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ABSTRACT

Molecular Dynamics (MD) techniques have been used to study the structure and dynamics of a model system of an interpenetrating polymer (IPN) network for actuator devices. The systems simulated were generated using a Monte Carlo-approach, and consisted of poly(ethylene oxide) (PEO) and poly(butadiene) (PB) in a 80-20 percent weight ratio immersed into propylene carbonate (PC) solutions of LiClO4. The total polymer content was 32%, in order to model experimental conditions. The dependence of LiClO4 concentration in PC has been studied by studying five different concentrations: 0.25, 0.5, 0.75, 1.0 and 1.25 M. After equilibration, local structural properties and dynamical features such as phase separation, coordination, cluster stability and ion conductivity were studied. In an effort to study the conduction processes more carefully, external electric fields of 1(106 V/m and 5(106 V/m has been applied to the simulation boxes. A clear relationship between the degree of local phase separation and ion mobility is established. It is also shown that although the ion pairing increases with concentration, there are still significantly more potential charge carriers in the higher concentrated systems, while concentrations around 0.5-0.75 M of LiClO4 in PC seem to be favorable in terms of ion mobility. Furthermore, the anions exhibit higher conductivity than the cations, and there are tendencies to solvent drag from the PC molecules.
Keywords: Actuator, Interpenetrating Polymer Network, Molecular Dynamics simulations, poly(ethylene oxide), lithium perchlorate, ion conductivity.

1. INTRODUCTION

Electroactive polymers (EAPs) are polymer materials that change their shape or size in response to electrical stimuli. This feature makes this class of materials a good candidate in the field of medical devices, soft manipulators and biomimetics, since it can make actuator devices which mimics the behavior of biological muscles. EAPs which also inhibit properties similar to biological materials in terms of force, strain and speed are attractive for creating artificial muscles used in biologically inspired robots [1].

There are many types of electroactive polymers with various properties and with a various type of reaction to the electrical stimuli. Generally, EAP materials can be divided into two major groups: electronic and ionic EAPs. Ionic polymers have the advantage to operate at much lower applied electric fields than electronic EAPs. Among the most commonly used ionic EAP systems are the ionomeric polymer-metal composites (IPMCs), consisting of a ~200 μm thick ionomer membrane plated with metal (typically Pt or Au). The material exhibits a bending motion when a potential of 1-5 V is applied over the metal surfaces [2].   

There have, however, been some significant efforts during the last years to make an all-polymeric ionic EAP [3]. This can be achieved by combining electronically and ionically conductive polymer materials. The reason for this development is obvious: not only would the need for expensive metal layers disappear when making artificial muscle elements, but synthetic polymer materials also have the possibility to make biocompatible actuators.
The architecture of such an all-polymeric EAP device can vary. The simplest mimics the IPMCs, consisting of a solid polymer electrolyte (SPE) sandwiched between two layers of electronically conductive polymer (Fig. 1a). Unfortunately, these kinds of actuators have a significant drawback in the delamination process, which limits the actuator’s life time severely [4]. However, this problem can be overcome [5,6] by designing the actuator as a three-component conducting interpenetrating polymer network, with the conducting polymer embedded in an elastic polymer electrolyte network (Fig. 1b). The tight entanglement of the networks ensures good interpenetration of the components, and a good mechanical stability. In some cases, the combination can also enhance chemical and physical properties of the individual components. 
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Figure 1. All-polymeric actuator architectures: a three-layer device with a solid polymer electrolyte (SPE) sandwiched between layers of electronically conductive polymers (a) and a “gradient” IPN actuator with the electronically conductive polymer gradually dispersed in the ionically conductive IPN matrix (b).
A promising all-polymeric IPN actuator combination studied in recent years [7,8] has been using poly(3,4-ethylenedioxythiophene) (PEDOT) as the electronically conductive polymer, and a network of poly(ethylene oxide) (PEO) and polybutadiene (PB) as the SPE. By synthesizing PEO and PB simultaneously, the IPN formation of an SPE with appropriate mechanical and ion conductivity parameters can be ensured. PEO here act as a solvent for salts (in the present study LiClO4 dissolved in propylene carbonate (PC)), while PB functions as an elastomer. The actuation motion of the membrane is considered to be due to ClO4- anions pairing up with positively charged electric holes in PEDOT, which leads to a mechanical response in that polymer. The Li+ cations are at the same time considered to be immobilized by the complexation with PEO. 
It is however difficult to obtain detailed experimental information on all the molecular processes and interactions which are involved in the actuation motion. The studies has mostly been limited to morphological and mechanical investigations, and there has so far not been generated any data describing the conduction processes taking place in this IPN material, and therefore no conclusions has been reached on how to achieve stronger and faster response upon actuation. This is not unexpected, since the material both lacks long-range order and consists of a complex combination of polymers which rule out many conventional techniques. For these reasons, atomic level simulations can be valuable complements to experimental observations. Simulations and modeling can be used to study network morphology, local structures and the crucial conduction mechanisms – and how these properties relate to each other. For Nafion-based IPMCs for example, such studies have helped to gain insights on several size and time ranges [9-11].
In this study, we use Molecular Dynamics (MD) simulations to examine some structural and dynamical phenomena in the SPE phase of the IPN material. The PEDOT content has in this study been left out to decrease some of the system’s complexity. This is the first MD simulation of an IPN material for actuator applications, and the study is also pioneering the MD technique with regard to the materials complexity. 
2. THE MD SIMULATIONS

In an MD simulation, atomic motion in a chemical system is modelled in classical mechanics terms by solving Newton’s equations of motion simultaneously for all particles in an appropriately chosen periodic simulation box. This set of equations is solved by a computational algorithm and depends implicitly on the description of the forces acting between the particles; i.e. the Force Field of the system.     

2.1 The model

In our model, we used one single chain of PEO consisting of 260 monomers, CH3-(OCH2CH2)259-OCH3, and one chain of PB 55 units long, CH3-(CHCHCH2CH2)-CHCHCH3. All CH=CH bonds was initially in their trans configuration.  The start structures were initially generated by the Monte Carlo polymer-generation program mcgen [12]. After polymer generation, 271 PC molecules and LiClO4 salt ions were inserted randomly into a 40(40(40 Å simulation box. The number of inserted Li+ and ClO4- ions was varied to fit the desired concentration according to Table 1.
Table 1. Desired concentration and number of ions inserted into the simulation boxes.
	Concentration of LiClO4 in PC (M)
	Number of Li+/ClO4- ion pairs in simulated system

	0.25
	6

	0.5
	12

	0.75
	17

	1.0
	23

	1.25
	29


The systems thus contain 32 weight-% polymer, of which 80% is PEO and 20% PB. These proportions have been chosen in order to resemble the experimentally investigated systems [7]. However, in those systems the PEO chains are attached in a ladder-formation onto aliphatic backbones, which in our model system have been omitted to reduce the complexity. The final simulation boxes consisted therefore of between 5933 and 6071 atoms, depending on salt concentration.
2.2 Force field

The intramolecular potentials for PEO, describing bending and torsional motion in the polymer chain, have be taken from Neyertz et al. [13] and has been used in many MD simulations studying different polymer electrolytes for Li ion batteries [14-17]. The Force Field regarding PB was taken from Okada and Furuya [18] and Jorgensen et al. [19], while the one describing the PC solvent was taken from Soetens et al. [20].
Any type of intermolecular potential in the system was described by a combination of Buckingham or Lennard-Jones and electrostatic potentials: 
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where A, B, C and D are constants depending on the interacting atom-types. The values of the constants regarding the crucial LiClO4 interaction with PC and PEO were taken from Li and Balbuena [21] and Borodin et al. [22], respectively, while other intermolecular potentials could be obtained using Lorentz-Berthelot standard combination rules. 
2.3 Simulation details

The MD simulations use periodic boundary conditions and an Ewald summation which treats the long-range electrostatic forces. The short-range cut-off used is 16 Å and the Verlet sphere used in the construction of the Verlet neighbour-list has a 0.5 Å radius. All simulations consisted of an equilibration period of 2 ns at constant volume (NVT simulation), followed by a sampling period of another 2 ns at constant pressure (NPT simulation). To all relaxed systems were then external electric fields applied of size 1(106 V/m and 5(106 V/m in the x-direction of the box (the direction is of less importance, though, since the system is non-periodic) for another 2 ns for each field strength. 
A multiple time-step technique was used, with a longer time-step of 1 fs for longer distances, and a shorter time-step of 0.2 fs inside a sphere of radius 6 Å. The simulations were performed under ambient conditions: 293 K and a pressure of 1 bar. The polymer MD simulation program used was DL_POLY [23]. 

3. RESULTS AND DISCUSSION

The dimensions of the simulation box did not change significantly during the simulation; as a maximum the cubic box side a increased with 1.4% during NPT simulation. This is a sign, although not a proof, that our force field is reliable despite its many sources and the complexity of the system. The original system size, prior to simulation, was modeled on the experimental density for 1 M concentration of LiClO4 in PC: 1.15 g/cm3. The variation in final density, listed in Table 2, is however negligible as the concentration changes and is well within the error margins for a densiometric measurement.
Table 2. Variation in density.

	Concentration of LiClO4 in PC (M)
	Density (g/cm3)

	0.25
	1.13

	0.5
	1.11

	0.75
	1.11

	1.0
	1.12

	1.25
	1.12


3.1 Global structure and phase separation
Figs. 2a-e show the final snapshot of every box after NPT simulation without any electric field applied. Since the polymers, solvent molecules and ions were generated or inserted randomly in the box, we can see that the system show a clear tendency towards phase separation. Especially PEO seem to have energetically unfavorable interactions with both the solvent and PB, since the (relatively long) PEO chain is located into one part of almost every simulation box. 
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Figure 2. The five simulation boxes of PEO and PB IPN with LiClO4 in PC with concentrations:  a) 0.25 M, b) 0.5 M, c) 0.75 M, d) 1.0 M, e) 1.25 M. PEO is black and PB and ions are grey balls and sticks, while PC molecules are thin wires. 
In an attempt to quantify the degree of phase separation in the systems, the equilibrated simulation boxes were scanned with a 12x12x12 grid and the content in every grid box was quantified; the results are summarized in Table 3. In a completely uniform system, every single box should contain some proportions of all molecular species in the system, and thus should all table values approach 100%. 
Table 3. The percentage of the 1728 (12x12x12) grid boxes occupied by different molecular species.

	Concentration (M)
	PC 

(%)
	PEO 

(%)
	PB 

(%)
	PC and PEO (%)
	PC and PB (%)
	PEO and PB (%)

	0.25
	63.9
	31.8
	11.3
	5.3
	4.2
	0.8

	0.5
	62.3
	29.2
	11.2
	2.6
	4.4
	0.6

	0.75
	62.2
	29.2
	10.9
	2.7
	3.8
	0.7

	1.0
	62.7
	29.9
	11.1
	3.3
	4.2
	0.8

	1.25
	62.0
	30.2
	11.0
	4.1
	3.6
	0.6


The differences in absolute percentage numbers between PC, PEO and PB reflects to a vast extent the differences in molecular content of the box – obviously, with a rather small PB content, not that many boxes could be filled with the polymer. By inspection in Fig. 2, it is however clear that PB is not phase separating as much as PEO, but is rather intermixed with the PC solvent. Multiplying the percentage numbers for PC and PB gives almost the percentage of PC and PB combined, which is an numerical evidence of this situation. This is not the situation for PEO and PC, or PEO and PB, which show that PEO does have a strong tendency to phase separate.  

The concentration differences may not look that apparent in the table, but it is clear that the lowest concentrated system (0.25 M) seem to have the higher percentage in every column, which means that the phase separation is less strong there. This also seems to be visible in Fig. 2a. Since the ions are mostly coordinated to solvent molecules (see section 3.2), this can be due to the fact that the PC-ion-PC interactions forms a more stable network when the concentration gets higher. With more uncoordinated PC molecules, they have a larger tendency to dissolve PEO.
PB and PEO does phase separate experimentally in the dry state, so it is not unexpected to find the same effect here. However, there are no experimental evidence that PC would not dissolve PEO in the IPN. However, this could be an artefact of the model – in the experimental IPN the PEO strands are attached to aliphatic backbones, which makes it more difficult for them to entangle between themselves. Another reason might be that the PEO-PC potentials derived are too unsophisticated. One can also envision a structural situation resembling Nafion®, with a phase separation at the sub-micron level, but the material being homogeneous on a more macroscopic scale [24]. This can however not be investigated with conventional MD methodology, since the reachable simulation box size is too small. 
3.2 Local coordination
The Radial Distribution Function (RDF) gAB(r) shows the probability of finding an atom of type B at a distance of r Å from atom type B. The Coordination Number (CN) function shows the coordination number of B to A at the same distance. In Fig. 3, the RDFs and CN functions for Li+ towards the other species molecular are shown for the lowest concentrated system. 
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Figure 3. Li+ RDF and CN functions for the simulated IPN systems with 0.25 M concentration (same legends).
It is very clear that the Li ions have a total CN of 4 in this system, with the nearest neighbors at 1.8 Å distance. The most prevalent coordination is to O1 on the PC molecule, which is the carboxyl oxygen. This coordination was also found by Soetens et al. in their MD studies [20], but contradicts the suggested complexation of Li+ by PEO which have been suggested in the experimental literature on the present IPN system. There is also some tendency to ion pairing even at this low concentration – around 20% of all ions in every snapshot is paired – and there exists a broader coordination peak to PEO as well. It is obvious, however, that any Li+ coordination to PB or to other oxygen atoms on the PC molecule is unfavorable.  
Fig. 4 shows the concentration dependence of the Li ion coordination. The most striking phenomenon is perhaps the dramatic decrease in coordination to PEO when the concentration is over 0.25 M, which can be the explanation for the difference in phase separation discussed in section 3.1. However, the coordination number to PEO is not high even for the lowest concentration. 
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Figure 4. Li-Cl, Li-Ocarboxyl and Li-Oethylene CN functions for the simulated IPN systems without external electric field (same legends).

A more expected result is that the ion pairing and potential outsalting increases when the concentration is higher, which can be seen from the Li-Cl CNF. As the Li-Cl coordination increases with concentration, the Li-Ocarboxyl coordination also decreases with the same amount. The only noticeable exception from the expected trends is that the 0.5 and 0.75 M systems come in opposite order to each other. The difference in CN between these system is equivalent to the difference in Li-PEO coordination, and is thus an indication of a more stable phase separation in the 0.5 M system. 
The anion coordination is not as well-defined as the cation’s in the investigated systems, which can be seen in Fig. 5. Apart from coordination to Li+ (shown in Fig. 3), the anion coordination sphere consists almost exclusively of the solvent molecules, and with rather weak preference to the different carbon atoms on the PC molecule apart from a tendency not to coordinate to the carboxyl group carbon (C1).
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Figure 5. Clanion RDF and CN functions for the simulated IPN systems with 0.25 M concentration.
3.3 Transport properties and ion migration
Mean Square Displacement (MSD) plots has been used throughout to investigate the dynamic properties of the different components in the system. The diffusion coefficient (D) for the different atom types can in theory be calculated from the slope of the MSD plots. For ionic species, the conductivity can thereafter be calculated by the Nernst-Einstein equation. The individual values of D and the corresponding conductivity values for Li+ and ClO4- have not been calculated here; however, the MSD graphs themselves do give quantitative indications on which species in the system are most and least mobile – the steeper slope in the MSD graph, the higher the mobility is. 
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Figure 6. MSD functions for different atom types at 0.25 M and 1.25 M LiClO4 in PC for the simulated IPN systems.

Fig. 6 shows the mobility of the molecular species for both the highest and lowest concentrations without external electric field. Both systems show the same main trends: the solvent molecules are the most mobile, while the ionic species are the least mobile, with the cations exhibiting the lowest mobility. The differences between the two polymer types are negligible. Since both ionic types are coordinated to solvent molecules (discussed in section 3.2), the solvent molecules apparently do not drag the ions with them while moving around in the IPN matrix, or rather, the mobile PC molecules are those uncoordinated by ions. The ion pairing can to some extent be an explanation for the low ion mobility, although this should not be a dominating factor at the lower concentration (see Fig. 3). 

It is unexpected that the absolute values of D seem to be higher at 1.25 M concentration than at 0.25 M. Ion pairing, which occurs more frequently at higher concentrations, usually decreases the ion mobility. Fig. 7 provides a comparison between the MSD functions of Li, Cl and Ocarboxyl for all different concentrations simulated without electric field. Here we can see that the situation is even more complex – the 0.5 M system apparently is the most mobile one, while the 0.25 M system mobility is significantly below the rest for all species. The reason for this is probably the different amount of phase separation. PEO might complex some Li ions and immobilize them, and at the same time there is less of a well-connected channel with solvent where molecules and ions can diffuse more easily. As stated in section 3.1, the 0.25 system has less of a phase separation than the rest, which means that the ions coordinate to a higher degree to PEO, a fact which is also clearly shown in Fig. 4. Taking this comparison further, we can see that also the two other systems with lower mobility – 0.75 M and 1.25 M LiClO4 in PC – also show some Li+ coordination to PEO in Fig. 4. 
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Figure 7. MSD functions for different atom types at 0.25 and 1.25 M LiClO4 in PC for the simulated IPN systems without field.
3.4 Transport in an external electric field
In an effort to more closely study the transport processes of ions in the SPE, simulations have been conducted with an external electric field over the simulation box. The used field strengths, 1(106 V/m and 5(106 V/m, might appear high, but is in the correct magnitude for the boundary layers close to the PEDOT surface in the IPN actuator. As can be seen in Fig. 8 (the example is for the lowest concentration, but applies to all simulated systems), only the higher field strength is giving a significant rise in anion mobility; i.e. the mobility of the molecular species which give rise to the actuation motion. The threshold for ion conductivity seems to lie around the lower value of the chosen field strengths. 
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Figure 8. MSD functions for Clanion at 0.25 M LiClO4 in PC under external fields of 0, 1 and 5(106 V/m for the simulated systems.
Studying the differences in mobility between the different concentrated systems under the influence of a field (Fig. 9; anion mobility is the only one shown, but the same trend applies for all other species) gives a slightly different picture than for the systems simulated without field. Here, the 0.75 M system clearly responds more strongly when the field strength increases. Also the 0.25 M system increases its conductivity more than the others. This might be due to that the increased field gives rise to structural changes, such as a more profound phase separation, which can benefit ion conductivity. For higher concentrations, the ion pairing is getting more severe when the field strength increases, which certainly will decrease the ion mobility.
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Figure 9. MSD functions for Clanion at different concentrations under external fields of 1 and 5(106 V/m for the simulated systems.
3.5 Stability of the anion coordination sphere
As stated in the introduction, the actuation motion is dependent on the anion mobility in the system. Anion mobility, in turn, is dependent on the ion pairing, but also on the drag from the solvent molecules – a high solvent drag will slow down the actuators response time. Since ClO4- is uncoordinated to the polymers, it is only its interactions with PC which are of interest in this respect.
Fig. 10 shows the average coordination number residence time correlation for every anion in two systems, the lowest and highest concentrated. Calculations has been made according to Lee and Rasaiah [25]. Every single line in the graph represents a single ClO4- ion. The lines start at the beginning of the analyzed time gap with the average CN between the individual ClO4- ion and PC molecules during the simulation, and as individual PC molecules leave the coordination sphere around a specific anion, the line falls off. This means that interchanging PC molecules are not included in the coordination sphere as it evolves, and if all PC molecules around an ion are replaced by others, the line approaches zero. Such a fast sloping line corresponds to an anion which experience little solvent drag.
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Figure 10. Anion-solvent average residence time correlation for 0.25 and 1.25 M LiClO4 in PC without an external electric field.

Generally the lines in Fig. 10 apparently falls off faster at higher concentration, which means that the coordination spheres are less fix, and which therefore would enhance the anion mobility. This is somewhat unexpected, since the amount of PC molecules per anion is much larger at lower concentration, and therefore the competition to coordinate to LiClO4- should increase. However, considering the larger amount of coordinating cations at higher concentration and the possibility for cations to also coordinate solvent molecules, one can envision a situation where the solvent molecules are dragged at a significantly high rate from whatever ion it coordinates to. The competition is “inverted”, so that there is now a lack of solvent molecules for the ions, which leads to the instability whose effects are visible in Fig. 10. But, even at the higher concentrations, a substantial amount of the PC molecules around the individual anions stay coordinated all through the simulation. The solvent drag is not negligible. 
Adding an external electric field onto the simulation box makes the residence time go down further, which can be seen if Fig. 11 is compared with Fig. 10. Note that time-scales on the x-axis are different; the lines are sinking much faster when the field is applied. This is an indication on that the solvent drag is not a severe factor limiting the response time in actuating mode when the external field is high. Rather, a picture emerges of mobile anion jumping between PC molecules through the IPN matrix, pushed by the external field. Nevertheless, it is important to consider that this field strength is probably far above the threshold for the ion conductivity processes to start – around the threshold (e.g. at field strength E= 1(106 V/m), the residence time is longer, and the solvent drag therefore of higher importance.  
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Figure 11. Anion-solvent average residence time correlation for 0.25 M LiClO4 in PC with an external electric field of 5(106 V/m.

4. CONCLUSIONS AND FUTURE WORK
It is clear that there is a strong correlation in the studied system between global structure, local coordination and mobility properties – they all have a significant effect on each other. It seems for example that the phase separated systems have a higher tendency to exhibit high ion mobility, due to the lack of ion interactions with the polymers. In turn, phase separation is obviously dependent on ion concentration. But whether or not this phase separation between especially PEO and PC exists in the experimentally synthesized material is yet hard to tell. 
That 0.5 M LiClO4 in PC without field, and 0.75 M LiClO4 in PC with field, display higher mobilities than the other systems raises the question of whether there exist an “optimal” concentration for maximizing the conductivity. However, when the concentration increases and the mobility of the ion decreases due to ion pairing, this might be compensated by that the number of potential charge carriers is increased with the addition of more salt. To determine an optimal concentration requires a more quantitative approach than in the present study, and we hope to return to this question in the near future.
One can also raise questions on if changing the ions or the solvent would yield a more efficient actuator. Probably the ion pairing could be reduced significantly by changing to larger anions (like TFSI) which pair less good with the lithium ion. On the other hand, too large anions might be subjected to sterical hindrance when passing through the IPN, and since the interaction with the solvent does not look too limiting for the ClO4- mobility, there might be little incitement to search for other solutions on this level. ClO4- also interacts nicely with PEDOT in the electron transfer, giving rise to the actuation motion, and it is not certain if other ions will show similar result.   
There are of course many improvements which could be done to the model used here: PEDOT could be included, and the polymer configuration could resemble the synthesized ladder-structure better. Also the force field could be subject for improvements. Nevertheless, the present study is a vital step in achieving a computational model of IPN systems for actuator applications. 
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