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Abstract: Solid-state NMR spectroscopy is an established experimental technique which 13 

is used for the characterization of structural and dynamic properties of materials in their 14 

native state. Many types of solid-state NMR experiments have been used to characterize 15 

both lithium-based and sodium-based solid polymer and polymer-ceramic hybrid elec-16 

trolyte materials. This review describes several solid-state NMR experiments that are 17 

commonly employed in the analysis of these systems: pulse field gradient NMR, elec-18 

trophoretic NMR, variable temperature T1 relaxation, T2 relaxation and linewidth analy-19 

sis, exchange spectroscopy, cross polarization, Rotational Echo Double Resonance and 20 

isotope enrichment. In this review, each technique is introduced with a short description 21 

of the pulse sequence, and examples of experiments that have been performed in real 22 

solid-state polymer and/or hybrid electrolyte systems are provided. The results and con-23 

clusions of these experiments are discussed to inform readers of the strengths and 24 

weaknesses of each technique when applied to polymer and hybrid electrolyte systems. It 25 

is anticipated that this review may be used to aid in the selection of solid-state NMR ex-26 

periments for the analysis of these systems. 27 

 28 

Keywords: Solid-state NMR spectroscopy, polymer electrolytes, hybrid electrolytes, ion 29 
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 31 

1. Introduction 32 

Solid-state electrolytes for use in lithium batteries have been extensively studied as 33 

potential replacements to commercialized liquid electrolyte systems and have been 34 

touted as safer options as a result of being non-flammable, non-corrosive and 35 

non-volatile [1, 2]. There are three main classes of solid-state electrolytes: ceramic, poly-36 

mer and ceramic-polymer hybrids [3]. Depending on their crystal structure and their 37 

composition, ceramic electrolytes tend to have good lithium ion conductivity (generally 38 

on the order of 10-4 S/cm at ambient temperature which is about one to two orders of 39 

magnitude lower than liquid electrolytes however, Kato et al. have prepared 40 

Li9.54Si1.74P1.44S11.7Cl0.3 electrolytes with conductivities that rival those of liquid electrolytes) 41 

[4–8], good thermal stability and adequate mechanical strength to impede dendrite for-42 

mation [9, 10]. However, these materials are rigid and tend to cause significant interfacial 43 
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resistance when in contact with solid electrodes [10]. Polymer electrolytes tend to have 44 

good mechanical stability, minimal interfacial resistance with solid electrolytes and are 45 

suitable for use in flexible battery applications [10]. However, lithium ion conductivity 46 

tends to be much lower in most polymer systems at room temperature than in liquid or 47 

some ceramic electrolytes (on the order of 10-8 to 10-6 S/cm at room temperature with 48 

lithium transference numbers below 0.5) and dendrite formation may still occur [11]. 49 

Hybrid electrolytes, which contain both solid polymers and ceramic particles, were cre-50 

ated to capitalize on the advantages of both of these systems: they have higher lithium 51 

conductivities (on the order of 10-5 to 10-4 S/cm at ambient temperature) [12–15] than 52 

polymer electrolytes and are more flexible and interface compatible than ceramic elec-53 

trolytes [16]. The ceramic particles can be either active or inert, where active ceramics are 54 

lithium conductors themselves and inert ceramics are non-conductive and are present to 55 

decrease crystallinity in the polymer electrolyte. However, lithium conductivities tend to 56 

remain lower than those of ceramic electrolytes as lithium ions must cross a complex se-57 

ries of polymer-ceramic interfaces for macroscopic-scale conductivity to occur [16]. In 58 

addition to complexities due to the presence of different electrolyte materials and the 59 

interfaces between them, microscale properties of the polymer electrolyte such as poros-60 

ity and pore radii, along with the salt concentration and the possibility of concentration 61 

gradients can impact ionic conductivity in polymer and hybrid electrolytes [17, 18]. These 62 

complexities can make hybrid systems difficult to characterize. In addition to lithi-63 

um-based all-solid-state batteries, similar systems have been developed using sodium as 64 

the mobile species. Solid-state sodium batteries, which have been in development since 65 

the 1980’s, have been touted as being a more environmentally friendly technology rela-66 

tive to lithium-based batteries as a result of the higher abundancy and lower cost of so-67 

dium versus lithium [19, 20]. Sodium polymer electrolytes tend to have ion conductivities 68 

on the order of 10-7 to 10-6  S/cm at ambient temperature whereas sodium hybrid elec-69 

trolytes tend to have conductivities between 10-6 to 10-5 S/cm at the same temperature 70 

[21–25]. Due to a growing interest in improving materials for flexible battery systems, 71 

this review will focus on the characterization of molecular structure and ion mobility in 72 

polymer and hybrid electrolyte systems. Many characterization techniques have been 73 

employed in the analysis of these materials with some of the most frequently used being: 74 

impedance spectroscopy, cyclic voltammetry, linear sweep voltammetry, differential 75 

scanning calorimetry, thermal gravimetric analysis, Raman spectroscopy, infrared spec-76 

troscopy, microscopy techniques, x-ray diffraction and both solution-state and solid-state 77 

nuclear magnetic resonance (NMR) spectroscopy [26–28]. This review will focus on the 78 

use of solid-state NMR spectroscopy to analyze molecular structure and dynamics in 79 

polymer and hybrid electrolytes. NMR spectroscopy can be performed on any nucleus 80 

where spin, a quantized nuclear property, is non-zero [29]. Therefore, in addition to be-81 

ing non-destructive, NMR spectroscopy is an isotopically sensitive method for investi-82 

gating several nuclei that typically exist in solid electrolytes [28]. For example, nuclei 83 

such as 6Li, 7Li, 19F and 23Na are generally used to study dynamic processes whereas 1H 84 

and 13C tend to be used to characterize polymer structure [30, 31]. NMR is particularly 85 

suited to this task as it is sensitive to changes in local environments that occur on a mi-86 

crosecond to second timescale [30]. In addition to being sensitive to small changes in 87 

chemical environments, solid-state NMR has the added advantage of allowing materials 88 

in solid electrolyte systems to be analyzed in their native state.  89 

 The purpose of this document is to introduce a series of solid-state NMR spectros-90 

copy experiments that are commonly used in the analysis of solid polymer and hybrid 91 

electrolytes to an audience who studies these systems but may not have an extensive 92 

familiarity with solid-state NMR spectroscopy. To this end, each technique discussed in 93 

this manuscript will be introduced starting with the pulse sequence, a description of 94 

important setup parameters and specific advantages and disadvantages of applying the 95 

technique to lithium- and sodium-based systems. Additionally, readers will be directed 96 

to Table S1 (supplementary information) where information on required equipment and 97 
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experimental timescales are provided. Where applicable, comparisons between the NMR 98 

technique and common electrochemical experiments will be provided. The purpose of 99 

these comparisons is to inform the reader of differences in information that can be de-100 

termined via NMR and electrochemical methods as well as the advantages and disad-101 

vantages that are associated with each technique. Each section also includes examples of 102 

previous uses of the NMR experiment in the analysis of real solid-state polymer or hy-103 

brid electrolyte systems with the goal of demonstrating the use of these techniques in real 104 

systems. The significance of these works along with the findings and conclusions of their 105 

authors are presented. Although similar reviews on crystalline electrolytes and reviews 106 

focusing on specific polymers have been recently published, a comprehensive review on 107 

the use of solid-state NMR spectroscopy for the analysis of polymer electrolytes has not 108 

been produced in the past decade [32–34]. This work hopes to showcase the use of NMR 109 

spectroscopy in the analysis of recent electrolyte systems and to provide a more thorough 110 

description of the experiments themselves relative to what has been presented in previ-111 

ous work. 112 

2. Solid State NMR Spectroscopy Techniques 113 

2.1. Transference Number Determination 114 

2.1.1. Pulse Field Gradient NMR 115 

Pulse field gradient (PFG) NMR is an experiment that is used to measure the 116 

self-diffusion coefficient of molecules or ions in solids or solutions where self-diffusion is 117 

the random translational motion that is driven by internal kinetic energy [35]. These mo-118 

tions typically occur on a local scale and are therefore not necessarily equivalent to the 119 

transference numbers, that can be directly measured via electrochemical methods, which 120 

describe ion motion on a macroscopic scale [15, 36]. Additionally, the NMR technique 121 

cannot distinguish single ions from poorly dissociated ion pairs and clusters which tends 122 

to result in  an underestimation of the self-diffusion coefficient [36–38].  123 

PFG NMR experiments have previously been performed using a modified spin echo 124 

pulse sequence (90° pulse - 180° pulse) where homogenous gradient pulses with duration 125 

δ and strength g are applied on either side of the 180° pulse [39]. However, the experi-126 

ment is more commonly performed using a stimulated echo pulse sequence (Table S1). 127 

This experiment is generally considered to be more efficient, as the magnetization lies 128 

mainly along the z axis during the diffusion time (Δ), and is therefore subject to 129 

spin-lattice relaxation time (T1), instead of spin-spin relaxation time (T2) as in the 130 

spin-echo experiment. T2 is usually significantly shorter than T1 which is especially true 131 

in inhomogeneous systems. A drawback of the stimulated pulse sequence is the loss of 132 

half the signal, compared to the spin-echo experiment. The stimulated echo pulse se-133 

quence therefore allows the diffusion time to be longer [40]. The basic stimulated echo 134 

PFG pulse sequence is comprised of three 90° pulses (Figure 1) [40, 41]. The application of 135 

the first 90° pulse initiates the preparation phase of the experiment where the first gra-136 

dient pulse (with duration δ and magnitude g) is applied resulting in the Larmor fre-137 

quency becoming spatially labeled in the direction of the gradient [35, 39, 40]. The gra-138 

dient pulse is followed by the central pulse that causes the effective gradient to be zero as 139 

only the z component of the magnetization vector is of interest [39, 40]. During this store 140 

phase spins are allowed to diffuse for a time (Δ) which is usually dependent on the 141 

spin-lattice relaxation of the system [39, 40]. Due to the effective gradient being zero, the 142 

read and preparation phases are equivalent in terms of magnetization [40]. Therefore the 143 

application of the second gradient pulse, which occurs during the read phase after the 144 

application of a third 90° pulse, either cancels out the effects of the first gradient pulse if 145 

no motion has occurred or results in an attenuation of the total signal that is proportional 146 

to the translational motion that has taken place [35, 39, 40]. PFG NMR can be used to 147 
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measure diffusion along any axis depending on how the x, y and z gradients are used [35, 148 

42]. 149 

 150 

Figure 1. Stimulated echo PFG pulse sequence. 151 

In the study of solid polymer or hybrid electrolytes, PFG NMR spectroscopy is 152 

commonly used to measure self-diffusion coefficients of anions and cations of the salt 153 

species as these are dissociated in the polymer or hybrid network. This is typically ac-154 

complished by performing 7Li (cation mobility) and 19F (anion mobility) experiments as 155 

both nuclei have high magnetic susceptibilities [43]. Additionally, PFG NMR can be 156 

performed on 1H and 13C to measure the mobility of the polymer chains as this motion 157 

can have a significant impact on the overall ion mobility in these systems [44–46]. PFG 158 

NMR is not usually used to measure sodium diffusion in sodium-conducting electrolytes 159 

because quadrupolar effects cause relaxation at 23Na sites be much faster than relaxation 160 

at 7Li sites [47]. Transport numbers for sodium ions therefore tend to be measured via 161 

electrochemical methods such as potentiostatic polarization [48]. Larger self-diffusion 162 

coefficients generally indicate higher ion mobility. Self-diffusion coefficients (D) can be 163 

calculated based on the degree of signal attenuation for each peak in the NMR spectrum 164 

using the Stejskal-Tanner equation (equation 1) [39, 42], where I and I0 are the spectral 165 

integrals with and without the application of the gradient pulses, γ is the gyromagnetic 166 

ratio of the measured nucleus, g is the gradient strength, δ is the gradient pulse duration 167 

and Δ is the diffusion time. Usually, D is calculated by fitting the plot of signal intensity 168 

as a function of the gradient strength, keeping all delays and gradient duration constant. 169 

This allows the effects of relaxation on signal intensity to be removed. The 170 

Stejskal-Tanner equation is used for the spin echo experiment. When PFG NMR is per-171 

formed using other pulse sequences, the Δ and δ quantities are modified to take the pa-172 

rameters of the experiment into account. 173 

          
         

 

 
             

Self-diffusion coefficients (D+ the diffusion coefficient for the cation and D- the dif-174 

fusion coefficient for the anion), which are used to gauge the mobility of ions in a system, 175 

can also be used to calculate the activation energy for local-scale ion motion by plotting 176 

these values in a Arrhenius plot [49]. 177 

Additionally, the transference number (tNMR+), which is a measure of cation mobility 178 

relative to anion mobility (mole of cation transferred by migration per Faraday of charge) 179 

in a dilute system with no concentration gradients or ion association, can be calculated 180 

using self-diffusion coefficients (equation 2) where z+ and z- are the charges on the cation 181 

and anion respectively [50, 51]. This method for measuring the transference number 182 

works best in dilute systems as it assumes negligible ion-ion interactions and does not 183 

take into account the motion of associated species (sees everything as ions) [51]. 184 
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 As mentioned previously, transference numbers can also be experimentally deter-185 

mined using electrochemical methods. A commonly used method is to couple a 186 

potentiostatic polarization with electrochemical impedance spectroscopy (EIS). This is 187 

typically done by employing the Bruce-Vincent method which involves polarizing a Li || 188 

Li cell using a small potential difference (~10 mV) until a constant current is reached [51, 189 

52]. The resultant steady state conditions can then be used to calculate the transference 190 

number (tPP) via equation 3 where ΔV is the applied potential difference, I0 is the initial 191 

current, Iss is the steady state current, Ro is the resistance prior to polarization and Rss is 192 

the resistance after polarization [51]. As for the NMR measurement, this approach is only 193 

valid in systems where the concentration gradient is negligible [51]. In more concentrated 194 

systems ([Li+]/[O] > 0.1), the potentiostatic polarization experiment results in the diffusion 195 

of neutral ion pairs resulting in the over estimation of tPP [51, 53]. 196 

    
            

             
           

 To better represent ion diffusion in concentrated solutions, the Balsara-Newman 197 

method can be used [54]. The Balsara-Newman method for the determination of trans-198 

ference numbers is an extension of the Bruce-Vincent method that takes into account 199 

concentrated solution theory such that the contribution of ion pairs and clusters in bulk 200 

ionic motion can be accounted for [55]. With this approach, the transference number has a 201 

complex dependence on salt concentration and becomes negative when ion transport is 202 

dominated by ion clusters. While the Balsara-Newman method has the advantage of ac-203 

curately measuring transference number in concentrated solutions, the method tends to 204 

be experimentally demanding as several parameters must be determined experimentally 205 

including the ionic conductivity (σ) from EIS, the steady-state transference number (tSS) 206 

from potentiostatic polarization, the restricted diffusion coefficient (D) from PFG NMR 207 

and the potential of the concentrated cell (U). These parameters are combined with the 208 

bulk electrolyte concentration (c), the molality of the solution (m), ionic charge (z), the 209 

total number of ions when the salt dissociates (v), the number of cations when the salt 210 

dissociates (v+) and Faraday’s constant (F) to obtain the transference number (tNe) (equa-211 

tion 4). 212 

      
      

 

 

    

 
   

 

   
  

    

  
            

 The Hittorf method (also called Tubandt when applied to solids) is another elec-213 

trochemical technique, suitable for use in concentrated solutions, that can be used in the 214 

experimental determination of transference numbers in solid polymer electrolytes [56]. 215 

The electrolyte is subdivided into sections where each fragment is placed between po-216 

larized electrodes and is subjected to polarization by a known charge [51, 57]. The trans-217 

ference number of the anion can be determined based on the change in the number of 218 

moles of the cation following polarization of the compartment that is closest to the 219 

cathode as shown in equation 5 where Δm is the change in the number of moles of cation, 220 

F is the Faraday constant and Q is the amount of charge that was passed through the 221 

compartment.  222 

     
   

 
            

 Bruce et al. used the Hittorf method to measure t+ in a poly(ethylene oxide) 223 

(PEO)-LiClO4 electrolyte [57]. t+ was found to be 0.06 which is lower than what has been 224 

previously reported by PFG NMR and potentiostatic polarization: 0.2 to 0.3 [57]. The 225 

differences between the transference numbers can be attributed to the fact that the Hittorf 226 

method does not measure the mobility of neutral species because the charge is not ap-227 

plied for a long enough period for a concentration gradient to develop in each subsection 228 

of the polymer. Therefore, transference numbers can be overestimated if significant 229 

quantities of ion pairs are formed [57]. Although the Hittorf method specifically 230 

measures charged species, it can be difficult to perform with polymer electrolyte samples 231 
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because PEO-based samples are often too adhesive to be easily subdivided into sections. 232 

Additionally, the technique requires a specialized electrochemical cell and the sample 233 

must be divided into at least four different compartments making it difficult to obtain 234 

accurate results [51]. 235 

Differences in transference numbers calculated via PFG NMR and various electro-236 

chemical techniques can be evaluated in the context of the dissociation ratio of the ionic 237 

species. The dissociation ratio describes the extent to which the ionic species are dis-238 

solved in a sample, with 1 indicating perfect dissociation and 0 indicating no dissociation 239 

[58]. As PFG NMR does not distinguish between dissociated and un-dissociated species, 240 

transference numbers reported via PFG NMR tend to be artificially higher than those 241 

determined via electrochemical methods as the motion of neutral pairs, dissociated ions 242 

and charged clusters is usually included in the measurement [58, 59]. It can therefore be 243 

concluded that in samples where similar transference numbers are achieved via NMR 244 

and electrochemical methods, nearly complete dissociation of the ionic species has been 245 

achieved. 246 

 Several examples of experiments that illustrate these differences between PFG NMR 247 

and electrochemical methods are described here. For example, a study of lithium 248 

bis(trifluoromethanesulfonyl)imide (LiTFSI)-doped PEO, which is discussed here for the 249 

purpose of demonstrating that different transference numbers can be determined for the 250 

same system using different experimental methods, showed that transference numbers as 251 

a function of the molar ratio of lithium ion to ether oxygens (r) varied between 0.17 and 252 

0.30 based on PFG NMR data, between 0.06 and 0.26 based on potentiostatic polarization 253 

experiments and between -0.38 and 0.45 by the Balsara and Newman method, from r = 0 254 

to r = 0.3 with the lowest value of -0.38 being observed at r = 0.16 (Figure 2) [53, 55]. The 255 

difference between the values calculated based on PFG NMR and potentiostatic polari-256 

zation which depend on dilute solutions and those calculated based on the 257 

Balsara-Newman method suggest that the ionic species are not completely dissociated in 258 

this system. 259 

 260 

Figure 2. Transference number for Li+ in a PEO-LiTFSI system as a function of the molar ratio of 261 

lithium ion to ether oxygens (r) measured via PFG NMR (t+,NMR), potentiostatic polarization 262 

(t+,SS) and the Balsara-Newman method (t+). © Journal of the Electrochemical Society, 2017 [53]. 263 

However, transference numbers determined by electrochemical methods can also be 264 

subject to overestimation. This as was demonstrated by Sun et al., who showed that 265 

potentiostatic polarization can cause the diffusion of neutral species in concentrated 266 

systems and can result in an over estimation of the transference number via electro-267 

chemical methods [36]. Li+ transference numbers in a poly(trimethylene car-268 

bonate)-ε-caprolactone copolymer were 0.32 via PFG NMR and 0.66 via potentiostatic 269 

polarization [36]. These differences were attributed to the migration of neutrally charged 270 

aggregates and could be avoided by using the Hittorf method [36]. Work by Tominaga 271 

and Yamazaki showed that the overestimation of transference numbers measured via 272 
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PFG NMR and potentiostatic polarization can even differ within the same study [60]. 273 

Their comparison of transference numbers in PEO-lithium bis(fluorosulfonyl)imide 274 

(LiFSI) (0.11 via potentiostatic polarization and 0.24 via NMR) and in poly(ethylene car-275 

bonate) (PEC)-LiFSI (0.54 via potentiostatic polarization and 0.24 via NMR) showed that 276 

the degree of ion dissociation in their prepared materials was not consistent [60]. These 277 

differences demonstrate that understanding the factors that influence transference 278 

numbers measured via both techniques is important when interpreting data. 279 

Despite limitations related to the extent of salt dissociation, previous PFG NMR 280 

studies have demonstrated that Li+ transference numbers can be dependent on both the 281 

segmental motion of polymer chains and the affinity of the lithium cation for the poly-282 

mer. For example, Xu et al. and Sun et al. have found that cation mobility tends to be 283 

lower than anion mobility in LiTFSI-doped PEO at high lithium loading as the cation has 284 

increased affinity for the polymer matrix [27, 36]. As a result, segmental motion of pol-285 

ymer chains can impact short- and long-range Li+ diffusion [36]. Therefore, PFG NMR 286 

experiments have been performed to demonstrate that interventions designed to increase 287 

segmental motion such as the synthesis of block co-polymers[61], the addition of inert 288 

ceramic fillers[60, 62] and increased sample temperature[63, 64] can increase the mobility 289 

of Li+ in polymer electrolytes. The above experiments are important as they provide in-290 

sight into the fact that polymer segment mobility, in addition to the extent of ion disso-291 

ciation, contributes to observed transference numbers. 292 

 The above examples have focused on free ion diffusion: the random diffusion of 293 

ions that occurs as a result of thermal energy. However, PFG NMR can also be used to 294 

measure confined diffusion where the motion of ions is impeded by encountering 295 

boundaries [42]. The possibility to measure confined diffusion with three dimensional 296 

PFG NMR (using x, y and z gradients) may allow for more precise mapping of lithium 297 

ion diffusion in electrolyte systems [42]. Engelke et al. performed 7Li PFG NMR to follow 298 

the three dimensional motion of a lithiated liquid electrolyte in a porous silicon wafer to 299 

map the pore structure of the wafer (Figure 3) [42]. The dimensions of the pores in the 300 

wafer were determined by calculating the mean square displacement of the lithium ions 301 

using their self-diffusion coefficients [42]. Although Engelke et al. performed their ex-302 

periments on a confined liquid, similar methodology could be applied to polymer or 303 

hybrid electrolytes. 304 

 305 

Figure 3: One dimensional slice from a 7Li PFG NMR (7.1 T) experiment of lithiated liquid electro-306 

lyte in a porous silicon wafer. The inserts show calculated mean square displacements for each 307 

lithiated environment as a function of diffusion time. Reproduced from ref. [42] with permission 308 

from the PCCP Owner Societies. 309 
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The three-dimensional PFG NMR experiment could be particularly useful in the 310 

study of hybrid polymer electrolytes that contain inert ceramics as it could be used to 311 

determine the position of these particles and ascertain how Li+ ions pass through the 312 

electrolyte. The analysis of electrolytes containing active ceramics is more complex as 313 

there is the potential for multiple mobile lithium species resulting in multiple diffusion 314 

coefficients. To demonstrate the use of PFG NMR in the analysis of a hybrid electrolyte, a 315 

system containing 70 % PEO, 12 % LiTFSI, 9 % Li0.34La0.51TiO3 and 9 % succinonitrile (all 316 

weight percent) was analyzed. PFG NMR showed the existence of two mobile lithium 317 

species between 30 and 55 °C and a single mobile lithium species between 55 and 70 °C 318 

(Figure 4) [65]. Although a single peak was observed via 1D 7Li NMR, the diffusion curve 319 

was best fit using two components between 30 and 55 °C [65]. 320 

 321 

Figure 4: Diffusion coefficients from the hybrid ceramic-polymer electrolyte as a function of tem-322 

perature as determined by PFG NMR. © Journal of the Electrochemical Society, 2020 [65]. 323 

These diffusion coefficients were attributed to lithium conduction in the polymer 324 

and lithium conduction in the active ceramic. As the transition from two mobile lithium 325 

species to one mobile lithium species occurs around the melting point of PEO, it has been 326 

proposed that the associated decrease in polymer crystallinity results in lithium conduc-327 

tion occurring preferentially through the polymer at high temperatures [65]. At lower 328 

temperatures, where the polymer is expected to be crystalline, the presence of two diffu-329 

sion coefficients suggests that both the polymer and ceramic participate in lithium con-330 

duction [65]. This example illustrates the primary advantage of PFG NMR over electro-331 

chemical techniques: the ability to measure species-specific diffusion coefficients in mul-332 

ti-component systems. This is particularly welcome in the analysis of hybrid electrolytes 333 

containing active ceramic fillers as both components of the electrolyte may participate in 334 

lithium transport. However, two-dimensional exchange spectroscopy experiments (de-335 

scribed in section 2.3) would be needed to quantify ion exchange between these compo-336 

nents. 337 

2.1.2 Electrophoretic NMR 338 

 339 

Electrophoretic NMR is a one dimensional diffusion method, that is used to measure 340 

the flow of ions, from which transference numbers can be derived [66–68]. This experi-341 
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mental method, involving a double stimulated echo and an applied electric field, has 342 

been previously used for the characterization of ion mobility in liquid electrolytes [66, 343 

69]. However, it has had limited application in solid-state electrolytes outside of the work 344 

of Rosenwinkle and Schönhoff who used the method to determine transference numbers 345 

for lithium cation motion in PEO doped with various concentrations of LiTFSI [69]. The 346 

method is similar to PFG NMR in the sense that the pulse sequence is comprised of a se-347 

ries of gradient pulses with length δ and strength g within an echo comprised of 90° 348 

pulses (Table S1) (Figure 5). In the absence of the electric field, the random translational 349 

motion of mobile species in the direction of the magnetic field gradient results in random 350 

phase shifts and thus loss of net magnetic phase coherence, as in standard NMR diffusion 351 

experiments [66]. However, because the polarization of the electric field is switched after 352 

the first half of the pulse sequence to cancel out non-electrophoretic directional motion, 353 

only directional motion contributes to the measured phase shift (ø) [69]. 354 

  355 

Figure 5: Electrophoretic NMR pulse sequence. 356 

 357 

 The electrophoretic drift of the observed species is signified by a phase shift (ø) in 358 

the NMR signal when the gradient strength (g) is changed. The phase shift can be calcu-359 

lated using equation 6 where γ is the gyromagnetic ratio of the observed nuclei, δ is the 360 

gradient pulse length, g is the gradient strength, Δ is the observation time, E is the 361 

strength of the applied electric field and μ is the electrophoretic mobility which is used to 362 

calculate the transference number. 363 

                   
 The electrophoretic mobility, which can be extracted from a plot of phase shift as a 364 

function of electric field strength using equation 6 is proportional to the drift velocity (v) 365 

and the electric field strength (equation 7). The drift velocity for free cations is defined as 366 

positive while the drift velocity for free anions is defined as negative. This relationship 367 

remains true when a plot of the phase shift as a function of gradient strength remains 368 

linear (Figure 6).  369 
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 370 

Figure 6: Plot of phase shift, determined via electrophoretic NMR, as a function of gradient 371 

strength for lithium cations in LiTFSI-doped PEO at 90 °C and a molar ratio of lithium to ether 372 

oxygen of 0.16. © Journal of the Electrochemical Society, 20 [69]. 373 

 374 

 While the electrophoretic mobility can be impacted by electric field-induced 375 

changes in polymer chain orientation and electroosmotic drift, these effects can be can-376 

celed by extrapolating the phase shift as a function of field strength to zero electric field 377 

[69]. The electrophoretic mobilities of the cation and the anion (μ+ and μ-) can be used 378 

directly to calculate transference number (teNMR) using equation 8. 379 

      
  

     
           

 A PEO-LiTFSI system was used to demonstrate that transference numbers in solid 380 

systems can be determined via electrophoretic NMR. These experiments showed that 381 

cation mobility decreased with increasing salt content as a result of coordinating interac-382 

tions between the salt and the polymer causing decreased side chain mobility [69]. The 383 

authors compared the teNMR values with transference numbers obtained via PFG NMR 384 

(tPFG). Transference numbers obtained via both techniques were found to be in close 385 

agreement (tPFG: 0.21, 0.17, 0.17 and teNMR: 0.23, 0.19, 0.15) for lithium at ether oxygen ratios 386 

of 0.06, 0.10 and 0.16 respectively, indicating that the samples contained mostly free cat-387 

ions [69]. As electrophoretic mobility is less impacted by the presence of ion pairs and 388 

agglomerations, it is anticipated that it can be used to provide more accurate values for 389 

transference numbers than PFG NMR in undiluted media. A direct comparison between 390 

electrophoretic NMR and electrochemical methods would be needed to determine the 391 

relative strengths of these methods for the determination of transference numbers in 392 

various types of samples. However, a lesser reliance on dilute systems suggests that 393 

electrophoretic NMR would be particularly useful in the analysis of systems with multi-394 

ple mobile lithium environments such as hybrid electrolytes containing active ceramics. 395 

2.2 Variable Temperature NMR 396 

 397 

 As lithium and sodium conductivities are temperature-dependent in many solid 398 

polymer and hybrid electrolytes, variable temperature NMR spectroscopy has been used 399 

to evaluate ion dynamics in these systems. Experiments that have been regularly per-400 

formed for site-specific analysis of molecular dynamics include spin-lattice (T1) relaxa-401 
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tion, spin-spin (T2) relaxation and linewidth analysis.  Pulse sequences used to perform 402 

these techniques, along with examples of their use in the study of solid-state polymer and 403 

hybrid electrolytes, are discussed in this section. It must be noted that the larger 404 

quadrupolar moment of sodium, relative to lithium, means that quadrupolar coupling 405 

may have a significant impact on these parameters. 406 

2.2.1 Spin Lattice Relaxation (T1) 407 

 408 

 The application of radio frequency pulses during NMR experiments perturbs the 409 

magnetization vector away from its equilibrium position. The process through which the 410 

magnetization vector returns to equilibrium is termed relaxation [29]. In this work, the 411 

impact of temperature on T1 relaxation for the study of ion mobility in solid electrolyte 412 

systems will be discussed. T1 relaxation is characterized by the flow of energy out of the 413 

spin system and into the lattice and can be conceptualized as the time required for a 414 

perturbed magnetization vector to return to its equilibrium position following the ap-415 

plication of a radio frequency pulse [29, 70]. T1 relaxation generally occurs on the order of 416 

seconds to milliseconds but can be up to several minutes long for some nuclei in some 417 

environments. This relaxation process can be influenced by properties of the sample such 418 

as ion mobility and dipolar and quadrupolar interactions [70]. T1 relaxation is typically 419 

measured using the inversion recovery pulse sequence (Table S1) (Figure 7) which is 420 

comprised of a 180° pulse which inverts all signals, a variable delay time (vd) during 421 

which relaxation back to equilibrium is allowed to occur and a 90° pulse for spectral ac-422 

quisition [29]. 423 

  424 

Figure 7: Inversion recovery pulse sequence. 425 

 This experiment produces a series of spectra of differing signal intensity as a func-426 

tion of variable delay time. T1 relaxation can be calculated by fitting a plot of signal in-427 

tensity as a function of variable delay time (vd) with one (or a series of) exponential 428 

functions. The fit can be performed using equation 9 where Svd is the signal intensity at a 429 

given variable delay time and S0 is the signal when vd is equal to zero [70, 71]. K is a fitted 430 

constant (with a value that is close to but does not exceed 2) that accounts for imperfect 431 

180° pulses and the use of non-optimal repetition times. 432 

           
   
             

It is worth noting that as a quadrupolar nuclei (spin greater than ½), T1 build up 433 

curves for 7Li spectra should in theory be fit using a double exponential function [72, 73]. 434 

However, as a result of the small quadrupolar moment of 7Li (~0.04 MHz) [74], deviations 435 

from a single exponential fit are difficult to detect [72]. The T1 relaxation time can also be 436 

quickly approximated using the variable delay time that results in net zero magnetization 437 

(Tnull) (equation 10) [70]. 438 
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 439 

Meanwhile, 23Na has a much larger quadrupolar moment which ranges between 440 

close to 0 and up to 7 MHz depending on the symmetry of the internal coordination 441 

sphere with highly symmetrical coordination spheres giving rise to low quadrupolar 442 

moments and coordination spheres with low symmetry giving rise to larger quadrupolar 443 

moments [75]. Therefore, T1 build-up curves coming from sodium-based electrolytes may 444 

need to be fit using two or more exponentials depending on the magnitude of the 445 

quadrupolar moment. 446 

NMR spectroscopy is highly sensitive to the impact of polymer chain dynamics on 447 

T1 relaxation times [72]. As cation mobility and the mobility of the polymer backbone 448 

generally occur on the order of microseconds to seconds, these quantities can be evalu-449 

ated via T1 relaxation [76]. Many researchers have measured T1 relaxation as a function of 450 

temperature to study the impact that this variable has on Li+ and polymer chain seg-451 

mental mobility [76, 77]. As activation energy for these processes can be calculated based 452 

on Arrhenius and/or Vogel-Tamman-Fulcher (VTF) plots of T1 values, these quantities 453 

can be directly coupled with EIS data to provide a site-specific view of which motional 454 

processes contribute to long-range lithium conductivity [72, 78]. 455 

 When calculating activation energies from T1 values, temperature-dependent 456 

changes in ionic conductivity in polymer electrolytes must be taken into account as a 457 

result of changes that occur in polymer chain mobility above and below the glass transi-458 

tion temperature (Tg) [78]. At low temperatures, ionic conductivity in polymers is typi-459 

cally a result of the dissociated ionic pairs migrating through interstitial defects [78]. The 460 

activation energy for this process can be described by the Arrhenius behavior. Above Tg, 461 

ionic transport increases as a result of increased motion in the polymer side chains as 462 

they become less crystalline [79]. The activation energy for this process is best described 463 

by the VTF equation which was originally developed to describe the viscosity of super-464 

cooled liquid (Equation 11) [78], where σ is the ionic conductivity, A is a pre-exponential 465 

factor that is related to the concentration of the charge carrier, Ea is the activation energy 466 

which is typically related to the segmental motion of the polymer chains, R is the ideal 467 

gas constant, To is the Vogel temperature which is equal to the glass transition tempera-468 

ture in ideal glasses [80]. This is typically taken to be 50 °C below the glass transition 469 

temperature in polymer electrolytes [80]. 470 

    
  

                   

Lower T1 values are typically associated with increased mobility in solids. This is 471 

because spins that require changes in energy to relax can transfer that energy to or from 472 

motional processes [81]. An example that illustrates the impact motional processes on the 473 

rate of T1 relaxation can be found in the work of Peng et al. who compared 7Li T1 relaxa-474 

tion times of a Li2O-Al2O3-SiO2-P2O5-TiO2-GeO2 (LICGC) ceramic, a mobile lithi-475 

um-containing polymer phase and an immobile lithium-containing polymer phase in a 476 

PEO-LiTf-LICGC hybrid electrolyte [82]. T1 relaxation times were longer for all lithi-477 

um-containing phases of the hybrid electrolyte relative to the plain LICGC sample and a 478 

PEO-LiTf electrolyte [82]. The observed lower lithium ion mobility was attributed to a 479 

Lewis acid/based interaction between the polymer and the ceramic creating increased 480 

resistance in the ceramic-polymer interfacial layer [82]. Other interactions that can in-481 

crease the rate of T1 relaxation include paramagnetism and dipolar or quadrupolar cou-482 

pling. Paramagnetic samples contain unpaired electrons which have large magnetic 483 

moments and are particularly effective at promoting relaxation [81]. Paramagnetism is 484 

particularly relevant in hybrid systems as many ceramics contain paramagnetic transi-485 

tion metals. Dipolar and/or quadrupolar coupling interactions tend to decrease T1 relax-486 

ation times by providing an alternate pathway through which the relaxation process can 487 

occur [81]. This means that coupling interactions between ions and the membrane can 488 

also influence T1 relaxation with stronger interactions resulting in decreasing T1. How-489 

ever, as lower T1 values are typically associated with more mobile as opposed to mem-490 
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brane-bound Li+ ions, it can be assumed that motional processes have a more significant 491 

impact on T1 relaxation in these systems than dipolar coupling interactions do. 492 

Similar relationships between T1 relaxation and site mobility have been observed in 493 

sodium-based polymer electrolytes. Schantz and Kakihana observed two sodium sites in 494 

a poly(propylene oxide) sample that contained NaCF3SO3 [83]. The observation of two 495 

distinct sites (one narrow and one broad) was attributed to the presence of two different 496 

nuclear coordination environments which were made visible by differences in 497 

quadrupolar coupling between these sites [75, 83]. The narrow site, which had a T1 re-498 

laxation time of 9 μs, was attributed to mobile dissociated ions whereas the broad site 499 

(with a T1 relaxation time of 13 ms) was attributed to ion pairs which tend to have low 500 

mobility [83]. Similar observations regarding the impact of motional processes on T1 re-501 

laxation in sodium-based polymer systems were made by Pak et al. in a poly(propylene 502 

oxide)-NaB(C6H5)4 system [84]. This sample also contained two sodium sites which could 503 

be attributed to mobile dissociated ions and less mobile ion pairs [84]. The T1 relaxation 504 

time for the mobile site was about 10 ms at room temperature with the T1 relaxation time 505 

for the broad site being about ten times longer. The difference between these relaxation 506 

times, and the faster T1 relaxations times that are found in most sodium-containing 507 

polymer electrolytes such as those studied by Schantz and Kakihana, was stated to be a 508 

result of complexation between the sodium cation the large B(C6H5)4 anion [83, 84]. It was 509 

additionally observed that the T1 relaxation continued to decrease with increasing tem-510 

perature and did not plateau at the Tg of poly(propylene oxide) as has been previously 511 

observed in several similar systems [84]. This suggests that ion motion primarily occurs 512 

independently of the motion of the polymer chain. 513 

Sample mobilities can also be compared using a quantity called T1 minimum. The T1 514 

minimum occurs at the temperature where the variations in relaxation rate are on the 515 

order of the Larmor frequency [30, 76]. The T1 minimum can more directly be described 516 

as the temperature at which T1 relaxation occurs most rapidly [81]. Species where the T1 517 

minimum occurs at a higher temperature have lower ion mobility as more energy must 518 

be transferred to or from the spin system for the maximum rate of T1 relaxation to occur 519 

[30, 76, 81]. The correlation between differences in T1 minimum and differences in ionic 520 

mobility was demonstrated through the analysis of LiClO4 doped polyure-521 

thane-poly(dimethylsiloxane) copolymers [76]. In this system, the temperature where the 522 

T1 minimum occurred was found to increase with increasing LiClO4 loading (Figure 8a) 523 

[76]. These findings were well-correlated with impedance spectroscopy data as samples 524 

with T1 minima at higher temperatures were found to be less conductive (Figure 8b) [76]. 525 

Although the determination of the T1 minimum is generally time consuming and requires 526 

a probe and a variable temperature control with an extensive range, it can provide more 527 

information on the thermal properties of the polymer system in question than more typ-528 

ical T1 measurements allowing for potential comparisons to differential scanning 529 

calorimetry data and the analysis of materials or samples that are not amenable to dif-530 

ferential scanning calorimetry. 531 

 532 
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Figure 8: a) Variable temperature T1 relaxation times for a series of LiClO4-doped polyure-533 

thane-poly(dimethylsiloxane) copolymers with various salt concentrations. b) Ionic conductivity as 534 

a function of temperature for a series of LiClO4-doped polyurethane-poly(dimethylsiloxane) co-535 

polymers with various salt concentrations. Reprinted with permission from [76] Copywrite 2002 536 

American Chemical Society. 537 

 538 

 In the example presented in Figure 8, activation energies were calculated based on 539 

the low temperature T1 data by fitting the slope of an Arrhenius plot [76]. The activation 540 

energy was found to increase from 6.3 to 11.3 kJ/mol when the molar ratio between the 541 

lithium salt and the polyurethane-poly(dimethylsiloxane) copolymer was increased from 542 

0.2 to 1.5 [76]. Activation energies were not calculated for the high temperature region as 543 

a result of a kink in the T1 data around 0 °C corresponding to the transition from Arrhe-544 

nius to VTF conductive behavior in the polymer sample thus indicating a link between 545 

NMR and conductivity measurements [76].  546 

Lin et al. and Daigle et al. have measured variable temperature T1 in polyethylene 547 

glycol (PEG)-based co-polymer systems containing lithium salts [31, 76]. In both cases T1 548 

was observed to decrease with increasing temperature indicating increased mobility of 549 

both the polymer segment and the Li+ ions. These results can often be correlated with 550 

conductivity data. In these works, the low temperature portion of the T1 buildup as a 551 

function of temperature curve is used to calculate activation energies for Li+ transport in 552 

these systems, a method that can be used in samples that are not suitable for analysis via 553 

EIS [85]. It is worth noting that this method does present some challenges as it requires 554 

the ability to measure NMR spectra at low temperatures (down to -50 °C in Lin et al.[76]) 555 

since temperatures above about -10 °C are around the T1 minimum where significant 556 

changes in T1 as a function of temperature no longer occur [85]. An additional challenge 557 

is peak overlap. Despite differences in T1 relaxation times between sites, Lin et al. re-558 

ported that it was difficult to deconvolute signals from the polymer backbone and the 559 

mobile Li+ species resulting in the reported activation energies potentially including 560 

contributions from both species. 561 

 The differences between characterizing Li+ mobility in a polymer electrolyte using 562 

T1 relaxation and EIS are illustrated in the outcome of the study by Jeon and Kwak [72]. 563 

The variable temperature T1 analysis of a poly(vinylidene fluo-564 

ride-co-hexafluoropropylene) network doped with P(EO-EC)-LiCF3SO3 between -40 and 565 

70 °C showed that T1 relaxation time and T1 derived activation energy for lithium motion 566 

decreased with increasing temperature and increasing P(EO-EC)-LiCF3SO3 doping [72]. 567 

Both are consistent with increased lithium mobility. Decreasing activation energy was 568 

also observed with increasing temperature and increasing P(EO-EC)-LiCF3SO3 doping 569 

via EIS [72]. However, the activation energies were not equal. The activation energy that 570 

was calculated based on T1 relaxation (9.8-13.1 kJmol-1) was lower than that which was 571 

calculated based on lithium conductivity (41.2-50.1 kJmol-1) [72]. 572 

The difference in activation energies is a result of NMR and EIS measuring ion mo-573 

tion on different length scales. NMR effectively measures local-scale mobility while EIS 574 

measures global mobility. It is anticipated that the higher activation energy as measured 575 

by EIS is a result of more energy being required for long-range motion than for local-scale 576 

motion [72]. Additionally, in samples with multiple lithiated chemical environments, 577 

site-specific activation energies, which may not contribute to global ionic conductivity, 578 

can be determined by NMR. This is not the case with impedance spectroscopy of polymer 579 

samples as one conductivity value typically represents all components of a sample that 580 

are in the same phase and that contribute to long-range ionic conductivity. There may 581 

however be the possibility of distinguishing multiple phases via EIS in ceramic or hybrid 582 

samples due to the presence of multiple semi-circles. The difference in motional scale, 583 

along with the possibility to measure site-specific mobility in NMR are the reasons why 584 

activation energies calculated via these techniques may not match and should not be 585 
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compared directly. However, comparing these properties qualitatively (increasing or 586 

decreasing) can be done to support claims of increased or decreased mobility in a sample. 587 

 588 

2.2.2 Spin-Spin Relaxation (T2) 589 

 590 

T2 relaxation, also called transverse relaxation or spin-spin relaxation, is the relaxa-591 

tion of the x and y components of the magnetization vector without energy transfer to the 592 

lattice [70]. This process occurs as the magnetization vector precesses about the xy plane 593 

after a pulse has been applied [70]. During this time, individual spins that make up the 594 

magnetization vector fan out across the xy plane which destroys coherence (the orienta-595 

tion of magnetization in the same direction) and can result in line broadening. This pro-596 

cess is due to small fluctuations of local microscopic magnetic field caused by local mo-597 

bility. This effect, which depends on the orientation of the nucleus with respect to the 598 

magnetic field and the scalar coupling in electrons is particularly apparent when T2 re-599 

laxation times are short [70]. Short T2 relaxation times can cause significant signal loss if 600 

the T2 is shorter than the delay times that are used in some pulse sequences. T2 relaxation 601 

times can be particularly affected by the quadrupolar interaction as it is also orientation 602 

dependent and heavily dependent on the structure of the local coordination sphere [86]. 603 

Changes in the quadrupolar interaction tend to minimize T2 relaxation time which causes 604 

significant line broadening [86]. Line broadening can complicate spectral interpretation 605 

by causing peaks originating from distinct chemical environments to overlap. 606 

T2 relaxation can be measured using the spin-echo pulse sequence which is com-607 

prised of a 90° pulse followed by a delay time (τ), a 180° pulse and a second delay period 608 

(τ) [87, 88]. However, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Table S1) 609 

is probably more commonly used to measure T2 relaxation [89, 90]. This pulse sequence 610 

begins with a 90° pulse, a delay period (τ) and a 180° pulse as in the spin echo sequence, 611 

but also includes a train of 180° pulses at 2nτ delay periods following the first 180° pulse 612 

which results in a series of spin echoes that occur at time 2nτ (Figure 9) [90]. The echo 613 

train continues until the signal has decayed [89, 90]. The advantage of using the CPMG 614 

pulse sequence over the spin echo pulse sequence is that the train of 180° pulses mini-615 

mizes the potential loss of magnetization due to random spin diffusion, which prevents 616 

complete magnetization refocusing [90]. Both the spin-echo and the CPMG pulse se-617 

quences are used in some of the experiments that are discussed here. 618 

 619 

Figure 9: CPMG pulse sequence. 620 

 In single-pulse experiment, observed signal decay is caused by a combination of T2 621 

relaxation and decay due to magnetic field inhomogeneity[29]. However, the spin echo 622 

pulse sequence allows losses due to field inhomogeneity to be recovered. Following the 623 

application of the 90° pulse, magnetic field inhomogeneity causes spins in regions of rel-624 

atively high magnetic field to precess faster than spins that are in a region of relatively 625 
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low magnetic field [29]. After the spins have evolved for time τ, the phases of magneti-626 

zation of different regions are sufficiently different to cause a decrease in the overall 627 

magnetization. This is illustrated in equation 12 where T2
* is the observed decay, T2 is the 628 

transverse magnetization, γ is the gyromagnetic ratio and ΔH0 is the inhomogeneity of the 629 

magnetic field. 630 

 

  
  

 

  
                

 However, the spins in each individual region of the magnetic field are still coherent 631 

and precessing in the transverse plane [29]. This dephasing effect is then reversed by the 632 

application of a 180° pulse as all transverse spins are reflected in the direction of the ap-633 

plied pulse [29]. This reverses the motion of the spins and, because faster spins get 634 

de-phased at a faster rate, after the second delay period  all spins are back in phase and 635 

the total magnetization reaches a maximum (yielding a spin echo) [89]. The height of the 636 

spin echo shows what the free induction decay would have been at a time of 2π if no field 637 

inhomogeneities were present [90]. For the CPMG pulse sequence, 180° pulses are re-638 

peated until the echo has completely decayed. In this case, T2 is calculated using equation 639 

13 where I   τ  is the signal after the nth echo and I(0) is the initial signal. 640 

            
 
    
  

 
           

  641 

T2 relaxation, as determined using the spin-echo pulse sequence, has been used in a 642 

few instances in the analysis of polymer films as an alternative method for measuring the 643 

effects of electrolyte hydration and lithium salt addition [88, 91]. This was the case in the 644 

work of Donoso et al. who compared T2 values in hydrated and anhydrous PEO-LiBF4 645 

polymer electrolytes [91]. T2 relaxation was found to increase with hydration with the 646 

anhydrous film having a T2 of 45 μs and the hydrated film having a T2 of 130 μs [91]. The 647 

increase in T2 relaxation time was attributed to the fact that water is predicted to act as a 648 

plasticizer in this system by both increasing the mobility of the polymer chains and by 649 

increasing the volume of the mobile segments [91]. The fact that changes in polymer 650 

chain mobility can be observed via T2 relaxation was also used by Forsyth et al. as an al-651 

ternative means of determining Tg in PAN-LiTf films that were not amenable for analysis 652 

via DSC [88]. The Tg was identified as the temperature at which a large increase in T2, 653 

which was correlated with increased polymer chain mobility, was observed (Figure 10). 654 

In this case the pure polymer had a Tg of 107 °C whereas the sample containing 67 % LiTf 655 

had a Tg of 72 °C showing that increased salt content increased polymer plasticity [88]. It 656 

is noted by the authors that the Tg value for the pure PAN sample is about 10 degrees 657 

higher than the standard DSC value. The above studies show that T2 relaxation can be 658 

used instead of or in combination with differential scanning calorimetry to elucidate the 659 

impact of temperature on polymer mobility and thermal properties. 660 

 661 

Figure 10: T2 relaxation as a function of temperature for pure PAN and PAN electrolytes containing 662 

30 and 67 % by weight LiTf. Tg was designated as the temperature where T2 relaxation changed 663 

significantly which was indicative of significant polymer chain motion. Reprinted from [88] 664 

Copywrite 2000 with permission from Elsevier. 665 
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 666 

 The Carr-Purcell pulse sequence has been used to identify environments with dif-667 

ferent mobilities in polymer electrolytes. The ability to identify and characterize multiple 668 

species in the same sample is typically one of the advantages of using NMR spectroscopy 669 

over electrochemical techniques. This has been demonstrated in the context of T2 relaxa-670 

tion by several authors including Franco et al. who found that segments in a PEO poly-671 

mer containing LiClO4 and 20 wt% carbon black have two distinct mobilities via 1H NMR 672 

[92]. The site with the longer T2 was attributed to the mobile polymer chains and the site 673 

with the shorter T2 was attributed to the immobile backbone [92]. A similar experiment 674 

was performed by Kwaks et al. who measured 1H T2 in polymer electrolytes comprised of 675 

poly(oligo oxyethylene methacrylate) and LiTFSI [93]. They found three separate T2 val-676 

ues which corresponded to the mobile side chain (T2 = 70 ms), the interface between the 677 

polymer chains (T2 = 10 ms) and the immobile polymer backbone (T2 = 1 ms) [93]. The 678 

characterization of three distinct lithium environments in a single system would not have 679 

been possible via most electrochemical methods. T2 relaxation was also used by Kidd et 680 

al. to identify two distinct lithium environments in PEO-based polymer electrolytes that 681 

are crosslinked to polyvinylidene fluoride (PVDF) filaments [94]. These materials were 682 

soaked in a mixture of ethylene carbonate, dimethyl carbonate and lithium triflate and 683 

contained 10, 20 or 30 wt% pentaerythritol triacrylate (PETA). Two distinct lithium en-684 

vironments, one with a long T2 (195-310 ms depending on PETA content) and another 685 

with a shorter T2 (12-21 ms depending on PETA content) were identified by the authors 686 

[94]. The length of the lithium environment with short T2 was estimated at 3 μm based on 687 

a combination of the 2τ delay period and diffusion data from PFG experiments [94]. This 688 

finding, and the fact that the fraction of the long T2 environment increased from 26 to 79 689 

% when the PETA weight percent was increased from 10 to 30, allowed the environment 690 

with the short T2 being assigned to the PVDF filaments and the environment with long T2 691 

being assigned to the PEO between the filaments. The results of the above studies suggest 692 

that T2 relaxation measurements can be performed as a method of determining, among 693 

other things, the number of sites present in a sample, their mobilities and their thermal 694 

properties. 695 

 696 

2.2.3 Linewidth 697 

 698 

 Similar to T1 or T2 relaxation, changes in spectral linewidth as a function of temper-699 

ature can be compared to assess the relative mobility of species in a sample with nar-700 

rower lineshapes indicating increased mobility [95, 96]. The analysis involves fitting in-701 

dividual peaks in an NMR spectrum and measuring the full width at half maximum 702 

(FWHM) of each site. This technique is widely used to assess mobility as it does not 703 

necessarily require complex NMR experiments to be performed (Table S1). However, 704 

techniques such as magic angle spinning (MAS) and proton decoupling are often used to 705 

produce narrower lineshapes which can be more readily deconvoluted and fit. While 706 

changes in FWHM can be used to quantify the relative mobilities of sites in a sample 707 

under the same experimental conditions, this technique is not suitable for the direct 708 

quantitative comparison of ion dynamics when different NMR experiments are per-709 

formed as experimental parameters can impact FWHM. However, linewidth analysis can 710 

be used to quantitatively assess site-specific ionic motion between samples and/or under 711 

different experimental conditions if changes in FWHM are used to calculate activation 712 

energy. Activation energies can be calculated from Arrhenius plots of FWHM as a func-713 

tion of temperature (Figure 11) and, like T1 relaxation, linewidth analysis can be coupled 714 

with electrochemical impedance spectroscopy measurements to describe the contribu-715 

tions of site-specific motions to global lithium transport [76, 97, 98].  716 
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 717 

Figure 11: Arrhenius plot based on FWHM measurement from a series of 718 

PEO-polydimethylsiloxane (PDMS) films doped with varying amounts of LiClO4. Reprinted with 719 

permission from [76] Copywrite 2002 American Chemical Society. 720 

 721 

 Linewidth analysis is commonly used to assess the mobility of sodium sites in solid 722 

polymer electrolytes. However, as the 23Na quadrupolar moment can be significant (up to 723 

about 7 MHz), these interactions can significantly impact linewidth making it difficult to 724 

discern which contributions to the total linewidth come from temperature-dependent ion 725 

mobility and which are caused by second order quadrupolar effects [99]. In addition to 726 

impacting linewidth, quadrupolar interactions can also alter the chemical shift from its 727 

isotropic value [100]. Despite the potential drawbacks of the quadrupolar interaction in 728 

sodium-based systems, the quadrupolar contribution to the linewidth can reveal a sig-729 

nificant quantity of information about the sodium sites’ immediate coordination envi-730 

ronment. 731 

 732 

 Variable temperature lineshape analysis has been used to evaluate species mobility 733 

in complex polymer electrolyte systems [101]. An example of this is the use of 7Li NMR to 734 

evaluate differences in ion mobility in a polymer-gel electrolyte mixture that was com-735 

prised of polyacrylonitrile (PAN), polypropylene carbonate, ethylene carbonate and 736 

LiClO4 salt [95]. In this case, significant line narrowing was observed in the gel compo-737 

nent while the peak corresponding to the PAN remained broad, signaling low ion mo-738 

bility in the polymer component [95]. In addition to probing component mobility in 739 

polymer-gel systems, variable temperature linewidth analysis has also been used to 740 

evaluate PEO systems containing inert and active ceramic dopants [13, 96, 102]. Chung et 741 

al. prepared PEO-LiClO4 films containing 10 wt% TiO2 [96]. The addition of the ceramic 742 

nanoparticles resulted in an increase in the FWHM relative to the TiO2-free sample. This 743 

was attributed to decreased segmental motion of the polymer chains as a result of cross-744 

linking between the polymer and the TiO2 nanoparticles [96]. Bonizzoni et al. used vari-745 

able temperature 7Li NMR to analyze a PEO-LiTFSI system containing Li1.3Al0.3Ti1.7(PO4)3 746 

(LATP) between 25 and 75 °C [13]. Coalescence between peaks corresponding to two 747 

lithiated sites in the ceramic indicated that the rate of lithium ion exchange between these 748 
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sites increased with temperature. [13]. The peak corresponding to LiTFSI narrowed in-749 

dicating increased lithium mobility [13]. Menkin et al. used 7Li variable temperature 750 

NMR to evaluate the impact of LiAlO2 content on a PEO-lithium iodide (LiI) system 751 

[102]. It was found that increasing sample temperature resulted in peak narrowing be-752 

tween 25 and 50 °C for the peak corresponding to lithium ions in PEO and the appear-753 

ance of a sharp peak (from a previously existing shoulder) at 80 °C which was assigned to 754 

the polymer-ceramic interface [102]. No changes in linewidth were observed in the peak 755 

corresponding to the bulk ceramic indicating that it did not participate in ion conduction 756 

(Figure 12) [102]. It can be seen that lineshape analysis can be particularly useful in dis-757 

tinguishing mobility at different sites in complex systems such as hybrid electrolytes 758 

where differences in ion dynamics between the polymer and ceramic components, as 759 

well as any interfaces, can be expected. 760 

 761 

Figure 12: Variable temperature 7Li NMR spectra (7.1 T, 5 kHz) of a PEO-LiI polymer matrix con-762 

taining LiAlO2 (a). Deconvolution of the spectrum at 80 °C (b). Reprinted from [102] Copywrite 763 

2019 with permission from Elsevier. 764 

 765 

In addition to its use in variable temperature NMR, lineshape analysis has also been 766 

used at constant temperatures to evaluate the effects of inert and active ceramic doping 767 

on the polymer matrix in hybrid electrolyte systems [103, 104]. Xu et al. used 1H NMR to 768 

measure the hydrogen bonding interaction between a PEO-LiClO4 polymer matrix and 769 

an inert SiO2 nanoparticle dopant in order to evaluate the effects of SiO2 doping on PEO 770 

crystallinity [103]. They found that interactions between the SiO2 nanoparticles and the 771 

polymer chain reduced crystallinity in the PEO matrix. These interactions produced 772 

narrower lineshapes which indicated increased segment mobility which is typically as-773 

sociated with increased conductivity (Figure 13) [103]. 774 
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 775 

Figure 13: 1H NMR spectra (9.4 T) of PEO-LiClO4 membrane containing various mass percentages 776 

of SiO2. Reprinted with permission from [103] Copywrite 2020 American Chemical Society. 777 

 778 

Conversely, Zheng and Hu, who used 6Li NMR to analyze a PEO-LiTFSI electrolyte 779 

containing 20 and 50 wt% Li7La3Zr2O12 (LLZO) (an active ceramic) system, reported that  780 

increasing ceramic content increased the linewidth of the peak corresponding to the 781 

polymer as a result of decreasing crystallinity in the PEO polymer matrix [104]. As in-782 

creased sample disorder may result in line broadening, the dual effects of sample disor-783 

der must be considered when evaluating NMR spectra. The types of interactions that are 784 

possible between the ceramic, either active or inert, and the polymer must therefore be 785 

well-understood to be able to determine whether changes in linewidth are indicative of 786 

changes in sample mobility or interactions between the polymer and the ceramic addi-787 

tive. 788 

In addition to tracking lithium mobility, analysis of FWHM as a function of tem-789 

perature was used by Lago et al. to compare the mobility of the TFSI anion in a 790 

PEO-LiTFSI electrolyte and an electrolyte system that was comprised of Al2O3 nanopar-791 

ticles grafted to PEG and TFSI in a PEO-diglycidyl ether of poly(ethylene glycol) polymer 792 

matrix [105]. Analysis of 19F FWHM revealed that the TFSI anion was significantly more 793 

mobile in the PEO-LiTFSI electrolyte than in the grafted composite electrolyte [105]. This 794 

situation is of interest as lower anion mobility serves to increase cation transference 795 

number. Line width analysis is one of the most commonly used techniques to analyze 796 

differences in mobility of sodium environments in polymer electrolytes [83, 99, 100]. 797 

Wong and Zax tracked changes in FWHM for a hybrid electrolyte comprised of PEO, 798 

lithium salt and the sodium-containing silicate montmorillonite [99]. Measuring sodium 799 

FWHM between -73 and 77 °C revealed a general decrease in linewidth with temperature 800 

which suggests that the dipolar contribution to the linewidth dominates in this system. 801 

The observation of two low temperature plateaus in a plot of sodium linewidth as a 802 

function of temperature indicates that quadrupolar interactions also contribute to the 803 

observed linewidth [99]. Work by Forsyth et al. showed that the linewidth of a 804 

poly(ethylene oxide-co-propylene-oxide) polymer electrolyte containing NaCF3SO3 de-805 

creased from 4.2 to 0.6 ppm between -67 and 20 °C [100]. This is indicative of increased 806 

sodium mobility in this system and suggests that dipolar contributions to the linewidth 807 

also dominate in this system. In addition to affecting FWHM, the quadrupolar interaction 808 
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can also cause the observed chemical shift to differ from its isotropic value. This phe-809 

nomenon was evaluated by Spindler and Shriver in a 810 

poly(methyl-hydrosiloxane)-monomethyl ether poly(ethylene glycol) co-polymer that 811 

contained Na[SO3C3F3] [106]. The 23Na chemical shift was observed to become more pos-812 

itive when either sample temperature or salt content were increased [106]. This observa-813 

tion was attributed to increased interaction between cations and anions in this system. 814 

2.3 Exchange Spectroscopy 815 

 816 

 Like relaxation and linewidth analysis, exchange spectroscopy (EXSY) can be used 817 

to quantify changes in ion motion as a function of sample temperature or doping. EXSY is 818 

typically used to identify site-specific exchange processes and provides quantitative data 819 

including rates of chemical exchange and activation energies for these processes. In one 820 

dimensional NMR spectra, chemical exchange is typically manifested as coalescence 821 

where the approximate rate of exchange can be evaluated based on the degree of peak 822 

overlap: minimal overlap indicates slow exchange, significant overlap with two sites still 823 

resolvable indicates intermediate exchange and complete overlap with line narrowing 824 

(motional exchange counteracts peak broadening) indicates fast exchange [107]. 825 

EXSY is a two dimensional NMR experiment that is generally used to analyze sys-826 

tems undergoing slow and intermediate exchange processes [107]. Slow and intermediate 827 

exchange rates correspond to processes that occur prior to coalescence where the rate of 828 

exchange is less than the difference in Larmor frequency between the two sites [107]. The 829 

EXSY pulse sequence (Figure 14) is comprised of three 90° pulses (Table S1). The first 830 

pulse frequency labels all spins in the system which are then allowed to evolve over a 831 

variable delay period t1 [108]. The second pulse inverts all spins which relax and possibly 832 

undergo chemical exchange during the mixing time tm and are observed following the 833 

application of a third pulse [108]. All spins maintain the labeling that was created by the 834 

first pulse which causes signals related to chemical exchange between sites to appear as 835 

off-diagonal cross peaks. Off-diagonal peaks have different coordinates on each fre-836 

quency axis in the two dimensional spectrum, whereas diagonal peaks (same coordinates 837 

on each axis) represent the fraction of spin which didn’t undergo chemical exchange 838 

(Figure 15) [108]. Multiple exchange processes are represented by multiple sets of 839 

crosspeaks. Quantitative data from EXSY experiments is obtained by fitting the inte-840 

grated area of the cross peaks and the diagonal peaks. The cross peak area is normalized 841 

with respect to the diagonal peak area and can be plot as a function of mixing time to 842 

extract exchange rates [108]. Arrhenius plots of exchange rates can be fit to obtain activa-843 

tion energies for individual exchange processes. These activation energies are site specific 844 

and can be compared to electrochemical data to determine which local exchange pro-845 

cesses do, and do not, contribute to long range conductivity. However, a disadvantage of 846 

obtaining kinetic parameters via EXSY is that the experiment is time consuming since 847 

two dimensional experiments must be performed at several mixing times for each tem-848 

perature to obtain reliable rates of chemical exchange. 849 

 850 
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Figure 14: EXSY pulse sequence. 851 

 852 

Figure 15: Sample EXSY spectrum. Diagonal peaks (1,1 and 2,2 along the dotted line) represent the 853 

original position of each spin and have the same frequency coordinates on both axes. Cross peaks 854 

(1,2 and 2,1) represent exchanged spins and have different frequency coordinates on each axis. 855 

 856 

 A first disadvantage to using EXSY to measure chemical exchange is that the ex-857 

change rate must be equal to or greater to the spin-lattice relaxation time [109]. This lim-858 

itation can result in significant constraints when 23Na NMR is considered as the 859 

quadrupolar interaction in many sodium environments causes T1 relaxation to occur 860 

more quickly relative to T1 relaxation in 7Li systems [47]. Chemical exchange processes 861 

that occur on a timescale that is slower than the spin-lattice relaxation cannot be observed 862 

via ESXY as crosspeaks are not produced during the mixing time, tm in Figure 15 [109]. A 863 

second disadvantage that is relevant to the use of EXSY to analyze the chemical exchange 864 

of quadrupolar nuclei is that quadrupolar interactions typically cause line broadening as 865 

a result of second order effects not being attenuated by regular MAS spectroscopy [110]. 866 

Significant line broadening has previously been shown to obscure otherwise observable 867 

crosspeaks by decreasing peak separation and therefore increasing the minimum corre-868 

lation time for a motional process to produce observable crosspeaks [111]. 869 

 870 

 In the analysis of solid polymer electrolytes, EXSY has been used to demonstrate 871 

polymer mobility and to establish lithium conduction pathways in solid polymer and 872 

hybrid electrolytes. To this end, Liu et al. used 13C EXSY to analyze polymer chain dy-873 

namics in a PEO-LiAsF6 system where the impact of various molecular weights of PEO 874 

on segmental motion was evaluated [112]. Analysis of the two dimensional spectrum 875 

revealed cross peaks that were consistent with polymer chain diffusion [112]. The cross 876 

peaks that were observed between pairs of carbon atoms were consistent with forward 877 

and backward chain motion with the integrated area of the cross peaks being repre-878 

sentative of the rate of this motion [112]. Chain diffusion was found to increase with PEO 879 
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molecular weight as it was associated with amorphous regions in the polymer matrix 880 

which remain small at low molecular weights [112]. 881 

In addition to its use in the characterization of polymers, 7Li EXSY was also used to 882 

determine which lithiated environments are involved in ion conduction in a PEO-LiAsF6 883 

system that is encased in a series of α-cyclodextrin nanochannels [113]. Prior to per-884 

forming the two dimensional experiment, five lithium environments were identified via 885 

one dimensional NMR techniques: Li-1 was attributed to lithium ions in PEO, Li-2 was 886 

attributed to interfacial lithium between PEO and the cyclodextrin nanochannels, Li-3 887 

was attributed to “free” lithium ions and Li-4 and Li-5 were attributed to lithium ions in 888 

the cyclodextrin nanochannels [113]. Cross peaks were found between Li-1 and Li-2 as 889 

well as between Li-2 and Li-4 suggesting that lithium ions pass through an interfacial 890 

layer when they are transferred between PEO and the nanochannel (Figure 14) [113]. The 891 

lithium exchange rate that was calculated from the EXSY data was greater than the 892 

measured conductivity which suggests that not all local-scale motional processes con-893 

tribute to long range lithium conductivity in this system [113]. However, the activation 894 

energy that was calculated via EXSY was lower than that obtained via EIS indicating 895 

additional energy barriers for long-range lithium motion in this system (Figure 16) [113]. 896 

This work demonstrates that EXSY can be used to characterize several exchange pro-897 

cesses in a single system provided that each signal in the NMR spectrum has been pre-898 

viously well-characterized. It also illustrates the role that many species can play in lo-899 

cal-scale ion motion which is not generally characterizable by electrochemical methods. 900 

 901 

Figure 16: 7Li EXSY spectra of PEO-LiAsF6 in cyclodextrin nanochannels (14 T, 5 kHz MAS) with a 902 

mixing time of 300 ms. Spectrum (a) was collected with no dipolar coupling and showed correla-903 

tion between the PEO and the interface. Spectrum (b) was collected with dipolar coupling where 904 

correlation between the interface and the cyclodextrin layer is observed. Activation energies cal-905 

culated based on EXSY NMR data and EIS data (c). Reprinted with permission from [113] 906 

Copywrite 2014 Wiley and Sons. 907 

 908 

 EXSY is not limited to homogeneous systems and, as such, was also used to measure 909 

lithium exchange between the polymer matrix and active ceramic additives in hybrid 910 

systems. Zheng et al. analyzed a PEO-LiClO4 membrane containing LLZO, an active ce-911 

ramic [114]. Their 1D 7Li experiments identified peaks attributed to the LiClO4 in the 912 

polymer matrix, LLZO and an interfacial layer [114] The EXSY experiments revealed 913 

crosspeaks between the polymer and the interfacial layer [114]. No crosspeaks were ob-914 

served between LLZO and the polymer or LLZO and the interface [114]. These results 915 

suggest that lithium ion conduction does not occur directly through the ceramic in this 916 

system. Conversely, the use of EXSY by Zagórski et al. to study a PEO-LiTFSI system 917 
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containing LLZO revealed that no interface layer is formed and that lithium ion exchange 918 

instead occurs between the ceramic and the polymer directly (Figure 17) [115]. However, 919 

electrochemical impedance spectroscopy studies that were performed on this system 920 

suggest that it is not lithium exchange between the polymer and the ceramic, but the 921 

motion of lithium ions through the polymer, that is responsible for the majority of the 922 

lithium conductivity in this system [115]. The differences in the role of the poly-923 

mer-ceramic interface in lithium conduction pathways in these materials could be a result 924 

of differences in LLZO content. The study by Zheng et al., where an interface was ob-925 

served, involved samples containing 50 wt% LLZO while the samples used in the work of 926 

Zagórski et al. contained 10 wt% LLZO [114, 115]. It is possible that the lower LLZO 927 

content of the samples in the latter study resulted in an insufficient quantity of interfacial 928 

lithium to detect. Additionally, lithium conduction is predicted to proceed primarily 929 

through the polymer matrix in hybrid systems with low ceramic loading [104]. 930 

 931 

Figure 17: 7Li one dimensional and EXSY spectra (14 MHz, 20 kHz MAS) of PEO-LiTFSI containing 932 

LLZO. Reprinted with permission from [115] Copywrite 2019 American Chemical Society. 933 

2.4 Dipolar Coupling 934 

 935 

2.4.1 Cross Polarization 936 

 937 

Like EXSY, cross polarization NMR spectroscopy (Table S1) can be used to measure 938 

correlation between chemical environments in complex systems. However, instead of 939 

relating environments based on chemical exchange, cross polarization is used to identify 940 

sites based on the strength of the heteronuclear dipolar coupling interaction that exists 941 
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between nuclei. The cross polarization experiment involves the transfer of magnetization 942 

from an abundant spin to a dilute spin [116]. The magnetization transfer happens as a 943 

result of the heteronuclear dipolar coupling interaction which is a distance-dependent 944 

through-space interaction that arises as a result of the interacting magnetic dipole mo-945 

ments of proximal nuclei [117]. As a result, stronger signals are indicative of stronger 946 

dipolar couplings whereas weaker signals indicate weaker dipolar couplings. The main 947 

advantages of the technique are improved sensitivity for low abundancy nuclei (up to the 948 

ratio of gyromagnetic ratios) and a reduction in experimental time as the T1 of the 949 

abundant spin, which is generally shorter, is used during the experiment [116].  950 

 The cross polarization experiment (Figure 18) begins with the application of a 90° 951 

pulse on the abundant spin which is followed by a pulse that spin locks the magnetiza-952 

tion of the abundant spin along the y-axis [116]. During this time, a pulse of same length 953 

is applied on the dilute spin which puts both magnetization vectors along the y-axis such 954 

that spin exchange can occur [116]. After the spin lock pulse, the radio frequency on the 955 

dilute spin is turned off to allow for signal acquisition while the abundant spin is de-956 

coupled [116]. 957 

 958 

Figure 18: Cross polarization pulse sequence for the transfer of magnetization between an abun-959 

dant spin (I) and a dilute spin (S). 960 

 961 

For spin exchange to occur, the Hartmann-Hahn matching condition (equation 14), 962 

where both nuclei have equal rates of precession and equal effective energies, must be 963 

met [118]. This condition is obtained by setting the effective field (B1) on each channel 964 

such that the difference between the product of the effective magnetic field and the gy-965 

romagnetic ratio (γ) is equal to n times the MAS rate in kilohertz where n is equal to ± 0, 1, 966 

2... 967 

                            
As magnetization transfer between spins is dependent on the strength of the dipolar 968 

coupling interaction, the resultant spectral intensities can be used to gauge distances 969 

between chemical environments (stronger signals are indicative of spin environments 970 

being closer together) and site mobility (increased motion decreases the strength of the 971 

dipolar coupling interaction). 972 

Although CP NMR has yet to be used to measure sodium-ion or sodium-polymer 973 

interactions in polymer or hybrid electrolytes, it must be noted that CP NMR spectros-974 

copy is possible between quadrupolar and non-quadrupolar nuclei as well as between 975 

two quadrupolar nuclei. In the case of cross polarization between a spin 3/2 or 5/2 nu-976 

cleus and a spin ½ nucleus, the Hartmann-Hahn condition (equation 14) may be satisfied 977 
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by matching the RF field strength of the spin ½ nucleus to the nutation frequency of the 978 

quadrupolar nucleus [119]. This condition is generally achieved by preceding the CP 979 

portion of the pulse sequence with a technique used to generate multiple quantum co-980 

herence from the quadrupolar nucleus such as multiple quantum magic angle spinning 981 

[119]. In the case of two quadrupolar nuclei, RF irradiation during MAS induces spin 982 

state mixing which makes extremely difficult to achieve the simultaneous spin-locking 983 

that is required to satisfy the Hartmann-Hahn condition (equation 14) [120]. However, 984 

Puls and Eckert were able to perform 23Na-7Li CPMAS on the mixed cation glass 985 

[(Li2O)x(Na2O)1-x]0.3[B2O3]0.7 by first acquiring a detailed understanding of the 986 

quadrupolar coupling behaviour of both nuclei by performing multiple quantum excita-987 

tion and satellite transition MAS spectroscopy prior to commencing any CPMAS ex-988 

periments [120]. 989 

Cross polarization NMR experiments have been performed to monitor nanochannel 990 

formation in a PEO-LiAsF6 α-cyclodextrin electrolyte systems [113, 121]. 1H-13C cross 991 

polarization experiments showed that the conformation of the glucose units in the 992 

cyclodextrin changed upon nanochannel formation and was used as an indicator to 993 

demonstrate that this polymer configuration was achieved [113, 121]. Additionally, in the 994 

study by Yang et al., a combination of isotope labelling and cross polarization NMR was 995 

used to assign lithium environments to the PEO moiety or the nanochannel [113]. This 996 

was done by labeling the PEO moiety with deuterium such that the lithium environments 997 

that were visible via 2H-7Li cross polarization NMR could be assigned to the PEO 998 

whereas environments that were visible via 1H-7Li cross polarization NMR could be as-999 

signed to the nanochannel. Lithium environments that were not observed in either ex-1000 

periment were deemed to be free lithium as larger lithium-hydrogen distances would 1001 

reduce the visibility of these sites as a result of reduced dipolar coupling interactions 1002 

[113]. Limited proton exchange between the nanochannel and the PEO domains was es-1003 

sential for allowing deuterium enrichment to be used as a method of distinguishing be-1004 

tween lithium environments in this system [113]. Isotope labeling experiments will be 1005 

discussed in more detail in the following section.  1006 

The intensity of cross polarization spectra can also be used to gauge ion mobility as 1007 

increased mobility tends to reduce the strength of the dipolar coupling interaction [122]. 1008 

1H-13C cross polarization NMR has been used to compare the segmental mobilities of 1009 

different polymer segments in PEG-based co-polymers. For example, in their analysis of 1010 

a polystyrene PEG-methylmethacrylate co-polymer system, Daigle et al. found that the 1011 

polystyrene backbone is less mobile than the PEG-methyl methacrylate sidechains as a 1012 

result of the presence of attenuated peaks in a 1H-13C cross polarization spectrum [31]. 1013 

However, as was determined via cross polarization NMR by Lin et al. in their analysis of 1014 

a PEG-PDMS co-polymer, the mobility of the sidechain groups varied based on the de-1015 

gree of lithium salt loading [76]. Polymer side chains containing more lithium salt tended 1016 

to be less mobile as a result of stronger ethylene oxide lithium salt interactions. Addi-1017 

tionally, increased sample temperature, which contributes to increased polymer mobility 1018 

resulted in attenuation of the 1H-13C cross polarization signal (Figure 19) [31]. These 1019 

works show that cross polarization NMR provides enhanced characterization of a com-1020 

plex polymer system relative to what is possible with most single nucleus experiments. 1021 

Additionally, cross polarization is a one-dimensional experiment meaning that a detailed 1022 

characterization of the polymer structure and site interactions can be achieved more 1023 

quickly than is possible using most two-dimensional techniques. 1024 
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 1025 

Figure 19: 1H-13C cross polarization NMR spectra of a polystyrene PEG-methylmethacrylate 1026 

co-polymer at various temperatures (9.4 T, 20 kHz MAS). Magnetochemistry 2018 [31]. 1027 

2.4.2 REDOR 1028 

 1029 

 1030 

 Rotational echo double resonance (REDOR) experiments (Table S1) are similar to 1031 

cross polarization experiments in the sense that dipolar coupling interactions are used to 1032 

transfer magnetization between two spins [123].  However, the REDOR experiment is 1033 

generally used to provide more specific structural information as it yields site-selective 1034 

dipolar coupling information for isolated spin pairs which allows internuclear distances 1035 

to be determined [123, 124]. The dipolar coupling interaction, which is normally averaged 1036 

out during MAS conditions, is re-introduced during the pulse sequence (Figure 20) by the 1037 

application on the non-observed spin S of a train of 180° pulses that serves to invert the 1038 

sign of the dipolar Hamiltonian making the average interaction non-zero [124]. The de-1039 

tected spin I is observed by the application of a rotor synchronized spin echo pulse se-1040 

quence (Figure 20) where the 90° pulse is applied at the beginning of the experiment and 1041 

the 180° pulse is applied following 2N rotor periods (Tr) where N is the number of cycles 1042 

[123, 125].  1043 
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 1044 

Figure 20: REDOR pulse sequence. 1045 

 1046 

 Dipolar coupling constants for isolated spin pairs can be extracted from REDOR 1047 

spectra by plotting the ratio of the REDOR intensity (ΔS) and the normal rotational angle 1048 

intensity (S0) as a function of the dipolar evolution time as the REDOR build up curve has 1049 

a universal shape in this scenario [123–125]. The intensity of the REDOR spectrum (ΔS) is 1050 

expected to decrease with increasing strength of the dipolar coupling interaction. In 1051 

multi-spin systems, dipolar build up curves tend to be more complex as they are influ-1052 

enced by the shape and geometry of the system [124, 126, 127]. However, the strength of 1053 

the dipolar coupling interaction can still be approximated by fitting the early part of the 1054 

REDOR build up curve before these factors have a significant influence on the shape of 1055 

the curve [126, 127]. In addition, the fact that the examples that are discussed here involve 1056 

dipolar coupling between protons and quadrupolar 7Li, the impact of the quadrupolar 1057 

coupling interaction can also be important. However, it has been determined that the use 1058 

of the pulse sequence shown in Figure 20, coupled with the low strength of the 1059 

quadrupole moment in 7Li results in the quadrupolar coupling being cancelled out as it 1060 

has an equal effect on both ΔS and S0 which allows equation 15, where I is the spin of the I 1061 

spin, m is the magnetic quantum number, NTr is the dipolar evolution time and M2 is the 1062 

second moment which can be extracted from the ΔS/S0 using a parabola fit [124]. 1063 

  

  
 

 

    
       

 

    

 
 

        
     

               

 1064 

 Voigt and Wüllen used REDOR to assign lithium environments in polymer elec-1065 

trolyte samples that were comprised of PAN and LiBF4 [128]. Two samples with differing 1066 

proportions of LiBF4 (67 wt% and 14 wt%) were analyzed. 1H-7Li cross polarization 1067 

spectra revealed two lithium sites, at -1.3 ppm and -2.0 ppm that were coupled to pro-1068 

tons. As the analyzed samples were prepared by solution casting in deuterated DMSO, 1069 

these sites were attributed to interactions between the lithium cations and the polymer 1070 

[128]. The signal at -1.3 ppm showed no attenuation between the spin echo spectrum and 1071 

the REDOR spectrum indicating limited dipolar coupling interactions. This was at-1072 

tributed to fast lithium motion decreasing the strength of the dipolar coupling interaction 1073 

[128]. This site was therefore assigned to mobile lithium cations. The significant attenua-1074 
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tion of the signal at -2.0 ppm was observed when the spin echo spectrum was compared 1075 

to the REDOR spectrum indicating stronger dipolar coupling interactions [128]. A plot of 1076 

ΔS/S0 as a function of recoupling time revealed that the dipolar coupling in the sample 1077 

containing 67 wt% LiBF4 was 1.4 kHz and that the dipolar coupling in the sample con-1078 

taining 14 wt% LiBF4 was 1.8 kHz indicating that having a greater percentage of PAN 1079 

increases interactions between the salt and the polymer [128]. Voigt and Wüllen also 1080 

performed a 13C-7Li REDOR experiment using a PEO-LiBF4 polymer electrolyte (36 wt % 1081 

PEO and 4 wt% LiBF4) which also contained 60 wt% succinonitrile [129]. The spin echo 1082 

experiment revealed two 13C signal that were correlated to lithium. One signal at 66.2 1083 

ppm exhibited a significant REDOR response and was attributed to polymer matrix 1084 

containing the lithium salt [129]. The other signal at 70.7 ppm did not experience attenu-1085 

ation during the REDOR experiment and was attributed to an amorphous 1086 

succinonitrile-based phase with little to no dipolar coupling interactions as a result of fast 1087 

ion motion in the plasticized polymer [129]. As REDOR signal intensity is dependent on 1088 

the strength of dipolar coupling interactions, it can be used, as shown here, to determine 1089 

how changes in electrolyte composition affect polymer-salt interactions and predict 1090 

subsequent ion mobilities. It is also anticipated the variable temperature REDOR ex-1091 

periments could be performed to determine how changes in temperature impact poly-1092 

mer-salt interactions and therefore ion mobility. 1093 

2.5 Isotope Enrichment 1094 

 1095 

 As mentioned in the 1H-13C cross polarization analysis of PEO in cyclodextrin 1096 

nanochannels performed by Yang et al., isotope enrichment can be performed to enhance 1097 

other types of NMR experiments [113]. Isotope enrichment experiments are typically 1098 

performed to highlight specific regions of a sample as was demonstrated above via the 1099 

use of 2H doping to distinguish hydrogen in PEO and cyclodextrin environments [113]. 1100 

Since NMR spectroscopy can be performed using any isotope where the nuclear spin is 1101 

greater than zero, there exists isotope enrichment options for several nuclei. The most 1102 

common isotope enrichment experiment that is performed in solid polymer electrolyte 1103 

research is replacing 7Li with 6Li. Often, these experiments are not performed using en-1104 

riched samples as 6Li has a natural abundance of 7.6 % [43]. A particular advantage of 1105 

performing 6Li NMR as opposed to 7Li NMR is that 6Li nuclei experience less 1106 

homonuclear dipolar coupling than 7Li nuclei as a result of its lower gyromagnetic ratio 1107 

with respect to that of 7Li (3.937 vs 10.398 x10-7 rad s-1 T-1) [43]. This results in narrower 1108 

lineshapes making it easier to identify individual chemical environments in a sample. 1109 

This technique was used by Zheng et al. to observe a peak attributed to a lithiated pol-1110 

ymer-ceramic interface in a PEO-LiClO4 sample containing LLZO particles, an active ce-1111 

ramic [114]. 1112 

 6Li NMR is used in the analysis of solid-state polymer electrolytes to track the mo-1113 

tional pathways of lithium in the electrolyte layer. This is done by cycling against 6Li foils 1114 

such that the regions that experience 6Li enrichment post-cycling are identified as being a 1115 

part of the lithium conduction pathway. This is because, during cycling, 6Li ions are 1116 

stripped from the foil and travel through the electrolyte. These replace existing 7Li ions in 1117 

the polymer matrix and/or ceramic and leave a trail of 6Li-enhanced regions showing the 1118 

lithium migration pathway through the electrolyte (Figure 21) [130]. The main strength of 1119 

this method is that the regions involved in lithium conduction can be observed directly. 1120 

However, this technique is most effective in systems where motion between domains (i.e. 1121 

lithium in the polymer and lithium in the ceramic) is limited as some lithium exchange 1122 

can occur under ambient conditions and would result in a slight 6Li enrichment of the 1123 

whole system. 1124 
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 1125 

Figure 21: 6Li foil cycling experiment performed on a PEO-LiTFSI system containing LLZO (14.1 T, 1126 

25 kHz MAS). Reprinted with permission from [130] Copywrite 2014 Wiley and Sons.  1127 

This experiment has been performed by several researchers using different polymer 1128 

ceramic blends [114, 131–135]. The exact conduction pathway seems to be dependent on 1129 

many factors including: type of polymer used, type of ceramic used and amount of ce-1130 

ramic in the system. This is likely a result of the fact that it is possible for lithium to travel 1131 

through the polymer only, through the interface that is produced when ceramic is in-1132 

troduced into a polymer matrix or through the ceramic additive only [104]. 1133 

In this vein, it has been suggested that in systems which contain high quantities of 1134 

ceramic, lithium conduction occurs primarily through the ceramic particles. This was 1135 

observed by Zheng et al. in a PEO-LiClO4 system containing 50 wt% LLZO, an active 1136 

ceramic [114]. Yang et al. prepared polymer electrolytes from polyvinylidene fluo-1137 

ride-hexafluoropropylene and LiTFSI that contained 30 wt% Li0.33La0.557Ti1-xAlxO3 nan-1138 

owires [135]. Following cycling with 6Li foil, the majority of the lithium signal (87.9 mol% 1139 

by peak area) was located in the ceramic [135]. At lower ceramic contents, lithium con-1140 

duction was observed to be more likely to occur through the interface that forms as a 1141 

result of interactions between ceramic additives and the polymer matrix. In a PEO-LiTFSI 1142 

system containing 25 wt% of the active ceramic LiZr2(PO4)3 (LZP), it was found that the 1143 

most significant 6Li enrichment occurred in the disordered polymer environment that 1144 

was believed to surround the ceramic particles [131]. Cycling a PEO-succinonitrile-LiTFSI 1145 

system containing the active ceramic Li1+xAlxGe2-x(PO4)3 (LAGP) against 6Li foils revealed 1146 

the appearance of a new lithium environment whose integrated intensity increased with 1147 

increasing LAGP doping suggesting that lithium conductivity occurs through this inter-1148 

facial environment [132]. It is believed that lithium conduction occurs primarily through 1149 

the polymer-ceramic interface at lower levels of ceramic doping as there is not sufficient 1150 

ceramic volume to form a continuous ceramic network through the sample. At even 1151 

lower ceramic content, lithium conduction was found to occur primarily through the 1152 

polymer matrix. This was demonstrated via a 6Li foil cycling experiment by Xu et al. who 1153 

used a PEO-LiTFSI system containing 10 wt% of the active ceramic Li3/8Sr7/16Zr1/4O3 1154 

(LSTZ) and Yang et al. who used a PAN-LiClO4 system containing 5 % LLZO nanowire 1155 

[133, 134]. These experiments suggest that cycling a system against an 6Li foil is an effec-1156 

tive way of identifying ion conduction pathways in hybrid electrolytes with various lev-1157 

els of ceramic loading. It is anticipated that similar results could be obtained using 1158 

6Li-enriched ceramics as changes in spectral intensity would indicate whether/to what 1159 

extent these species participate in ion transport. 1160 

3. Future Work 1161 

Despite the advantages of NMR spectroscopy for the analysis polymer and hybrid 1162 

electrolytes, improvements can still be made to better characterize these materials. To this 1163 

end, an additional technique, fast field cycling NMR relaxometry, in which the variance 1164 
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in T1 relaxation changes with changes in the magnetic field is used to calculate correlation 1165 

times and surface diffusion associated with mobile species will be discussed here. This 1166 

has had limited use in the analysis of polymer or hybrid electrolytes. However, this 1167 

technique has been previously used to analyze segmental motion in polymeric materials 1168 

and ion mobility in confined ionogels [136–138] and therefore has the potential to be 1169 

employed in future studies in this field. These techniques can be tailored to selectively 1170 

analyze specific chemical environments in a sample via sample synthesis or experimental 1171 

setup allowing for even further selectivity during analysis. 1172 

Future work in the analysis of polymer and hybrid electrolytes for use in 1173 

all-solid-state batteries could also focus on sodium-based batteries as the high availability 1174 

and high energy density of sodium is creating increased interest in these devices. How-1175 

ever, the higher quadrupole moment, relative to Li, can complicate the analysis of these 1176 

systems by NMR spectroscopy. Future studies to investigate the ion mobility in and the 1177 

molecular structure of sodium electrolytes could include NMR techniques such as mul-1178 

tiple quantum magic angle spinning and satellite transition magic angle spinning which 1179 

are specifically used to determine the number of sites present, along with their 1180 

quadrupole parameters. These experiments would provide information on the nuclear 1181 

environments of sodium species and inform lineshape fitting. Quadrupolar lineshape 1182 

fitting could then be used to determine the impacts of electrolyte structure and external 1183 

factors such as sample temperature on nuclear environments and molecular dynamics in 1184 

these electrolytes.  1185 

 1186 

4. Conclusions 1187 

 1188 

The above examples show that solid-state NMR spectroscopy is a useful method for 1189 

the analysis of molecular structure and ion dynamics in solid polymer and hybrid elec-1190 

trolytes. PFG NMR, which is commonly used to measure transference number in elec-1191 

trolyte systems, was shown to be good at characterizing local-scale ion mobility but typ-1192 

ically worse than EIS-based measurements at describing long-range diffusion as it cannot 1193 

distinguish between free ions and aggregates. Although not widely used in the analysis 1194 

of solid polymer electrolytes, electrophoretic NMR is an experimentally demanding 1195 

method to obtain species-specific transference numbers with accuracy that is not limited 1196 

to dilute solutions. The ability of NMR based techniques to accurately describe local-scale 1197 

motions that are not necessarily correlated with long-range processes can be observed in 1198 

the use of variable temperature-assisted techniques for the quantification of mobility and 1199 

the calculation of site-specific activation energies: T1 relaxation, linewidth analysis and 1200 

EXSY. Solid-state NMR can also be used to determine molecular structure and mobility 1201 

simultaneously. This has been done via cross polarization and isotope replacement ex-1202 

periments. All things considered, solid-state NMR, alone or coupled with electrochemical 1203 

analysis, is a powerful technique for characterizing molecular structure and ion mobility 1204 

in polymer and hybrid electrolyte materials 1205 
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