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Abstract

This works reports on the development of magnetic composites based on the magnetic
ionic liquid (MIL) 1-butyl-3-methylimidazolium tetrachloroferrate, ([Bmim][FeCl.]) and
the electroactive polymer poly(vinylidene fluoride-trifluorethylene) (P(VDF-TrFE)). The
composites were obtained at different solvent evaporation temperatures (=25, 90 and 210
°C) and with different MIL contents (10, 20 and 40 wt.%). It was concluded that the
composites morphology is dependent on the evaporation temperature, allowing to obtain
porous membranes with interconnected pores. A decrease in the crystallinity degree
resulted upon increasing MIL content. The stability of P(VDF-TrFE) is slightly affected
by the inclusion of MIL and by the solvent evaporation temperature used during the
processing of the composites. The composites exhibit paramagnetic behavior. Tailoring
of the magnetic susceptibility was possible through the control of the MIL content and

solvent evaporation temperature.



1.Introduction

Smart materials are materials with the ability to adapt to different surrounding conditions
by changing their intrinsic properties upon application of an external stimuli, such as
stress, temperature, pH, electromagnetic fields, among others 1. Electroactive polymers
(EAPs) gained special attention due to their attractive advantages, such as lightweight,
cost effectiveness, easy processability, flexibility and tolerance to fracture, and additional
functionalities. These features allow obtain polymer-based smart materials with tailored
active responses to different external stimuli 2. This versatility of EAPs make those
materials very attractive for a wide range of applications, namely for energy storage and
generation 3, biomedicine 4, sensor and actuators °, among others 8. Compared to other
smart material systems, EAPs offer several clear advantages, in particular high response
speed (us to min), low density (1-2 g cm™), high resilience and high actuation strains
(over 300-400%) .

Among all EAPs, Nafion, poly(vinylidene fluoride) (PVDF) and PVDF-based
copolymers are the most commonly used. PVDF is a semi-crystalline biocompatible
polymer with interesting intrinsic properties, such as high electroactive response,
dielectric constant, ionic conductivity and polarity 8. This polymer presents five different
phases depending on the chain conformation (a, B and ), the B phase being the main
responsible for its piezoelectric properties °. PVDF and its copolymers can be processed
in different forms and shapes and applied in several areas, such as tissue engineering,
sensors and actuators, among others 3 42 ¢4 Independently of the processing method and
for specific molar ratios, the PVDF-poly(vinylidene fluoride-trifluoroethylene) (P(VDF-
TrFE) copolymer presents the ferroelectric  crystalline phase, due to the addition of a

third fluoride atom in the TrFE monomer unit 8.



EAPs can be divided into two classes: electronic and ionic °, with different response
times, forces and bending. Electronic EAPs are a more developed technology when
compared to ionic EAPs due to their durability under open air atmosphere conditions. To
overcome such limitation, the development of systems composed of electronic EAPs and
ionic liquids (ILs) are a promising solution 2,

ILs gained special interest due to their tunable physical-chemical properties, such as, high

10 11

ionic conductivity °, electrochemical and thermal stability !, non-flammability %3,
negligible vapor pressure 2, as well as the ability to be used as solvents, representing in
many cases a green and clean solution to replace commonly used volatile solvents 2.
Depending on the cation or anion type it is possible to optimize their structure and
properties, such as conductivity and electrochemical stability *°.

Recently, a great interest has been devoted to magnetic ionic liquids (MILs), such as 1-
butyl-3-methylimidazolium tetrachloroferrate ((Bmim][FeCl4]) 4. The major advantage
of MILs is associated with their ability to respond to an external magnetic field upon
incorporation of magnetic constituents, such as, transition (iron and cobalt )or rare earth
metal ions 1315,

Composites based on MILs and EAPs 8 allow the development of an entirely new class
of electroactive smart materials combining highly polar matrices with ionic mobile
species 17, and exhibiting suitable magnetic, electric, mechanical and electromechanical
properties 8. Different IL/polymer composites have been developed targeting different
fields, such as biomedicine, and sensor and actuator applications 8. However, to the best
of our knowledge, few studies have been reported on the development of composites
combining piezoelectric polymers with MILs 8.

In this work, magnetically responsive P(VDF-TrFE)/[Bmim][FeCls] composites were

synthesized by solvent casting. The composites were prepared at different solvent



evaporation temperatures (room temperature, 90 and 210 °C) and various MIL
concentrations (10, 20 and 40 % wt). The morphology, physical-chemical and thermal

properties were evaluated. The magnetic properties of all composites were also analyzed.

2. Materials and Methods

2.1. Materials
[Bmim][FeCls] (99%) (Figure 1la and 1b) was synthesized as reported in *°. P(VDF-
TrFE) (350000 g.mol*?, Solvay) (Figure 1c) and N,N-dimethylformamide (DMF) (99.5%,

Merck) were used as received.

[FeCl,]

P(VDF-TrFE)

Figure 1. Chemical structures of the MIL cation (a) and anion (b) and of P(VDF-TrFE)

(©).



2.2. Preparation of the composite films

P(VDF-TrFE) was dissolved in DMF in a ratio of 15/85 wt.% under mechanical agitation
at room temperature. After complete dissolution of the polymer, different contents of the
[Bmim][FeCls] MIL (10, 20 and 40 % (wt.%)) were added to the solution. P(\VDF-
TrFE)/[Bmim][FeCl4] films with a thickness of <50 pum were obtained after spreading the
solution at room temperature on a clean glass substrate, followed by solvent evaporation
at different temperatures (room temperature, 90 and 210 °C in an air oven). The study of
effect of the solvent evaporation temperature was performed for composites with 40% wt.

of MIL.

2.3. Characterization

2.3.1. Morphology

The morphology of the P(VDF-TrFE)/[Bmim][FeCls] films was analyzed using a
scanning electron microscope (SEM, NanoSEM — FEI Nova 200) with an accelerating
voltage of 10 kV. The samples were previously coated with a thin gold layer using a

sputter coating (Polaron, model SC502).

2.3.2. Physical-chemical characterization

Fourier transformed infrared (FTIR) measurements were performed at room temperature
in a Thermo Nicolet Nexus 670 in attenuated total reflectance (ATR) mode from 4000 to
400 cm™?, using 64 scans at a resolution of 4 cm™,

Differential scanning calorimetry measurements (DSC) were performed in a Perkin-
Elmer DSC 8000 apparatus between 30 and 200 °C using a heating rate of 10 °C.mint
under nitrogen purge. The degree of crystallinity (Xc) of each sample was evaluated using

equation 1 °:
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where AHs is the melting enthalpy of the sample and AH1qo is the melting enthalpy for a
100% crystalline sample (AH100 = 103.4 J.g* for P(VDF-TrFE) 19).

The thermogravimetric analysis (TGA) was performed using a DTG-60 Shimadzu
apparatus operating between 40 and 800 °C. A heating rate of 10 °C.min! and a nitrogen
atmosphere were used in all experiments. Samples were placed in a-Al2O3 pans.

The magnetic behavior of the MIL and composites were measured at room temperature
using a Quantum Design's MPMS 3 superconducting quantum interference device

(SQUID) from -20 kOe to 20 kOe.

3. Results and discussion

To evaluate the influence of the solvent evaporation temperature on the morphology of
the composites, samples with the highest content of MIL (40 wt.%) were analyzed by

SEM (Figure 2).

Figure 2 shows that the preparation of the composites at different evaporation
temperatures led to different porous structures with different pore size and degree of
porosity. Figure 2a allows observing that when the solvent evaporation occurs at room
temperature, the P(VDF-TrFE)/[Bmim][FeCls] composites present the characteristic
porous structure of B-P(VDF-TrFE) crystalline phase originating from the spinodal
liquid-liquid phase separation 2° with a porous mean dimeter of 36+7 pum. The presence
of the MIL within the polymer matrix and in its walls is also detected. The number of

interconnected pores increases, and the size of the pores decreases with an increase in the



solvent evaporation temperature. For a solvent evaporation temperature of 90 °C a higher
number of porous with a mean diameter of 4.2+0.9 um can be observed. Under these
conditions the MIL is entrapped in the polymer matrix and in and out of the pores of the

polymer matrix (Figure 2b-c).

Figure 2. SEM images of the P(VDF-TrFE)/[Bmim][FeCl4] composite films with 40
wt.% of MIL prepared at different solvent evaporation temperature: room temperature

(@), 90 °C (b) and (c), and 210 °C (d).

The same tendency is observed for the P(VDF-TrFE)/[Bmim][FeCls] composites
obtained at a solvent evaporation temperature of 210 °C. Generally, at this temperature
the P(VDF-TrFE) polymer chains acquire the necessary mobility to occupy the free space

left by solvent evaporation, leading to a more compact structure & 2%, It is also noticed



that the pore sizes decrease (mean diameter of 2.6£0.6 um) with increasing solvent
evaporation temperature from 90 to 210 °C. This result indicates that the inclusion of the
MIL into the polymer matrix induces the observed porosity, the number of pores being
thus associated with the solvent evaporation temperature. When the solvent starts to
evaporate, the MIL is encapsulated in the P(VDF-TrFE) polymer structure since it tends

to move to the space previously occupied by DMF 8,

A more compact structure is formed when the solvent evaporation increases, because a
higher amount of MIL is encapsulated inside to the polymer matrix. This induced us to
study in further detail the effect of MIL content in the polymer matrix in composites in

which the solvent evaporation occurred at 210 °C.

The influence of the solvent evaporation temperature and [Bmim][FeCl4] content on the
chemical properties of P(VDF-TrFE) was evaluated by ATR-FTIR measurements.

Figure 3 shows the ATR-FTIR spectra of the P(VDF-TrFE)/[Bmim][FeCls] composites
obtained at different solvent evaporation temperatures with an IL content of 40% wt.
(Figure 3a) and with different MIL contents (Figure 3b). The bands at 1432 and 1398 cm"
Lareassigned to the bending and wagging vibrational modes of CHa, and to the symmetric
stretching vibration of C-C group, respectively 22, The bands at approximately 1171, 882,
842, 502, 465 and 411 cm™* can be assigned to the stretching vibration of the group CF..
The feature at 842 cm™ is the band assigned to the B-phase of the polymer 22. No other
polymer characteristic phases were observed since, it is known that for solvent
evaporation temperatures up to 80 °C, the chain entanglements of the polymer chain lead

to an oriented packing of CH>—CF; dipoles promoting the nucleation of the B-phase .
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Figure 3. ATR-FTIR spectra for the P(VDF-TrFE)/[Bmim][FeCl4] composites obtained
at different solvent evaporation temperatures with 40% wt. of MIL (a) and with different

MIL contents at 210 °C (b).

The ATR-FTIR spectra of Figures 3a and 3b demonstrate that the main characteristics
absorption bands of the P(VDF-TrFE) are not suppressed after the incorporation of the
MIL. It is also possible to conclude from these spectral data that, independently of the
solvent evaporation temperature and IL content, the P(VDF-TrFE)/[Bmim][FeCl4]
composites crystallize mainly in the ferroelectric B-phase. This finding is in perfect
agreement with the fact that, no matter the processing method, P(VDF-TrFE) crystallizes
in the electroactive B-phase for VDF contents ranging from 50 to 80% 8. The absorption
bands observed in the composites at approximately 3150, 3110, 1162, 638, and 613 cm™
are assigned to aromatic C-H vibrations of the [Bmim]* cations 2*. The bands at 2961,
2932, 1459, 829, and 736 cm™ are assigned to aliphatic C—H vibrations of the [Bmim]*
cations 2. The C—C and C—N stretching vibrations of [Bmim] * are found at 1564 cm™ 24,
Figure 3b reveals that, as expected, the intensity of the characteristic absorption bands of
[Bmim][FeCls] increases with the increase of MIL content. Furthermore, it is also

possible to detect a decrease in the intensity of absorption bands characteristic of the



P(VDF-TrFE) polymer. These results indicate a very weak chemical interaction between

P(VDF-TrFE) and [Bmim][FeCl4], suggesting the occurrence of physical interactions.

3.3. Thermal characterization

The DSC thermograms of the P(VDF-TrFE)/[Bmim][FeCls] composites obtained at
different temperatures and with different MIL contents are shown in Figure 4. As
expected, two endothermic peaks are observed in the composites. The lower temperature
peak centered around 93 °C corresponds to the ferroelectric-paraelectric phase transition
(Curie temperature, Tc) and the higher temperature peak centered between 120 and 145

°C corresponds to the melting temperature (Tm) of the polymer *°.
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Figure 4. DSC thermograms of the P(VDF-TrFE)/[Bmim][FeCls] composites obtained
at different solvent evaporation temperatures and a MIL content of 40% wt. (a) and with

different contents of MIL (b).

As shown in Table 1, the incorporation of [Bmim][FeCl,] into the P(VDF-TrFE) matrix
promotes a slight shift of Tc to lower temperatures and a larger decrease in the T, value
with respect to the pure copolymer, being both nearly independent of the IL content. Both

shifts are indicative of the miscibility and compatibility between the polymer chains and



the MIL 2° as well as on the destabilization of the ferroelectric and crystalline phases due

to the defects introduced by the filler.

The influence of the temperature and MIL content on the X value of the P(VDF-TrFE)

within the samples was determined from the DSC curves using equation 1 (Table 1).

Table 1. Relevant thermal parameters for pristine P(VDF-TrFE) and for the polymer

within the P(VDF-TrFE)/[Bmim][FeCls] composites.

TC (OC) Tm (OC) Ac + 3 (%)
P(VDF-TrFE) 1052 1502 282
P(VDF-TrFE)/[Bmim][FeCls]
25°C 98 137 16
Solvent evaporation 90°C 103 132 24
temperature
210°C 100 137 20
10% 100 138 18
MIL content 20% 100 131 12
(solvent evaporation at

210°C) 40% 100 137 20

Table 1 reveals that the degree of crystallinity of the samples is significantly lower for
the composite samples, indicating that the [Bmim][FeCls] acts as defect during the
crystallization process. The addition of [Bmim][FeCls] changes the nucleation process
inducing a growth in its kinetics, which leads to a defective crystallization of the P(VDF-
TrFE) at the zones in contact to the MIL [27]. It is to notice that this effect is nearly
independent of IL content or solvent evaporation temperature. The crystallization process
around 90 °C leads to slightly higher degrees of crystallinity, when compared to the other

crystallization temperatures. This effect may be related to proximity of the ferroelectric-



paraelectric transition that occurs near this temperature, modifying the crystallization

energetic landscape 2’

Figure 5 shows the TGA curves and the 1% derivate (DTG) curves of the P(VDF-

TrFE)/[Bmim][FeCl4] composite films. For all composites the weight loss is a multi-stage

process.
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Figure 5. TGA (ac) and DTG (b,d) curves of the P(VDF-TrFE)/[Bmim][FeCl4]
composites for: different solvent evaporation temperatures with 40% wt of MIL (a,b); for

a solvent evaporation temperatures of 210 °C and different IL contents (c,d).



A sharp weight loss with onset near 300 °C is detected for the P(VDF-TrFE)/[
Bmim][FeCl4] composites containing 40% wt. of the MIL and for which the solvent was
evaporated at 90 and 120 °C (violet and orange lines in Figure 5a, respectively), and also
for the composite sample dried at 210 °C and incorporating 40% wt. of MIL (orange line
in Figure 5c). This thermal event is attributed to the thermal degradation of
[Bmim][FeCls], which is known to thermally decompose in a single step at ~330 °C 24,
During the process the anions thermally decompose through dealkylation, whereas the
cations mainly undergo alkyl migration and elimination reactions 28, In the remaining
samples the thermal decomposition starts at lower temperature. This effect is probably
due to the progressive loss of occluded DMF (boiling temperature of 150 °C). At
temperatures higher than 400-450 °C the degradation of P(VDF-TrFE) and the release of
volatile compounds, such as hydrogen fluoride (HF), and small contents of 1,1,2-
trifluoro-1,3-butadiene (C4HsF3) and 1,2-difluoroethylene (C2H2F2) %, are responsible for
the weight loss observed. At 750 °C, about 30 % of the mass of practically all the samples
remained to be thermally decomposed. The exception is the sample dried at room
temperature and containing 40% wt. of MIL, for which the degradation process was more
efficient (green line in Figure 5a).

Figure 5¢c shows that the highest onset temperature was observed at the highest MIL

content.



3.5. Magnetic properties of the nanocomposites
Figure 6 presents the magnetic properties of the composites evaluated from VSM. The
variation of magnetization with the applied magnetic field was also evaluated for

[Bmim][FeCla].
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Figure 6. Magnetization of (a) P(VDF-TrFE)/[ Bmim][FeCls] composites obtained at
different temperatures for an IL content of 40% wt. Inset: pure IL [Bmim][FeCls]; and

(b) for the composites with different IL contents as a function of applied magnetic field.

The inset of Figure 6a demonstrates that the IL exhibits a linear correlation with the
applied magnetic field. This linear dependence on the magnetic field is also observed for
the composites, both with varying IL content and solvent evaporation temperature. This
behavior has already been reported for polymeric ILs and was related to the paramagnetic
nature of the materials *°. The magnetic susceptibility, related with the extent of
magnetization of a material in response to a magnetic field, is similar for the samples
prepared at room temperature or 90 °C, but increases for samples prepared at 210 °C,

which can be related to the more compact structure and improved



entrapment/incorporation of the IL within the polymer structure. As expected, the
magnetic susceptibility increase is proportional to the IL content, which allows to tune

the magnetic response of the polymeric IL composites.

4. Conclusions

Magnetic P(VDF-TrFE)/[Bmim][FeCl4] composites were synthesized at different solvent
evaporation temperatures and at different [Bmim][FeCls] contents. The composites
morphology is dependent on the evaporation temperature. No changes were detected in
the chemical structure of the P(VDF-TrFE) polymer after incorporation of the MIL. The
thermal characterization revealed a shift to lower temperatures of both the melting and
Curie temperatures, indicating miscibility between the polymer and the MIL.
Furthermore, the MIL incorporation led to a decrease in the degree of crystallinity
(exceptionally for composites obtained at 90°C) and at high MIL content to an increase
of thermal stability, independent of the solvent evaporation temperature used during the
composites preparation. Finally, an increase in the magnetic susceptibility was observed

upon increasing IL content and solvent evaporation temperature.
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