(vinylidene fluoride-co-
chlorotrifluoroethylene)/poly(methylmethacrylate), PVDF-CTFE/PMMA with 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate ([Comim][TfO]) [18]; poly(vinylidene



fluoride-co-hexafluoropropylene), PVDF-HFP with 1-ethyl-3-methylimidazolium
tetrafluoroborate ([Comim][BF4]) [19] and PVDF-HFP with [Comim][BF4] with two
bucky-gel electrode layers [22]. PVDF-HFP actuators have been also developed with
other IL such as [Comim][BF4] and [Comim][NTf.] [13].

The bending actuation of PVDF/[Comim][NTf,] composites has been reported, the
actuation strength increasing with increasing IL content and the sample thickness. The
maximum bending of 6 x 10* mm was found for a IL content 40% in weight, an electric
voltage of 10.0 V and a frequency of 0.5 Hz [16]. The bending actuation for
PVDF/[N1112(0r][NTF2] and PVDF/[C2mim][C2SO4] was also demonstrated as a function
of voltage for a frequency of 10 mHz, the actuation response depending more on IL
content than on IL type in this specific case [23].

Taking into account that the 1-n-alkyl-3-methylimidazolium cation [Chmim*][X"] is very
interesting for IL development based on its conductivity and viscosity, the effect of
different IL anions, [NTf.] and [CI], as well as cations, [Comim]*, [Cemim]™ and
[Ciomim]*, on the physico-chemical properties of IL/PVDF blends has been evaluated as
a function of IL weight content [17]. It was demonstrated that IL type strongly influences
the physico-chemical characteristics of the composites, allowing to nucleate the
electroactive B-phase of PVDF and therefore to tailor composites for specific
applications, such as sensors and actuators [17]. For sensor and actuator application, the
B-phase is the most interesting phase of PVDF due to its piezoelectric coefficient and high
dielectric constant [21].

The nucleation of the B-phase of the polymer is attributed to the interaction between the
negative charges of the IL and the positive part of the dipolar moments of the PVDF
polymer chains, leading to a preferential all-trans PVDF chain conformation during
crystallization [17].

The highest ionic conductivity value with mechanical stability was achieved for IL
contents of 40 wt%, being therefore the most suitable concentration for actuator
development.

Thus, taking into account the state of the art, it is interesting to perform a suitable
correlation between the bending actuation and the IL properties. The main objective of
the present work is the evaluation and understanding of the bending actuation in IL/PVVDF
composites as a function of the alkyl chain length of the cation, [Comim]*, [Csmim]" and

[Ciomim]*, with a size varying from 99.2 cm®mol™? to 236.7 cm®mol™?, and of the anion



(INTf2]: 158.7 cm®mol™ and [CI]: 25.9 cm®mol™?) [24], based on the mechanical and

electrical characteristics of those composites.

2. Experimental details
2.1. Materials

Poly(vinylidene fluoride) (PVDF, Solef 6020) and N,N-dimethylformamide (DMF,
99.5%) were acquired from Solvay and Merck, respectively. The ionic liquids, 1-ethyl-3-
methylimidazolium chloride, [Comim][CI], 1-hexyl-3-methylimidazolium chloride,
[Cemim][Cl], 1-decyl-3-methylimidazolium chloride, [Ciomim][CIl], 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide, [Comim][NTf;], 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, [Cemim][NTf.] and 1-decyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, [Ciomim][NTf,] were supplied
from lolitec (Germany) with stated purity of 99%.

2.2. Composites preparation

The composites were prepared by the solvent-casting method following the procedure
presented in [17]. The polymer PVDF was dissolved in N,N-dimethylformamide (DMF)
in a proportion of 15/85 wt% and the corresponding IL was then added to the solution in
an IL/polymer weight ratio of 40% (w/w). Before this step, 40 wt% of the IL was added
to 6 mL of DMF and mixed for 10 min under mechanical stirring until complete
homogenization. After this step, 1 g of PVDF powder was added to the solution and
dissolved under magnetic stirring during ~ 3 h at room temperature. Then, the solution
was spread on a clean glass substrate at room temperature with a specific thickness and
the films were melted in an air oven (Binder, ED23) at a controlled temperature of 210
°C for 10 min. After this period of the time, the casted films were removed from the oven
and cooled down to ~23 °C + 2 °C. Transparent films with final thickness of 45 +5 um

were obtained.

2.3. Composite characterization

The morphology of the samples was analyzed by scanning electron microscopy (SEM)
(Quanta 650 FEG (FEI) Scanning microscope). The samples were coated with gold by

magnetron sputtering with a Polaron Coater SC502.



Dielectric measurements (capacity and dielectric loss) were performed with of a
Quadtech 1929 Precision LCR meter at room temperature. The measurements were
carried out in the frequency range from 20 Hz to 1 MHz with an applied voltage of 0.5 V
in samples in the parallel plate condenser geometry in which circular gold electrodes (5
mm diameter) were deposited by magnetron sputtering (Polaron Coater SC502). The a.c.
conductivity of the samples was calculated as previously explained in [25] and using
equation 1:

o' (0)=s,0¢ () (1)
where o is the permittivity of free space, w=24» is the angular frequency and

¢'(w)= & tan & is the frequency dependent imaginary part of the dielectric permittivity.

¢ was calculated from the measurement of the capacity, taking into account the

geometrical characteristics of the samples.

The mechanical measurements in the tensile mode were performed at ~23 °C + 2 °C with
an AG-IS universal testing machine from Shimadzu using a load cell of 50 N at a
stretching rate of 1mm min. Rectangular samples with 15 mm x 10 mm dimension were
analyzed. The Young modulus was calculated from linear fits of the stress-strain curves
up to 1% deformation.

Bending measurements were carried out using a high definition Logitech HD 1080p
Webcam camera connected to a PC with 200 um accuracy. The samples were prepared
with a length of 12 mm and a width of 2 mm leaving a free length of 10 mm, after sample
attachment in the measurement device. The IL/PVDF actuators consist in three layers:
two electrodes and an IL/PVDF film in between.

The actuator was clamped to two needles and connected to an Agilent 33220A function
generator [23].

The measurement of the displacement was carried out by applying a square wave signal
with voltages from 5V, to 20 Vyp at a frequency of 100 mHz. This frequency was chosen
to allow complete anion and cation migration to the electrodes [26].

The evaluation of the actuation was carried out by analysing the obtained films every 5
seconds, so that a discrete description of the displacement was obtained. Bending (g) was
quantified by measuring the sample displacement along the x axes (figure 1), then a
relationship between the sample free length (L), thickness (d) and displacement (5) was

calculated according equation 2 [13]:
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Figure 1 - Schematic representation of the ion migration and bending response of the

IL/PVDF composites and definition of the geometrical parameters for the quantitative

evaluation of the bending response.



3. Results and discussion
3.1. Morphology, mechanical and electrical properties

Representative SEM images of the morphology of the prepared IL/PVDF composites are
shown in figure 2. The microstructure of pristine PVDF (figure 2a), [Cesmim][CI]/PVDF
(figure 2b) and [Cemim][NTf.]/PVDF (figure 2c) samples are shown, as they are
representative for the rest of the composites.
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Figure 2 - SEM images of pristine PVDF (a), [Cemim][CI]/PVDF (b) and
[Cemim][NTf2]/PVDF (c) composite samples.

All samples show the spherulitic microstructure characteristic of PVDF, independently
of the IL type used for the preparation of the composite. Nevertheless, the IL/PVDF
composites (figure 2b-c) are characterized by a smaller spherulite size than the PVDF
sample (Figure 2a): the electrostatic interaction between the IL and the highly polar PVDF
polymer chains leads the IL to act not only as nucleation centers for polymer
crystallization, but also to modify the crystallization kinetic [17, 27].

The smaller size of the spherulites with the inclusion of the IL within the polymer matrix
is independent of the anion and cation type present in the IL. Additionally, the high IL
nuclei density hinders the free growth of the spherulites, giving rise to large variation of
spherulite sizes [28].

It has been demonstrated [17] that the samples crystallize mainly in the B-crystalline
phase of PVDF independently of the anion and cation types, which is ascribed to the ion-
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dipole interactions [29]. Further, there is a slight decrease of the degree of the crystallinity
of the IL/PVDF composites in comparison to pristine PVDF, independently on the IL
type [17].

The mechanical properties determined by stress-strain tests indicate a strong decrease of
the Young modulus (figure 3a) with the incorporation of the IL, mainly due to the

plasticizer effect of the IL [30].
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Figure 3 — Young modulus (a) and a.c. electrical conductivity (b) values for the IL/PVDF

composites.

The behavior of Young modulus is more dependent on the cation type than on the anion
type, decreasing with increasing of the cation chain length (Comim to Ciomim). Regarding
the anion type, differences are just observed for the shorter cation ([Comim™]), being here
the decrease of the Young modulus larger for the larger anion, i.e. [NTf.]".

The a.c. electrical conductivity strongly increases with the addition of the IL, slightly
decreasing with increasing cation chain length. On the other hand, the a.c. electrical
conductivity strongly depends on the anion type, being larger for the smaller anion [CI]
(figure 3b) [17].

The larger enhancement of the electrical conductivity for the IL/PVDF composites with
[CI]" anion with respect to the ones with [NTf2]" anion, independently of the cation, is
ascribed to the smaller size of the anion and therefore larger mobility, but it can be also

due to the contributions of the different water impurity content [31] within the samples.
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3.2. Bending response

The bending actuation is caused by the ion movement and re-distribution originated by
the application of the external electric field, resulting in their migration and accumulation
close to the electrodes. This process depends on the intrinsic characteristics of the IL [32],
such as anion and cation size. In fact, the current response appears to be the charging
current of an electric double layer (EDL) at the interface between the electrodes and
actuators [33]. This actuation is related both to the mechanical and electrical properties
of the IL/PVDF composites (figure 1). In the present case, figure 3a and b indicate that
the electrical properties play a more relevant role in the bending properties as the
mechanical characteristics of the IL/PVDF composites are less dependent on the anion
and cation present in IL.

Further, once the amount of IL into the polymer matrix is the same (40% wt), the bending
performance will be fully determined by the anion and cation types presents in the IL.
Figure 4 shows the time-displacement response curves for [Cemim][CI] (figure 4a) and
[Cemim][NTT2] (figure 4b) under an applied voltage of 5, 10 and 20 Volts. The behavior

observed for these samples are representatives for the other ones.
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Figure 4 - Displacement of the IL/PVDF composite actuators as a function of time under
an applied voltage of 5, 10 and 20 Volts at a frequency of 0.1 Hz for: a) [Csmim][CI] and
b) [Cemim][NTf,]. Bending response at 0.1 Hz and 10 Vpp for the PVDF composites
containing IL with: c) [NTf.] and d) [CI].

Figure 4a) shows that the displacement increases with increasing applied voltage, which
is related to the ion motion within the composite being larger for the larger applied
voltage. The bending response also depends on the anion size, an thus, there is no bending
response for the samples with [Cemim][NTf,] at 5Vpp due to the larger size of the [NTf>"
] anion in comparison with the [CI], for which a clear bending response is observed.

It is observed that the bending curves are nonperiodic, i.e, not symmetric with respect to
the initial position as a function of the applied voltage due of the imbalance of the ion
transport, which is related to the different sizes of anion and cation, leading to non-
symmetrical ion dynamic with respect to positive or negative voltages [34]. Further, the
bending response is larger for smaller anions ([CI7]] (figure 4a and b) when the same
cation is considered ([Csmim™]).

The effect of different cations was evaluated for two anions, [NTf.] (figure 4c) and [CI]
(figure 4d). For the larger anion, [NTf.], the displacement decreases with increasing
cation chain length (Comim to Ciomim), as shown in figure 4c. Larger cations lead to
hindered dynamics within the polymer matrix and cannot properly react to the applied
voltage. In fact, figure 4c shows that the bending is mainly for positive voltages for the
two larger cations.

For the [NTf2] anion, the best cation is [C.mim™] due to its smaller size (99.2 cm® mol-
1, leading to a larger electrical conductivity (figure 3b). The increase of the alkyl tail size
results in the decrease of the diffusion coefficient of the cation and also that of the

10



corresponding anion, but to a slightly less extent [35] as is proven by bending results of
the figure 4c)

It is to notice that polymers with defined ionic phases, as it is the case of PVDF, show
advantages for improving the bending response by providing organized ion migration
along the less tortuous ion-conduction pathways, the combination of the ideal size of
anion and cation being crucial for optimized bending actuation [36].

For the IL containing [NTf27] anion, the maximum displacement is 3.73 mm for [Comim™]
and 0.88 mm for [C10mim*], the bending response calculated after equation 2 being 0.30%
and 0.08% for [Comim™] and [C1omim™], respectively

One important parameter that affects the electrical conductivity of IL/PVDF composites
Is the viscosity of the IL and the increment with the alkyl chain length of imidazolium
cation is more pronounced in the case of ILs containing the [CI7] anion. In the present
case for the [CI] anion, the best cation is [Csmim*]: the net force of attraction between
the cation and anion decreases resulting in the diminution in the ionic character of
[Csmim][Cl], leading to a decrease of the viscosity and an increase of the mobility [37].
In this context, it is observed that for [CI7] (figure 4d) the maximum displacement is 2.5
mm for [Cesmim™] and the minimum displacement is 0.42 mm for [Comim*], leading to a
bending of 0.21% and 0.04% for [Cemim*] and [Comim*], respectively. Figure 4d shows
a more symmetric, bidirectional behavior for all samples, migration and accumulation of
the ions close to electrodes being similar for positive and negative applied voltages. Thus,
the smaller ion and its mobility determine actuator performance more than the size of the
alkyl chain length of the cation.

Figure 5 shows a picture of the bending motion of the [Cemim][CI] (figure 5a) and
[Comim][NTf2] (figure 5b) actuator strip under a £ 10 and 20 Volts square signal,
respectively. The bending motion shown in figure 5 is representative for the other

samples.
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Figure 5 — Picture of the bending motion for: a) [Cemim][CI]/PVDF and b)
[Comim][NTf2]/PVDF under an applied voltage of 10 and 20 Volts square signal,

respectively at a frequency of 0.1 Hz.

Thus, the present work demonstrates the role of ionic liquid anion and cation in the
bending response of PVDF actuators, the size of both ions being key for obtaining high
bending curvature of the actuator. The small size of anion and cation boosts the overall
the bending behavior of the actuators. Finally, it is to notice that the best bending response
obtained in the present work improves with respect to the ones reported literature [13, 14,
16].

Conclusion

IL/PVDF composites based on IL containing different anions and cation with different
sizes were prepared by solvent casting for a specific ionic liquid content for bending
actuator applications. Independently of the IL type, it is observed that the size of the
spherulites decreases with the addition of the IL into the polymer matrix and that
IL/PVDF composites shows lower elastic modulus and higher electrical conductivity in
comparison to the pristine PVDF matrix. In particular, the a.c. conductivity is more
dependent on anion type than on cation size. Finally, the anion and cation size of the IL

12



play an important role in the bending of the actuator, a maximum value of 0.3% bending
response being obtained for a IL/PVDF composite with 40 wt% of [Comim][NTf2]. Thus,
the proper selection of IL allows tailoring the materials properties for bending

applications.
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