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Abstract

Introduction

Electroactive polymers (EAP) are materials which change their shape in response to electric stimulation, and are therefore useful as lightweight actuators in for example space industry [Bar-Cohen-1999, Bar-Cohen-2001] and medicine applications [Bar-Cohen-2001], or biomimetic robotics [Mart, Liu]. EAPs can generally be divided into two basic categories: ionic and electronic EAPs. Ionic EAPs act by ion/ionpair relocation during actuation, similar to supercapacitors. They are better suited for miniature devices, since they can be operated under low voltage (1-10V) [eapbook]. However, most ionic EAPs offer only small force, display low electromechanical efficiency and have short lifetime compared to traditional electromechanical actuators. Several practical solutions have been proposed to improve the total actuator force; e.g., designing specific shapes [Wang] or bundling multiple actuators [Fernandez]. In order to increase the efficiency, however, it is vital to understand the details of the actuation process and the ion migration at atomistic level [eapbook].

Ionic EAP materials are composed of three basic components: a porous electrode material (often carbon), an ionic transfer media and a polymer binder which adds toughness and flexibility. Several types of micro-porous carbon composite materials have been used in supercapacitors, where charges accumulate in a double layer on a large surface area. It has been claimed [Hoefer] that Carbide Derived Carbon (CDC) capacitor capacitance is mainly determined by two components: electrostatic/double layer capacitance [Brett] and faradaic/pseudocapacitive components [Conway]. Pore diameters smaller than 1 nm result in even higher capacitance due to larger storage capacity [Huang]. CDCs are one of the best known nanoporous materials for ion storage, since the pore-size is uniform and can be fine-tuned in a wide range [Gogotsi]. Ionic liquids (ILs) are frequently used as ion transfer media. ILs, or molten salts, consist of charged particles without solvent. Due to their low vapor pressure, ILs avoid evaporation of the electrolyte when functioning in a dry environment. IL electrolytes can also improve the cycle lifetime of the material compared to water based electrolytes [biomedbook]. The EAP actuator comprise two electrode sheets of the above mentioned components laminated together, with an ion permeable membrane in between, impregnated with electrolyte.

Different kinds of ion storage, ion transport medium, binder and membrane materials offer countless possibilities to experiment with. For example, IL electrolytes in Nafion membranes have been tested with metal [Bennett], carbon nanotubes [Akle], CDC [Viljar] or RuO2 [Akle, Viljar] electrodes. CDC in a PTFE matrix has also been used as electrodes, in combination with an IL electrolyte and an ion permeable paper membrane [Janno]. Asaka et al. [Asaka-2005, ....] have studied carbon bucky gel actuators, where the electrodes contains carbon nanotubes in 1-butyl-3-methylimidazolium tetrafluoroborate (BMI-BF4) ILs, supported by PVDF-based binders [Asaka-2005]. Carbon nanotube sheets have also been demonstrated to work as actuators in water based electrolytes [Baughman-1999].

The EAP bending motion is caused either by electrode or membrane expansion at one side of the device upon actuation, and contraction at the other side. The mechanisms causing the expansions and contractions are still to a large degree unknown and debated [Kiyohara]. Suggestions include bond length changes due to double layer charging [Baughman-1999], insertion of counterions [Baughman-1995, Kiyohara claims that it is also in Asaka-1995], electro-osmosis [Asaka-1995], electrostatic repulsion of the charged molecules in the material [Baughman-1999], decreased interfacial tension at the pore surfaces due to change in double-layer charges [Oren], etc.

A correlation has been found between increased accumulation of ions on the electrode surface (i.e., the capacity) and improved peak strain [Akle], but that result was seen to be dependent on electrolyte type [Janno]. Considering the large influence from the choice of IL or the type of carbon on the EAP performance [Janno, Viljar], the primary factor for strain ratio and maximum strain seems to be the ionic transport, rather than changes in electronic configuration. Increasing the ion mobility would therefore significantly help increasing both the strain ratio and the maximum strain of EAPs [biomedbook].

Several approaches can be used for optimizing ionic conductivity. It is general knowledge from the field of battery polymer electrolytes that changing the monomeric sequence [ref.req.], adding plasticizers [Dias] or nano-particle fillers [Ahmad] all have proven successful strategies. In this study, the composition of the three electrolyte components is varied and the ionic transport studied with Molecular Dynamics (MD) simulation techniques. The usefulness of MD simulations is in the detailed view it renders of the ion movement processes, and it has been used to study polymer electrolytes [Heiki, Daniel, Anti, Borodin, etc]. Computer simulations also make it possible to go investigate electrolyte compositions difficult to synthesize experimentally, but which can still provide significant insights. Here, four different electrode compositions are studied, each with different amount of binder in the mixture.

For most electrolytes, ion mobility is directly related to the diffusion coefficient through the Einstein relation. However, this does not apply for ILs. Instead, the change of ionic orientation in an electric field can increase the ion mobility by several orders of magnitude compared with the values estimated from diffusion coefficient [Umecky]. Despite the fact that any external field applied to an IL is rapidly neutralized by the formation of double layers on the electrode surfaces, its formation time is still several orders of magnitude longer than the 10 ns timescale of an MD simulation. In NaCl solution in water the double layer is formed in 50 ms[Han] and that process is even slower for IL[ref. req.]. To better understand the reorganization that ions undergo when an EAP is charged, simulations of each electrode composition were also done with and without the influence of an external electric field.

Methodology

The method of Molecular Dynamics is based on periodically calculating the forces acting on each atom of a model, based on a forcefield composed of bond stretch, valence angle flex and dihedral torsion reactions and Van der Waals and electrostatic interactions. The net force acting on each atom, together with its current position and speed are used to find the position and speed at the next timestep. From the continuous history of atom coordinates in time can diffusion coefficients and other macroscopic characteristics be calculated while the movements can also be analysed on the more subtle molecular level. [Rapaport]

The simulatation results were analysed by the following means:

Radial Distribution Function (RDF)[Daniel], Coordination Number (CN)[Daniel], Radial-Angular Distribution[Niu] and Space Distribution functions[Liu] were used  to find the coordination sphere radii and the most probable interaction sites for ions and molecules.

Mean Square Displacement (MSD)[Daniel] was used to calculate the diffusion coefficients and compare the ion mobility and ionic conductivity values with the experimental results available, allowing to select the most effective ion conductor amongst the simulated systems.

The shape (flatness or roundness) of the ion clusters was analysed by replacing each cluster of anions coordinated with the same cation with its inertia ellipsoid and comparing the most probable values for the lengths of the three principal axes of a ellipsoid with each other.

The stability of the ion-ion coordination was reflected by Mean Residence Time (MRT) [Floris] of ions in the coordination spheres of their counterions. MRT is also useful for determining the diffusion mechanisms[Newkome].

Simulated systems

In experimental setting the PTFE to CDC ratio can be directly controlled before mixing, while the IL content is determined by the saturation of the electrode material when soaked in the electrolyte. CDC to PTFE mass ratio of 0.11 has been used for EAP actuators [Janno] and 0.09 for supercapacitors[Arulepp]. In case of computer simulation, the amount of each component can be controlled directly. To explain the movement of the actuator and determine the ion conduction mechanism, which probably involves some interaction between the carbon and IL electrolyte, the relative amounts of those components were varied. The IL to carbon ratio of the electrodes was varied in proximity of their ratio in similar EAP and supercapacitor materials, the properties of which have previously been experimentally evaluated. The amount of polymer binder was also varied to determine if it has any effect on the ionic mobility.

The components were inserted into the simulation cell in the following form with the amounts of each component given in table 1:

· Carbon in the form of curved graphene flakes with 22 atoms each. (C22)

· Ethyl-methyl-imidazol (EMI+) cations 

· Boron tetrafluorate (BF4-) anions

· Polytetrafluoroethylene (PTFE) polymer fragments: CF3-(CF2)20-CF3

	System nr.
	IL/Carbon mass ratio
	Carbon
	EMI+BF4
	PTFE
	Electric field values

	
	
	mass %
	flakes
	mass %
	ion pairs
	mass %
	chains
	

	2
	1.90
	32.6%
	52
	62.0%
	132
	5.4%
	2
	0; 50V/mm; 0 (recovery after removal of the electric field)

	3
	1.82
	32.6%
	52
	59.3%
	126
	8.1%
	3
	0; 50V/mm

	4
	1.73
	30.7%
	49
	53.1%
	113
	16.2%
	6
	0; 50V/mm

	1
	1.73
	35.6%
	57
	61.7%
	132
	2.7%
	1
	0; 50V/mm


Table 1: Simulated systems

Simulation cell

Before MD simulation can be started, the locations of each atom in the simulation cell during the first moment of the simulation have to be determined. Due to the amorphous nature of the materials, that was done with Monte Carlo methods, using a in-house software mcgen[mcgen]. The generation starts with an empty simulation cell and inserts the simulation objects one unit as big as an ion, a cabon flake or a monomer at a time. It selects a random location and orientation for the unit, evaluates its compatibility with other units already present around that location and decides whether to accept that location and go on to next unit, or to remove the last few units and try another position. After insertion, the geometric constraints  are  checked first. If two atoms which are not connected by a chemical bond are closer to each other than the sum of their atom radii, then the configuration is discarded. If adequate spacing between atoms exists, then  the total energy increase ΔE from the insertion is calculated according to the MD forcefield. If ΔE<0, then the configuration is always accepted. If ΔE>0, then the acceptance or dismissal is decided randomly, with the probability of acceptance being commensurate with the Boltzmann factor  p ~ exp(-ΔE/kT).[mcgen].

The models were created in a cubic cell measuring 40x40x40 Å with periodic boundary conditions. The cell was first filled with nanoporous carbon, then the electrolyte ions were inserted into the pores and spaces between the carbon flakes, and, finally the PTFE polymer was grown into the last empty spaces. That order was chosen because the carbon flakes were the largest and PTFE monomers were the smallest single units used in the generation process, and the probability of finding a large enough space to fit a large unit is continuously decreased as the density of the material in the simulation cell approaches the final density.

The nanoporous carbon is amorphous, consisting of graphene-like sheets with effectively no long-range ordering [Palmer]. To create such a structure, separate slightly bent graphene flakes were used. The individual carbon flake shapes were created by a preliminary MD simulation of a single carbon flake vibrating in vacuo at temperature of 293K during 300 ps, using DL_POLY [dlpoly] software. 10 configurations were extracted from that simulation, each with a  differently bent shape. For each step of the carbon generation process, one of the 10 configurations was randomly selected,  rotated by a random angle and positioned at a random place in  the cell. 

The ionic liquid was inserted one ion at a time, by the same methodology as the carbon. To avoid charge buildup in the box, which would excessively increase the insertion energy of any subsequent ions, the anions and cations were inserted intermittently.

The PTFE molecules were generated last, one monomer at a time, this time only checking for geometric constraints and ignoring the interaction energy.

The first model created was for the electrode material with the least amount of polymer binder in it. The other systems were created from the first one by removing some of the carbon flakes or IL ions and growing another chain of polymer into the freed up space. 

The molecular structure and nomenclature of atom type used in the simulations is represented on Fig. N1.


[image: image1]
Force fields

The forcefield used was a combination of forcefields found elsewhere. The forcefield described by Lopes et al[Lopes] was used for EMI-BF4. Force field for PTFE has been described by Okada et al[Okada]. For carbon, the forcefield parameters described by Hentscke et al[Hentscke] were used. The Van der Waals forces between atoms with forcefields originating from separate sources were calculated by using the combination rule (1) on the Lennard-Jones potential (2) parameters of each pair of atoms. In the formula (1) the subscripts 1 and 2 denote the Lennard-Jones potential parameters of the two atoms and the parameters without subscripts denote the combined potential.
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(1)
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(2)

The force field parameters are presented in the appendix 1.

Simulations

Each system was first equilibrated by a 2 ns long MD simulation using the NVT ensemble in the original 40Å cubic cell to relieve internal stresses left from the generation. At that point the simulation of each system branched to several scenarios. One had an external electic field of 50V/mm applied and the simulations continued for another 2 ns, other  had not. Then both scenarios, with and without external electric field, were continued for the next 10 ns using a NPT ensemble and Nose-Hoover barostat with pressure of 1 atm and relaxation time of 0.3 ps. For verification purposes, another scenario continued with the NVT ensemble until 10 ns long from the beginning. In the NVT simulation of the material with IL/carbon ration of 1.90 and polymer content of 5.4%, an unusual layered structure appeared in the electric field. The NVT simulation of this system was carried on for another 10 ns with E=0 to analyse how its structure would respond to the removal of the electric field.

The simulations used Verlet Leapfrog algorithm with 1 fs timestep. Temperature was kept at 293K by a Nose-Hoover thermostat with 0.1 ps relaxation time. Ewald summation with 10-5 precision was used for the electrostatics.

The cubic symmetry of the simulation cell was retained in all simulations.

Analysis methods

For use as a reference location of the cations, the mass centre of the five atoms (NA,CR,NA,CW,CW) in the aromatic ring was calculated and represented as “point X”. Its location was used in some of the subsequent analyses instead of an actual atom.

RDF

Radial Distribution Function and Coordination Number describe the local structure around a specific type of atoms [Daniel] while being indifferent about direction. RDF is useful for finding the coordination spheres of a type of atoms and CN is the number of atoms in the coordination sphere with that radius.

Radial-Angular Distribution

Radial-Angular Distribution is used to describe the local structure in two dimensions: distance to the coordinated atom and angle from a reference bond. It is used to analyse the local structure around the anions by measuring A...B distance and A...B-F angle where A is a atom of the cation, B is the central boron atom of the anion and F is the nearest one of the fluorine atoms of the anion.

Space Distribution Function

Space Distribution Function (SDF) is the three-dimensional description of probability of finding an atom around a specific molecule location. It is used for the local structure around EMI cations because those have no symmetry  analyse the molecules which have no simple symmetries.

Inertia ellipsoid shape

Another way for describing the shape of the ion clusters was also used. Each cluster of one cation and all the anions coordinated with it (with X...B distance less than 6.5Å) was represented as a rigid body with the mass of the BF4- anions concentrated in the central (B) atoms of the anions. The inertia tensor for each such cluster was calculated and the tensors rotated with their three principal axes along the coordinate axes, with x axes always being the longest and z axis the shortest. For the whole ensemble, the distribution of the inertia tensors axis lengths was calculated. The shape of an inertia ellipsoid shows whether the anions prefer to stay in a thin plane or rather are distributed uniformly over a sphere. 

MSD

Mean Square Displacement (MSD) describes the movement of atoms or ions during the simulation from their initial position. When simulation is long  enough, it asymptotically approaches a straight line, whose inclination can be used to find the diffusion coefficient D according to the Green's function: σ2=6DT.

Mean Residence Time

Residence time of the anions in the first coordination sphere of the cations was used to describe the stability of ion pairs. The first coordination sphere was determined as a sphere centrered at the point X with radius 6.1Å, according to the X-B RDF (Fig. .....). The distribution of the residence times is exponential in nature: n(t) ~ exp(-t/τ))[Floris] with the characteristic relaxation time τ known as the Mean Residence Time, which allows to quantitatively assess and compare the stability of selected atom, or in this case, ion pairs. MRT can also be used for determining the diffusion mechanisms[Newkome]. In the simulations, the coordinates of the atoms were extracted with discrete 1 picosecond intervals, so by counting the number of consecutive frames/snapshots where the ion pair is together, the number is always an integer and the minimal distinguishable time interval would also be 1 picosecond, corresponding to 2 consecutive frames, as evident from the MRT plots when expressed in log-log axes.

System description

Analysis

The volue of the simulation cell (Fig. H1) contracts during the first 1 to 5 ns. By the second half of the 10 ns long simulations, the cell volume has stabilized.


[image: image4]
From the RDF and coordination number of anion boron B with cation carbon CE (fig. R2)(for atom definitions, see figure N1) in external electric field 50kV/m, it is possible to see that the composition did not affect the coordination sphere radius, but the coordination number was the lowest in case the polymer concentration was the lowest (2.7%) and the coordination number was the highest in case the polymer concentration was the highest (16.2%). The difference of CN is 0.4 at 7Å distance between the lowest and highest values, while the IL/CDC ratio was the same. Therefore the change in polymer amount has a slight effect on the anion-cation coordination. The effect is also present without electric field (Fig. R1), but less apparent, with only difference of 0.3 in CN at 7Å distance.
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From Fig. R4, where RDF and CN for anion borons (B...B) in external electric field 50kV/m is represented, it is possible to see that the anion-anion coordination number also increases and radius of the first coordination sphere decreases from 6.9 to 6.7Å with the polymer content increasing from 2.7% to 16.2%. The same increase of CN is apparent without electric field (Fig. R3), but in that case the coordination sphere radius is 6.8Å for all compositions. 
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The change in coordination number for anions with carbon (fig. R5 ) is twofold, from CN 2.8 to CN 1.4 at 5Å distance between the minimal and maximal polymer content. The PTFE appears to have a significant reducing effect on ions coordination with carbon. The effect does not show very large dependence on external electric field (Fig. R5, R6), but the coordination number is still slightly lower in case the electric field is applied (Fig. R7).

A similar effect is apparent for cations both with and without electric field (Fig. R8, R9).
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The PTFE polymer matrix percolated the simulation cell between its concentrations of 8% and 16% as can be seen from the deflection of its CN graph  from the straight line after 5Å distance in case of 16% PTFE content (Fig. R10). At the 16% concentration the polymer chains were able to connect into long structures through the whole simulation cell width, with about 5Å distance between the ends of adjacent PTFE molecules. In case of 8.1% polymer concentration the polymer molecules remained separated from each other.
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The first coordination sphere radius for cation-anion pairs (X...F) was  6.1Å. (Fig. ...). The less defined second coordination sphere had 7.5Å radius. Increase of the polymer content and applying the electric field was associated with more of  anion-cation coordination (Fig. ...), (Fig. ...) and lessened ion coordination with graphite (Fig. ...).

The radial-angular distribution of cations around an anion (Fig. A18, A17) does not show any systematic shift with the increase of polymer content, with change of IL/carbon ratio or with the addition of  electric field. Differences between the systems are small and random.

When comparing the radial-angular distributions of different cation atoms in reference of the anion, it is apparent that every other cation atom has two peaks of maximal probability in the 4-6Å distance region (Fig. A17), only the methyl group carbon has a single peak (Fig. A18), so the anion-cation coordination sphere radius is primarily determined by the methyl group.
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The diffusion of anions (Fig. M1) was fastest in case of the greatest IL/CDC ratio, but in case of other compositions no significant differences can be seen. In electric field (Fig. M2), it is possible to see an reversed order, the systems with the least IL/CDC ratio having greatest anion mobility, also by an in insignificant amount.
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The diffusion speed of cations (Fig. M7) is also anomalously high in the system with the greatest IL/CDC ratio. The mobility of cations in electric field (Fig. M8) follows the same pattern as for anions.
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The diffusion speed for carbon (Fig. M3) and its mobility in electric field (Fig. M4) were much larger in the system with greatest IL/carbon ratio than for any other simulations. That allowed the carbon to form an layered macrostructure in external electric field (Fig. S1, S2), not apparent in other systems. It is possible to see that the layers are parallel with the electric field (horizontal on the figure).
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The diffusion coefficient for PTFE (Fig. M5) was small when its concentration was 8% or more, however in the 5% case, it was much larger than in the 3% case. From its mobility in electric field (Fig. M6), it is possible to a minimum  at 8% concentration, with both systems with 5% and 16% PTFE concentration having greater PTFE mobility. However, considering the small number of PTFE molecules, that result can not be conclusive.

The increased mobility of ions in the system with the greatest IL/carbon ratio could have been facilitated by the coordination of ions with the more mobile polymer chain and detachment from the stationary graphite particles.


[image: image25]
[image: image26]
Results
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�Fig N1: the atom labels used for the ionic liquid.





�Fig R10: Radial distribution function and coordination number of the teflon monomer carbons C8 (see figure N1) without external electric field. 





�Fig M5:  MSD of PTFE carbon C8 without external electric field.





�Fig M6:  MSD of PTFE carbon C8 in external electric field 50V/mm.





�Fig H1: The volume of the simulation cell during the MD simulation with NpT ensemble.





�Fig R1: Radial distribution function and coordination number of anion boron B with cation carbon CE (see figure N1) without external electric field.





�Fig R2: Radial distribution function and coordination number of anion boron B with cation carbon CE (see figure N1) in external electric field 50V/mm.





�Fig R3: Radial distribution function and coordination number of anion borons B (see figure N1) without external electric field.





�Fig R4: Radial distribution function and coordination number of anion borons B (see figure N1) in external electric field 50V/mm.





�Fig R5: Radial distribution function and coordination number of anion boron B with graphite carbon C (see figure N1) without external electric field.





�Fig R6: Radial distribution function and coordination number of anion boron B with graphite carbon C (see figure N1) in external electric field 50V/mm.





�Fig R7: Radial distribution function and coordination number of anion boron B with graphite carbon C (see figure N1) in the system with  8% polyer content.  The simulations  without external electric field and with external electric field of 50V/mm are compared.





�Fig R8: Radial distribution function and coordination number of the cation centre point X with graphite carbon C (see figure N1) without external electric field. 





�Fig R9: Radial distribution function and coordination number of the cation centre point X with graphite carbon C (see figure N1) in 50V/mm of external electric field.





�Fig A18:  Two-dimensional radial-angular distribution of the C1 (cation methyl group) ... B (anion) distance and the C1...B-F angle for 8% polymer content and no external electric field. The nearest F atom to the C1 atom was used for the angle.





�Fig A17: Radial-angular distribution of the cation CR carbon in reference of the anion in case of 8% polymer content without external electric field. The angle between the B-F bond of the anion and the B...CR line is represented on the horizontal axis and the B...CR distance on the vertical axis. The frequency of appearance in the simulation is represented by colors.





�Fig M1:  MSD of anion boron B without external electric field.





�Fig M2:  MSD of anion boron B in external electric field 50V/mm.





�Fig M7:  MSD of cation nitrogen NA without external electric field.





�Fig M8:  MSD of cation nitrogen NA in external electric field 50V/mm.





�Fig M3:  MSD of graphite carbon C without external electric field.





�Fig M4:  MSD of graphite carbon C in external electric field 50V/mm.





�Fig S1: The structure of the ionic liquid and polymer in the composition with 5% polymer content with external electric field 50V/mm in the direction from left to right as shown by the red arrow. The carbon layer from inbetween has been removed for clarity.





�Fig S2: The carbon layer that was omitted from figure S1.
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