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The dynamics of lithium ions and polymer chains were investigated at the molecular scale in the model polymer electrolyte Poly (ethylene oxide) (PEO)/Lithium bis(trifluoromethanesulfonyl)imide as a function of temperature. This system is known to present an intermediate range order from the arrangement of neighboring chain segments as well as an extended range order of cylindrically arranged chains. The collective dynamics of the systems at lengthscales matching these structural features was measured using Neutron Spin Echo spectroscopy, gaining insights into their lifetime. Moreover, using isotope substitution techniques the dynamics of the lithium ions with respect to the other atoms was probed. The obtained results are compared with the conductivity and the lithium self-diffusion coefficient measured by NMR to gain experimental insight on the molecular processes triggering lithium transport.
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1 INTRODUCTION
The need to improve the sustainability, performance, and safety of lithium batteries urges the scientific community in the search for alternatives to currently employed electrolytes based on organic solvents. One of the possible families of alternative candidates are solid polymer electrolytes, which, being non-flammable and not dispersive, would significantly reduce safety concerns. However, this class of materials in general do not currently offer the conductivities required for practical applications. The system most intensely studied is Poly (ethylene oxide) which is able to dissolve large amounts of lithium ions and, in the melt phase, afford conductivities of the order of 10−3 S/cm. (Meyer, 1998). In PEO, lithium ions are coordinated with the ether oxygens of the polymer chains and the conduction mechanism proceeds through jumps of the ion among different ether oxygen cages. In particular, one of the most common salts employed is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), because, in PEO, it is mostly dissociated even at elevated lithium content; (Borodin and Smith, 2006); this has been attributed to relatively large size of the anion and the consequent delocalization of its charge.
The detailed structure of the lithium ions environment in PEO/LiTFSI was determined using Neutron Diffraction with Isotopic Substitution (NDIS), taking advantage of the fact that the coherent scattering length of 6Li and 7Li is different; (Mao et al., 2000a). Measurements were carried out on homologues samples of P(EO)7.57LiTFSI and P(EO)7.56LiTFSI, their difference providing the correlations between lithium ions and the other atoms in the system. The proposed structural picture from this study is that each Li+ ion is coordinated to five ether oxygens, with an interatomic distance of ≈2 Å corresponding to a peak in the structure factor at Q ≈ 2π/2 Å−1 ≈ 3 Å−1 (Q being the exchanged wavevector in the neutron scattering experiment). The main structure factor peak is located at ≈1.5 Å−1 and is referred to as the Intermediate Range Order (IRO) peak; the main origin of this feature, which is common to the electrolyte and the pure polymer, is the intersegmental correlation of the PEO. Furthermore, together with the peaks described above at ≈1.5 Å−1 and ≈3 Å−1, which are present both in the pure polymer and the electrolyte, the addition of the salt induces the presence of a peak in the static structure factor at ≈0.6 Å−1, which is absent in pure PEO, indicating a longer range structuring, referred to as the Extended Range Ordering (ERO). This feature is reminiscent of what is observed in crystalline c-P (EO)6LiAsF6, although in this case it is retained in the liquid phase. The ERO is attributed to the presence of pairs of PEO coils, bonding lithium ions, which interlock to form cylinders arranged in a 2D dense random packing, with the TFSI− anions occupying the spaces between them. (Mao et al., 2000a). It was speculated that these cylindrical arrangement of the PEO coils might provide pathways for the lithium transport. Similarly, the possibility that long range ordering could provide directed pathways for lithium transport was also proposed on the basis of QuasiElastic Neutron Scattering (QENS) results on PEO/LiClO4. (Fullerton-Shirey and Maranas, 2009).
The conduction mechanism of the Li+ ions requires, therefore, the breaking of the Li-O association and is accompanied by fast relaxation of the local polymer chain structure. Stretching of the polymer main chain as well as the flip of the local ether oxygen away from the cation, could cause the decay of the Li-O cage and the release of the cation. In fact, the temperature dependence of the conductivity correlates to the α-relaxation as measured using Dielectric Spectroscopy (DS). (Do et al., 2013). Moreover, it has been shown how the cation concentration dependence of conductivity is proportional to the behavior of the Rouse rate of the entropy driven dynamics of the chains as measured using QENS. (Mongcopa et al., 2018). These findings are in agreement with classical theories which assume proportionality between conductivity and the polymer segmental dynamics; although this assumption has been criticized, it appear to hold valid for electrolytes where lithium is dissolved in PEO. (Wang et al., 2012). The macroscopic self-diffusion coefficient of both cations and anions in PEO can be measured using pulsed field gradient Nuclear Magnetic Resonance (NMR). In the limit of ideal solution behavior, the conductivity can be calculated from the measured diffusion coefficient of the ions, and good agreement has been found at least for salt concentrations of [Li]/[EO] = rs = 0.08 (here [Li] and [EO] indicate the lithium salt and ethylene oxide monomer molar content, respectively) and lower. (Timachova et al., 2015). However, uncovering the details of lithium transport requires insights at the molecular level on both the polymer and ion dynamics. Such insights are offered by Molecular Dynamics simulations (Borodin and Smith, 2006; Maitra and Heuer, 2007; Diddens et al., 2010; Do et al., 2013) but are challenging to obtain experimentally. High resolution neutron spectroscopy methods (Gardner et al., 2020) provide nanoscopic length- (from the Angstrom to tens of Angstroms) and time- (from the picosecond to tens of nanoseconds) scale insights; moreover, neutron scattering experiments can take advantage of isotopic substitution techniques and are sensitive to light atoms such as hydrogen. For these reasons, neutron scattering methods are well suited to investigate the polymer dynamics (Richter et al., 2005; Sakai and Arbe, 2009) in polymer electrolytes. In fact, QENS techniques have been used to investigate the single particle dynamics of the hydrogen atoms of the polymer chain in several PEO electrolytes. (Mao et al., 2000b; Triolo et al., 2002; Fullerton-Shirey and Maranas, 2009). Moreover, using Neutron Spin Echo (NSE) spectrometers, the collective structural relaxation of the PEO chains was investigated in several PEO based lithium electrolytes employing deuterated chains, thus obtaining information on the segmental dynamics of the polymer chains. (Mao et al., 2002; Saboungi et al., 2002).
As detailed above, dynamic neutron scattering was used to investigate both the Rouse dynamics of the PEO chains (Mongcopa et al., 2018) and the segmental dynamics of the IRO in PEO/LiTFSI electrolytes. However, the collective dynamics over larger length scales, in the region often referred to as the mesoscale, (Novikov et al., 2013), was not probed before. In fact, in electrolytes showing longer range order, the dynamics of the larger scale structures has been shown to be relevant for the conduction mechanism (Yamaguchi et al., 2015) and other transport properties. (Bertrand et al., 2017; Yamaguchi et al., 2017; Yamaguchi and Faraone, 2017; Yamaguchi et al., 2018; Yamaguchi et al., 2019; Zhai et al., 2021). In this work, using NSE we investigated the dynamics of model polymer electrolyte P(EO)7.5LiTFSI at Q values matching the ERO and IRO peaks, as a function of temperature to relate the mesoscale dynamics to ion transport. Moreover, for the first time, we employed 6Li and 7Li isotopic substitution methods to experimentally measure on the same sample the mutual dynamics of lithium with respect to the PEO chains, as well as the collective PEO dynamics at the nanoscale. In this paper, first, a more detailed introduction to dynamic neutron scattering methods and neutron spin echo will be provided. Details on the sample preparation and experimental setup will be reported in Section 3. The results obtained in this work and their discussion will be found in Section 4. The final section will summarize the insights obtained.
2 DYNAMIC NEUTRON SCATTERING
The objective of a dynamic neutron scattering experiment is the measurement of the double differential scattering cross-section, [image: image], the probability that a neutron is scattered by the sample in the solid angle within Ω and Ω+dΩ exchanging an energy with the sample within E and E + dE. The double differential scattering cross section is related, apart from trivial prefactors, to the dynamic structure factor, S(Q,E):
[image: image]
Where Ntot is the total number of atoms in the sample, kf and ki represent the moduli of the scattered and incoming neutron wavevector, respectively, and Q = |Q| = |kf-ki| is the modulus of the exchanged wavevector. The dynamic structure factor is defined as the Fourier transform of the Intermediate Scattering Function (ISF), I(Q,t):
[image: image]
The ISF is a property of the sample defined as:
[image: image]
Here, ⟨⟩ indicates the ensemble average and ri (rj) is the position of the i (j)-th atom in the sample, whose scattering length (which describes the scattering probability of a neutron by a nuclei) is bi (bj). Eq. 3 details how the magnitude of the exchanged wavevector, Q, defines the length scale at which the dynamics is probed. As described below, a neutron spin echo spectrometer measures the Fourier transform of S(Q,E), the ISF directly. The scattering length of an atom depends on its isotopic nature as well as on its nuclear spin state. Since these two quantities are uncorrelated to their position, Eq. 3, can be rewritten as:
[image: image]
where Ntot is the total number of atoms in the system.
The i (j)-th atom can be defined as the n (m)-th atom of the specie α (β), allowing us to write:
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It follows:
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Where Nα and Nβ are the number of atoms of the specie α and β, respectively.
Eq. 6 defines the neutron scattered beam as the sum of a coherent and incoherent component. The coherent and incoherent components yield information on the collective, i.e., mutual, and self, i.e., single particle, dynamics of the atoms in the sample, respectively. The coherent ISF is the sum of the partial ISFs, Iαβ(Q,t), of all the possible atomic specie couples; their contributions being weighted by the product of the coherent scattering lengths, [image: image], of the species. The relative weight of the partials can be modified, in certain cases, by isotopic substitution. On the other hand, the incoherent ISF is the sum of the single particle ISFs of each atomic specie, weighted by the incoherent scattering cross-section, [image: image], of the specie.
In a static neutron scattering experiment the energy of the scattering beam is not analyzed, which is equivalent, within certain approximations, to integrate Eq. 2 over E from -∞ to ∞. This corresponds to taking the value of the ISF at t = 0, which defines the static structure factor, S(Q):
[image: image]
The coherent scattering contribution to S(Q) is modulated in Q by the atomic spatial arrangements whereas the incoherent scattering contribution is constant.
NSE is the neutron scattering method which allows to probe dynamics at the largest length scales and longest time scales among all neutron spectroscopic techniques. (Gardner et al., 2020). The method employs a polarized neutron beam; the neutron’s spin precesses in a magnetic field before and after scattering by the samples. An opportune π flipper reverses the spin direction such, that the magnetic field experienced by the neutron after scattering effectively unwinds the precession accumulated in the first arm. For a purely elastic scatterer, apart from instrumental effects, the initial polarization is recovered. Sample dynamics alters the neutrons’ velocity, i.e., energy, resulting in a loss of polarization. The measured polarization relates directly to the ISF, the Fourier transform of the S (Q,E), the probability distribution of exchanged energy. In a NSE spectrometer the energy resolution is decoupled from the monochromaticity of the incoming beam, which affords to investigate dynamics process up to tens of nanoseconds, which corresponds to an energy resolution of the order of tens of neV. In NSE the signal is encoded through the beam polarization. While the coherent scattering contribution does not alter the polarization of the neutron beam, the incoherent scattering contribution flips the polarization of the neutron beam for a fraction of 2/3 of the scattered beam. Hence, the ISF measured by NSE, INSE(Q,t), is not the sum of the coherent and incoherent contributions but is given by:
[image: image]
Moreover, in general NSE measurements yield the normalized ISF:
[image: image]
3 METHODS AND MATERIALS
3.1 Samples
Deuterated PEO with a molecular mass of 24 kDa [dP24k(EO)] and a dispersity (Đ) of 1.06 was synthesized by high vacuum anionic polymerization techniques using potassium ethoxide-d5 as the initiator and tetrahydrofuran (THF) as the solvent. This polymer was characterized Malvern OMNISEC system equipped a light scattering detector and a refractive index detector, two PLgel mixed-C columns and one PLgel guard column. THF was the eluent with a flow rate of 1 mL/min at 30°C. This sample was employed for the measurements performed at the NIST Center for Neutron Research (NCNR). Deuterated PEO with a molecular mass of 14 kDa [dP14k(EO)] and Đ = 1.09 was further purchased from PolymerSource. LiTFSI was purchased from Sigma-Aldrich. 6LiTFSI (isotopic purity 95%) was purchased from Iolitec. All materials were employed without further purification. As for the NDIS study by Mao et al. (2000a), the salt content was rs = 1/7.5 = 0.13, close to the maximum conductivity and within the crystallinity gap for low to medium molecular weight polymers.
PEO/LiTFSI samples were obtained by dissolving opportune amounts by weight of PEO and LiTFSI in acetonitrile. The solvent was removed in a vacuum oven at 90°C for 2 days. Samples were evenly spread on aluminum foil and wrapped in a cylindrical shape within a cylindrical aluminum can. The can was sealed in a helium glove box. Sample thickness was less than 1 mm and multiple scattering was deemed not to be of a concern because of the high transmission of the samples, which was greater than 0.90, and the fact that the measurements were performed in correspondence of strong correlation peaks1. Moreover, 6Li has a large absorption cross-section of 940 barn, much larger than natural lithium. The high transmission of the samples indicates that neutron absorption was not a significant factor.
All the measurements were performed in the melt state at 348 K or above. (Zheng et al., 2018).
3.2 Neutron measurements
NSE measurements were carried out at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR) (Rosov et al., 2000) using the instrument located on NG-A. Data were collected on dP24k(EO)7.5LiTFSI (hereafter referred as sample 1a) at Q values of 0.55 Å−1 and 1.45 Å−1, in correspondence with the ERO and IRO peaks, as a function of temperature using incoming wavelength, λ, of 6 Å with a Δλ/λ ≈ 17%. The resulting probed time range was from 4 ps to 18 ns.
The recently commissioned Wide Angle neutron Spin echo Spectrometer (WASP) at the Institut Laue-Langevin (ILL) offers capabilities to measure the Intermediate Scattering Function (ISF) in the time range from few picoseconds to several nanoseconds covering a wide exchanged wavevector Q range with unprecedented accuracy and efficiency. This spectrometer was employed to collect data on homologues PEO/LiTFSI samples differing only for their isotopic composition as follows: i) dP14k(EO)7.5LiTFSI (sample 1b); and ii) dP14k(EO)7.56LiTFSI (sample 2). Here Li indicates natural lithium which contains 7.5% of 6Li and 92.5% of 7Li. Two incoming neutron λs were employed, namely, 4 Å and 7 Å, with a Δλ\λ ≈ 18%; 4 Å provided a Q range from 0.41 Å−1 to 2.2 Å−1 and times from 1 ps to 1 ns; and 7 Å gave a Q range from 0.2 Å−1 and 1.3 Å−1 and times from 7 ps to 7 ns, respectively.
4 RESULTS AND DISCUSSION
Figure 1A) reports the static structure factor of sample 1a, as measured using the NSE at NCNR. Employing polarized neutrons allows us to separate the coherent and incoherent contributions. (Chen et al., 2019). The results are in good agreement with previous reports (Mao et al., 2000a) identifying both ERO and IRO peaks. The inset Figure 1C) is a sketch depicting the PEO chains (red lines) cylindrical arrangement around the lithium ions (blue dots) to form a 2D dense random packing. The double arrowed lines indicate the distance corresponding to the ERO (dotted) and IRO (continuous). At both the structure factor peaks, at Q = 0.55Å−1 and Q = 1.45 Å−1, the coherent neutron scattering signal dominates over the incoherent one. It is therefore possible by a measurement in correspondence of the peaks to extract information on the collective dynamics in the system, the relative motion of the atoms with respect to each other; this also in view of the fact, that in a NSE measurement of the ISF the incoherent scattering contribution is suppressed by a factor of three (see Eq. 11). Therefore, since the ISFs reported in this work using NSE are the same as the ones which could be obtained employing another type of neutron spectrometer the superscript NSE will be omitted from the ISF notation, e.g., INSE(Q,t) = I(Q,t).
[image: Figure 1]FIGURE 1 | Structure factors and their coherent and incoherent fraction as determined using polarized diffraction. (A) sample 1a, measured at NCNR; (B) Idiff (Q,0), obtained from sample 1b and sample 2 on WASP. The vertical scale is in arbitrary units and the intensity in the two plots should not be directly compared; as a reference for the reader, the incoherent intensity of Idiff (Q,0) is about 10 times smaller than that of sample 1b. Within (A), the inset (C) is a sketch depicting the PEO chains (red lines) cylindrical arrangement around the lithium ions (blue dots) to form a 2D dense random packing. The double arrowed lines indicate the distance corresponding to the ERO (dotted) and IRO (continuous).
The use of isotopic labeled lithium allows us to gather specific information on the radial correlations of the lithium ions with respect to the other atoms in the systems. The scattering strength of atoms in the two samples are identical except for the Lithium atoms. The pair correlation terms not containing Li atoms will be identical, and when we subtract the signal from the two samples they will cancel. With reference to Eq. 7, we write:
[image: image]
Idiff(Q,t) yields an ISF where only the partials ISFs of lithium to the other atoms are present (ILiβ(Q,t)), whereas all the other partials cancel out. These results for the static structure factor are reproduced in Figure 1B. Idiff(Q) present the same ERO and IRO peaks as the sample measured at NCNR. Furthermore, since the salt is mostly dissociated and the lithium ion average distance can be estimated to be ≈ 6 Å, for the IRO Eq. 13 can be further simplified:
[image: image]
Eq. 14 makes explicit that at the IRO, Idiff (Q,t) contains information on the relative motion of the lithium cations with respect to the PEO segments, only. In fact, a comparison with the radial correlation function reported in (3) suggests that the peak at Q ≈ 1.45 Å−1 arises from the correlations between lithium and the hydrogens atoms of PEO.
The presence of the ERO peak in Idiff(Q), although much less pronounced than in the fully deuterated sample, indicates that the long range correlations among the PEO cylindrical structures are retained in the lithium ion correlations, consistently with the picture of the ions occupying the center of the cylinders. However, at the ERO, the summation in Eq. 13 has to run over all atomic species, lithium and TFSI included, because over distances of ≈2π/0.55 Å = 11 Å, correlations between different lithium ions as well as between lithium and TFSI, cannot be ruled out.
Figures 2, 3A report the ISFs measured in correspondence of the ERO and IRO peaks on sample1 and sample1a, respectively. At these salt content and polymer chain lengths, transport properties of relevance of the polymer have reached a plateau, (Timachova et al., 2015), so that the difference in polymer molecular mass for sample 1a and sample 1b is irrelevant. The data have been analyzed using the phenomenological stretched exponential function, as previously done on similar samples: (Mao et al., 2002; Saboungi et al., 2002):
[image: image]
[image: Figure 2]FIGURE 2 | The normalized ISF of sample 1a, dP (EO)7.5LiTFSI, measured at NCNR. The continuous lines are fit using Eq. 15. Error bars represent standard deviation.
[image: Figure 3]FIGURE 3 | (A) The normalized ISF of sample 1b measured on WASP at the ERO and IRO peaks at a temperature of 373 K. (B) The normalized ISF Idiff (Q,0)/Idiff (Q,0) measured on WASP using the data from sample 1b and sample 2 at the ERO and IRO peaks at a temperature of 373 K. In both (A,B) the continuous lines are fit using Eq. 15. Error bars represent standard deviation.
The stretched exponential function reduces to a simple exponential relaxation if the stretching exponent β = 1; however, β < 1 is often observed in polymer systems and the stretching of the function is commonly associated with the presence of a distribution of relaxation times. For example, in most polymers, the dynamics at the interchain peak displays β values hardly dependent on T and in the range between 0.4 and 0.5; (Arbe et al., 2002); in Poly (1,3-butadiene), Poly (isobutylene) (PIB), and Poly (vinyl chloride) (PVC) the stretching exponent of the ISF at the first structure factor peak was found to be 0.45, (Richter et al., 1988), 0.55, (Richter et al., 1998), and 0.50, (Arbe et al., 2002), respectively. The amplitude factor could be less than 1 if relaxation processes too fast to be in the experimental window are present.
Figure 3B shows Idiff(Q,t), in correspondence of the same ERO and IRO peaks. The data are also analyzed in terms of a stretched exponential function.
Tables 1, 2 report the obtained fit parameters for the analysis of the ISF data collected at NCNR and on WASP, respectively. In correspondence of the ERO, the amplitude parameter is less than one indicating that the relaxation process consists of a fast local dynamics, followed by a longer decay process which completely erases the correlations over the length scales probed. However, at the IRO peak the parameter A is equal 1, within experimental uncertainties, indicating the absence of fast relaxational processes. A two steps relaxation, as observed at Q = 0.55 Å−1, is not uncommon when probing collective dynamics of extended structures; thermal fluctuations induce small scale rearrangements that are not able to totally erase the molecular structural correlations. Only after several ‘attempts’ the long-range structuring, the ERO in this case, is destroyed. We will discuss this concept again later in connection to lithium diffusion.
TABLE 1 | Fitting results for the ISF data on dP24k(EO)7.5LiTFSI collected at NCNR. Uncertainties represent standard errors.
[image: Table 1]TABLE 2 | Fitting results for the WASP data. Uncertainties represent standard errors.
[image: Table 2]At both Q values probed, the stretching exponent takes values well below 1, in the range between 0.4 and 0.6. Values of the stretching exponent within this range are typical of polymer systems. Borrowing concepts developed for the single particle dynamics of hydrogen atoms in polymers, such finding is explained in terms of either a homogeneous scenario, where the dynamics of each scatterer is intrinsically stretched, or a heterogeneous scenario, where a distribution of relaxation times originated by the existence of heterogeneity causes the stretching. (Arbe et al., 1998). In the former case, as, for example, the Rouse dynamics which predicts a stretching exponent of 0.5 for the single particle dynamics of the atoms in the polymer chains, the dynamics maintains its Gaussian nature for its lengthscale dependence and the relaxation times scale with Q−2/β. In the heterogeneous scenario, the relaxation time would scale as Q−2. The presence of lithium ions associated to the ether oxygens of a fraction of the PEO segments, effectively introducing an additional friction, produces local inhomogeneities at the nanoscopic scale. Therefore it is not surprising that whereas QENS data on dPEO at the IRO peak could be analyzed using β = 0.5, (Brodeck et al., 2009), the addition of salt leads to a slight reduction of the stretching exponent. An analysis of the Q dependence of τ could not be carried out here; however, the reasoning above and the comparison of β values obtained for pure PEO and the electrolyte suggest that both the homogeneous and heterogeneous scenario are at play in the stretching of the ISFs measured.
In order to take into account the effect of β, Figure 4 reports the temperature dependence of the average relaxation time, [image: image], defined as:
[image: image]
where Γ(x) is the gamma function.
[image: Figure 4]FIGURE 4 | Arrhenius plot of the average relaxation times. The green asterisks are the data reported in (16) for Q = 1.5 Å−1. The blue line reports the temperature dependence of the relaxation time obtained with dielectric spectroscopy on P(EO)10LiTFSI (Do et al., 2013). The magenta line, referring to the right axis, is the conductivity, estimated using the parametrization outlined in ref. (Zheng et al., 2018). The dashed lines are the results of a global fit to an Arrhenius law (equation). Error bars represent standard error.
In correspondence of the IRO, when compared with the results reported for pure PEO, (Brodeck et al., 2009), the obtained [image: image] indicate a slowing down of the dynamics in the electrolyte by a factor ≈10. This finding, already reported in Eq. 16, is explained by an increased friction experienced by the polymer originated by the association of the ether oxygens to the lithium ions, acting as bridges. The agreement between the present data collected at 1.45 Å−1 and those by Mao, el., reported as green asterisks in Figure 4 at lower temperatures at Q = 1.5 Å−1, (Mao et al., 2002), is excellent2. As far as the timescale of the motion are involved, the ERO dynamics is more than an order of magnitude slower than the IRO dynamics. The timescale of a statistically gaussian dynamic process, as, for example, diffusion, would scale with Q−2; however, the slowing down of the ERO with respect to the IRO is much stronger and it is further remarkable considering that the dynamics at the IRO is known to display a de Gennes narrowing, a slowing down of the dynamics in correspondence of the structure factor peaks. (Mao et al., 2002). This finding indicates that, even though ERO are mobile, the cylindrical PEO structures are rather stable and have a longer lifetime than the average correlations between the polymer chains. At the length scale of the ERO peak, PEO dynamics is well described by the Rouse model (Niedzwiedz et al., 2007) which represents polymers chains as beads connected by entropic springs. (Richter et al., 2005). The number of PEO segments spanning a distance matching the ERO lengthscale can be estimated as:
[image: image]
l = 5.8 Å being the PEO segment length. (Niedzwiedz et al., 2008) The corresponding timescale can be estimated as:
[image: image]
Where ξ0 is the friction coefficient. A parametric equation for ξ0 as a function of the salt content rs in PEO/LiTFSI at 363 K has been provided in (6) resulting in [image: image] 5.2 ns. The similarity between this time estimate based on Rouse dynamics and the dynamics measured at Q = 0.55 Å−1 signals that the relaxation of the ERO is a process activated by the entropic motion of the polymer chains; rather than diffusion of the cylindrically arranged PEO chains around a lithium cation, we are probing the loss of this chain conformation because of thermal fluctuations. This might be a relevant mechanism for conduction as the segment hopping of the cations is the main process for conduction in long entangled PEO and it has been proposed on the basis of MD that such hopping needs to be accompanied by chain restructuring. (Diddens et al., 2010) MD indicates that multiple failed attempts at hopping take place before transport, which might be the origin of the fast relaxation process outside the window probed by NSE.
In (16), the temperature dependence of the ISF was analyzed using a Mode Coupling Theory (MCT) (Gotze and Sjogren, 1992) approach with a power law dependence for a critical temperature assumed to be 18% higher than the measured glass transition temperature, Tg ≈ 207 K. In the present work, given the relatively narrow range of temperatures probed a simpler Arrhenius law was used to analyze the data:
[image: image]
where EA is the activation energy, R the gas constant, and τ0 is the elementary time scale.
The data at Q = 0.55 Å−1 and Q = 1.45 Å−1 were fitted separately to (5) giving the same EA, within experimental uncertainty. Therefore, the data at the IRO peak and ERO peak were fitted globally assuming the same activation energy, EA, but allowing τ0 to be different for the intermediate and extended range order dynamics. We obtain EA = 61 kJ/mol ± 4 kJ/mol. This value is estimated to be 3 times larger than the one obtainable from previous QENS results on dPEO. (Brodeck et al., 2009). The presence of lithium leads to an increased energy barrier for the PEO chain movements and slower dynamics in general.
It is instructive to compare the obtained relaxation times with those from dielectric spectroscopy. In general, the timescale probed at the main structure factor peak in molecular liquids and glass formers is associated with the structural relaxation, the timescale of motion outside the nearest neighbor cage. (Luo et al., 2020; Luo et al., 2021). This timescale is often found to match the slowest, referred to as α, relaxation process in the dielectric spectra. However, notable exceptions are found, especially when multiple length scales or dynamic processes are present. (Sillrén et al., 2014; Arbe et al., 2016). The blue line in Figure 4 represents the temperature dependence of the α-relaxation time obtained using dielectric spectroscopy on P(EO)10LiTFSI. (Do et al., 2013). The relaxation times are parametrized using an empirical Vogel Fulcher Tammann (VFT) relation:
[image: image]
where [image: image] is an inverse attempt frequency, DVF (dimensionless) is the so-called strength parameter, and TVF is the Vogel-Fulcher temperature. (Do et al., 2013)
Although a direct comparison cannot be carried out because the lithium content was different, it is interesting that the results from DS, a spectroscopic technique which generally cannot associate a specific lengthscale to the dynamic process probed, lays in between the dynamics of IRO and ERO peaks. This is not unusual because both the chain and cylinders dynamics might contribute to the dielectric signal and are a visible in a non-separable but broader distribution of relaxation times well beyond a Debye relaxation in the dielectric spectra. They just separate at specific temperatures caused by the different activation energies. In molecular liquids which present a long-range ordering signaled by a pre-peak, a feature in the structure factor at values smaller than the main peak, similar to the ERO peak, the dielectric signal has been reported in some cases to lay in between the dynamics measured at the pre-peak and at the main peak using NSE; (Sillrén et al., 2014); in other cases, the dynamics at the main peak and the pre-peak give rise to distinguishably different dielectric processes. (Bertrand et al., 2017).
The α-relaxation measured by DS in (5) is also relevant because it has the same temperature dependence as the conductivity. A more direct comparison with the conductivity for rs = 0.13 can be carried out using the parametrization employed in (27). A slightly different expression for a VFT temperature dependence of the conductivity, σ, was used:
[image: image]
where T0 was taken to be 50°C below the concentration dependent Tg. Figure 4 reports, together with the ⟨τ⟩ values obtained with NSE, the resistivity, ρ = 1/σ, obtained using (21) and the values of Aσ, [image: image], and T0 reported in (27). As indicated by the results of (27), the temperature dependence of the conductivity for rs = 0.13 is very similar (within ≈10%) to the one for rs = 0.10. Hence, the temperature dependence of the relaxation time measured at the ERO and IRO is as different from the temperature dependence of the resistivity as from the α-relaxation measured by DS.
The discrepancy between the temperature dependence of the NSE results and of the resistivity and α-relaxation challenges some common assumptions. As mentioned above, the correlation between the segmental dynamics of the polymer and the conductivity (Nitzan and Ratner, 1994) is a generally [although not always (Wang et al., 2012)] accepted principle and was reported to be valid especially for PEO. (Wang et al., 2012). Our results put in evidence that spectroscopic techniques such as DS might be sensitive to the polymer dynamics over multiple length scales. On the other hand, the connection between the Rouse dynamics of the chains and the conductivity as a function of rs has been recently established; (Mongcopa et al., 2018); however, the Rouse dynamics, although reflected in the motion of each segment, describes the behavior of the whole chain and as such mostly reflects in the dynamics over length scales larger than the inter segmental distance. Therefore, the hierarchical nature of polymer dynamics should be taken into account.
We turn now our attention on the insight obtained through the use of isotopic substitution on WASP. As mentioned above the ISFs measured on sample 1b reflect mostly the dynamics of the PEO chains, whereas Idiff is sensitive to the mobility of the lithium ions with respect to the polymer chains and the other atoms. A remarkable coincidence in the time scale measured for sample 1b and Idiff is observed. This implies a strong correlation between the chain and lithium dynamics. As mentioned above, it is well established that lithium transport is strongly correlated to the segmental dynamic in PEO/LiTFSI electrolytes. However, the timescale of lithium and polymer motions could not be probed experimentally at the molecular scale, before. However, MD simulations suggest that a rearrangement of polymer chains is required for the long distance transport of lithium. (Diddens et al., 2010). Interestingly, it was also indicated that lithium ions can separate from an originally PEO oxygen but tend to reassociate with it unless a contemporary chain restructuring takes place, which then triggers the segmental hopping of the lithium cation. (Diddens et al., 2010). This picture is consistent with the finding of a fast process in the ERO dynamics. The fact that ⟨τ⟩ for sample 1b and Idiff are the same within experimental uncertainty supports a scenario in which polymer chain movements trigger the lithium transport.
To gain further insight and allow a direct comparison with lithium self-diffusion coefficients, an effective mutual average diffusion coefficient can be obtained from the fitting of Idiff as:
[image: image]
The obtained values are reported in Table 3. As implied above, the diffusion coefficient at the IRO is larger than the one estimated at the ERO. This can be explained considering that at shorter length scales faster local motions are probed. In the case of systems which shows structuring over multiple length scales, as, for example, ionic liquids, different dynamic regimes are probed over different length scales. (Berrod et al., 2017; Ferdeghini et al., 2017). Usually, the values obtained at smaller Q are more relevant for the macroscopic transport properties, however, strong structuring might influence the effective diffusion coefficient values. Therefore, a comparison of our ⟨D⟩ with macroscopic self-diffusion coefficient of lithium would be instructive. Using PG-NMR, Gorecky, et al. (Gorecki et al., 1995) investigated the temperature dependence of the cation and anion diffusion in PEO/LiTFSI at various rs;. From their data at rs = 0.125, we estimate the lithium self-diffusion coefficient to be ≈ 0.4 10−7 cm2/s at 373 K. This value can be directly compared with ⟨D⟩. The slight difference in rs is not concerning because in this region of rs the transport properties of the cation are not strongly dependent on rs; in fact, the lithium diffusion coefficients reported by Gorecky, et al. for rs = 0.125 and 0.167 are almost coincident. As far as the Mw of the polymer is concerned, Gorecky, et al. employed PEO with a much longer chain length (Mw = 900 kDa), however, as mentioned above our study has already reached the plateau region in the lithium diffusion as function of the product rs×NPEO, and therefore this difference should not produce significant inconsistencies. (Timachova et al., 2015). Finally, we note that the activation energy for the lithium self-diffusion coefficient is 38.6 kJ/mol, about 2/3 of the one measured for ⟨τ⟩; however, here the comparison is made at 373 K, about the middle of the temperature range of relevance between the PEO melting temperature and the temperature at which possible degradation effects might ensue. The lithium self-diffusion coefficient is about a factor of three slower than ⟨D⟩ at the ERO and almost an order of magnitude slower than ⟨D⟩ at the IRO. This comparison indicates that both IRO and ERO needs to relax for the lithium transport to take place. Rather than providing channels for ease of transport the ERO might play the role of cages which need to be broken to allow long distance transport of the cation. However, additional dynamic processes, likely over even larger length scales, are required for the mobility of the lithium ions to be triggered. The concept of tortuosity, invoked to describe transport in nanostructuring ionic liquids, (Ferdeghini et al., 2017), might be helpful to rationalize the observed differences between the microscopic and macroscopic diffusion coefficients.
TABLE 3 | Effective average mutual diffusion coefficient of lithium ions at T = 373 K. Uncertainties represent standard errors.
[image: Table 3]5 CONCLUSION
In conclusion, the relaxation dynamics of the IRO and ERO in model polymer electrolyte PEO/LiTFSI was investigated using neutron spin echo. The data obtained at the Q value corresponding to the IRO are in good agreement with previous reports, whereas the data at the ERO are reported here for the first time. The timescale of the ERO relaxation is almost an order of magnitude slower than that of the IRO which indicates both that the cylindrical structures originating the ERO have a finite lifetime and also that they are rather stable. In fact, comparison with the time scale of the Rouse dynamics of the chains suggests that the entropic motion of the chain might be the origin of the ERO decay. However, IRO and ERO dynamics have the same temperature dependence suggesting that the same underlying motion triggers both. The α-relaxation timescale as probed by DS lies in between the timescale of the IRO and ERO dynamics, it has a different temperature dependence which on the other hand matches that of lithium resistivity.
Moreover, isotopic substitution allowed to probe the dynamics of lithium with respect to the other atoms and to estimate a mutual diffusion coefficient. A remarkable similarity between the timescale of the lithium mutual dynamics and the polymer dynamics indicates a strong correlation between lithium and segmental motions.
These results both highlight the strong correlation between the lithium and polymer chain dynamics and at the same time show that processes over larger length scales are required to allow long distance lithium transport. Further investigation of the connection between mesoscale structures and dynamics, such as the ERO and the chain Rouse motion, are required to better understand the mobility of lithium in polymer electrolyte and facilitate the rational design of new materials with improved performance.
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FOOTNOTES
1Generally, multiple scattering is spread out in Q and, therefore, not as intense as a strong scattering peak. However, a strong peak may sometime originate a significant multiple scattering contribution, but usually at a different Q value; a possible exception would be when measuring at very small scattering angles.
2Because the incoming neutron wavelength distribution was above 10 %, the small difference in Q for the two sets of data is not significant.
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