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Abstract

Molecular Dynamics (MD) simulations of crystalline LiPF6(PEO6 have been undertaken to probe the effect of different arrangement of chain-ends on the average structure in methyl-terminated, monodisperse (MW=1059) Poly(Ethylene Oxide) (PEO) host polymer.

Five start structures have been selected for simulations: two smectic and three nematic models that differ from each other for the extent of order in end-group distribution in the adjacent PEO chains. 

Besides the observed good stability of the most of the nematic systems, the possible existence of a specific smectic phase is suggested. The models with smectic interface, where Li+ ions are coordinated by the oxygens from both sides, are more likely to form larger crystallites than the smectic system without this possibility. Also, the sharing of Li+ ion by both ends of the cut chains leads to the coordination instabilities and to formation of Li+ - LiPF6- pairs. This mechanism of defect creation could be responsible for the enhancement of cation conductivity in these materials.
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1 Introduction

Poly(ethylene oxide)-based solid polymer electrolytes have been under considerable research attention for 30 years as promising materials for all-solid lithium-ion rechargeable batteries [tarascon2001n, scrosati2002book]. By the mid 1980s, it was widely accepted that only amorphous phases of PEO-based electrolytes conduct ions. Since then, most effort in the research field was addressed the suppression of the intrinsic crystallinity in PEO-salt complexes under their glass transition temperature around 60 (C. 

Recently, the discovery of a new crystalline phases of LiXF6(PEO6 (X = P, as or Sb) with higher conductivity than their amorphous counterparts challenged the conventional wisdom and raised questions on the conductivity mechanisms in these materials [bruce2001n]. To increase of the rather low conductivity (<10-7 (S(cm-1) at ambient temperatures with more that an order of magnitude through doping with aliovalent SiF62- anions has also been reported [bruce2005jacs] and the related effects have been modelled in our earlier work [brandell2005cm].

The structure of these compounds differs from the known crystalline PEO-salt complexes by complete dissociation of cations. The Li-ions are locked into tunnels, formed by two polymer hemi-helices (Fig. 01). From the presence of such pathways in the structure and from NMR measurements, a cation-dominated ion transport has been proposed [bruce2003jacs] but challenged in our Molecular Dynamics (MD) simulation study [brandell2005cm]. Clearly, the effective model from the refinement of diffraction data [bruce2001cm], which the MD model [brandell2005jmc] was based on, lacks the information on local defects such as chain-ends, site vacancies and crystalline interfaces. The nature of defects and their density in a real material determines the concentration and mobility of effective charge carriers and may favour either cat-ion or an-ion transport. Therefore, it is important to understand, what happens in defect regions and estimate then, how these effects accumulate into macroscopic observables.
Conductivity increase with decrease of a PEO chain length in crystalline phase of LiPF6(PEO6 has been attributed to the increase in crystallite size [bruce2003jacs] allowing longer pathways for ion transport and less grain boundary resistance. Since it was difficult to envisage the role of end-groups in this phenomena based only on the available experimental data, MD simulation of the defect-rich crystals have been undertaken.

In analogy to mesogenic molecules in liquid crystals, we have proposed smectic and nematic arrangements of PEO chains to represent fully ordered and disordered extremes respectively in spatial distributions of methoxy end-groups. [brandell2005jmc20054338]. In recent paper [bruce2006fd], Bruce et al specifically address the proposed models when interpreting the XRD and impedance spectroscopy data for crystals with poly- and monodispersed methoxy-capped MW~1000 PEO chains. They attribute lower conductivity in monodispersed system with the more ordered distribution of end-groups, which is not possible in polydispersed systems. What remains unclear is how is the translational symmetry of the crystal maintained with the increased concentration of chain-end defects, particularly, in a case of more ordered arrangements of the defects. Even though, the presence of chain-end defects is believed to be a primary driving force in generating Li+ vacancies in PEO channels, their nature at the atomic level remains still unclear. 

Here we extend our earlier work [brandell2005jmc] to probe a few model spatial arrangements of polymer end-groups of the LiPF6(PEO6 crystal with the goal to isolate the more realistic ones. The difference from the former study lies in removing possibly significant limitations in our previous models: a slight non-stoiciometry of the systems with 2.5% higher salt concentration; only two special arrangements of chains, smectic and nematic, were considered; one particular type of chain-beak with rather long methoxy-group separation (>5A) was implemented. In addition, the question on the existence of a smectic phase with an expanded two-dimensional registry of end groups, forming a plane in the crystal, is adressed. The possibility of having a percolating network of smectic interfaces attracts to think of an alternative ion conduction paths in the interface plane, which means an upgrade of this 1D ion conductor to 1D+2D conductor.

2 MD model and methods

Molecular dynamics technique is based on routine integration of classical Newton’s equations for a many-atom system, producing its time-evolution trajectory. The interatomic forces are approximated with simple analytical functions (the force-field) and parameterized from quantum mechanical calculations or from empirical data. The methodology has been well established for PEO-based polymer electrolytes [borodin2004k].

The simulation details here are generally the same as in our earlier works [brandell2005jmc, brandell2005cm, brandell2005jmc20054338].

All inter- and intramolecular force-field parameters for PEO were taken from Neyertz et al.[neyertz1994jcp], except the bond stretch and methyl-group rotation potentials; those are adapted from Jaffe et al. [smith1993jpc1252] and Borodin et al. [borodinjpcb6801]. The parameters for the interactions of PEO, Li+ and PF6- are taken from [smith1997jpca, borodin2001jcc]. In PEO, the flexible valence bond potentials were used to relax the start structure further. Simulations were run in DL_POLY [dlpoly] program at 293K using Nose-Noover thermostat with temperature relaxation time 0.1ps: 1ns under constant volume ensemble (NVT) followed by 1ns run under constant anisotropic pressure (N(T) with corresponding relaxation time 0.3ps.. This allows changes in the cell parameters. Trajectory data was sampled in 0.1ps intervals for further analysis.

The starting structures in the MD simulation boxes contained 4 ( 2 ( 4 unit cells of crystalline LiPF6(PEO6, Fig. 1, with dimensions a = 46.928 Å, b = 34.750 Å, c = 34.768 Å, ( = 107.8(, involving 32 PEO hemi-helices of CH3-(OCH2CH2)23-OCH3, along with 128 LiPF6 units. Further we refer to the chain-terminating methyl groups as chain end-groups and their location as defect area or chain-break. 

To represent an extended plain-like interface defect in the crystal, we prepared two smectic models that have a highly ordered registry of neighbour chain-ends. In the first, called smectic-A (1 in Fig. 2), the chains on either side of the interface provide 6-fold coordination to cations. In the second, the smectic-B model, (2 in Fig. 2) there is a “bridging“ Li+ at the interface coordinated by the chains from both sides.

The second group of three models represents nematic phases. The first two of those, 3 and 4 in Fig. 2, are derived from the smectic systems through displacements of neighbouring PEO tubes along the channel direction. Such a configuration was suggested by Bruce et al. for the crystal of monodispersed chains [bruce2006fd]. They are here referred to as nematic-2A and nematic-2B, respectively. The third, nematic-R model (5 in Fig. 2) is the most disordered, where the chain-breaks occur in random locations. The last arrangement is in concordance with that in [bruce2006fd], suggested for the polydispersed system.

In the above smectic/nematic classification of the start structures, we distinquish two possibilities how chain-ends wrap around Li+ ions: the perfect wrapping means that a chain termination doesn’t break the 6-fold coordination sphere of a cation whereas it does break in case of broken wrapping. Therefore, smectic-A, and nematic-2A have perfect wrappings, smectic-B and nematic2-B broken wrappings. 

One can thus think of description of the distribution of chains in these models with two variables: i) the adjacency of the neighbour chain ends; ii) broken wrappings of cations.

3 Results and discussion

Visual inspection confirmed that all the systems had maintained the characteristics of the start structures – the cylindrical PEO channels were still screening the vast majority of the Li ions inside from anion columns outside. The disturbances in structure are localized near the end-groups. Modest ion pairing, up to one one-fold coordinated Li+ PF6- pair per tunnel, is observed in those systems that had broken cation wrapping in the defect area. The coordination of the paired cations was nevertheless still dominated by ether oxygens as Li ions stayed inside the channels, which made the total structural distortions small. 

3.1 Simulated XRD 

To assess the average effect of the different defect distributions, XRD intensities of Bragg peaks were calculated from the trajectory data of each system, using the adapted version of DISCUS program [discus]. Profile calculation from NVT simulation (Fig. 3, middle), compatible with XRD-determined unit cell [X], brings the most intensive reflections to the same angles as in experimental profile (Fig 3, bottom). Deviations for the profile from NT simulations (Fig. 3, top) originate solely from the adapted force-field that hasn’t been optimized for accurate reproduction of the cell parameters of the crystal. We prefer not to compensate for this discrepancy because i) the simulated cells can then freely adopt the shapes compatible to the chain distributions ii) the intensive peaks from experiment and simulation come from the same reflections that justifies the comparison of the relative intensities.

The second assertion was specifically verified both theoretically from the formula of the inter-planar distance d [itxrcii, p. 106-107 ]:
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We used the program DIAMOND [diamond] to identify the Bragg reflections that contribute to the simulated intensity profile.

The four most intensive peaks from nematic-R model and from experiment [X] are listed in Table I and all the simulated profiles are compared with each other in Fig. 4.  

Table I Four most intensive peaks from nematic-R and experiment [X].

	Peak No.
	Reflection(s)

(h k l)
	Angle at peak maximum (2()
	Peak intensity (normalized)

	
	
	Nematic-R
	Experiment
	Nematic-R
	Experiment

	1
	(0 2 1)
	14.85
	14.38
	85%
	96%

	2
	(2 1 0), 

(-2 –1 1)
	16.45
	16.46
	44%
	33%

	3
	(2 3 0),

(-2 –3 1),

(2 1 1),

(-2 1 2)
	22.25
	21.94
	100%
	100%

	4
	(0 4 1),

(0 2 2)
	23.55
	22.84
	65%
	69%


The immediate impression is that the smectic-B, nematic-2B, and nematic-R models, which include broken wrapping of cations, have very similar relative intensity profiles which resemble more to the experimental pattern.

 The 2nd and 3rd peak of smectic-A and nematic-2A are clearly more splitted. We attribute these changes to the observed differences in average cell parameters shown in Fig. 5. The values of parameters a and (, are larger in smectic-A and nematic-2A and it follows from the Table I and Eq. 1 that the reflections in the corresponding peaks are sensitive to a. Additionally, nematic-2A deviates most from monoclinic symmetry which leads to further splitting of the reflections. 

The second difference involves 4th peak that is slightly shifted to higher angles in smectic-A and nematic-2A models. This correlates to lower value of cell parameter b for these systems (see Fig. 5). 

Alltogether, the comparison of relative peak positions and shapes suggests that the smectic-A and nematic-2A models that contain perfect wrapping conformations only i) are more elongated in PEO channel direction and ii) are more contracted in direction perpendicular to PEO channel direction, compared to the other three systems.  No apparent difference is seen between the smectic and nematic arrangements generally. Nematic-2A system deviates more from monoclinic symmetry.

Ion pairing near the chain defects, discussed in the next sections, seems not to affect the quality of the pattern for the observed pair concentrations. 

3.2 Li-O coordination and ion pairing

The models with perfect cation wrapping keep 6-fold coordination of Li ion to oxygens even in defect area (see Fig. 6, smectic-A and nematic-2A), whereas in the rest of the systems it varies from 4 to 7. These variations occur mostly in defect area as shown in Fig. 7, involving 2 or 3 Li-ions. The 7-fold Li-O coordination (dashed line in Fig. 7) is unstable - seventh coordinating oxygen spends typically less than 5ps in shorter distance than 3Å from the corresponding Li-ion. Typical coordination situation in smectic-B system is demonstrated in Fig. 8: in the left-hand channel, the Li-ion “below” the defect gap is coordinated by one methoxy oxygen across the gap from above (A), whereas another oxygen has migrated “up” to coordinate the Li-ion “above” the gap (B); in the right-hand, chain-ends from the “upper” channel have left the coordination sphere of the Li-ion in the “lower” channel which results in population of uncoordinated methoxy groups in the defect area (C); with deficiency of coordinating oxygens, the tube end contracts in wrapping around the Li-ion and leads to ion pair formation (D).

The persistence of “bridging” coordination as shown in Fig. 8: A, may have an important impact on the overall stabilization of the structure and will be discussed in the section below.

Ion pairing occurs mostly in the defect regions of broken wrapping systems as shown in Fig. 9, and exclusively to cations with low coordination numbers. Due to the competition with the coordinating polymer oxygens, the Li-F coordination is always one-folded, unless Li-ion has migrated outside the PEO channel. As the defect area contains uncoordinated methoxy groups (Fig. 8 C), ion-pairs occationally dissociate, and the “bridging” coordination, shown in Fig. 8 A , is restored. These association-dissociation events occur in nanosecond time scale and correlate with the cation-polymer coordination changes: a pair formation leads to 1 or 2-fold decrease of Li-O coordination number and vice versa. 

Ratio of 4-fold coordinated cations decreases in system as: smectic-B > nematic-2B > nematic-R, and is consistent with the decrease of ion pair concentration in the same order.

3.3  The channel structure

The Li-Li distance in the systems shows features that distinguish the effect of perfect and broken wrapping of the PEO chain around cations near the chain break region. In the smectic-A and nematic-2A systems, the average distance from the Li+ in the defect area to its nearest Li+ neighbour is similar to bulk conditions, just 0.1 Å closer, whereas the distance to the Li+ across the defect area is about 7.5 Å. It appears as an extra peak in Li+...Li+ radial distribution in Fig. 10, top. This effect is more profound in the smectic-A system, where the PEO channel ends are canted as shown in Fig. 11 and have been observed in our earlier study [brandell2005jmc]. In smectic-B and nematic-2B system, a significant amount of under-coordinated defect-area cations in a channel are closer to their neighbours than in bulk: the distance decrease to even less than 5 Å, compared to 5.9 Å in bulk (Fig 10, middle). Additionally, the distance to another neighbour across the defect gap is smeared out in the range 6...8 Å; the shorter distance is inherent to the “bridging” effect. A possibility for such a coordination disorder may facilitate the cation transition across the discontinuity in polymer channel and in this respect, support the models with broken wrapping over the smectic-A and nematic-2A models. 

The nematic-R system incorporates dominately those defect sites where only one of the PEO hemi-helices in any Li+ coordination sphere is broken. Therefore, the inter-cation distances in the defect area vary less than in smectic-B and nematic-2B model as shown in Li+...Li+ radial distribution in Fig. 10, bottom.

 In smectic-A and nematic-2A model, the methyl end-groups stay closer to PEO channel axis (Fig. 12 top) and each other (Fig. 12 bottom), which is in contrast to the observed larger Li+...Li+ distances across the defect gap. Smaller distance from channel axis for methoxy carbons in comparison with ethoxy carbons indicates that the cations in the defect area are tightly locked into polymer traps and may encounter higher barrier for cation transport activation. 

3.4 The smectic surface

Here we focus on the question of the possible existence of smectic interface with a registry of chain ends forming an extended plane in the crystal. To achieve this, two conditions need to be fulfilled: i) the pair of PEO chains, forming a tunnel, should terminate coincidently; ii) The neighbouring PEO tunnels should align with their ends adjacent. Clearly, only monodispersed PEO chains can fulfill these conditions in geometrical reason and in a polydisperse system such an interface can occur on crystallite interface. Eventhough it has been established in experiment that ion conductivity in a monodispersed system is lower than in polydispersed [bruce2006fd], the results from our study suggests that the smectic-B, as a model for a monodispersed system, has reasonable odds to compete with the nematic-R system (as as model for a polydispersed system): the PEO-tunnels are linked together through “bridging” methoxy groups and defect area exhibits disorder in cation positions that favour ion transport. This is in contrast with smectic-A system (see Fig. 13), which has neither of these properties. Furthermore, PEO tubes in smectic-A system feature small lateral dislocations, in order of 0.5Å, that disturb the translational symmetry of the crystal as shown in Fig 11; the simulated XRD profile is also poor. Therefore it is unlikely that crystallites larger than 5nm (corresponds to PEO MW~1000) in channel direction can exist in this configuration. 

It is still difficult to judge about the stability of this “bridging” arrangement in macroscopic scale. It cannot be ruled out that through conformational rearrangements of polymer strands the perfect wrapping type of chain-end arrangement is preferably adopted. The minimum of the Gibbs free energy can be driven by the difference in entropy in perfect and broken wrapping models, which can’t be sampled satisfactorily in an MD simulation. Possibly, the differences in ion pairing and cation-polymer coordination between the simulated models may reflect differences in vibrational spectroscopy results for mono- and polydispersed systems. Apart from perfect wrapping models, the rest of the simulated systems embody a significant ratio of contact ion pairs. Several spectroscopic studies have addressed the structure questions on LiPF6(PEO6 and its isostructural crystals [frec2005jpcb15161],[lassegues2004ssi],[ducasse2003pccp] and there is some evidence of having a “spectroscopically free” anions in these materials. 

4 Conclusions

The effect of different distribution of methoxy chain-ends in crystalline monodispersed LiPF6(PEO6 (MW ~1000) has been studied using MD techniques. Two smectic and three nematic models have been simulated with different degree of order in chain-end registry. Simulated XRD peak intensities compare well with experimental data and give preference to the systems smectic-B, nematic-B and nematic-R that have chain-break defects in cation coordination sphere (broken wrapping). Besides well performing nematic-R model, that mimics the random distribution of the chain-break like in polydispersed materials, also the smectic-B model showed compatibility in building larger crystallites and permitting cation transport across the PEO channel defects. Still it remains to answer the role of possible higher concentration of ion pairs and 4-fold cation to oxygen coordinated sites in smectic-B model.
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6 Figure texts.

Figure 1. The structure of crystalline LiPF6PEO6 a) view along the polymer channel axis, showing Li+ inside the channels and PF6- outside; b) view along the unique monoclinic axis and  c) view along the c-axis showing the cation and anion positions and chain configuration.   

Figure 2.
A schematic representation of the simulated structures: 1) – 2) are smectic systems; 1) chain breaks outside the Li+ coordination sphere, 2) the break occurs inside; 3)-4) nematic-2 systems, obtained from smectic systems by shifting neighbouring PEO tubes; 5) nematic-R system, where the chain-breaks locations are random.

Figure 3.
Calculated XRD peaks for the nematictic-R system where the cell parameters were not constrained (top), the same system with the ce ll parameters constrained to the experimental values (middle). The four most intensive peaks are marked to compare with XRD experiment (bottom).

Figure 4.
Calculated XRD peaks for all the five models compared with each other. Smectic-A and nematic-2A suffer for poorer pattern due to large changes in cell parameters. 

Figure 5.
Averaged cell parameters for the simulated systems compared with each other and with  XRD data.

Figure 6.
Distribution of Li+...O coordination numbers in the simulated LiPF6(PEO6 systems.

Figure 7.
 Li+...O coordination and radial distribution in nematic-B system where the differences between defect and bulk region are demonstrated.

Figure 8. 
Chain conformation rearrangements and Li+ coordination in the chain defect area of the smectic-B model of LiPF6(PEO6. 

Figure 9.
Percent on ion-paired cations in the five simulated models of LiPF6(PEO6 system.

Figure 10.
Influence on a intercation distances compared for cations in bulk and in the chain defect area; nematic-A (top), nematic-B(middle) and nematic-R (bottom).

Figure 11. 
Chain conformation rearrangements and Li+ coordination in the chain defect area of the smectic-A model of LiPF6(PEO6.

Figure 12.
Migration of chain ends characterized by i) the displacements of methyl carbons form the PEO channel axis; ii) distance between the methyl carbons across the chain-break gap.  

Figure 13.
MD snapshots for smectic-A (top) and smectic-B (bottom) LiPF6(PEO6 systems. 

Figure OUT?.
Figure shows  the competition of ion pairing  of undecoordinated cation (left) with “bridging” coordination. The latter is facilitated through donated methoxy oxygen (right) across the defect gap in the systems with broken Li-O coordination sphere; : the cation (left) coordinationto oxygens is 5-fold and it is paired   (1); the cation coordination number increases from 5 to 6 through a donated methoxy oxygen from left (2)  contact pair is broken (3). 
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