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Abstract 

 

Ion Diffusion and Electrochemically Driven Transport in Homogenous and 

Nanostructured Polymer Electrolytes 
 

by 

 

Ksenia Timachova 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Berkeley 

 

Professor Nitash P. Balsara, Chair 

 

 

There is a growing need for safe, reliable, economical, and energy dense electrical energy 

storage devices. Polymer electrolytes are of great interest due to their potential use in high 

specific energy solid-state batteries. Polymer electrolytes are mixtures containing dissociated 

ions in a polymer matrix. The transport of ions in polymer electrolytes is of significant practical 

interest in order to enable their use and commercialization in next generation energy storage 

devices. Most experimental work on the field has focused on studying bulk electrochemical 

transport properties such as ionic conductivity. In this work, ion transport is primarily studied 

using a spectroscopic technique called pulsed-field gradient NMR (PFG-NMR). Using this 

technique, we investigate the molecular mechanisms that dictate ion transport through polymer 

materials. 

Polyethylene oxide (PEO) provides a useful model system to study the effects of molecular 

weight and salt concentration on ion transport. We present measurements of the electrochemical 

transport properties of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in PEO over a wide 

range of PEO molecular weights and salt concentrations. Individual self-diffusion coefficients of 

the Li and TFSI ions, 𝐷+ and 𝐷−, were measured using PFG-NMR both in the dilute limit and at 

high salt concentrations. Conductivities calculated from the measured 𝐷+ and 𝐷− values based 

on the Nernst-Einstein equation were in agreement with experimental measurements reported in 

the literature. We determined the molecular weight dependence of the cation transference 

number in these solutions. We introduce a new parameter, s, the number of lithium ions per 

polymer chain, that allows us to account for both the effect of salt concentration and molecular 

weight on cation and anion diffusion.  Expressing cation and anion diffusion coefficients as 

functions of s results in a collapse of 𝐷+ and 𝐷− onto a single master curve. 

We extend our analysis of ion transport to perfluoropolyether-based polymer electrolytes. 

Perfluoropolyethers (PFPEs) are polymer electrolytes with fluorinated carbon backbones that 

have high flash points and have been shown to exhibit moderate conductivities and high cation 
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transference numbers when mixed with lithium salts. Ion transport in four PFPE electrolytes with 

different endgroups was characterized by differential scanning calorimetry (DSC), ac impedance, 

and PFG-NMR as a function of salt concentration and temperature. In spite of the chemical 

similarity of the electrolytes, salt diffusion coefficients measured by PFG-NMR and the glass 

transition temperature measured by DSC appear to be uncorrelated to ionic conductivity 

measured by ac impedance. We calculate a non-dimensional parameter, 𝛽, that depends on the 

salt diffusion coefficients and ionic conductivity. We also use the Vogel-Tammann-Fulcher 

relationship to fit the temperature dependence of conductivity. We present a linear relationship 

between the prefactor in the VTF fit and 𝛽; both parameters vary by four orders of magnitude in 

our experimental window. Our analysis suggests that transport in electrolytes with low dielectric 

constants (low 𝛽) is dictated by ion hopping between clusters. 

A set of polyether polymers with varying density of ether groups were synthesized to study the 

effects of polymer mobility and solvation site density on ion transport. The mobility of the 

polymer backbones dictated by the glass transition temperature were measured using DSC, the 

diffusion and conductivity of the ions were measured using PFG-NMR and ac impedance, and 

the steady-state current responses of the electrolytes were calculated from the measurements. 

The results indicate that the steady-state current response of a polyether-based polymer 

electrolytes is proportional to the density of lithium solvation sites and inversely proportional to 

the mobility of the polymer backbone. This set of polyether polymers was used to predict a 

polymer structure that could have a better steady-state current response than PEO. 

Unlike homopolymer electrolytes, where the structure and ion transport functions are linked 

together by the chemistry of the backbone, nanostructured block copolymer electrolytes can 

provide independently unable ion transport and structural properties. Consequently, we extend 

our characterization of ion transport to block copolymers composed of a flexible ion transporting 

block and a rigid mechanically robust block. These materials can microphase segregate into 

nanostructured domains. Practical uses of the materials, however, require an understanding of the 

microscopic and macroscopic ion transport properties across the microphase-separated systems. 

We present complete continuum characterization of ion transport in a lamellar polystyrene-b-

poly(ethylene oxide) copolymer/LiTFSI electrolyte as a function of salt concentration. 

Electrochemical measurements are used to determine the Stefan-Maxwell salt diffusion 

coefficients 𝔇+,0 , 𝔇−,0, and 𝔇+,−. Individual self-diffusion coefficients of the Li- and TFSI-

containing species were measured by PFG-NMR. The NMR data indicate that salt diffusion is 

locally anisotropic, and this enables determination of a diffusion coefficient parallel to the 

lamellae, 𝐷||, and a diffusion coefficient through defects in the lamellae, 𝐷⊥. We quantify 

anisotropic diffusion by defining an NMR morphology factor and demonstrate that it is 

correlated to defect density seen by transmission electron microscopy. We find agreement 

between the electrochemically determined Stefan-Maxwell diffusion coefficients and the 

diffusion coefficient 𝐷⊥ determined by PFG-NMR. Our work indicates that the performance of 

nanostructured block copolymer electrolytes in batteries is strongly influenced by ion transport 

through defects. 

Nanostructured block copolymer electrolytes composed of organic and inorganic moieties extend 

the application potential of polymer materials by providing more chemically discrete properties 

between the two blocks. Using these materials requires us to understand how ion transport 
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changes across different morphologies. The self-diffusion of salt ions across a disorder to 

lamellar phase transition in a nanostructured poly(ethyelene oxide)-b-poly(silesquioxane) 

copolymer was studied using PFG-NMR and changes in the morphology were studied using 

small-angle x-ray scattering. The diffusion of the salt is isotropic when the polymer electrolyte is 

disordered and anisotropic when the polymer is microphase separated. The difference between 

the diffusion coefficient parallel to the lamellae, 𝐷||, and the diffusion coefficient perpendicular 

to the lamellae, 𝐷⊥, measured using PFG-NMR increases above the phase transition, and the two 

diffusivities diverge as segregation strength increases with increasing temperature. The degree of 

anisotropy of diffusion increases with increasing segregation strength, paralleling the changes in 

the morphology measured by small-angle x-ray scattering. 

Advanced measurement techniques that combine electrochemistry together with imaging and 

spectroscopy are emerging as powerful methods for characterizing transport in electrolyte and 

battery systems. Two imaging techniques, x-ray imaging and NMR imaging or magnetic 

resonance imaging (MRI) have proven to be effective in looking at salt distribution in 

electrolytes under the application of electric fields. Additionally, electrophoretic NMR (eNMR) 

can be used to directly measure ion mobilities. We provide some methods for implementing 

these techniques and discuss future work using these approaches. We show that the standard 

approach for analyzing eNMR data is valid only for dilute electrolytes and provide a theoretical 

framework for interpreting eNMR results for all binary electrolyte systems with univalent salts. 

We derive relationships between the velocities of the ion species and the solvent in terms of the 

electrochemical Stefan-Maxwell diffusion coefficients and provide modified expressions for 

correctly calculating the transference number and conductivity from eNMR data in concentrated 

electrolytes. Our approach suggests that it is necessary to measure not just the displacement of 

ion species during the application of current in an eNMR experiment but also the displacement 

of the uncharged solvent in order to correctly calculate ion mobilities and the transference 

number.  

Our analysis of ion transport properties across a range of different polymer electrolyte 

chemistries and morphologies delves into molecular ion transport mechanisms and highlights the 

importance of studying ion transport on the micro- meso- and macro-scales. We make 

connections between the transport quantities measured using NMR and the more traditional 

transport parameters measured using electrochemistry. The measurement presented here provide 

an overview of how the chemical, physical, and morphological properties of polymer electrolytes 

dictate ion transport. Finally, we lay the groundwork for further investigation of polymer 

electrolyte materials using advanced techniques that combine electrochemical measurements 

with imaging and spectroscopy.
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1 Introduction 

1.1 Polymer electrolytes for battery materials 

The increasing prevalence of portable consumer electronics and electric vehicles together with 

and growing need for electric grid storage and more sustainable power sources has amplified the 

demand for safe and economical energy storage with high energy densities and fast charging 

rates. Electrochemical devices such as batteries and fuel cells are promising technologies to fill 

this need. Rechargeable secondary batteries used in today’s electronics can provide clean and 

reusable energy storage. Since the first rechargeable lithium battery was commercialized by 

Sony Corporation in the early 1990s, significant efforts have focused on improving the battery’s 

energy density, life cycle, and safety. Current batteries primarily employ lithium-ion technology, 

where the lithium is stored in porous matrix materials at the anode and cathode. Although 

improvements to battery technologies have propelled the manufacture and use of lithium cells, 

the technology still suffers from insufficient energy densities and poor life cycles that make their 

use in large applications not cost effective. Certain safety issues have also limited their use or 

necessitated the addition of significant safety mechanisms and control systems.1,2 

Current lithium battery technologies primarily employ organic solvents in the electrolyte 

material. The purpose of the electrolyte is to move lithium ions between the cathode and anode 

during charge and discharge. Although organic solvents provide good ion transport properties, 

they have low vapor pressures and can easily degrade or ignite under certain operational and 

environmental conditions. Additionally, liquid electrolytes cannot be used with the next 

generations of higher energy-density cathode and anode materials such as solid lithium metal 

anodes. Conventional separator materials that are needed to contain the liquid electrolytes are 

porous such that any uneven plating of metal will create dendrites between the cathode and the 

anode. Dendrites lower the efficiency of a cell and can cause an internal short-circuit that usually 

leads to catastrophic battery failure. An alternative to these organic solvent mixtures is to 

manufacture a battery entirely out of solid components. Solid-state lithium batteries use either a 

dry polymer or a metaloxide electrolyte system to conduct ions. These solid electrolytes are more 

thermally and electrochemically stable compared to the traditional liquid electrolytes. Both of 

these technologies have many advantages over liquid systems, but still suffer from several 

technical issues and engineering challenges that have prevent their commercialization and 

widespread market adoption. 

Polymer electrolytes provide one alternative to reduce the risks of battery failure and fire, free 

lithium technology from the costs and weight of additional safety components, and enable the 

use of higher energy density electrodes materials such as lithium metal.1,3–5 Polymer electrolytes 

can provide mechanical resistance to dendrite growth if synthesized with a high enough modulus. 

The mechanical properties also give them enhanced endurance to varying electrode volumes 

during cycling. Polymer electrolytes are softer, more flexible, and more malleable than glasses or 

ceramics. Polymer electrolytes also have reduced reactivity towards lithium metal and in some 

cases can sustain higher charge and discharge voltages. Polymer electrolytes are safer because 

they are more tolerant to shock, vibration, and mechanical deformation. They can be used in a 

number of different form factors and cell designs. The cells can even be housed in soft packaging 
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instead of a rigid metal container which is prone to corrosion and deformation that can build-up 

internal pressure and rupture a cell.6 

A polymer that solvates a lithium salt was firstly reported by Fenton and Wright in 1973 

although its technological importance was not recognized until the early 1980s by Armand et 

al.7,8 The first polymer electrolyte based on poly(ethylene oxide) (PEO) and a lithium salt had 

very low ion conductivity at ambient temperatures, which excluded it from practical applications. 

There have been numerous attempts to design and synthesize polymer electrolytes that are more 

efficacious than PEO.9–38 Several different types of polymer electrolytes and a variety of 

synthetic strategies have been employed in an attempt to create faster ion conduction while 

maintaining good mechanical and chemical properties.5,39 Classical homopolymer electrolytes 

are mixtures of a polymer made of a single chemical species and a salt. The polymer plays an 

active role in solvating and transporting the salt ions. Gel polymer electrolytes are made of 

polymer network that is swollen with a liquid electrolyte. The polymer network serves to provide 

mechanical strength but does not participate in ion solvation. Single-ion conducting polymer 

electrolytes are made by covalently binding one of the ions to the polymer backbone. These 

generally have much faster transport of the ion of interest in relation to the counterion, but still 

suffer from poor conductivity. Block copolymers electrolytes have been designed to separate ion 

conduction from the mechanical properties by employing two or more distinct chemistries that 

are covalently bonded. All of these materials, however, still suffer from relatively low ion 

transport and there is still no better ion transporting material than the original polymer electrolyte 

based on PEO. Some advanced synthetic strategies employed today are creating composite 

polymer electrolytes from the combination of organic and inorganic moieties.40–42 

1.2 Ion transport and measurement techniques 

Ion transport through an electrolyte material is characterized by the flux of charged species that it 

can carry. The flux, 𝑁, of any component, 𝑖, in the electrolyte, in the absence of convection 

effects, is 

𝑁𝑖 = −𝑧𝑖𝑢𝑖𝐹𝑐𝑖∇ϕ − Di∇𝑐𝑖                                                       1.1 

where 𝑧 is the charge, 𝑢 is the mobility, 𝐹 is Faraday’s constant, 𝑐 is the concentration, 𝜙 is the 

potential, and 𝐷 is the diffusion coefficient. The flux includes contributions from migration, the 

first term, and diffusion, the second term. Together the sum of the fluxes of all of the 

components add up to the current, 𝒊 = 𝐹 ∑ 𝑁𝑖. The individual mobility and diffusion coefficient 

of each component can be difficult to measure directly, particularly in concentrated electrolytes 

where the ions of the salt have significant interactions with the solvent and each other. The 

accessibility of certain electrochemical techniques, has lead to most studies of electrolyte 

materials measuring bulk electrochemical quantities such as ionic conductivity. Nevertheless, a 

complete set of electrochemical characterization methods can be combined to provide full 

characterization of the ion fluxes and current sustained in an electrolyte both in the transient and 

steady-state, but require a more complicated theoretical framework, particularly for concentrated 

solutions. 
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John Newman pioneered the use of three transport properties to fully characterize a binary 

electrolyte system, the conductivity, the mutual diffusion coefficient, and the transference 

number.43 The ionic conductivity, 𝜎, tells you the amount of charge carried by the sum of all 

charge carriers moving in an electric field. For a binary electrolyte composed of one cation and 

one anion, 

𝜎 = 𝑐+𝑧+
2𝑢+ + 𝑐−𝑧−

2𝑢_                                                        1.2 

The mutual diffusion coefficient, 𝐷𝑚, measures how fast the salt in the electrolyte moves down a 

concentration gradient, similar to Fickian diffusion. In a univalent binary electrolyte, it is the 

average diffusion coefficient weighted by the mobility of the ions, 

𝐷𝑚 =
𝑢+𝐷− + 𝑢−𝐷+

𝑢+ + 𝑢−
                                                          1.3 

The transference number, 𝑡+ or 𝑡_, tells you how much charge is carried by the cation or the 

anion, respectively. The cation transference number 𝑡+ is the most commonly used of the two in 

most electrolyte systems because the charge carrier of interest that stores charge in a battery is 

most often a cation such as Li. The cation transference number can be expressed in terms of the 

mobilities of the charges for a univalent binary electrolyte as 

𝑡+ =
𝑢+

𝑢+ + 𝑢−
                                                               1.4 

The two transference numbers are related to each other via the relation 𝑡+ = 1 − 𝑡−.  

These three properties can be calculated by performing several electrochemical measurements: 

impedance spectroscopy, steady-state current, restricted diffusion, and concentration potential. 

Impedance spectroscopy measures the complex impedance, the resistance and capacitance, of a 

sample by applying an ac current at different frequencies and measuring the amplitude and phase 

shift of the response. The amplitude tells you about the resistive components of the sample while 

the phase shift measures the capacitive components. When performed over several frequencies, 

resistive and capacitive components of the response can be deconvoluted into the individual 

contributions from different parts of the sample. Steady-state current tells you the maximum dc 

current an electrolyte can carry at steady-state. It is measured by polarizing a sample at a 

constant potential and measuring the decay of the current response until it reaches a steady-state 

value. Restricted diffusion measures the diffusion of a salt in an electrolyte sample down a 

concentration gradient. It is measured by polarizing the electrolyte at a constant potential for 

some time that allows the concentration gradient to form, and then measuring the open circuit 

voltage as diffusive processes relax the concentration gradient back to equilibrium. The time 

constant of this relaxation process is proportional to the diffusivity. Finally, the concentration 

potential can be measured by positioning two electrolytes of different concentrations next to each 

other and measuring the open circuit voltage across the sample. The magnitude of the potential 

difference is proportional to the difference in the activity coefficient between the two 

concentrations. 
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These electrochemical measurements can be used to determine the three transport coefficients 𝜎, 

𝐷𝑚, and 𝑡+. Details of the measurement techniques and the relationships used to determine these 

transport coefficients from the measurements are described in chapter 6. Newman and coworkers 

also developed relationships between these three transport coefficients and the transient and 

steady-state responses of an electrochemical system through the Stefan-Maxwell diffusion 

coefficients, 𝔇+,0, 𝔇−,0, and 𝔇+,−. These diffusion coefficients quantify frictional interactions 

between the species in the electrolyte: the cation, +, the anion, −, and the solvent, 0.  The 

equations relating these transport quantities to electrolyte performance are detailed in 

Electrochemical Systems and the theoretical work by Balsara and Newman.43,44 Combining the 

measurements together with the theory gives a complete macroscopic picture of transport and 

how the electrolyte will perform in a cell. 

Polymer electrolytes present unique ion transport behavior that make the measurement technique 

described above uniquely challenging to perform and interpret. There are very few full 

electrochemical characterizations of polymer electrolyte systems in the literature.45–48 

Additionally, these electrochemical characterization techniques measure bulk transport 

parameters, while there is no framework for interpreting information about the molecular 

mechanisms or speciation of the ions. Consequently, alternative spectroscopic measurement 

techniques have become popular for gaining a more molecular understanding of ion transport 

mechanics, particularly for new electrolyte materials. One such technique that has gained traction 

is nuclear magnetic resonance (NMR). NMR is advantageous for the study of ion-containing 

systems because it is element-specific, which means that we can study the cations, anions, and 

polymer moieties independently. NMR measures motion on relatively fast time scales compared 

electrochemical measurements. This allows you to capture transport mechanisms on smaller 

length scales. Additionally, NMR can measure location-specific spectroscopic information and 

can be used to measure the diffusion coefficients and mobilities of species directly. Connecting 

the transport quantities measured using NMR and electrochemistry is of great interest. 

Relationships between these transport parameters are developed in chapter 8 and 9.  

1.3 Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) is based on the physical phenomenon that nuclei experience 

in a magnetic field. The nucleus of any atom will absorb and re-emit electromagnetic radiation at 

an energy that is proportional to the strength of the magnetic field and the fundamental quantum 

mechanical property called spin that is specific to the isotope of the atom. The specificity of the 

radiation to a certain chemical isotope makes NMR a very powerful spectroscopic and analytical 

tool.  

 

The spin of a nucleus is an intrinsic angular momentum. The overall spin, 𝑠, tells you the number 

of possible angular momentum states. If the numbers of both the protons and neutrons in a given 

nucleus are even then 𝑠 =  0 and there is no overall spin. A nucleus with non-zero spin has an 

angular momentum, S. Both the magnitude and the orientation of this angular momentum is 

quantized, which means that it can only take on certain discrete values. The possible values of 𝑆 

are determined by the spin quantum number, 𝑚, which can take values from +𝑠 to −𝑠, in integer 

steps. Hence for any given nucleus, there are a total of 2𝑠 + 1 angular momentum states. A 
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nucleus with a non-zero spin also has a non-zero magnetic moment, 𝜇 =  𝛾𝑆, where γ is the 

gyromagnetic ratio. In other words, a non-zero spin means that the nucleus of that atom acts like 

a small magnetic dipole and interacts with a magnetic field. It is this magnetic moment that 

allows the observation of NMR absorption spectra. Some examples of nuclear spins, quantum 

numbers, and gyromagnetic ratios that are relevant for this work are listed below in Table 1.1. 

 

Table 1.1 Spin, quantum number, and gyromagnetic ratio of nuclei. 

isotope 𝑠 𝑚 𝛾 (1/G·s) 
1H 1

2⁄  +1
2⁄ , −1

2⁄  26751.3 

7Li 3
2⁄  +3

2⁄ , +1
2⁄ , −1

2⁄ ,− 3 2⁄  10396.2 

19F 1
2⁄  +1

2⁄ , −1
2⁄  25166.2 

 

Because the spin angular momentum is a quantum state, we cannot know both the magnitude and 

orientation, however, we can observe or measure a single component of the vector by measuring 

the associated magnetic moment for example by placing it in an external magnetic field. Suppose 

the spins are placed in a magnetic field that points along the z-direction, then the z-component of 

the spin or angular momentum vector, 𝑆, is defined 

𝑆𝑧 =  𝑚ℏ                                                                     1.5 

where ℏ is the reduced Planck constant. The z-component of the magnetic moment is then 

𝜇𝑍 = 𝛾𝑆𝑍 = 𝛾𝑚ℏ                                                            1.6 

As an example, if we take a nucleus of 𝑠 = ½, there are two possible spin states, 𝑚 = ½ and 

𝑚 = −½, referred to as spin-up and spin-down. The possible orientations of the spin angular 

momentum with respect to the x-, y-, and z-axis are demonstrated below. 

 

𝑆𝑧 = +½ℏ, −½ℏ                                                           1.7 

In this case the z-component of the angular momentum vector is well-defined, either up or down, 

while the x and y-components take on quantum mechanically uncertain range of values. This 

restriction of the quantum mechanics uncertainty principle is represented by indicating the set of 

possible orientations that the angular momentum vector can assume. The projection of 𝑆 on the 

z-axis is fixed to one of two states, while there is a range of possible xy-component vectors 

somewhere on the xy-plane. This set of possible vectors constitutes a cone. 
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At thermal equilibrium, these states have the same energy, hence the number of atoms in the 

spin-up and spin-down states will be approximately equal. In this case, the magnetic moments of 

the states cancel and the vector sum of the all of the magnetic moments of the spins called the net 

magnetization vector, 𝑀, would be zero. When nuclei are placed in a strong magnetic field, 

however, the interaction between the nuclear magnetic moment and the external magnetic field 

means the states no longer have the same energy. The energy of a magnetic moment 𝜇 in a 

magnetic field 𝐵0 is 

𝐸 = −𝜇 ∙ 𝐵0                                                                   1.8 

Usually the z-axis of the angular momentum is chosen to be along 𝐵0, and the above expression 

reduces to 

𝐸 = −𝜇𝑍 ∙ 𝐵0 = −𝛾𝑚ℏ𝐵0                                                    1.9 

As a result, the different nuclear spin states have different energies in a non-zero magnetic field. 

In the 𝑠 = ½ example above, we can refer to the two spin states as being aligned either with or 

against the magnetic field. If γ is positive, which is the case for most isotopes, then  

𝐸1
2⁄  = − 1

2⁄ 𝛾ℏ𝐵0,   𝐸−1
2⁄ = 1

2⁄ 𝛾ℏ𝐵0                                      1.10 

and 𝑚 = ½ is the lower energy state that is aligned with the field. This difference in energy 

results in a population bias toward the lower energy state, spin-up. Now we can measure a 

magnetic signal from the net magnetization vector, 𝑀, that is no longer zero. Unfortunately, 

however, the non-zero z-component of the net magnetization vector is aligned along our main 

magnetic field 𝐵0, which means that we cannot easily detect the small magnetic moment of the 

net magnetization vector that is overwhelmed by the strength of the main 𝐵0 field. In order to see 

or measure the net magnetization vector, we need to take advantage of the coupling between the 

magnetic moments and the magnetic field.  

The spin angular momentum vector, 𝑆, in the presence of an applied field, has a magnetic 

moment, 𝜇, that points in the same direction as the angular momentum. This magnetic moment is 

not exactly aligned with the external magnetic field. Just like with a small magnet that is placed 

next to a big magnet, the magnetic moment will want to rotate towards the main field. 

Unfortunately, the angle of the spin vector, 𝑆, is set with respect to the field as dictated by 

quantum mechanics. Instead, the coupling of the magnetic moment with the field produces a 

torque on the spins according to  

𝜏 = 𝜇 × 𝐵0                                                                   1.11 

For a magnetic moment that lies parallel to the x-axis and a 𝐵0 field that lies on the z-axis, the 

cross product will result in a torque that points towards the y-axis. This torque, therefor causes 

the spins to rotate or precess about the 𝐵0 field, while conserving the magnitude of the 

components of the spin vector along the three principle directions. The frequency of this 

precession is called the Larmor frequency 
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𝜔0 = 𝛾𝐵0  (
𝑟𝑎𝑑

𝑠
)                                                                  1.12 

Although most of the spins have the same z-component of the magnetization, pointing up, the 

projections of the x- and y-components as they precess cancel each other out since they are all 

randomly oriented. Therefore, all of the spins in this system add up to a net magnetization vector, 

𝑀, that still points in z, along the 𝐵0 field. Ideally, we need to tilt the net magnetization vector 

away from the main 𝐵0 field to measure it. To accomplish this, we apply an effective secondary 

field 𝐵1 that lies perpendicular to 𝐵0. This field is created by temporarily applying 

electromagnetic radiation that is absorbed by the nuclear spins.  

 

If the 𝐵1 field would be applied fixed along the x- or y-axis, it would have a negligible influence 

onto the spins. However, the 𝐵1 field that is applied is not static. Instead, it rotates about the z-

axis with a frequency that is very similar to the precession frequency of the spins. The effect of 

applying electromagnetic radiation, which creates an effective field that rotates at the same 

frequency as the spins, is that during the time of application of this field, the spins only feel 𝐵1. 

Consequently, these spins precess about the 𝐵1 field until the field is turned off. Effectively, they 

experience a flip onto the xy-plane and all point in the direction of the rotating 𝐵1 field. The 

effect of this is that it creates phase coherence amongst the spins. In other words they rotate 

together. The macroscopic effect of these coherent spins is a component of the net magnetic 

moment, 𝑀, that lies in the xy-plane. This component is called transverse magnetization. This 

corresponds to tilting 𝑀 away from its equilibrium position aligned along the external magnetic 

field. Once we turn off the application of radiation, the spins do not immediately return to their 

equilibrium state, instead they continue to precess, now around 𝐵0 at the same frequency and 

with the same phase. This coherent net magnetization, 𝑀, can be detected by coils placed parallel 

to the xy-plane and is the readout of the typical NMR signal. 

The radiation is usually applied as a pulse to the set of nuclear spins in order to simultaneously 

excite all the nuclei. Because the energy of a spin is also quantized, absorption of energy by the 

nuclear spins will only occur when electromagnetic radiation of the correct frequency is being 

applied to match the energy difference between the nuclear spin levels. This is called resonant 

absorption. The energy of an absorbed photon, 𝐸 = ℎ𝜈, has to match or be equal to the energy 

difference between two states, ∆𝐸.  

Taking the 𝑠 = ½ example, 

ℎ𝜈 = ∆𝐸 = 𝛾ℏ𝐵0                                                            1.13 

and the frequency of the radiation has to be the same as the Larmor precession frequency of the 

nuclear magnetization 

𝜈 =
𝛾𝐵0

2𝜋
 (

1

𝑠
) = 𝛾𝐵0  (

𝑟𝑎𝑑

𝑠
)                                                     1.14 

The wavelength of this radiation is similar to radio waves so the pulse is often called a 

radiofrequency (RF) pulse. After energy is input into a population of spins to drive them out of 
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their equilibrium state and onto the xy-plane, the spins lose energy over time and return to their 

thermal equilibrium state. The process by which the spins return to equilibrium is called 

relaxation. There are two types of relaxation processes that are important to understand in order 

to perform NMR experiments. 

The longitudinal relaxation time, T1, relates to the recovery of the z-component of the net 

magnetization vector, 𝑀𝑧. In reality spontaneous emission of energy by spins is negligible, so T1 

relaxation happens because of a variety of mechanisms that allow the spins to exchange energy 

with their surroundings or the ‘lattice’. As a result, T1 relaxation is also called spin-lattice 

relaxation. The recovery of the z-component of the nuclear magnetization follows 

𝑀𝑧(𝑡) = 𝑀𝑧,0 (1 − 𝑒−
𝑡

𝑇1)                                               1.15 

where T1 is the time constant of the spin-lattice relaxation process. 

Because the nuclei from a single population in an NMR sample are actually all in ever so slightly 

different chemical environments, there is a distribution of precession frequencies around 𝜔0. 

This distribution leads to the eventual dispersion of magnetic moment vectors such that their 

phase is no longer the same, called T2 relaxation. Since the spins are effectively exchanging 

energy with other spins, this is also called spin-spin relaxation. The dephasing leads to a loss in 

overall signal from the net magnetization vector, since the spins are no longer all pointing in the 

same direction in the xy-plane at the same time. The loss in coherence of the magnetization in 

the xy-plane follows 

𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦,0 (𝑒−
𝑡

𝑇2)                                                 1.16 

where T2 is the time constant of the spin-spin relaxation process. 

The dependence of the total net magnetization vector on time will be 

𝑑𝑴

𝑑𝑡
= 𝛾(𝑴 × 𝑩)                                                        1.17 

where 𝑩 is the total external magnetic field. The components of this vector come from the 

oscillating 𝐵1 field and the main external field, 𝐵0. 

𝐵𝑥 = 𝐵1 cos 𝜔0𝑡                                                          1.18 

𝐵𝑦 = 𝐵1 sin 𝜔0𝑡                                                          1.19 

𝐵𝑧 = 𝐵0                                                                1.20 

Together with the time-dependent relaxation processes described by eq. 1.15 and 1.16, eq. 1.17-

1.20 lead to the coupled differential equations 
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𝑑𝑀𝑥

𝑑𝑡
= 𝛾(𝑀𝑦𝐵0 + 𝑀𝑧𝐵1 sin 𝜔0𝑡) −

𝑀𝑥

𝑇2
                                      1.21 

𝑑𝑀𝑦

𝑑𝑡
= 𝛾(𝑀𝑥𝐵0 − 𝑀𝑧𝐵1 cos 𝜔0𝑡) −

𝑀𝑦

𝑇2
                                     1.22 

𝑑𝑀𝑧

𝑑𝑡
= 𝛾(𝑀𝑥𝐵1 sin 𝜔0𝑡 + 𝑀𝑦𝐵1 cos 𝜔0𝑡) −

𝑀𝑧 − 𝑀0

𝑇1
                        1.23 

The solutions to these equations are complicated but the results are 

𝑀𝑋(𝑡) = (𝑀𝑋(0) cos 𝜔0𝑡 + 𝑀𝑌(0) sin 𝜔0𝑡) 𝑒−
𝑡

𝑇2                                  1.24 

𝑀𝑌(𝑡) = (𝑀𝑌(0) cos 𝜔0𝑡 − 𝑀𝑋(0) sin 𝜔0𝑡) 𝑒−
𝑡

𝑇2                                  1.25 

𝑀𝑍 = 𝑀𝑍(0) 𝑒−𝑡/𝑇1 + 𝑀0 (1 − 𝑒−
𝑡

𝑇1)                                          1.26 

This oscillating magnetization vector induces a current in a nearby pickup coil, creating an 

electrical signal oscillating at the NMR frequency. This signal is called the free induction decay 

(FID), and it contains the vector sum of the magnetic moments of all of the excited spins. In 

order to obtain the NMR spectrum the signal in the time domain must be Fourier transformed 

into the frequency domain.  

The combination of the two relaxation processes must be taken into account in order to 

maximize the amount of signal that can be measured during an NMR experiment. As mentioned 

previously, the simplest absorption spectra can be measured by flipping the net magnetization 

vector into the xy-plane and measuring the free induction decay immediately after. The pulse and 

acquisition associated with this measurement sequence is shown in Fig. 1.1(a). In reality, 

however, the electronics of an NMR instrument prevent this kind of FID from being measured 

efficiently. The spins are very susceptible to local magnetic field inhomogeneity so the signal 

decays very rapidly. Additionally, the coils in the xy-plane used to create the 90o pulse are the 

same ones that are used to pick up the FID, and the current that is run through those coils has a 

residual that overlaps with the acquisition. To combat these challenges, another pulse can be 

added to the pulse sequence that generates an echo of the signal or regaining of coherence in the 

magnetization vector later in time. Called a spin echo, this signal is easier to measure because it 

is not on the trailing end of an RF pulse. The spin echo pulse sequence is shown in Fig. 1.1(b). 
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Figure 1.1 (a) a 90o pulse sequence (b) a spin echo pulse sequence, and (c) a 

stimulated echo pulse sequence. 

 

The spin echo signal comes from the rephasing or regaining of coherence among a population of 

spins. As described by T2 relaxation, spins lose coherence because they are located in slightly 

different local magnetic fields that result in slightly different precession rates. After a certain 

time, 𝑡, the spins, which are rotating in the same direction, will be dephased by an angle 

proportional to their difference in precession frequencies. If the orientation of all of the spins in 

the magnetic field is then rotated by 180o using another RF pulse then the spins’ precession 

directions will all be reversed and their different precession rates in the local magnetic fields will 

act to return their phase angle back to where they started after a time, 𝑡, following the 180o pulse. 

In other words, their precession frequencies will be rephased and the spins will again become 

coherent. This results in what looks like an echo of the original FID decay signal as shown in 

Fig. 1.1(b). 

An echo of the FID can also be created by a combination of three or more pulses. This is termed 

a stimulated echo and is the most common echo used for acquisition in more complicated NMR 

experiments such as diffusion measurements. An example of a stimulated echo pulse sequence is 

shown in Fig. 1.1(c). The advantage of using a stimulated echo is that in between the second and 

third pulse in the sequence, the magnetization is effectively stored longitudinally in the z-

dimension. As a result, no additionally dephasing occurs in between the two pulses and the spins 

can be rephased after the third pulse in the same way as in the spin echo sequence.  
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Spatial resolution and transport or displacement of a chemical species of interest can be 

measured by NMR by combining the pulse sequences described above with magnetic field 

gradients. Together the technique is called pulsed-field gradient NMR (PFG-NMR). The purpose 

of using magnetic field gradients is to change the effective magnitude or phase of the NMR 

signal from a species of interest in a way that is proportional to its positions in that field gradient. 

The effect of a magnetic field gradient applied in the z-direction on a spin is a rotation around the 

z-axis by an angle 𝜙 =  𝛾𝑔, where 𝑔 is the magnitude of the gradient along the z-direction. This 

introduces a phase shift to the magnetization equal to 𝜙. This fundamental effect can be used to 

pinpoint and track the position of a spin in an applied magnetic field gradient and consequently 

in a sample of interest. The phase of the spin, 𝜙, tells you its position, while the change in phase 

over time, ∆𝜙, is proportional to the displacement, ∆𝑧, according to ∆𝜙 = 𝛾𝑔∆𝑧. The theory 

outlining the basics of PFG-NMR is covered in Chapter 2. 

The two types of transport that can be measured by PFG-NMR that are most relevant for 

electrolyte systems are diffusion and electrophoretic mobility. Measurement of diffusion is the 

most fundamental and simplest of these measurements. It is important to note that diffusion here 

is used to refer to Brownian motion or self-diffusion. Throughout literature on the subject and 

most of this dissertation, PFG-NMR is used to refer to the measurement of diffusion using NMR. 

In chapters 2-7, PFG-NMR is used to measure diffusive processes, while chapter 8 expands on 

electrochemistry applications of the technique including the measurement of electrophoretic 

mobility and imaging. 

1.4 Structure of the dissertation 

In this work, we characterize and explore the molecular and macroscopic aspects of ion diffusion 

through a number of different polymer electrolytes, including homogenous and nanostructured 

systems, primarily using pulsed-field gradient NMR. Together with electrochemical, structural, 

and spectroscopic characterization, this work details the interplay between the chemistry of 

polymer electrolytes and their ion transport properties. Chapter 1 provides an introduction to 

polymer electrolytes, the measurement techniques, and the basic quantum mechanics of NMR. 

Chapter 2 details the theoretical and practical aspects of the primary technique used in this work, 

pulsed-field gradient NMR. Chapter 3 explores the effects of molecular weight and salt 

concentration on ion transport in homopolymer electrolytes and touches on how these two 

physical properties are connected microscopically. Chapter 4 looks at the effects of different ion 

solvation environments on the dissociation and distribution of charged ions in a new chemical 

class of homopolymer electrolytes, perfluoropolyethers. Chapter 5 delves into the effects of 

solvation site density on ion transport. In Chapter 6, nanostructured polymer electrolytes are in 

introduced, and we explore how the static features of a nanostructured morphology affect ion 

transport. We show how the effects of these features manifest in the bulk electrochemical 

transport properties. This is followed by the introduction of a new an organic-inorganic block 

copolymer electrolyte that provides a unique system for studying ion transport across a dynamic 

morphology transition in chapter 7. Chapter 8 explores some of the more complex imaging and 

NMR spectroscopy techniques used to measure electrochemical systems. Chapter 9 concludes 

the work and offers an outlook for future experiments in the field. 
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2 A practical guide to pulsed-field gradient NMR of 

polymer electrolytes 

2.1 Introduction 

The goal of this chapter is to provide a practical methodology for performing pulsed-field 

gradient NMR on polymer electrolytes. Most of the challenges in performing PFG-NMR on 

polymers come from the combination of liquid and solid properties that the materials exhibit. 

Unlike liquid or solids, polymer electrolytes often to do not flow quickly, if at all, but also cannot 

be easily scooped or processed like a solid powder. They have highly variable surface tension 

properties that often make them stick to surfaces, themselves, and other materials. Lastly, but 

perhaps most importantly, they usually have significantly faster spin relaxation rates as 

compared to liquids. This makes acquisition of quality 1-D spectra as well as longer 2-

dimensional experiments such as diffusion more difficult, particularly with respect to optimizing 

the tradeoff between signal-to-noise and acquisition time. The following sections provide a 

theoretical background of PFG-NMR and practical implementations to overcome some of the 

challenges mentioned above. 

2.2 PFG-NMR Theory 

Different components of a polymer electrolyte mixture can be identified from their 1-

dimensional NMR spectra. Transport and displacement of a chemical species of interest can be 

measured by NMR by combining the 1-dimensional pulse sequences described in chapter 1 with 

magnetic field gradients. Magnetic field gradients modify the main magnetic field, 𝐵0, such that 

it varies with spatial position in a linear manner within the magnet and consequently within the 

measurement sample. These magnetic field gradients are generated by additional sets of coils 

within the probe around the sample. Nuclei at different positions along the gradient direction will 

experience a slightly different total magnetic field, 𝐵0. As a result, they will precess with slightly 

different frequencies depending on their location. Since the position and distribution of the 

gradient is known, as well as the interaction of a given nuclei with a magnetic field through the 

gyromagnetic ratio, we can extract spatial information from the sample. 

The fundamental PFG-NMR technique uses the same spin echo or stimulated echo pulse 

sequences discussed in chapter 1. If a gradient magnetic field is applied to the sample in between 

the first two pulses, the nuclear spins in different positions in the sample will start to precess 

differently, enhancing the dephasing normally seen due to spin-spin relaxation. If the same 

magnetic field gradient is applied to the sample after the 180o pulse or after two 90o pulses when 

the spins are flipped by 180o then the gradient will act to rephase then proportional to their 

position in the gradient. Those that maintain their positions throughout the time between gradient 

pulses will be refocused into a spin echo or stimulated echo of the same magnitude as one 

without any gradient pulses as shown in Fig. 2.1(a). If they change position then the changes in 

their precession rates from the first gradient will not be reversed by the second gradient and the 

refocusing during the echo will not be complete as shown in Fig. 2.1(b). This results in a 

decrease in the magnitude of the echo signal since the spins have different phases. 
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Figure 2.1 Phase of spins in a PFG-NMR experiment under the application of gradient 
with (a) no diffusion resulting in coherence and (b) diffusion resulting in de-coherence. 
The application of gradient in the positive and negative directions is labeled by the +g 
and -g, respectively. 

To quantify the attenuation of the echo signal, we have to calculate the effect of the pulse 

gradient on the magnetization. Since the spins are interacting and diffusing in the presence of an 

external magnetic field, the classical equations of diffusive motion together with the equations 

describing the macroscopic nuclear magnetization need to be solved: 

𝑑

𝑑𝑡
𝑴 = 𝛾(𝑴 × 𝑩) + 𝐷∇2𝑴                                                   2.1 

where 𝐷 is the diffusion coefficient. The first term is the interaction of the bulk magnetization 

with the external magnetic field, as described in chapter 1, and the second term describes the 

diffusive process. Taking into account relaxation processes, the total magnetization can be 

written in terms of the longitudinal component, 𝑀𝑍, and the transverse magnetization 𝑀𝑋𝑌 =
𝑀𝑋 + 𝑖𝑀𝑌. We can write out the full derivative of the two components from eq. 1.14 and 1.15 as 

𝜕𝑀𝑍

𝑑𝑡
=

𝑀0 − 𝑀𝑍

𝑇1
+ 𝐷∇2𝑀𝑍                                                   2.2 

𝜕𝑀𝑋𝑌

𝑑𝑡
= 𝛾𝑀𝑋𝑌 × 𝑩 −

𝑀𝑋𝑌

𝑇2
+ 𝐷∇2𝑀𝑋𝑌                                        2.3 

where T1 and T2 are the longitudinal and transverse relaxation times respectively, 𝑀0 is the 

equilibrium magnetization and ∇2 is the Laplace operator. 

The total external magnetic field is given by 
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𝑩𝒁 = 𝑩𝟎 + 𝒈                                                              2.4 

Both 𝐵𝑋 and 𝐵𝑌 are zero and the magnetic field gradient 𝒈 = ∇𝑩𝟎. Eq. 2.3 becomes 

𝜕𝑀𝑋𝑌

𝑑𝑡
= −𝑖𝜔0𝑀𝑋𝑌 − 𝑖𝛾𝒈𝑀𝑋𝑌 −

𝑀𝑋𝑌

𝑇2
+ 𝐷∇2𝑀𝑋𝑌                              2.5 

The complex transverse magnetization can be expressed as 

MXY = 𝚿𝑒−𝑖𝜔0𝑡−𝑡/𝑇2                                                       2.6 

which includes the T2 relaxation. Insertion of eq. 2.5 and 2.6 into eq. 2.3 and differentiating with 

respect to time gives 

𝜕𝚿

𝜕𝑡
= −𝑖𝛾𝒈𝚿 + 𝐷∇2𝑴                                                      2.7 

and by separating the vector and time dependent components of the transverse magnetization 

according to 

𝚿 = Ψ(𝑡)𝑒−𝑖𝛾 ∫ 𝒈(𝑡′)𝑑𝑡′
𝑡

0                                                       2.8 

we obtain 

𝜕𝚿

𝜕𝑡
= −𝐷𝛾2 (∫ 𝒈(𝑡′)𝑑𝑡′

𝑡

0

)

2

Ψ(𝑡)                                            2.9 

The integral take into account the effect of the dephasing due to the application of the gradient 

pulses. The solution to the equations is 

𝚿(t) = 𝚿(0) exp [−𝐷𝛾2 ∫ (∫ 𝒈(𝑡′′)𝑑𝑡′′
𝑡′

0

)

2

𝑑𝑡′
𝑡

0

]                            2.10 

Eq. 2.10 expresses the total transverse magnetization as a function of time. In order to determine 

the integral of the gradient strength, the shape of the pulse must be known. For a simple pulse, 

the integral is simply equal to the magnitude of the gradient, 𝑔, times the width or length, 𝛿. For 

more complicated pulses, the integral must be calculated, but is usually simplified to the product 

of an effective magnitude, 𝑔, times length, 𝛿. Eq. 2.10 is complicated to compute. For simplicity, 

this derivation is omitted. The signal intensity will be proportional to this transverse 

magnetization such that the intensity of the signal is 

𝐼 = 𝐼0 exp(−𝐷 𝛾2𝑔2𝛿2 T)                                               2.11 

The experiment time, T, takes into account relaxation and attenuation. The value of T is 

discussed in the next section. Detailed derivations of the PFG-NMR equations can be found in 

the review by Price.1 
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2.3 Different pulse sequences 

Stejskal and Tanner were the first to develop a method to measure diffusion coefficients by 

applying the concept of signal attenuation due to displacement described in section 2.2.2 They 

described the advantages of applying time-dependent pulsed-field gradients. The most basic spin 

echo gradient pulse sequence used to measure diffusion is shown in Fig. 2.2(a). The amount of 

time during which diffusion is measured is the time in between gradient pulses, Δ. The length of 

the gradient pulse, 𝛿, is usually adjusted to optimize how much dephasing occurs during the 

diffusion time. This will affect the amount of total signal attenuation at the end of the sequence. 

Since the development of the first pulsed-field gradient diffusion measurement sequence, several 

improvements on the technique have been developed. These improvements minimize effects 

such as the loss of coherence, convection, and artifacts from the electronics hardware that result 

in loss of signal or an incorrect measurement of diffusion.3 

Figure 2.2 PFG-NMR diffusion pulse sequences. (a) Spin echo with monopolar gradients, (b) 
stimulated echo with monopolar gradients, (c) stimulated echo with bipolar gradients, (d) 
stimulated echo with bipolar gradients and a longitudinal eddy current delay, and (e) double 
stimulated echo with bipolar gradients. 
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The first improvement on the standard pulsed-field gradient spin echo sequence is the utilization 

of a stimulated echo.4 The stimulated echo pulse sequence utilizes three pulses instead of two as 

shown in Fig. 2.2(b). The purpose of the second 90o pulse is to ‘store’ the magnetization by 

rotating the y-components of 𝑀 onto the z-axis. The remaining x-components of the 

magnetization are generally eliminated by phase cycling or additional gradients called spoil 

gradients. This storage of the magnetization away from the xy-plane has one major advantage 

over to the standard pulsed-field gradient spin echo sequence. For most of the diffusion time, Δ, 

the magnetization is aligned along the z-axis which means that it is only subject to T1 relaxation 

processes but not subject to T2 relaxation. Since for most macromolecules, the T2 relaxation 

time is quite fast and T1 is longer, the stimulated echo pulse sequence generally has better 

signal-to-noise. This way longer diffusion measurement times, Δ, can be used in order to 

measure slower diffusion rates while minimizing the signal attenuation due to relaxation. The 

third 90o degree pulse returns the magnetization back into the xy-plane for measurement of the 

FID. 

Further improvements to the standard pulse sequences are necessary in order to eliminate 

artifacts from the instrumentation hardware. The rapid turning on and off of the gradient pulses 

can generate what are called eddy-currents or additional currents in surrounding conducting 

materials. This includes a significant portion of the NMR hardware, such as parts of the probe as 

well as the housing and the gradient coils. The induced eddy currents create associated magnetic 

fields that can interfere with the intended magnetic field. These eddy currents are proportional to 

the strength of the gradients being applied and are especially caused by rapidly rising and falling 

gradient pulses such as ones that have a rectangular shape. The eddy currents will often cause 

what are seen as wiggles at the baseline of peaks in the observed spectra. 

One important improvement to the PFG-NMR experiment to reduce eddy-current effects comes 

from the utilization of self-compensating bipolar gradient pulses.5 Instead of a single gradient 

pulse, there are two bipolar gradients each with a duration of 𝛿/2. In Figure 2.2(c) the bipolar 

gradient pulse sequence is shown. The two gradient pulses within each bipolar pulse pair are of 

opposite sign. In other words, they are applied such that the magnetic field gradient increases in 

one direction along the gradient axis during the first pulse and increases in the other direction 

during the second pulse. The 180o pulse in between the two rotates the spins such that the second 

gradient pulse in the pair adds an equal component to the dephasing. On whole, the effective 

gradient the spins feel is equivalent to a single gradient pulse of duration 𝛿. While the dephasing 

effects of both gradient pulses add up, the eddy currents induced in the hardware by the positive 

polarity of the first gradient pulse are cancelled by the negative polarity of the second gradient 

pulse. One disadvantage of the bipolar gradient pulse experiment is that the amount of time 

needed to complete the composite gradient pulse pair is longer, leading to a longer overall 

sequence length before acquisition of the FID. This may lead to loss of signal from relaxation 

processes during that time. 

A secondary improvement to compensate for eddy-current effects is the addition of a 

longitudinal eddy-current delay, 𝑇𝑒, as shown in Fig. 2.2(d).6 This sequence has two additional 

90o pulses. The purpose of the first pulse is to store the magnetization in the longitudinal 

direction. The time in between is used as a waiting time to let the eddy currents from the second 
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recovery gradient to decay. After the eddy-current delay period, 𝑇𝑒, the magnetization is returned 

to the xy-plane by the final 90o pulse and the FID is acquired.  

Another important effect to consider during the measurement of translational motion is 

convection. Convection currents are often induced in liquid samples by temperature gradients. 

The temperature regulation is often achieved by flowing hot air along the gradient axis, causing a 

gradient of temperature along the measurement axis. The induced convective currents will often 

occur along the gradient axis transporting equal amounts of sample in opposite directions along 

the temperature gradient. Unidirectional flow will cause a net phase shift which is equal for all 

the spins in the sample and will not manifest in a decrease in the intensity of the rephrased 

signal. Convection, which is bidirectional, will cause an effective additional component to the 

displacement of the spins. The addition of positive and negative phase changes will add to the 

attenuation due to diffusion and thus increase the measured diffusion coefficient. This artifact 

can be compensated for by applying the sequence twice with inverted gradients as shown in Fig. 

2.2(e).7 This method is based on the same concept as the bipolar pulse pair, except the entire 

second repetition of the pulse sequence is of opposite polarity. This reverses the convection 

effects measured during the first half, effectively cancelling them out and leaving only the 

diffusive process at the end.  

The gradient pulses in these pulse sequences need not be regular rectangular shaped pulses. As 

mentioned above, rectangular shaped pulses have the most dramatic eddy-current effects. 

Consequently, other shapes for the pulses are often used. The most common is applying sine 

wave shaped pulses that rise and fall more fluidly than rectangular pulses. An important 

consequence of using different diffusion sequences and different pulse shapes is that the signal 

attenuation equation has a different function in the place of T in eq. 2.11. The proper function for 

T for the different sequences and gradient pulse shapes is listed in Table 2.1 and detailed 

derivations can be found in the review by Sinnaeve.8 If 𝑔 is being used to designate the gradient 

pulse height then the total gradient strength, 𝑔, used in the diffusion fit equations needs to be 

reduced by a factor of 2/𝜋 for sine shaped pulses. In the Bruker pulses sequences, 𝑔 is 

automatically calculated from the gradient height and shape such that the outputted list of 

gradient strengths can be used directly for 𝑔 in the diffusion fit equations. 

Table 2.1 Diffusion time component of the signal attenuation equation for different sequences 

and gradient pulse shapes. 

 Rectangular gradient Sine gradient 
(𝑔 needs to be reduced by 𝜋/2) 

Monopolar gradients Δ −
𝛿

3
 Δ −

𝛿

4
 

Bipolar gradients Δ −
𝛿

3
−

𝜏

2
 Δ −

5𝛿

16
−

𝜏

2
 

Double bipolar gradients Δ −
2𝛿

3
−

𝜏1 + 𝜏2

2
 Δ −

5𝛿

8
−

𝜏1 + 𝜏2

2
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The measured signal attenuation can be fit to eq. 2.11 with the correct function for T in order to 

extract a diffusion coefficient, 𝐷. Usually one of the experimental parameters is varied in order 

to measure several signal attenuations for a more accurate fit. The most common measurement 

process varies the gradient pulse strength, 𝑔, because it is easy to finely control using the 

gradient amplifier and will give a simple signal attenuation proportional 𝑔2 to with the selection 

of an appropriate diffusion time, Δ, and gradient pulse length, 𝛿. Usually, 𝑔 will be varied over 

the entire range of gradient strengths accessible by a given spectrometer for anywhere from 10-

50 different values. The intensity of the signal at each gradient value us usually measured by 

numerically integrating the peak. Typically, this intensity, 𝐼, is plotted as a function of 𝑔 as 

shown in Fig. 2.3(a) and the signal attenuation, 𝐼/𝐼0, is plotted on a log axis as a function of the 

experimental parameters in the attenuation equation, in this example 𝑔2𝛾2𝛿2(Δ − 𝛿/3), shown 

in Fig. 2.3(b). The signal attenuation is then fit to a diffusion coefficient, 𝐷, which is simply the 

slope of the data shown in Fig 2.3(b). 

Figure 2.3 The signal attenuation from a typical PFG-NMR experiment. (a) The 

integrated intensity, 𝑰, as a function of gradient strength, 𝒈. (b) The natural log of the 

attenuation, 𝑰/𝑰𝟎, as a function of experimental parameters. 

 

Not all diffusion data will be a mono-exponential as a function of 𝐷 as shown in Fig. 2.3.  

Deviations from mono-exponential behavior can come from several sources. Of primary interest 

for application to polymer electrolytes is multi-component diffusion decays that capture several 

different diffusive processes. This may arise because of morphological or molecular features that 

make the sample microscopically anisotropic. If one considers diffusion in the three principle 

directions, 𝐷𝑋 , 𝐷𝑌, and 𝐷𝑍, in an anisotropic sample that is macroscopically isotropic then the full 

diffusion equation in 3-dimensions is 

𝐼 = 𝐼0
1

4𝜋
∫ ∫ exp[−𝛾2𝛿2𝑔2Δ(𝑫𝑿 sin2 𝜃 cos2 𝜙 + 𝑫𝒀 sin2 𝜃 sin2 𝜙 + 𝑫𝒁 cos2 𝜃)] sin 𝜃 𝑑𝜃 𝑑𝜙

𝜋

0

2𝜋

0
    2.12 

where 𝜃 and 𝜙 are integration variables that correspond to all of the possible orientations of the 

gradient axis with the diffusion directions in the sample. Equation 2.12 simplifies to eq. 2.11 in 
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the isotropic case when 𝐷 = 𝐷𝑋 = 𝐷𝑌 = 𝐷𝑍. Some commonly encountered morphologies in 

nanostructured polymer electrolytes are lamellae and cylinders. These morphologies can be fit 

using a simplification of the 3-dimensional diffusion equation. In the case of cylinders or 

lamellae, there are only two distinct diffusion directions, parallel and perpendicular to the 

lamellae or cylinders. The 2-dimensional diffusion equation for planar or cylindrical symmetry is 

𝐼 = 𝐼0

1

2
∫ exp(−𝛾2𝛿2𝑔2Δ(𝑫𝐗𝐘 cos2 𝜃 + 𝑫𝐙 sin2 𝜃))

𝜋

0

sin 𝜃 𝑑𝜃                 2.13 

where the z-axis is parallel to the cylinders and perpendicular to the lamellae as shown in Fig. 

2.4. In the case of cylinders 𝐷𝑍 > 𝐷𝑋𝑌 and in the case of lamellae 𝐷𝑋𝑌 > 𝐷𝑍. 

Figure 2.4 Orientations of the principle diffusion directions in cylindrical and lamellar 
morphologies. 

2.4 Sample preparation 

For liquid electrolytes such as PEO of low molecular weight and perfluoropolyether-based liquid 

electrolytes, the electrolyte mixture can be directly pipetted or poured into the bottom of the 

NMR tube as shown in Fig. 2.5(a). A volume of about 70 uL is enough to sufficiently fill the 

tube such that it can be places in the default location in the probe. In other cases, where the 

sample amount is limited, as long as the liquid reaches above the bottom rounded part of the 

NMR tube, the position of the sample can usually be adjusted to be centered around the middle 

of the probe coil. It is important to note, however, that raising the NMR tube higher above the 

default position will always be detrimental to shimming of the sample because of the inherent 

asymmetry of the rounded bottom of the tube that is now closer to where the signal is acquired. 

If there is not enough sample to reach above the rounded portion, it is best to use a spacer as 

discussed below. 

For solid electrolytes or intermediate and high molecular weight liquid-like electrolytes such as 

PEO, the samples can usually no longer be pipetted or poured easily into a 5 mm tube. In this 

case, instead of melting the sample to achieve lower viscosity, it is most convenient to first place 

it inside of a spacer or holder that can then more easily be placed at the bottom of an NMR tube 

as shown in Fig. 2.5(b). The easiest and most readily available spacer, used extensively in this 

work, is a piece of polytetrafluoroethylene (PTFE) tubing. For 5 mm NMR tubes, 4mm PTFE 

tubing from fits perfectly. PTFE tubing has several advantages. It is cheap, flexible, fits snuggly 

into and NMR tube, can be cut to the desired length, and will not interfere with any of the 

desired 1H, 7Li, and 19F signals. Although the PTFE does have a 19F signal that appear as broad 
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hump, it is usually low and out of the range of the species of interest. The effects of the PTFE 

spacer on the signal of 13C NMR, however, has not been studied. 

For very solid electrolytes such as high molecular weight homopolymers and most block 

copolymers tha consisting of a glassy block, the sample can be inserted directly into the glass 

tube without a spacer as shown in Fig. 2.5(c). This is best if the material is rigid and can be 

molded into a puck or tube that is not sticky at room temperature. In some cases, such as if there 

is a very limited sample quantity, it is still beneficial to use a spacer. It can allow the material to 

occupy more vertical space in the tube or be used to raise the sample off of the round bottom. 

After inserting the sample and positioning it at the desired location, the NMR tube must be 

sealed against air and water contamination. High-pressure polyethylene caps provide a sufficient 

seal for several hours of experiment and can even allow the tubes to be kept in air for several 

days. For best practice, the tubes are stored inside of an argon glovebox when not in use. 

Figure 2.5 Recommended sample cell for NMR of (a) liquid, (b) semi-solid, and (c) solid 

polymer electrolyte. 

 

Although the polyethylene caps provide a strong seal they can only be used two times. Once the 

tube is taken out, the cap becomes stretched out. The cap can be used for a second time by 

pushing down past the second ribbed seal. 

2.5 Instrument setup, variable temperature, and sample loading 

For the sections in this chapter, bold face font will be used to signify commands that can be run 

on the Topspin software used to run Bruker NMR spectrometers. All of the experimental 

parameters can also be run as commands. 
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Sample Loading and Setup  

Make sure the user command has been run. Eject (ej) the standard sample and take it out of the 

spinner. Insert tube into the spinner and insert the bottom into the metal depth gauge provide for 

the instrument. It is important to use the depth gauge that is specific to the spectrometer because 

different spectrometers have different proper sample positions. If the sample inside the tube is 

not in the center of the measurement coils, indicated by the mark on the depth gauge, the tube 

can be position higher such that the sample lies in the center. This is very important to maximize 

the signal that can be obtained from the sample. Do not touch the spinner with bare hands; a 

kimwipe should always be used to handle the spinners. Insert the spinner with your sample into 

the top of the probe, checking to make sure that the eject air is flowing. Inject (ij) the spinner 

with the sample. 

If using long tubes, J.Young tubes, or tubes with attachments that are too large for the eject air to 

handle, turn off air (ej) and lower the spinner with the sample down NMR probe using a string or 

appropriate attachment. This should be done slowly, until it the spinner sits firmly at the bottom. 

Measurement of transport processes in most electrolyte samples requires precise temperature 

control. Even in the vicinity of room temperature is it better to heat the sample slightly to make 

sure the temperature is stable and there are no deviations during the measurement. 

Variable Temperature 

For all high temperature experiments, the beige spinner must be used in the Bruker magnets 

because it is temperature resistant unlike the blue spinner. After inserting the sample of interest 

and injecting (ij), the black cap that hangs off of the top of the bore can be used to close the top 

of the bore where the sample is inserted to decrease heat dissipation through the top. If 

increasing temperature above 30oC, the stack flow air must be turned on, using a knob on the 

lower right of the gas panel adjacent to the spectrometer. This ensures that the magnet is being 

actively cooled while the sample is being heated. Usually there is a green box, indicating the 

desired flow rate. Additionally, it is advised that nitrogen is used instead of house air for heating 

to high temperatures because of its higher heat capacity. This can also be switched on the top of 

the gas panel. When switching to nitrogen, the stack flow gas must be separately adjusted using 

the knob on the bottom right of the gas panel. It should be turned until the level indicator is in the 

green box. It is important to return the gas settings back to the default state after cooling for the 

next user.  

Variable temperature setup can be initiated in Topspin using the edte command. This will bring 

up the variable temperature console control window. The first tab on the window is for setting up 

temperature control and the second tab is for monitoring the setpoint, heater power, and sample 

temperature reading. It is important to note that although the thermocouple is placed immediately 

adjacent to the sample in the probe, it does not tell you the actual temperature of the sample but 

simply the air around which means that some time should be allowed for the sample to come into 

equilibrium with the surroundings even after the sample temperature reading reads the desired 

value. 
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Change the temperature set point to the desired temperature. Turn the heater ON. Set the max 

heater power at 5% to start. Increase the gas flow rate to around 800 L/h. Increase the power 

level to 15-25% slowly, as needed, to reach high temperatures. The probe will take ~30-45 min 

to equilibrate at high temperatures. Wait until the temperature of interest is reached before 

tuning. To cool down, follow procedure in reverse, but run the user command first. If there is a 

problem with cooling to room temperature, it is because the shim currents are too high, heating 

up the probe. Avoid this by running user or rsh LAST command before cooling to return to the 

standard shim set. 

Temperature Calibration 

The temperature reading from the thermocouple is usually not calibrated perfectly for the entire 

range of temperatures available. Calibration can be performed by looking at the chemical shift 

separation between peaks of a well know compound. In our case, we use the chemical shift 

separation of -OH resonances and -CH2- resonances of 20% ethylene glycol in dimethyl 

sulfoxide. 

For this sample, right click on the desktop to bring up the console and run ~vtcalc. This brings up 

a script which outputs the peak separation for various temperatures. Select the proton frequency 

appropriate for the spectrometer and the type of sample from the options at the top of the 

window. Select the temperature range of interest and adjust the increment to 0.1. Lock to the 

solvent and open the topshim gui. Add ‘convcomp’ to the PARAMETERS box. Tune the probe 

to protons and run rga. Change the number of scans to one and acquire a spectrum with zg. 

Measure the separation between peaks and compare to the calibrated temperature scale in the 

vtcalc program. Adjust the temperature up or down to get the desired peak separation and note 

the thermocouple temperature that corresponds to the desired temperature of interest. This can be 

done for several temperatures over a range of values and fit to an equation for the intermediate 

values. 

2.6 1-Dimensional NMR  

In order to run a proper PFG-NMR acquisition on any nuclei, you need to begin by running a 

simple 1D acquisition on 1H as described in this section. This will initiate the setup necessary for 

PFG-NMR, including proper shimming, and provide a baseline 1H spectrum, which can be used 

to verify that the electrolyte of interest is appropriately prepared and is not degraded based on the 

appropriately assigned peaks. 

To acquire and save and data, is it necessary to create a new data set. This brings up a window 

which allows you to modify the location and filename under which the data is saved. The name 

of the data file should be entered under NAME and the location or folder should be entered 

under USER. Change all the inputs to save relevant information with the data file. Consecutive 

acquisitions within a single data file can be saved by changing the experiment number under 

EXPNO instead of the data file name. Consecutive experiments with the same parameter set 

should be saved by selecting “Use current params.” under the Experiment pull-down menu. 
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Initial Setup and Tuning 

Lock to solvent with lock if a deuterium signal is available or turn off ‘lock’ and ‘sweep’ on 

BSMS panel. Since most samples will not have an available deuterium signal, shimming must be 

done semi-automatically or manually using a 1H signal. In order to shim with 1H, it is necessary 

to setup and acquire a 1H spectrum. Therefore, in most cases, the initial setup and calibration will 

all be done with 1H. To initialize the setup, load the 1H parameters file ‘prozb05.av600’ using 

rpar and selecting the name of the parameters or by using the quick access button on the right. 

Tune the probe automatically to 1H with atma. Normally, good tuning to protons can be 

achieved automatically, but tuning can also be done manually using atmm. This is useful and, in 

many cases, necessary on other nuclei. 

Shimming with 1H 

Shimming can be done in one of three ways: (1) automatically using the solvent lock signal, (2) 

semi-automatically using the topshim software, or (3) manually using the shape of the peak. 

Automatic shimming can be initialized using the topshim command in the presence of a solvent 

lock signal. With the absence of a lock signal, shimming can be done automatically using the 

topshim gui and a peak of interest. Alternatively, samples can be shimmed manually by 

iteratively adjusting the current through shim coils and changing the shape of the peak(s). 

In order to shim semi-automatically, begin by making sure that both the ‘lock’ and ‘sweep’ on 

the BSMS panel have been turned off. Obtain a 1D 1H spectrum as described in the next section 

by running rga, zg, efp, apk on 1H. Open the topshim gui. There are several options in the 

topshim gui. The first is the nucleus that is being shimmed. 1H is the standard and appropriate for 

most polymer samples. Check the PARAMETERS box and enter lockoff 1h o1p=#, where # is 

the chemical shift of the peak you want to shim in ppm. Certain criteria must be met for 

automatic shimming using the topshim gui, including enough signal-to-noise, a relatively narrow 

peak that is distinguishable from others, and an already decent lineshape. Additionally, the 

software iterates through several ‘fits’ of the peak and if the optimization takes too long, it may 

stop the shim protocol. Sometimes it is difficult to determine exactly what the reason for failure 

is. If it fails due to too many optimization steps, you can add ‘ordmax=3’ to the PARAMETERS 

box, and if there is more than one peak you can add ‘selwid=0.5’. Neither is guaranteed to make 

the semi-automatic shimming protocol succeed, but they are worth trying before moving on to 

manual shimming procedures. 

With the absence of a distinct 1H peak that can be shimmed with topspin, shim manually by 

determining rga, changing ‘ns’ to 1, running zefp; apk, changing ‘ph-mod’ to ‘pk’ in 

PROCPARS tab and running gs. A live spectrum will be displayed after every scan. The 

lineshape can be used to manually correct the shims. In general, the goal is to increase the FID 

area and make the peak narrower and more symmetric. This can be achieved by iteratively going 

through the shims and changing the amount of current running through the shim coils. A general 

guide for correcting the lineshape with various shims is shown in Fig. 2.6, reproduced from 

“Shimming and NMR magnet” by G.A. Pearson.9 On the BSMS panel, select the ‘Z1’ shim first, 

press the ‘fine’ button, and change the value of the shim current by scrolling with the wheel to 

increase the FID area and make the peak narrower. Move to higher Z shims to further optimize 
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as indicated in Fig. 2.6 and go back to the lower order shims after each pass through to make 

sure that you are at a global optimum value. Press ‘standby’ on the BSMS panel when done, 

select stop on the ‘gs’ window, and change ‘ph-mod’ back to ‘no’. 

 

Figure 2.6 Shim gradients and their corresponding line-shapes. Reproduced from 
“Shimming and NMR magnet” by G.A. Pearson.9 

Running a 1D Acquisition 

After properly setting up the parameters, tuning the probe, and shimming the magnet, normal 1D 

spectrum of the species of interest can be acquired. Determine the receiver gain for the element 

of interest to which the probe has been tuned by running rga. 1D spectra can be acquired by 

running zg. This will run the acquisition program listed under PULPROG in the acquisition tab.  

Acquisition and processing parameters for the 1D acquisition can be found in the ACQU and 

PROSS tabs. Parameters that are specific to the selected pulse program can be displayed with 

ased or the [┌┐] button. All of the available parameters can be displayed using eda or the [A] 

button. They can be edited by running the name plus a value in the command line or by directly 

editing in the window. Several of these are of interest for acquiring quality spectra:  

PULPROG - name of pulse program. ‘zg30’ is the standard 90o-180o spin echo acquisition. 

Clicking the button labeled […] to the right allows for the selection of preset and user‐

defined programs; clicking the button labeled [E] allows for the manual editing of the 

pulse program, either directly into the software, or via a graphical editor that can be 

selected in the manual editing screen, which visually displays the pulse program. 

TD - number of data points in the time domain. Increasing TD increases the resolution, but 

also the acquisition time. This will automatically change the value for AQ. TD is 

typically set to a power of two. 
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NS - number of scans. Increasing the number of scans increases signal‐to‐noise and as well 

as the total experiment time. 

DS - number of dummy scans. Usually used to allow for T1 relaxation and temperature 

stabilization in experiments with high power settings. Useful for gradient experiments. 

TD0 - number of acquisition loops, each with NS scans. This parameter is useful for long 

acquisitions. Although it achieves the same purpose as NS, the data is saved after each 

consecutive loop so there is a smaller chance of data loss in the case of hardware or 

software issues. 

DW - dwell time is the time between acquisition of two successive data points and 

determines the resolution of the acquisition in the time domain. While DW is normally 

calculated automatically based on SW, it can be adjusted manually. This will result in a 

corresponding change to SW. It may be adjusted slightly after entry. 

SW - spectral width in ppm. Sets the spectral width that is desired for acquisition. This 

should be set so that all relevant peaks are captured and the most important ones are 

centered in the middle using O1P. The hardware can only handle discrete values of SW. 

Changes to SW will also result in changes to DW and SWH. 

SWH - spectral width in Hz. Performs the same function as SW, but entry is in Hz instead of 

ppm. Changes to SWH result in changes to SW and DW. 

AQ - acquisition time in seconds. Will be automatically calculated based on TD, SW, and 

SFO1. Can be manually changed, then TD will be adjusted accordingly. 

RG - receiver gain. Controls the amplitude of the FID signal before it enters the digitizer. It 

should be determined automatically through the use of the rga command to prevent 

overflow and loss of signal. 

O1P - irradiation frequency offset in ppm. This value sets the center of the spectral region to 

be acquired and should be entered to adjust to the peaks of interest. 

P1 - length of the 90o pulse in microseconds. This is set to a default value and should be 

optimized for all acquisitions beyond simple 1D spectra. The optimization procedure is 

outlined below. 

D1 - length of the first or recycle delay in microseconds. This usually corresponds to the 

delay before the beginning of the pulse sequence and should be long enough to allow for 

T1 relaxation such that the next acquisition is not affected. Usually 3-5 times the T1 time. 

The data needs to be Fourier transformed after acquisition to convert it to the frequency domain 

using efp. Automatic phase correction can be applied by running apk and a quick baseline 

correction can be performed using abs. There are several additional commands that are useful for 

acquisition. A new spectrum can be acquired and saved on top of existing data in experiment 

folder using zefp. This is useful to quickly overwrite the existing data set when optimizing a 
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parameter. While zg will overwrite data after a prompt, go will add to existing data by running 

the experiment again and combining it with the previous data set in the folder. A running 

acquisition can be stopped using halt, which will save the data, and stop, which will not. 

Calibration of the 90o Pulse 

The 90o pulse can be calculated automatically with pulsecal for protons. For all other nuclei, the 

procedure is manual. Run a normal 1D acquisition after tuning and shimming as described above 

using the default ‘zg30’ pulse program with rga, zg, efp, apk. Make sure that the spectrum is 

phased up and change the pulse program to ‘zg’. Set ns = 1 or 2. Change p1 to 4 times the default 

value. The current value can be multiplied by 4 directly in the input.  

Run experiment with zg and transform the data with efp. Do not phase the spectrum in any of 

these iterative steps. The goal is to get a spectrum whose phase is evenly distributed above and 

below the axis. If the positive and negative parts of the spectrum are not even, change p1 and 

acquire again until a null signal is achieved. Usually, increasing p1 increases the signal above the 

axis and decreasing p1 lowers it below the axis.  

When the spectrum is centered, divide the optimized value of p1 by 4 for the correct 90o pulse 

length. This should be the p1 used for all other acquisitions, both 1D and diffusion 

measurements. 

Approximate T1 

Change the pulse program to ‘quickt1’. Display relevant parameters with ased. Set d7 = 1 ms 

and ns = 1. Run the experiment with zg and efp. Vary d7 until the peaks of interest are nulled. 

The T1 is approximately equal to 1.44*d7. Record the T1. Set d7 back to zero and change the 

pulse program back to the desired acquisition. A more accurate T1 can be calculated using 

inversion-recovery using the ‘t1ir’ pulse program, but this is rarely necessary for appropriate 

calibration of the diffusion measurements. 

2.7 Diffusion measurements 

There are several possible diffusion experiments that are appropriate for polymer electrolytes 

described in section 2.2. The corresponding diffusion pulse sequences on Bruker are as follows: 

stegp1s – stimulated echo gradient pulse program with one spoiler gradient 

stebpgp1s – stimulated echo bipolar gradient pulse program with one spoiler gradient 

ledbpgp2s – stimulated echo bipolar gradient pulse with longitudinal eddy-current delay and 

two spoiler gradients 

dstebpgp3s – double stimulated echo bipolar gradient pulse program with three spoiler 

gradients 
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The most complicated step in running a diffusion experiment is optimizing the parameters to get 

a good diffusion decay. This can be done by running a few 1-dimensional acquisitions. Create a 

new data set with the nucleus of interest and the correct 90o pulse calibration. Change the pulse 

program to the desired 1D version of the diffusion sequence from the above by adding ‘1d’ to the 

end of the pulse sequence name. Set the gradient pulse length, 𝛿, via p30 = 𝛿/2 and the diffusion 

time, Δ, using p20 = Δ. The easiest way to pick starting values for 𝛿 or Δ is to consider the 

relaxation times. Usually Δ can be set to approximately the T1 relaxation time, which is why is it 

is advisable to measure it before starting the optimization. It is hard to pick an initial value for 𝛿 

because the right value is such a strong function of the diffusion coefficient. Usually, 𝛿 =
1000 𝜇𝑠 is a good start. This will often not be enough for most attenuations in polymer samples, 

but will give a good signal at low gradient values such that further optimization can be done by 

increasing 𝛿 and looking at the effect on the attenuation at high gradient values. Change the 

remaining acquisition parameters to the suggested values next to the parameter box. These 

include the length of the spoiler gradient pulses, the spectrum parameters, the d1 time, etc. Set ns 

to a small value such that you can see the peaks but the acquisition does not take too long. 

Normally, 1 or 2 will do unless the signal-to-noise is very low.  

To optimize the diffusion sequence, first set gpz6 = 2% and collect a 1D spectrum with zg, efp, 

apk. This will be the largest signal from the diffusion sequence. It should be well above the 

noise and easy to integrate upon acquisition of more scans. If this signal is too low, then either 𝛿 

or Δ is too high. Since the signal attenuation will be a function of both either 𝛿 and Δ, the most 

thorough strategy is to pick an appropriate value for Δ as mentioned above and adjust 𝛿 to 

optimize. If none of the values of 𝛿 seem appropriate, then change Δ based on whether all of the 

signals are too low or too high and go back to adjusting 𝛿. Then, set gpz6 = 98% and collect 

another spectrum using zefp. The y-axis should stay the same and the height of the peaks can be 

directly compared to one another by looking at their position on the screen. If the y-axis is 

readjusted after acquiring a new spectrum, there is a glitch in Topspin that can usually be 

corrected by closing the program and restarting it. On occasion, this takes several tries. The 98% 

should be about 2% of the intensity of the 2% peak. The 98% signal still needs to be above the 

noise. If the signal intensity is already gone, as shown in the bottom curve in Fig. 2.7, then either 

𝛿 or Δ need to be reduced. If the signal is too big, above 5% of the 2% signal, as shown in the top 

curve of Fig. 2.7, then either 𝛿 or Δ need to be increased. Increasing 𝛿 is usually favorable 

because it results in more signal attenuation. Once the 2% and 98% seem optimized, set gpz6 = 

50% and acquire another spectrum. This one should be exactly in between the two intensities. A 

good signal attenuation is shown in in the middle curve of Fig. 2.7. Adjust 𝛿 or Δ accordingly. 
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Figure 2.7 Bad and good signal attenuation optimization for measuring diffusion. 

 

Change the pulse program to the desired sequence. Use the optimized parameters from above. 

Set d1 to such that the whole program time is >3T1.Change the dimension from 1D to 2D using 

the [1,2,…] button when all of the parameters are displayed by pressing on [A]. Set TD(F1) = 32 

for acquisition of 32 diffusion steps. This is a standard run. If more or less points are desired 

adjust TD. Run the experiment using the command dosy. Several dialog boxes will pop up that 

write the diffusion program. The gradient should be written from 2% to 98%. Alternatively. 5% 

and 95% can be used if there are issues with the lineshapes at the lowest and highest values. The 

gradient shape normally used with the hardware on the AV-600 is a sine wave. This can be 

adjusted if necessary.  

For anisotropic samples, it is advisable to increase the gradient strength such that the signal from 

98% gradient is nearly nulled and the 50% lies slightly below half of the full 2% signal. This will 

allow the diffusion measurement to capture the trailing tail of the diffusion decay which includes 

the slower component(s).  

2.8 Data analysis 

Data can be exported from the NMR magnet computers directly or by connecting to the NMR 

facility server. The most convenient method is mounting the spectrometer server as an external 

hard drive. Every acquisition by Topspin will produce several folders and data files within each 

experiment. The folder ‘pdata’ contains processing parameters while acquisition parameters and 

the acquisition itself will be in the main folder. For a 1D acquisition, ‘fid’ is the name of the 

acquired data file, while for 2D experiments, ‘ser’ contains the acquired data. The files that start 

with ‘acqu’ contain acquisition parameters and ‘difflist’ contains the calculated strength of the 

gradient pulse at each acquisition. 
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All of the files in a single experiment folder are necessary for reading the data into Topspin or a 

third-party program such as Mnova for data analysis. Selection of the entire folder or the ‘fid’ or 

‘ser’ files, however, will both accomplish the same task of reading and opening the experiment. 

Mnova provides a convenient interface for analyzing 1D spectra and 2D diffusion acquisitions 

from Topspin. The software is available free of charge from the NMR facility. The software 

provides convenient ways to Fourier transform, phase, baseline correct, visualize, label, measure, 

integrate, and fit NMR spectra. Detailed guidelines for using the software to perform these 

analyses can be found in the Mnova user manual downloaded from their website. Basic analysis 

of 2-dimensional PFG-NMR data is easy to do and the diffusion coefficient can be extracted 

from the data for simple pulse sequences. This requires the use of the ‘Arrayed Data’ and ‘Data 

Analysis’ boxes that can be pulled up by right clicking in any of the button fields and selecting 

Tables → Arrayed Data and Panels → Data Analysis. The arrayed data table contains the 

products of the experimental parameters calculated from the diffusion sequence according to the 

equation at the top of the box. In the Data Analysis toolbox select Create → Integrals Graph. 

Select the appropriate peak width by dragging across the spectrum. To change the type of fit, 

select the ‘…’ in the fit column of the ‘Data Analysis’ table. The type of fit can be selected under 

the ‘Model Function’ box that comes up. Press ‘Calculate’ to recalculate the fit column. 

Further analysis and plotting or fitting of more complex diffusion equations must be performed 

in different software. The easiest method is to copy the integral table from Mnova and paste it 

into an excel file where the data can be fit to any attenuation equation. 
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3 Molecular weight and salt concentration effects in 

homogenous polymer electrolytes 

3.1 Introduction 

Poly(ethylene oxide) (PEO) is the most widely studied polymer electrolyte due to its ability to 

solvate and conduct lithium ions1-3 and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is a 

commonly used salt in PEO-based electrolytes4. Together, PEO/LiTFSI mixtures provide an 

excellent model system for the study of molecular weight and salt concentration effects in 

polymer electrolytes. 

The performance of binary electrolytes such as PEO/LiTFSI in batteries is governed by three 

transport coefficients. Newman and coworkers have pioneered the use of ionic conductivity σ, 

the mutual diffusion coefficient of the salt 𝐷𝑚, and the cation transference number 𝑡+ to predict 

battery performance5. The parameter 𝑡+ provides a measure of the fraction of ionic current 

carried by the cation, while 𝐷𝑚 quantifies the transport of salt molecules due to gradients in 

chemical potential in the absence of electric fields. They have also prescribed methods for 

measuring these three quantities. The salt diffusion coefficient is obtained from restricted 

diffusion measurements on symmetric lithium-polymer-lithium cells6. Measurement of the 

transference number required two additional experiments: current-interrupt experiments and 

open circuit potential measurements of concentration cells, wherein polymer electrolytes of 

different concentrations are brought in contact with each other7. The attractiveness of this 

approach is that battery performance can be predicted using σ, 𝐷𝑚, and 𝑡+ without any 

knowledge of the extent of dissociation of the salt molecules. The effect of salt dissociation is 

completely captured by the measured values of σ, 𝐷𝑚, and 𝑡+. 

Several alternative methods for measuring transport quantities related to 𝐷𝑚 and 𝑡+ have been 

proposed. There are many reports of transference numbers obtained by potentiostatic polarization 

of symmetric cells. Doyle and Newman showed that this approach for measuring 𝑡+ can lead to 

substantial errors8. They studied a 2.8 M solution of NaCF3SO3 (sodium triflate) in PEO at 85°C. 

While the potentiostatic polarization method gave a 𝑡+ of 0.37, the more rigorous method of Ma 

et al. gave -4.38. Another approach is based on pulsed-field gradient nuclear magnetic resonance 

(PFG-NMR) wherein the self-diffusion of individual species is measured. Battacharja et al. used 
7Li and 19F NMR to separately quantify the diffusion of lithium- and fluorine-containing species 

in PEO/lithium triflate (PEO/LiTF) mixtures as a function of temperature9. Gorecki and Armand 

have conducted extensive NMR studies of crystallinity and the temperature dependencies of 

diffusion and relaxation phenomena in PEO electrolytes including PEO/ LiTFSI.10–12 They found 

correlation between the motion of lithium ions and the relaxation of protons on the polymer 

chain, while the anion motion remained independent of the polymer chain. 

Using PFG-NMR to predict battery performance, however, requires knowledge of the state of 

dissociation because the measurement probes all species containing the element of interest.13 If 

LiTFSI is completely dissociated to give Li+ and TFSI- then the PFG-NMR experiments quantify 

the self-diffusion of individual ions. In the dilute limit, measurements of conductivity and the 
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self-diffusion coefficients of the anion and cation, 𝐷+ and 𝐷−, allow us to calculate any transport 

property. In binary electrolytes, 

𝑡+ =
𝐷+

𝐷+ + 𝐷−
                                                                       3.1 

𝐷𝑚 =
2𝐷+𝐷−

𝐷+ + 𝐷−
                                                                       3.2 

In concentrated solutions, however, the relationships between 𝐷+, 𝐷−, 𝐷𝑚, and 𝑡+ are not simple 

due to effects such as non-ideal solution behavior and ion clustering. 

The effect of chain length on transport of neutral molecules through polymeric materials has 

been studied extensively14–19. In contrast, relatively few publications have reported 

measurements of the effect of chain length on ion transport through polymers. Shi and Vincent 

used electrochemical methods and PFG-NMR to determine the lithium cation diffusion 

coefficient and steady-state current in PEO/LiTF mixtures as a function of PEO molecular 

weight, M20. The conductivity of PEO/LiTFSI mixtures has been measured as a function of M by 

Teran et al. and Devaux et al.21,22. Hayamizu et al. have measured the diffusion coefficients of 

lithium and TFSI by PFG-NMR as a function of M for oligomeric PEO chains with M ≤ 2.5 

kg/mol23. Theoretical studies of the effect of chain length on ion transport in PEO-based 

electrolytes have also been conducted.24–26 A comprehensive study of the effect of polymer 

molecular weight and salt concentration on cation and anion diffusion and 𝑡+ has not been 

conducted. 

In this work, we use PFG-NMR to study the transport of cations and anions in PEO/LiTFSI 

mixtures. We present data on the dependence of the cation and anion self-diffusion coefficients, 

𝐷+ and 𝐷−, and the cation transference number 𝑡+ on M over the range 0.6-100 kg/mol. Our 

work suggests that the three transport coefficients, conductivity σ measured by ac impedence, 

and 𝐷+ and 𝐷− measured by NMR, can be used to fully characterize both dilute and concentrated 

PEO/LiTFSI mixtures. Our measurements highlight the difference in the coupling of ion 

transport and polymer segmental motion between cations and anions.  In spite of this, we present 

a framework for collapsing the dependence of 𝐷+ and 𝐷− on salt concentration and molecular 

weight into a single curve. 

3.2 Experimental 

Materials. Hydroxyl terminated PEO samples up to 55 kg/mol were obtained from Polymer 

Source, 100 kg/mol PEO was obtained from Sigma Aldrich, and LiTFSI salt was obtained from 

Novolyte. PEO molecular weight was varied from 0.6 kg/mol to 100 kg/mol. The characteristics 

of the polymers used in this study are listed in Table 3.1. The molecular weight and dispersity 

were provided by the manufacturers. All materials were dried under vacuum at 90°C for 24 hours 

before use in an air and water-free Argon environment. LiTFSI salt was mixed directly with 0.6 

kg/mol PEO and the remaining samples were prepared by mixing PEO and LiTFSI with 

anhydrous tetrahydrofuran (THF) at 90°C for 12 hours, subsequently allowing the THF to 

evaporate. Varying salt concentrations were mixed, ranging from r=0.01 to r=0.08, with r 
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defined as the ratio of lithium ions to ethylene oxide (EO) monomer units: r=[Li]/[EO]. The 

electrolyte solutions were again dried at under vacuum at 90°C for 24 hours to remove any 

remaining solvent and placed into NMR tubes. All NMR tubes were sealed with high pressure 

polyethylene caps before measurement.  

Table 3.1. Properties of poly(ethylene oxide) polymers used in the study. 

M 
(kg/mol) 

Đ [EO]/chain 

   0.6 1.03 15 

   1 1.10 23 

45 
   2 1.10 45 

   4 1.03 91 

   10 1.05 230 

   20 1.10 450 

   55 1.28 1250 

   100* -- 2270 

M – number-averaged molecular weight.  Đ – dispersity. [EO]/chain – number of monomers per 

chain. *Mv reported 

 

Pulsed Field Gradient-NMR (PFG-NMR). NMR measurements were performed on a Bruker 

Avance 600 MHz instrument fitted with a Z-gradient direct detection broad-band probe and a 

variable temperature unit maintained at 363K throughout the experiments. Measurements were 

performed on the isotopes of 7Li and 19F to probe the diffusion of lithiated and fluorinated 

species, respectively. All samples produced single peaks around 233 MHz for lithium and 565 

MHz for fluorine corresponding to all lithium- and TFSI-containing ion species, consistent with 

the measured ions being in the fast exchange limit. The 90° pulse lengths were optimized for 

each sample to achieve maximum signal amplitude. T1 relaxation times were independently 

measured for each sample nuclei using inversion-recovery (180--90-acq.) to insure the choice of 

an appropriate diffusion time interval ∆. A bipolar pulse longitudinal-eddy-current delay 

sequence was used to measure the diffusion coefficients D.27 The attenuation of the echo E was 

fit to, 

𝐸 = 𝑒
−𝛾2𝑔2𝛿2𝐷(∆− 

𝛿
3

−
𝜏
2

)
                                                             3.3 

where 𝛾 is the gyromagnetic ratio, g is the gradient strength, 𝛿 is the duration of the gradient 

pulse, ∆ is the interval between gradient pulses, 𝜏 is the separation between pulses, and D is the 

diffusion coefficient. The diffusion time ∆ and gradient pulse length 𝛿 were independently varied 

to confirm that they do not affect the measured value of D. Parameters used for acquisition were 

diffusion intervals ∆ = 0.4-0.5 s (7Li) and 0.8-1 s (19F), and pulse lengths 𝛿 = 5-20 ms (7Li) and 

1-4 ms (19F). For each diffusion measurement, 32 experiments of varying gradient strength up to 

0.5 T/m were performed and the change in amplitude of the attenuated signal was fit to obtain 

the parameter D. All measured signal attenuations were single exponential decays and the errors 
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in the fits were less than 3% (19F) and 2% (7Li). Error corresponding to the reproducibility of the 

data is shown for all samples with two or more independent measurements; the error bars 

correspond to the range of measured values. Due to the complexity and length of the PFG-NMR 

measurements at slow diffusion times, not all molecular weights include more than one sample. 

Single data points are marked with an x in the figures presented.  

3.3 Results 

The dependence of lithium and TFSI diffusion coefficients, 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼, on salt concentration 

in a 4 kg/mol PEO at 363K is shown in Fig. 3.1.  As expected, the diffusivity of TFSI is higher 

than that of lithium despite the lithium being much smaller. This is due to interactions between 

Li+ and ether oxygens in PEO, and the lack of such interaction in the case of TFSI- 3,28–30. Both 

diffusion coefficients decrease with increasing salt concentration due to two possible effects: (1) 

increasing viscosity of PEO/LiTFSI mixtures due to temporary “crosslinks” between polymer 

chains in the vicinity of the Li+ ions, (2) ion-ion interactions resulting in the formation of 

temporary neutral or charged clusters. The measured ionic conductivity of PEO/LiTFSI increases 

linearly with r when 0<r<0.04 and peaks at r=0.085.4 In other words, increasing the charge 

carriers concentration above r=0.085 reduces overall ion transport. In dilute electrolyte solutions, 

conductivity increases linearly with charge carrier concentration, therefore, mixtures in the 

vicinity of r=0.085 are not dilute. In the discussion below, we will examine the effect of 

molecular weight 𝑀 on diffusion in two limits, the dilute limit at r=0.02 and the concentrated 

regime near the maximum of conductivity at r=0.08. 

 

Figure 3.1 Diffusion coefficients 𝑫𝑳𝒊 and 𝑫𝑻𝑭𝑺𝑰 in PEO(4)/LiTFSI as a function of salt 

concentration. Data for a 4 kg/mol PEO at 363 K. Error bars represent the range of 

measured values. In most cases, the error is smaller than the marker. 
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The diffusion of lithium and TFSI species as a function of PEO molecular weight M is shown in 

Fig. 3.2. The diffusion coefficients 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 decrease with increasing molecular weight. 

These data are qualitatively consistent with the prevailing theories of ion transport in polymer 

electrolytes 20,24,31,32, which suggest that in the low molecular weight regime, ion hopping due to 

segmental motion is augmented by diffusion of entire polymer chains with coordinated ions, 

while, at high molecular weights, chain diffusion slows down, and ion transport is dominated by 

hopping. There are, however, some differences between the behaviors of 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 at 

different concentrations shown in Fig. 3.2. At r=0.02, 𝐷𝑇𝐹𝑆𝐼 approaches a well-defined plateau at 

M > 4 kg/mol, while 𝐷𝐿𝑖 seems to decreases more slowly, reaching a plateau at M > 10 kg/mol. 

At r=0.08, 𝐷𝑇𝐹𝑆𝐼 is at a plateau for all values of M, while 𝐷𝐿𝑖 again decreases continuously with 

increasing M. The qualitative differences seen in the measurements of 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 at high and 

low concentrations cannot be readily explained by prevailing theories of ion transport in polymer 

electrolytes.20,25 

 

Figure 3.2 Diffusion coefficients of lithium and TFSI as a function of PEO molecular 
weight, 𝑀. Data at salt concentrations of r=0.02 (green, orange) and r=0.08 (blue, red) 
at 363 K. Measurements with a single data point, present due to the difficulty and length 
of the PFG-NMR experiment, are marked with an x. In most cases, the error bars are 
smaller than the marker. 

 

In order to probe the state of dissociation in the PEO/LiTFSI mixtures, we used 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 to 

calculate ionic conductivity using the Nernst-Einstein equation, 
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𝜎 =
𝐹2𝑐+

𝑅𝑇
(𝐷− + 𝐷+)                                                               3.4 

where 𝑇 is the temperature, 𝑅 is the gas constant, 𝐹 is Faraday’s constant, 𝑐+ is the concentration 

of dissociated cations [mol/cm3], and 𝐷+ and 𝐷− are the self-diffusion coefficients of the cation 

and anion, respectively. It is important to note that Eq. 3.4 was developed for dilute solutions 

where the salt is completely dissociated. Equation 3.4 assumes that the dominant charge carriers 

are dissociated ions, therefore, 𝐷+ and 𝐷− could be different from 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 measured by 

NMR. If our mixtures were to contain clusters of associated ions, then 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 would 

represent the average diffusion coefficients of all charged and neutral species containing lithium 

and fluorine, respectively. Conductivity only depends on the transport of charged species.  

In Fig. 3.3, the conductivity calculated using Eq. 3.4 is plotted as a function of M. In this case, 

𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 were used for 𝐷+ and 𝐷−, and the total salt concentration was used for 𝑐+. In Fig. 

3.3(a), the predictions in the dilute limit, r=0.02, are compared to conductivity values reported in 

literature; the comparison is limited to two available molecular weights reported by Singh et al. 

and Lascaud et al.4,33 Here we see quantitative agreement between our calculations and 

experiment. This indicates that all of the salt is dissociated and ion transport is dominated by free 

cations and anions. We expect Eq. 3.4 to hold for dilute PEO/LiTFSI mixtures.  

In Fig. 3.3(b), we compare calculations based on Eq. 3.4 in the concentrated limit, r=0.08, with 

ionic conductivity measurements reported by Teran et al.21  We again see quantitative agreement 

between our calculations and experiments. This indicates that the total salt concentration is equal 

to the concentration of dissociated cations 𝑐+ and the self-diffusion coefficients measured in the 

concentrated regime embody all of the complexities necessary to predict ionic conductivity. We 

conclude that 𝐷+ = 𝐷𝐿𝑖 and 𝐷− = 𝐷𝑇𝐹𝑆𝐼 in both the dilute and concentrated regimes. We can 

thus estimate the lithium transference number 𝑡+ according to Eq. 3.2 irrespective of the 

concentration regime. 

Figure 3.3 Conductivity calculated from diffusion measurements based on the Nernst-
Einstein relation and electrochemically measured value of conductivity reported in 
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literature. Data as a function of PEO molecular weight, M. (a) Comparisons in the dilute 
limit, r=0.02, with Singh et al. and Lascaud et al.4,33 (b) Comparisons in the 
concentrated regime, r=0.08, with Teran et al.21. Error bars represent the range of 
measured values. In most cases, the error is smaller than the marker. 

 

The lithium transference number 𝑡+ is plotted as a function of M in Fig. 3.4. In both dilute and 

concentrated regimes, 𝑡+ decreases with increasing M. At low molecular weights, diffusive 

motion of the polymer contributes more equally to the motion of both ions, and we see a 

transference number that approaches 0.5. Above 10 kg/mol, ion motion becomes limited to the 

segmental motion of the polymer chains and 𝑡+ approaches a plateau.  It is interesting to note 

that while 𝐷+ and 𝐷− are sensitive functions of salt concentration (Fig. 3.2), 𝑡+ is not. 

 

Figure 3.4 The cation transference number 𝑡+ as a function of PEO molecular weight, 

𝑀. Data for salt concentrations r=0.02 and r=0.08 at 363 K. Error bars represent the 
range of measured values. The the error is smaller than the marker where the error bars 
are not visible. 

 

We posit that the dependence of 𝐷+ and 𝐷−on salt concentration is related to the strong tendency 

for lithium ions to coordinate with ether oxygens on either a single chain or on two neighboring 

chains; both coordination environments are observed in simulations with roughly equal 

probability28,29. As a result, PEO/LiTFSI electrolytes are comprised of two kinds of chains: 

chains with a coordinated lithium ions and free PEO chains. The role of this heterogeneity is 

elucidated by introducing a parameter s, which we define as the molar ratio of lithium ions to 
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PEO chains, s=[Li]/chain (𝑠 = 𝑟 × 𝑁, where N is the number of ethylene oxide monomers per 

chain). Not all chains will have coordinated lithium ions when s is much less than one, while 

when s is much larger than one, one expects most of the chains to be coordinated. In Fig. 5, we 

plot 𝐷+ and 𝐷− as a function of s at four different concentrations: r=0.02 and r=0.08 from this 

work, and r=0.05 and r=0.1 obtained from Hayamizu et al. and interpolations of data of a 

5,000 kg/mol PEO from Oradd et al.23,34 It is important to note that the PEO chains in this work 

are hydroxyl terminated while the PEOs in Hayamizu et al. are methyl terminated. It is likely that 

the small offset in measured diffusivity values in the low molecular weight limit is due to this 

difference (𝐷+ and 𝐷− at r=0.05 and r=0.1  from Hayamizu et al. are slightly above the r=0.02 

and r=0.08 data from the present work at M < 1 kg/mol). Organizing the diffusivities with the 

parameter s allows us to see that the dependences of 𝐷+ and 𝐷− on M obtained at all salt 

concentrations are similar.   

 

Figure 3.5 Diffusion coefficients (a) 𝐷+ and (b) 𝐷− as a function of s=[Li]/chain at salt 
concentrations. Data at r=0.02 and r=0.08 from this work, and r=0.05 and r=0.1 taken 
directly from Hayamizu et al. and interpolated from the data of Oradd et al.23,34. Fits of 
the data (dotted lines) to 𝐷𝑖 = 𝐾 𝑠−1 + 𝐷𝑝,𝑖 are shown. Error bars are shown only for our 

data. The error is smaller than the marker where the error bars are not visible. 

 

We fit the data in Fig. 3.5 to power law functions of log |𝐷 − 𝐷𝑝| = 𝑚 log(𝑠) + log (𝐾) where m 

is the slope, log (𝐾) is the y-intercept, and 𝐷𝑝 is the plateau value at each concentration. An 

average slope of 𝑚 = −1 and y-intercept of 𝐾 = −6.48 was found to reasonably fit the data at 

all salt concentrations. The dashed lines in Fig. 5 are curves of 

 𝐷𝑖 = 𝐾 𝑠−1 + 𝐷𝑝,𝑖          𝑖 = +, −.                                                    3.5 
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where 𝐷𝑝,𝑖 is the plateau value, shown as a function of r in Fig. 6. It is worth noting that 𝐷𝑝,𝑖 

depends on r and i, while the parameter 𝐾 is independent of r and i.  The observation that 𝑡+ vs. 

M is independent of salt concentration in Fig. 4 is consistent with the notion that K is 

independent of r and i, see Eq. 3.1.  

In Fig. 3.5(a), we show that 𝐷+ at all salt concentrations decreases with increasing s. This 

reflects an increasing number of coordinated lithium ions per chain that slow down the motion of 

the ion carrying segments and consequently 𝐷+.  At high values of s, this effect saturates and 𝐷+ 

approaches a plateau. Similarly, as shown in Fig. 3.5(b), 𝐷− decreases with increasing s and 

reaches a plateau above s = 10.  Although the anion is not coordinated to PEO, 𝐷− changes with 

s when s < 10.  This behavior is related to the coupling of the anion and cation across distances 

commensurate with the Bjerrum length, discussed below. 

  

Figure 3.6 The plateau value Dp plotted as a function molar salt concentration r. 
  

As can be seen in Fig. 3.6, the plateau of 𝐷𝑝,− is at significantly higher values than 𝐷𝑝,+.  In the 

high concentration limit, the motion of the cation and anion are decoupled. The ratio 𝐷𝑝,−/𝐷𝑝,+ 

is about 5, reflecting the fact that only the cations are coordinated by the PEO chains. In a given 

time interval, the anions, on average, diffuse across distances that are a factor of 2.2 (~√5) larger 

than that of the lithium ion.  Since the ions exist as dissociated pairs, several anions diffuse in 

and out of the neighborhood of a given cation before the cation hops to a new coordination site. 

This motion is facilitated by the small distance between dissociated pairs of cations and anions. 

In the low salt concentration limit, a single parameter K that is independent of the ion species 

captures the decrease of 𝐷+ and 𝐷− with increasing s. In this limit, the distance between pairs of 

ions is much greater than the Bjerrum length, lB (lB = 7.5 nm in PEO, assuming a dielectric 

constant of 7.5). This precludes independent and rapid diffusion of the more mobile anion 
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between neighboring solvated cations. As a result, the decrease of 𝐷−  with increasing s is 

synchronized with the decrease of 𝐷+, the coordinated cation.   

In Fig. 3.7, the dependence of the diffusion coefficients on r and M is shown on plots of (𝐷 −
𝐷𝑝) versus s. Both cation and anion diffusion collapse onto a single curve of the form 

(𝐷 − 𝐷𝑝) ∝  𝑠−1. The functional dependence is similar to that introduced by Shi and Vincent,20 

however, this new scaling theory takes into account both salt concentration and molecular weight 

effects on both ions. At low molecular weights and salt concentrations, transport of ions is 

strongly coupled to the relaxation modes of the PEO chains, which have an M-1 dependence 

based on the Rouse model.35 At high molecular weights and high concentrations, chain diffusion 

slows down and transport is dominated by ion hopping facilitated by segmental motion.  

Figure 3.7 Normalized diffusion coefficients 𝐷 − 𝐷𝑝 are plotted against salt 

concentration 𝑠. (a) Linear and (b) log plots. The dotted line is the curve (𝐷 − 𝐷𝑝) =

𝐾𝑠−1. Error bars are omitted for clarity. 

 

Fig. 3.7 indicates that the crossover between the two regimes of transport – decreasing 𝐷+ and 

𝐷− with increasing s and the diffusivity plateau – is demarcated by a constant value of s, not M 

as proposed by Shi and Vincent.20  The exact value of s at the crossover is not well-defined; Eq. 

(5) indicates that the diffusivity plateau is only reached asymptotically as s approaches infinity.   

From a practical point of view, however, we may assume that systems with |𝐷 − 𝐷𝑝| smaller that 

10-8 cm2/s are sufficiently close to the plateau. Fig. 3.7(b) indicates that the crossover value of s, 

sc ≈ 10 for this cut-off. We propose that the importance of s to the crossover stems from the high 

probability that a lithium ion will coordinate with two PEO chains.28,36 We assume that this 

probability is independent of chain length.  If the lifetime of this coordination is significant, then 

the "effective" chain length is increased and chain motion slows down.  Transition to the 

diffusive plateau regime in electrolytes comprised of long chains thus requires low salt 

concentrations, while electrolytes comprised of short chains require higher salt concentrations.  
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In other words, the crossover location is governed by the product  𝑁 × 𝑟, which is, by definition, 

s.   

3.4 Conclusion 

Individual self-diffusion coefficients of Li+ and TFSI- ions, 𝐷+ and 𝐷−, were measured as a 

function of M and salt concentration. We found agreement between conductivities calculated 

from the measured 𝐷+ and 𝐷− values based on the Nernst-Einstein equation and experimental 

measurements of 𝜎 in both dilute and concentrated solutions, indicating that the salt is fully 

dissociated in these PEO/LiTFSI mixtures. This enabled the determination of the molecular 

weight dependence of the cation transference number in both concentration regimes. We 

introduce an important parameter s, the number of lithium ions per polymer chain. The 

dependences of 𝐷+ and 𝐷− on s allow us to account for salt concentration and chain length 

effects on the diffusion coefficients. Ion diffusion coefficients 𝐷+ and 𝐷− in both dilute and 

concentrated PEO/LiTFSI decrease at low s, and plateau above s = 10. We present a master 

curve that describes the dependence of both 𝐷+ and 𝐷− on salt concentration and chain length. 

The high molecular weight plateau seen in ionic conductivity measurements is due to the plateau 

of 𝐷−; the plateau of 𝐷+ plays a minor role.  In the high molecular weight limit, 𝐷𝑝,− is 

significantly larger than 𝐷𝑝,+ indicating that TFSI- ions are not affected by the slowly relaxing 

segments that impede the motion of Li+ ions. The scaling phenomena introduced in this work is 

not captured by prevailing theories20,25 and may be representative of all polymer electrolytes that 

selectively solvate one of the ions. 
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4 Salt concentration effects in perfluoropolyether-based 

homogenous polymer electrolytes 

4.1 Introduction 

Perfluoropolyethers are a new class of electrolytes that are promising alternatives to conventional 

flammable liquid electrolytes used in rechargeable lithium batteries. Due to their high flash 

points they may be used for intrinsically safer lithium batteries1. While previous studies have 

shown that mixtures of perfluoropolyethers and lithium bis(trifluoromethylsulfonyl)amine 

(LiTFSI) exhibit reasonable conductivities and high lithium transference numbers that, in some 

cases, can approach unity, our understanding of the nature of charge carriers in these electrolytes 

is limited2.  

The Nernst-Einstein equation is a convenient starting point for discussing the nature of charge 

carriers. In this equation the ionic conductivity, usually measured by ac impedance, is related to 

the self-diffusion of dissociated ions, 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼: 

𝜎 =
𝐹2𝑐

𝑅𝑇
(𝐷𝐿𝑖 + 𝐷𝑇𝐹𝑆𝐼)                                                               4.1 

where 𝑇 is the temperature, 𝑅 is the gas constant, 𝐹 is Faraday’s constant, 𝑐 is the molar salt 

concentration, and 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 are the diffusion coefficients of the lithium and TFSI species, 

respectively. It is important to note that eq. 4.1 was developed for dilute solutions and assumes 

that the dominant charge carriers are individual dissociated ions, not ion clusters. In the dilute 

limit, 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 correspond to diffusion coefficients of dissociated ions. A popular approach 

for measuring 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 is pulsed-field gradient NMR (PFG-NMR). It has been recognized 

that PFG-NMR measurements of diffusion coefficients represent an average over all of the ion-

containing species in solution including charged and neutral ion clusters. In such cases, the 

relationship between 𝜎, 𝐷𝐿𝑖, and 𝐷𝑇𝐹𝑆𝐼 is not well-established. It is convenient to define a 

dimensionless parameter 𝛽 as follows 

𝛽 =
𝜎

𝐹2𝑐
𝑅𝑇

(𝐷𝐿𝑖 + 𝐷𝑇𝐹𝑆𝐼)
                                                           4.2 

In the literature this parameter is sometimes called the iconicity or the inverse of the Haven ratio 
3–8 and is related to the extent of salt dissociation. For electrolytes that obey the Nernst-Einstein 

relationship, 𝛽 is unity. Incomplete dissociation generally leads to a reduction in 𝛽. 

In Figure 4.1, we show the dependence of 𝛽, obtained by combining ac impedence and PFG-

NMR, on salt concentration for two well-studied electrolytes: a liquid electrolyte comprising 

mixtures of alkyl carbonates (EC/DMC) and lithium 4,5-dicyano-2-trifluoromethyl-imidazolide 

(LiTDI) studied by Berhaut et al., and a polymer electrolyte comprising mixtures of 

poly(ethylene oxide) (PEO) and LiTFSI studied by Lascaud et al. and Timachova et al.9–11. In 

both cases, 𝛽 is a weak function of 𝑐. The average value of 𝛽 for the liquid electrolyte is 0.4 
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while that for the polymer electrolyte is 0.8. One expects the extent of dissociation to be related 

to the dielectric constant of the solvent, which is 40 for EC/DMC and 7.5 for PEO12,13. It is 

surprising that 𝛽 obtained in the low dielectric constant solvent is higher than that obtained in the 

high dielectric constant solvent. The concentration of neutral ion pairs is expected to increase 

with increasing salt concentration. This implies that 𝛽 should be a decreasing function of 𝑐. 

Charge screening, described by the Debye-Huckel theory, will also lead to a reduction in 𝛽. Data 

from EC/DMC are consistent with this expectation. To our knowledge, the underpinnings of 

these observations have not yet been established, indicating that questions regarding the 

mechanism of charge transport in well-studied systems remain unanswered.  

Figure 4.1 Values of 𝛽. Calculated for PEO/LiTFSI from Timachova et al.10 and 
Lascaud et al.11  and EC/DMC/LiTDI from Berhaut et al.9 

The mechanism of ion transport in polymer electrolytes is the subject of significant current 

interest. Current studies of ion transport mechanisms are based on a combination of different 

approaches such as electrochemical measurements, spectroscopy, simulations, as well as more 

recent work with electrophoretic NMR14–16. Electrochemical measurements are usually analyzed 

using the Vogel-Tamman-Fulcher (VTF) relationship to fit the dependence of ionic conductivity 

on temperature, 

𝜎 = 𝐴𝑇−1/2 exp (
−𝐵

𝑅(𝑇 − 𝑇0)
) ,                                                      4.3 

where 𝐴 is a constant, 𝐸𝐴 is a constant often associated with the activation energy for ion motion, 

𝑅 is the gas constant, 𝑇 is the experimental temperature, and 𝑇0 is the reference temperature 

taken as 50 degrees below the glass transition temperature, 𝑇g-50. Eq. 4.2 is used to describe the 

role of segmental dynamics, dictated by 𝑇g, on ion transport17,18.  Stolwijk et al. and Zugmann et 

al. have used 𝛽 derived from spectroscopic and electrochemical measurements to estimate the 

extent of salt dissociation in both liquid and polymer electrolytes19,20. Extensive simulations 

    PEO/LiTFSI 
    EC/DMC/LiTDI 
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work predicting salt-solvent coordination and ion transport in polymer systems has been done by 

Borodin and Smith21. Hou et al. and Gouvernour et al. have measured the motion of dissociated 

ions using electrophoretic NMR7,15. 

The purpose of this paper is to report values of 𝛽 measured by combining ac impedance and 

PFG-NMR in a series of PFPE electrolytes over a salt concentration range similar to Fig. 4.1. We 

find that 𝛽 increases with salt concentration by several orders of magnitude. We also use the 

Vogel-Tamman-Fulcher (VTF) equation to characterize the temperature dependence of 

conductivity in PFPE electrolytes. We obtain a surprising correlation between 𝛽 and 𝐴. In 

addition to organizing the data set, it provides insight into the mechanism of ion transport.  

4.2 Experimental 

Materials. PFPE D10-OH and E10-OH were purchased from Santa Cruz Biotechnology and 

Solvay, D10-DMC and E10-DMC samples were synthesized as reported previously1,22, and 

LiTFSI salt was purchased from Novolyte. The characteristics of the polymers used in this study 

are listed in Table 4.1. Salt was dried at 120oC and the polymers were dried at room temperature 

under vacuum for 72 hours before use in an air and water-free Argon environment. LiTFSI salt 

was mixed directly with the PFPE samples at varying salt concentrations, ranging from 0.3 to 1.7 

M (5% to 30% by weight), for 24 h at 60°C. Electrolyte preparation and conductivity 

measurements were made in an argon glovebox, with the exception of DSC samples which were 

prepared in air. Diffusion measurements were performed in NMR tubes sealed with high 

pressure polyethylene caps.  

Table 4.1 Characteristics of polymers used in this study. 

Polymer Structure m n q M(g/mol) 

D10-OH  7 3 0 1000 

D10-DMC 
 

7 3 0 1116 

E10-OH  5 4 2 1200 

E10-DMC 
 
5 4 2 1316 

m = number of CF2CF2O monomers. n = number of CF2O monomers. q = number of CH2CH2O 
monomers. 

 

Differential Scanning Calorimetry Differential scanning calorimetry (DSC) thermograms were 

recorded using a TA Instruments DSC Q200 on PFPE/LiTFSI samples mixed in air over the 

temperature range from -150 °C to 100 °C using a heat/cool/heat method at a heating and cooling 

rate of 10 °C/min and 5 °C/min, respectively. Glass transition temperatures, 𝑇g𝑠, were 
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determined using the average from the midpoint method on the cooling cycle and second heating 

cycle thermogram. 

Electrochemical Measurements. Ionic conductivity was measured using ac impedance 

spectroscopy on a BioLogic VMP3 potentiostat in homebuilt stainless steel liquid cells. As the 

electrodes of the cells are asymmetric, the current distributions were modeled using Laplace’s 

equation, and effective cell constants were determined23. The complex impedance of the samples 

was measured over the frequency range 1 MHz to 1 Hz at an applied voltage amplitude of 40 

mV. Conductivity was calculated using the in-phase resistance of the complex impedance 

extracted from a Nyquist plot of the current response. 

Pulsed Field Gradient-NMR (PFG-NMR). NMR measurements were performed on a Bruker 

Avance 600 MHz instrument fitted with a Z-gradient direct detection broad-band probe and a 

variable temperature unit. Measurements were performed on the isotopes of 7Li and 19F to probe 

the diffusion of lithiated and fluorinated species, respectively. All samples produced peaks 

around 233 MHz for lithium and 565 MHz for fluorine corresponding to all lithium- and TFSI-

containing ion species. The 90° pulse lengths were optimized for each sample to achieve 

maximum signal amplitude. T1 relaxation times were independently measured for each sample 

nuclei using inversion-recovery (180--90-acq.) to insure the choice of an appropriate diffusion 

time interval ∆. A bipolar pulse longitudinal-eddy-current delay sequence was used to measure 

the diffusion coefficients D. The attenuation of the echo E was fit to, 

𝐸 = 𝑒
−𝛾2𝑔2𝛿2𝐷(∆− 

𝛿
3

−
𝜏
2

)
                                                             4.4 

where 𝛾 is the gyromagnetic ratio, g is the gradient strength, 𝛿 is the duration of the gradient 

pulse, ∆ is the interval between gradient pulses, 𝜏 is the separation between pulses, and D is the 

diffusion coefficient. The diffusion time ∆ and gradient pulse length 𝛿 were independently varied 

to confirm that they do not affect the measured value of D. Parameters used for acquisition were 

diffusion intervals ∆ = 0.1-0.5 s (7Li) and 0.05-0.8 s (19F), and pulse lengths 𝛿 = 1-10 ms (7Li) 

and 1-3 ms (19F). For each diffusion measurement, 32 experiments of varying gradient strength 

up to 0.5 T/m were performed and the change in amplitude of the attenuated signal was fit to 

obtain the parameter D. All measured signal attenuations were single exponential decays and the 

errors in the fits were less than 2%. 

4.3 Results 

It is generally believed that the conductivity of polymer electrolytes is governed by segmental 

motion of polymer chains. The glass transition temperature is a convenient parameter that 

reflects segmental motion. The dependence of 𝑇g measured by DSC on salt concentration in the 

four electrolytes is shown in Fig. 2. The highest salt concentration in each case reflects the 

solubility limit. As expected, 𝑇g increases with the addition of salt as increasing interactions 

between the salt and the polymers slow down segmental motion. The measured viscosities of the 

electrolytes, previously reported in Olson et al.,22 follow the trend expected from the 𝑇g data 

presented in Fig. 2. At a given salt concentration, D10-DMC has the lowest 𝑇g while E10-DMC 

has the highest 𝑇g.  
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Figure 4.2 The glass transition temperature, Tg, of perfluoropolyethers. Measured by 
differential scanning calorimetry as a function of salt concentration. 

 

The temperature dependencies of the ionic conductivities at different salt concentrations are 

shown in Fig. 4.3 for (a) D10-OH (b) D10-DMC, (c) E10-OH and (d) E10-DMC. As expected, 

the conductivities increase with increasing temperature following the VTF relationship (eq. 3). 

The curves in Fig. 4.3 are VTF fits through the data. For the D10 electrolytes, increasing salt 

concentration results in a monotonic increase in conductivity. A more complex, non-monotonic 

dependence of conductivity on salt concentration is seen in the E10 electrolytes. 
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Figure 4.3 Ionic conductivity, 𝜎, and as a function of temperature. (a) D10-OH, (b) D10-
DMC, (c) E10-OH, and (d) E10-DMC at different salt concentrations, c, up to the 
maximum solubility in each perfluoropolyether. The solid lines are fits of the data to VTF 
behavior.  

 

The diffusion coefficients of the lithium, 𝐷𝐿𝑖, and TFSI, 𝐷𝑇𝐹𝑆𝐼, at 𝑐 = 0.55 𝑀 measured by PFG-

NMR, are shown as a function of temperature in Fig. 4.4. 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼  increase about two 

orders of magnitude with increasing temperature over the range 30-90 oC. The diffusion 

coefficients of Li and TFSI species in E10-OH and E10-DMC are similar. With the exception of 

(a) (b) 

(c) (d) 
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data obtained at 60 oC, diffusion coefficients obtained for D10-OH are similar to E10-OH and 

E10-DMC. Both 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼 of D10-DMC are higher than in the other electrolytes. 

 

Figure 4.4 Diffusion coefficients, (a) 𝐷𝐿𝑖 and (b) 𝐷𝑇𝐹𝑆𝐼 in perfluropolyethers. Data at 
c=0.55 M LiTFSI measured by PFG-NMR as a function of temperature (T).  

 

The ionic conductivity, 𝜎, and diffusion coefficients, 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼, are plotted as a function of 

molar salt concentration, c, in Fig. 4.5 at a constant temperature of 90 oC up to the solubility 

limits of the perfluoropolyethers. The ionic conductivity increases for all polymers with the 

conductivities of the E10-OH and E10-DMC systems reaching a maxima around 1.15 M. Both 

lithium and TFSI diffusion coefficients decrease monotonically with increasing salt 

concentration. One might expect conductivity and diffusion coefficients to be correlated and 

exhibit similar trends with respect to the polymer chemistry. The data in Fig. 4.5 show that this is 

not the case. The D10 PFPEs show the highest salt diffusivities and the lowest ionic 

conductivities, while the E10 PFPEs show the lowest diffusivities and the highest ionic 

conductivities. 

 

T (oC) T (oC) 

(a) (b) 
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Figure 4.5 Ion conductivity and 
diffusivity in perfluoropolyethers. (a) 
Ionic conductivity, 𝜎, and diffusion 
coefficients, (b) 𝐷𝐿𝑖 and (c) 𝐷𝑇𝐹𝑆𝐼, 
and as a function of salt 
concentration, c, at 90oC.  

  

(c) 

(b) 

(a) 
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Since the major component of all of the polymers in the present study is perfluoropolyether 

chains, one might expect a simple correlation between 𝑇g, 𝜎, 𝐷𝐿𝑖, and 𝐷𝑇𝐹𝑆𝐼. In particular, 

samples with low 𝑇g are expected to exhibit high conductivity and faster diffusion. The results 

shown in Fig. 2-5 are inconsistent with this expectation. To illustrate this, the properties of the 

electrolytes at 𝑐 = 0.55 M and 90 oC are summarized in Table 4.2. The sample with the lowest 𝑇g 

is ranked 1 while samples with the highest values of 𝜎, 𝐷𝐿𝑖, and 𝐷𝑇𝐹𝑆𝐼  are ranked 1. It is evident 

that the diffusion coefficients are correlated with 𝑇𝑔. It is also evident that 𝜎 is not correlated 

with either 𝑇g or the diffusion coefficients. While the salt diffusion coefficients are highest in 

D10-DMC, the conductivity is highest in E10-OH, the sample with the highest 𝑇g. The 

relationship between conductivity, ion diffusion, and segmental motion is not clear in the data. 

Table 4.2 Rank ordering of electrolyte properties at 90oC and 0.55 M. 

Polymer Tg σ DLi DTFSI 

D10-OH 2 4 2 2 

D10-DMC 1 3 1 1 

E10-OH 4 1 3 4 

E10-DMC 3 2 4 3 

Tg is ranked from lowest to highest (1→4).  
𝜎, DLi, and DTFSI are ranked from highest to lowest (1→4).  

 

In Fig. 4.6, we plot 𝛽, a parameter that depends on both conductivity and the salt diffusion 

coefficients (eq. 4.2) as a function of concentration, c. For the D10-DMC, 𝛽 increases by two 

orders of magnitude as c increases from 0.3 to 1.15 M. A similar increase is seen in D10-OH. A 

more modest increase in 𝛽 is observed in the E10 systems. It is important to note the qualitative 

difference between Fig. 4.6 and Fig. 4.1. In more traditional electrolytes made from PEO and 

carbonates such as EC/DMC, 𝛽 either decreases or stays constant with increasing salt 

concentration (Fig. 4.1) due to effects such as ion pairing and electrostatic screening. In the E10 

PFPEs that contain ethylene oxide endgroups, there is a modest increase in 𝛽 with salt 

concentration. Small increases in 𝛽 have been observed previously in ionic liquid electrolyte 

systems by Borodin et al.24 In contrast, a dramatic increase in 𝛽 with salt concentration is seen in 

the D10 PFPEs that have entirely fluorinated backbones; increasing c by a factor of 3 results in a 

500x increase in 𝛽.  
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Figure 4.6 The effective fraction of salt species available for charge transport, 𝛽. Data 
obtained from the deviation of the NMR predictions of conductivity at 90oC based on the 
Stokes-Einstein relation. 

 

Given the low dielectric constant of fully-fluorinated D10 PFPEs (𝜖~2.1), we expect salt ions to 

be clustered. We propose that ion transport in these PFPE electrolytes only occurs when ion 

clusters are in close proximity to each other. The characteristic length of LiTFSI is 0.8 nm 

(calculated from the covalent radii along the longest dimension). If the clusters are 

predominantly ion pairs, the average distance between LiTFSI molecules at 1 M is ~1.2 nm. At 

this concentration, we obtain reasonable conductivity (𝛽=10-3 and 𝜎=10-4 S/cm in D10-DMC). 

When the salt concentration is reduced to 0.3 M, the average distance between ion pairs 

increases to 1.75 nm and this effectively shuts down ion transport (𝛽=10-5 and 𝜎=10-6 S/cm). At 

this juncture, we do not have explicit knowledge about the nature of ion clustering in PFPE 

electrolytes. If larger clusters exist, then the hopping distances will be longer. For example, if the 

clusters are predominantly composed of 4 ions then the average hopping distance increases by 

~30%. We conclude that inter-cluster hopping is the main mechanism for ions transport in D10 

PFPE electrolytes and that appreciable transport is obtained when this distance is commensurate 

with the size of the anion. The behavior of E10 PFPE electrolytes, which contain ethylene oxide 

groups, appears to fall in between D10 PFPEs and PEO. 

In Fig. 4.7(a) we plot the VTF parameter 𝐴 as a function of salt concentration, c. 𝐴 is a strong 

function of 𝑐 for the D10 polymers and a weaker function of 𝑐 for the E10 polymers. The 

similarity of the trends seen in Fig. 4.6 and 4.7(a) are obvious. In Fig 4.7(b), we plot the VTF 

parameter 𝐸𝐴 as a function of salt concentration, c. 𝐸𝐴 is a much weaker function of salt 

concentration and endgroup chemistry for both D10 and E10 polymers. We thus focus on the 

dependence of 𝐴 on 𝑐. 
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Figure 4.7 The VTF fits parameters. (a) A and (b) EA from fits of the ionic conductivity 
as a function of temperature, shown as a function of salt concentration, c. 

 

In Fig. 4.8, we plot 𝛽 as a function of A at 90 oC. The data from all of the electrolytes falls on a 

straight line with 𝛽 = 0.1 𝐴. Similar trends are seen at other temperatures; data obtained at 30 oC 

are given in the SI. This plot exposes the correlation between conductivity and salt diffusion 

coefficients in PFPE electrolytes that was not clear from the initial raw diffusion and 

conductivity data in Fig. 2-5. Comparing Fig. 4.5 with Fig. 4.4(a), we see that conductivity has a 

strong dependence on 𝛽 and 𝐴, accounting for the lack of correlation between conductivity, 𝑇g, 

and diffusivity. 

(a) (b) 
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Figure 4.8 The effective fraction of salt species available for charge transport, 𝛽, versus 
the number of available charge carriers, A. Data as a function of salt concentration at 
90oC. The black line is the fit to 𝛽 = m 𝐴, where m = 0.1. 

4.4 Conclusion 

We have characterized PFPE electrolytes with different endgroup chemistries as a function of 

salt concentration and temperature by DSC, ac impedance, and PFG-NMR. At a given 

temperature, the salt diffusivity measured by PFG-NMR decreases with increasing 𝑇g,  measured 

by DSC. In contrast, ionic conductivity measured by ac impedence is highest in the PFPE with 

the highest 𝑇g. The relationship between conductivity, diffusion, and segmental motion 

quantified by 𝑇g is thus unclear in these electrolytes. To clarify the relationship between these 

parameters, we have calculated 𝛽 from ac impedance and PFG-NMR measurements using eq. 

4.2 and used the VTF equation to fit temperature-dependent conductivity data. We conclude that 

ion transport in systems with low 𝛽 is governed by hopping between ion clusters, a distance that 

decreases with increasing salt concentration. We find a linear correlation between 𝛽 and the VTF 

parameter 𝐴, which vary by four orders of magnitude over our experimental window. 
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5 Solvation site density in polyether-based homogenous 

polymer electrolytes  

5.1 Introduction 

Since the development of the first polymer electrolyte in the 1970s, polyether-based polymer 

electrolyte systems still serve as the best solid polymers for lithium ion conduction. 

Spectroscopic results and simulations have shown that lihium ions coordinate with ether oxygens 

on the polymer backbone in these systems.1,2 This means that ion motion is inherently coupled to 

the polymer segmental motion. A consequence of this is that the diffusion coefficients of the ions 

and the ionic conductivity of polymer electrolyte is a strong function of the glass transition 

temperature, 𝑇𝑔, which governs segmental dynamics. The relaxation and diffusion times will be 

inversely proportional to the glass transition temperature according to the 

Vogel−Tammann−Fulcher (VTF) relationship.3–6 For diffusion and conductivity7–11 

𝐷(𝑇) = 𝐴 exp (−
𝐸𝑎

𝑅(𝑇 − 𝑇0)
)                                                5.1 

𝜎(𝑇) = 𝐴𝑇−
1
2 exp (−

𝐸𝑎

𝑅(𝑇 − 𝑇0)
)                                           5.2 

where 𝐷 is the diffusion coefficient, 𝜎 is the conductivity, 𝐴 is the exponential prefactor, 𝐸𝑎 is 

the activation energy, 𝑅 is the gas constant, 𝑇 is the temperature, and 𝑇0 is the temperature where 

there is no segmental motion, usually taken as 𝑇𝑔 − 50. Diffusion and conductivity data can be 

fit to a temperature dependence using these two equations with 𝐴 and 𝐸𝑎 as fit parameters. 

Another important factor that affects ion transport is the of availability of connections between 

neighboring solvation sites that allow for ion hopping through the material. This parameter can 

be obtained from molecular dynamics simulations by calculating the density of lithium solvation 

sites that are available due to thermal fluctuations.12 Previous work has shown that the 

connectivity of lithium sites is directly proportional to the density of ether oxygens on the 

polymer.13 This provides a simple metric for studying the effects of solvation-site density on ion 

transport. 

Both the polymer segmental dynamics and the connectivity of the solvation sites will determine 

the efficacy of a polymer electrolyte in an electrochemical cell. Ultimately, the performance of 

an electrolyte is characterized by its response to an applied dc potential. Predicting the complete 

response is complicated and requires full electrochemical characterization, which includes 

measurements of the conductivity, 𝜎, the steady-state transference number, 𝑡+,𝑆𝑆, the mutual 

diffusion coefficient, 𝐷𝑚, and the concentration potential. The steady-state response of the 

electrolyte, however, can be simply predicted using a subset of these quantities. The product 

𝜎𝑡+,𝑆𝑆 is proportional to the steady-state current obtained through an electrolyte under a dc 

potential 
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𝜎𝑡+,𝑆𝑆 =
𝑙

∆𝑉
                                                                5.3 

where 𝑙 is the thickness of the electrolyte and ∆𝑉 is the applied potential.14,15 This parameter tells 

you how much current the electrolyte can carry during a constant potential charge or discharge 

process and can be used to compare the efficacy of different polymer electrolyte systems when 

they have different conductivity and transference numbers. In this work, we study a subset of 

polyether-based polymer electrolytes using this approach and compare their steady-state current 

response to that of PEO. This analysis allows us to find an electrolyte with the optimal segmental 

motion and solvation-site connectivity. 

5.2 Experimental 

Materials. Anhydrous tetrahydrofuran (THF) was purchased from Sigma-Aldrich, lithium 

bis(trifluoromethanesulfonyl)imide, Li[N(SO2CF3)2] (LiTFSI), was purchased from Novolyte, 

and poly(ethylene oxide) (PEO) was purchased from Polymer Source. Synthesis of ethylene 

oxide copolymers was performed as described in the dissertation of Zheng, Q.16 The chemical 

properties of polymers used in this study are outlined in Table 5.1. All materials where mixed 

with LiTFSI salt at a salt concentration of r = [Li]/][EO] = 0.08 as described in Zheng et al.15 

Table 5.1 Chemical properties and nomenclature of the polyether polymers. 

  xo  Molecular structure  M [kg/mol] M0 [g/mol] 
Density 
[g/cm3] 

40/60 EO-3MO 0.28 

 

10.1 52.4 1.035 

61/39 EO-3MO 0.30 

 

5.5 49.46 1.046 

EO-alt-3MO 0.29 

 

7.7 51 1.040 

50/50 EO-4MO 0.25 

 

11.3 58 1.017 

2EO-MO 0.38 

 

55.3 38.94 1.133 

PEO 0.33 

 

10 44 1.073 

PTMO 0.25 

 

32.4 56 0.982 

xo – mol. fraction of ether oxygens 
M – number averaged molecular weight 
M0 – monomer molecular weight 
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Differential Scanning Calorimetry. Samples were prepared by depositing 2−5 mg of 

electrolyte into a hermetically sealed aluminum pan. Differential scanning calorimetry (DSC) 

thermograms were recorded on a TA Instruments DSC Q200 over the temperature range from -

120°C to -90°C using a heat/cool/heat method at a heating and cooling rate of 20°C/min and 

5 °C/min, respectively. The glass transition temperature, 𝑇𝑔, of each electrolyte were obtained 

from the second heating scan. 

Electrochemical Characterization. Cell assembly, ac impedance, steady-state current, and 

restricted diffusion measurements were performed as described in Pesko et al. and Zheng et 

al.15,17  

Pulsed-Field Gradient NMR. NMR measurements were performed on a Bruker Avance 600 

MHz instrument fitted with a Z-gradient direct detection broad-band probe and a variable 

temperature unit. Temperature was calibrated using the chemical shift separation of -OH 

resonances and -CH2- resonances of 20% ethylene glycol in dimethyl sulfoxide for the 

measurements performed between 60-120oC. Diffusion measurements were performed on the 

isotopes of 7Li and 19F, which produced peaks around 233 MHz and 565 MHz, respectively, to 

track the lithium- and flouring-containing salt species. The 90° pulse lengths were optimized for 

each sample to achieve maximum signal amplitude. A stimulated echo bipolar gradient pulse 

sequence was used to measure the diffusion coefficients D. The attenuation of the echo E was fit 

to, 

𝐸 = 𝑒
−𝛾2𝑔2𝛿2𝐷(∆− 

𝛿
3

)
                                                           5.4 

where 𝛾 is the gyromagnetic ratio, g is the gradient strength, 𝛿 is the duration of the gradient 

pulse, ∆ is the interval between gradient pulses, 𝜏 is the separation between pulses, and D is the 

diffusion coefficient. Diffusion time intervals were chosen based on appropriate signal decay and 

T1 relaxation times. Parameters used for acquisition were diffusion intervals ∆ = 0.4-0.5 s (7Li) 

and 0.5 s (19F), and pulse lengths 𝛿 = 10-40 ms (7Li) and 5-10 ms (19F). For each diffusion 

measurement, 32 experiments of varying gradient strength up to 0.33 T/m were performed and 

the change in amplitude of the attenuated signal was fit to obtain the parameter D. All measured 

signal attenuations were single exponential decays and the errors in the fits were less than 2%. 

5.3 Results 

The glass transition temperature, 𝑇𝑔, of the polymers was measured by DSC to investigate the 

mobility of the polymer backbone. The results are shown in Figure 5.1. Most of the polymers 

have a 𝑇𝑔 below that of PEO with the exception of EO-2MO. The glass transition temperature 

generally trends upwards with increasing oxygen mol. fraction. 
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Figure 5.1 The glass transition temperature, 𝑇𝑔, as a function of polymer oxygen mol. 

fraction, xo. 

The diffusion coefficient of the Li, 𝐷𝐿𝑖, and the diffusion coefficient of the TFSI, 𝐷𝑇𝐹𝑆𝐼, in the 

polymer electrolytes at a salt concentration of r = 0.08 and at 90oC measured by PFG-NMR are 

plotted in Figure 5.2. The diffusion of Li is significantly slower that the diffusion of the anion 

across the range of different electrolytes. This is common for polyether-based systems and is a 

product of the strong coordination between the Li and the polymer.18–20 The data indicate that the 

diffusion coefficients of the Li and TFSI do not change dramatically over the range of oxygen 

mol. fractions accessed by these polymer architectures. The diffusion of Li and TFSI in 2EO-

MO, however, is lower than in any of the other polymer electrolytes. 

Figure 5.2 The diffusion coefficients of Li (open symbols) and TFSI (closed symbols) as 

a function of polymer oxygen mol. fraction, xo, at r = 0.08 and at 90oC.  
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The conductivity of the electrolytes measured using ac impedance is plotted as a function of 

oxygen mol. fraction in Fig. 5.3. The Nernst-Einstein conductivity can be calculated from 

equation 

𝜎𝑁𝑀𝑅 =
𝐹2𝑐

𝑅𝑇
(𝐷𝐿𝑖 + 𝐷𝑇𝐹𝑆𝐼)                                                        5.5 

and the self-diffusion coefficients of the ions measured by PFG-NMR.  The Nernst-Einstein 

conductivity is also plotted in Fig. 5.3. The two conductivities are in good agreement. The 

conductivities show a slight increasing trend for xo < 0.34. This is likely due to the increasing 

density of lithium solvation sites as with increasing xo for the polymers that have similar 𝑇𝑔s. 

The polymer electrolyte 2EO-MO, however, does not follow this trend, likely because it has a 

significantly higher 𝑇𝑔. 

Figure 5.3 The conductivity of the polymer electrolytes at 90oC and r = 0.08 measured 

using ac impedance (closed symbols) and the Nernst-Einstein conductivity calculated 

using the diffusion coefficients measured by PFG-NMR (open symbols) as a function of 

oxygen mol. fraction, xo. 

 

The steady-state transference number, 𝑡+,𝑆𝑆, measured using steady-state current and the 

transference number calculated from the diffusion coefficients measured by PFG-NMR 

according to 

𝑡+,𝑁𝑀𝑅 =
𝐷𝐿𝑖

𝐷𝐿𝑖 + 𝐷𝑇𝐹𝑆𝐼
                                                        5.6 
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are plotted as a function of oxygen mol. fraction in Fig. 5.4. The NMR transference number 

𝑡+,𝑁𝑀𝑅 is higher than 𝑡+,𝑆𝑆 likely due to the fact that PFG-NMR captures the sum of all of the 

diffusing species in the electrolyte, regardless of direction, while the steady-state electrochemical 

measurement only contains contributions from the lithium ions that are moving in the correct 

direction and reacting at the interfaces to produce free electrons. It is important to note that the 

transference number normalizes out the effects of polymer segmental motion since it is defined 

as a ratio of two ion transport quantities. Although there is no overall trend in the transference 

number, it is clear that both 𝑡+,𝑆𝑆 and 𝑡+,𝑁𝑀𝑅 are highest in 2EO-MO. This suggests that in spite 

of the high 𝑇𝑔 of 2EO-MO, it may be a promising candidate for carrying lithium current in a 

battery. In order to validate this theory, we calculated the steady-state current response of the 

electrolytes. 

Figure 5.4 The steady-state transference number, 𝒕+,𝑺𝑺, at 90oC and r = 0.08 measured 

using steady-state current (closed symbols) and the transference number calculated 

from the diffusion coefficients measured by PFG-NMR (open symbols) as a function of 

oxygen mol. fraction, xo. 

 

The steady-state current response of the electrolytes at 90oC and r = 0.08 calculated from the 

product of ac conductivity and steady-state current transference number is plotted as a function 

of oxygen mol. fraction in Fig. 5.5. The effective steady-state current response measured by 

PFG-NMR can be calculated from the Nernst-Einstein relationship according to  

𝜎𝑁𝑀𝑅𝑡+,𝑁𝑀𝑅 =
𝐹2𝑐

𝑅𝑇
𝐷𝐿𝑖                                                         5.7 

The steady-state current response calculated using eq. 5.7 and the diffusion coefficient 𝐷𝐿𝑖 

measured by PFG-NMR is also plotted in Fig. 5.5. The results of Fig. 5.5 indicate that the larger 
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𝑡+ of 2EO-MO does not entirely compensate for the high 𝑇𝑔  of the polymer, which still dictates 

its low ionic conductivity. 

Figure 5.5 The steady-state current response of the electrolytes at 90oC and r = 0.08 

calculated from the product of ac conductivity and steady-state current transference 

number (closed circles) and the effective steady-state current calculated from the 

Nernst-Einstein relationship using the diffusion coefficient of the Li measured by PFG-

NMR (open circles) as a function of oxygen mol. fraction, xo. 

 

Because the molecular weights of the polymers are different, however, it is hard to compare 

dynamic properties such as ion transport directly. Instead, we must consider the effects of 

segmental motion, dictated by 𝑇𝑔. Even though the polymers with xo < 0.3 have lower 𝑇𝑔 that 

PEO, they fail to have higher conductivities or steady-state current responses as predicted by 

VTF. On the other hand, 2EO-MO has a high transference number. Its conductivity and steady-

state current, however, are lower than that of PEO, but it also has a significantly higher 𝑇𝑔. This 

indicates that if the effects of the glass transition temperature and consequently of segmental 

motion were normalized by eq. 5.1 and 5.2, then 2EO-MO may perform better than PEO. The 

full comparison of transport properties between 2EO-MO and PEO normalized by the 𝑇𝑔 is 

detailed in Zheng et al. The detailed analysis in that work indicates that a 2EO-MO polymer 

synthesized with a lower 𝑇𝑔 than that of an equivalent PEO, for example by changing the 

molecular weight, will be a more efficacious polymer electrolyte for use in a lithium battery. 

5.4 Conclusion 

A set of polyether polymers with varying density of ether groups were synthesized to study the 

effects of polymer mobility and solvation site density on ion transport. The mobility of the 

0.24 0.28 0.32 0.36 0.40

σ
·t

+
,S

S
 (
S

/c
m

)

xo

10-4

10-5

10-3



70 

polymer backbones dictated by the 𝑇𝑔 were measured using DSC, the diffusion and conductivity 

of the ions were measured using PFG-NMR and ac impedance, and the steady-state current 

responses of the electrolytes were calculated from the measurements. The results indicate that the 

steady-state current response of a polyether-based polymer electrolytes is proportional to the 

density of lithium solvation sites and inversely proportional to the mobility of the polymer 

backbone. This set of polyether polymers was used to predict a polymer structure that could have 

a better steady-state current response than PEO. 
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6 Morphology-transport relationships in nanostructured 

block copolymer electrolytes 

6.1 Introduction 

Nanostructured block copolymers doped with lithium salts are promising candidates for use as 

electrolytes in solid-state lithium batteries. They have the potential to enable lithium metal 

anodes by providing ion conduction, stability to lithium, and mechanical rigidity against 

dendrites.1 Complete continuum characterization of transport in electrolytes requires knowledge 

of three parameters: conductivity, the salt diffusion coefficient, and the transference number.2 

Methods for measuring these parameters are available in the literature,3–5 but they have not yet 

been applied to block copolymer electrolytes despite the large body of work on characterization 

of ion transport in these systems.6–19  

Nanostructured block copolymers form ordered phases where coherent order is restricted to 

regions referred to as grains. In Figure 6.1, we show a schematic of a lamellar grain composed of 

a polystyrene-b-poly(ethylene oxide) (SEO) copolymer with added salt. Ion transport occurs 

predominantly in the conducting poly(ethylene oxide)-rich phase in the x and y dimensions along 

the plane of the lamellae. We expect salt diffusion in the x-y plane, 𝐷||, parallel to the lamellae to 

be significantly higher than that along the z direction, 𝐷⊥, perpendicular to the lamellae. 

Typically, block copolymer electrolytes are comprised of a large collection of randomly oriented 

grains. Thus their continuum properties are isotropic; they only reflect locally anisotropic 

transport indirectly.7,8 

 

Figure 6.1. A single grain of SEO showing poly(ethylene oxide)+salt and poly(styrene) 
domains assembled into lamellae. The coordinate axes show the orientation of 
anisotropic diffusion vectors with diffusion through lamellae on the x and y axes and 
diffusion across lamellae in z. 

A technique that has gained popularity for studying ion transport is pulsed-field gradient NMR 

(PFG-NMR), which allows for the direct measurement of the self-diffusion coefficients of ionic 
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species.20–23 If the diffusion is locally anisotropic, then the displacement of ions is a function of 

the orientation of each grain with respect to the magnetic field gradient axis of the measurement. 

In this case, the signal attenuation does not follow a single exponential decay. This effect of 

anisotropy on transport has been studied in nanostructured polymeric and inorganic materials.24–

29 

In this work, we present the first complete set of continuum transport properties in a block 

copolymer electrolyte. We also present measurements of the anisotropic self-diffusion 

coefficients of the cations and anions using PFG-NMR. We use concentrated solution theory,2 to 

determine Stefan-Maxwell diffusion coefficients from the continuum measurements. We 

compare the self-diffusion coefficients and Stefan-Maxwell diffusivities.  

6.2 Experimental 

Materials. Anhydrous tetrahydrofuran (THF) and benzene were purchased from Sigma-Aldrich, 

and lithium bis(trifluoromethanesulfonyl)imide, Li[N(SO2CF3)2] (LiTFSI), was purchased from 

Novolyte, 5 kg/mol poly(ethylene oxide) (PEO(5)/LiTFSI) was purchased from Polymer Source. 

The polystyrene-b-poly(ethylene oxide) copolymer with 16 kg/mol of each block (SEO(16-16)) 

was synthesized by sequential anionic polymerization of styrene followed by ethylene oxide 

using methods described previously.7  

LiTFSI was dissolved in anhydrous THF and added to solutions of SEO in anhydrous benzene. 

For ease of lyophilization, the concentration of the LiTFSI−THF stock solution was adjusted so 

that the final solutions contained less than 5 vol. % THF. SEO solutions were lyophilized 

without exposure to air for 1 week. Electrolytes were prepared at different LiTFSI salt 

concentrations (r = [Li]/[EO] = 0.03, 0.06, 0.12, 0.18, 0.24, and 0.3). SEO solutions were dried 

under vacuum at 90°C for 24 h to remove trace solvents. Homopolymer 5 kg/mol poly(ethylene 

oxide) (PEO(5)/LiTFSI) electrolytes were used as a comparison and prepared as described 

previously.5 

The characteristics of these electrolytes - the molar ratio of lithium atoms to ethylene oxide (EO) 

monomers, r, salt concentration, c, the molality, m, volume fraction of the conducting phase, 𝜙𝑐, 
solvent concentration, c0, and total electrolyte concentration, cT, - are summarized in Table 6.1. 

The salt concentration, c, and solvent concentration, c0, were calculated according to 

𝑐 =
𝑟

𝑟
𝑀𝐿𝑖𝑇𝐹𝑆𝐼

𝜌𝐿𝑖𝑇𝐹𝑆𝐼
+

𝑀𝐸𝑂

𝜌𝐸𝑂

, 𝑐0 =
1

𝑟
𝑀𝐿𝑖𝑇𝐹𝑆𝐼

𝜌𝐿𝑖𝑇𝐹𝑆𝐼
+

𝑀𝐸𝑂

𝜌𝐸𝑂

 [
mol

cm3
]                            6.1 

where MLiTFSI = 287.09 g/mol is the molar mass of LiTFSI, MEO = 44.05 g/mol is the molar mass 

of an ethylene oxide monomer. The densities of PEO/LiTFSI mixtures at 90oC were measured as 

a function of r.5 The density of pure poly(ethylene oxide) (r = 0) is 𝜌𝐸𝑂 = 1.128 g/cm3. The 

measured densities of the mixtures were used to calculate the effective density of LiTFSI in 

PEO/LiTFSI, 𝜌𝐿𝑖𝑇𝐹𝑆𝐼 = 2.392 g/cm3. We assume that all non-idealities of mixing are due to 

changes in the partial molar volume of LiTFSI. 
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The molality of the electrolyte, m, moles of LiTFSI salt per kg of PEO, is calculated according to  

𝑚 =  
𝑟

𝑀𝐸𝑂
∙ 1000 [

mol

kg
]                                                            6.2 

The volume fraction of the conducting phase, 𝜙𝑐, was calculated according to  

𝜙𝑐 =

𝑀𝐸𝑂

𝜌𝐸𝑂
+

𝑟𝑀𝐿𝑖𝑇𝐹𝑆𝐼

𝜌𝐿𝑖𝑇𝐹𝑆𝐼

𝑀𝐸𝑂

𝜌𝐸𝑂
+

𝑟𝑀𝐿𝑖𝑇𝐹𝑆𝐼

𝜌𝐿𝑖𝑇𝐹𝑆𝐼
+

𝑀𝑃𝑆𝑀𝐸𝑂

𝑀𝑃𝐸𝑂𝜌𝑃𝑆

                                                 6.3 

𝜌𝑃𝑆 = 1.028 g/cm3 is the density of polystyrene, and MPEO = 16,000 g/mol and MPS =16,000 

g/mol are the molar masses of the polyethylene oxide block and polystyrene block, respectively.   

Table 6.1. Electrolyte characteristics. 

 r c (mol/cm3) c0 (mol/cm3) m (mol/kg) 𝜙𝑐 

SEO(16-16) 0.03 0.00070 0.02345 0.68 0.50 

 0.06 0.00230 0.02162 1.36 0.52 

 0.12 0.00224 0.01871 2.72 0.56 

 0.28 0.00297 0.01649 4.09 0.59 

 0.24 0.00354 0.01474 5.45 0.61 

 0.30 0.00400 0.01332 6.81 0.64 

PEO(5) 0.06 0.00230 0.02162 1.36 N/A 

 

Electrochemical Characterization. All sample preparation was performed inside an argon 

glovebox (MBraun) in order to maintain water and oxygen levels below 1 and 5 ppm 

respectively. Samples for conductivity measurements were prepared by heat-pressing the 

polymer at 130°C into a 150 μm thick fiberglass−epoxy annular spacer (Garolite-10). The 

diameter of the electrolyte was taken to be the size of the hole in the annulus, 3.175 mm. High-

purity aluminum foils, 17.5 μm thick, were pressed onto either side of the polymer as electrodes, 

and aluminum tabs (MTI corporation) were attached to the electrodes with polyimide tape. The 

sample assembly was vacuum-sealed in an airtight aluminum-reinforced polypropylene pouch 

with tabs protruding out so the sample could be electrically probed. The thickness of the polymer 

sample was measured after conductivity measurements were performed using a precision 

micrometer. Impedance spectroscopy measurements were performed using a VMP3 potentiostat 

(Bio-Logic) with an ac amplitude of 20 mV in the frequency range 1 MHz – 1 Hz. Impedance 

spectra were recorded at 10oC intervals during heating and cooling scans between 30oC and 
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130oC. The ionic conductivity of the conducting phase in polymer electrolytes, 𝜎, is calculated 

from the measured sample thickness, 𝑙, the cross-sectional area of the spacer, 𝑆, and electrolyte 

resistance, 𝑅𝑒𝑙, which was determined by methods discussed in literature.30 The conductivity is 

given by  

𝜎 =
𝑙

𝑆 ∗ 𝑅𝑒𝑙
.                                                                      6.4 

Lithium symmetric cells were prepared for steady-state current and restricted diffusion 

measurements of the electrolytes. Samples were made by pressing the polymer electrolyte into a 

Garolite-10 spacer and annealed at 130oC for 3 h. After that, the electrolytes were sandwiched 

between two 150 µm lithium metal chips. Nickel tabs were secured to the lithium chips to serve 

as electrical contacts. The assembly was vacuum sealed in a laminated aluminum pouch material 

(Showa-Denko) before removal from the glovebox. All samples were annealed at 90°C for 2 h 

prior to electrochemical characterization. 

Steady-state current and restricted diffusion measurements were performed using a Biologic 

VMP3 potentiostat. All measurements were performed at 90°C. At the beginning of the 

experiment, cells were conditioned for 3 charge/discharge cycles at a low current density of 0.06 

mA/cm2. Each conditioning cycle consisted of a 4 h charge followed by a 4 h rest and a 4 h 

discharge. Ac impedance spectroscopy was performed prior to potentiostatic polarization. 

Complex impedance measurements were acquired for a frequency range of 1 MHz to 1 Hz at an 

amplitude of 40 mV. The cell resistances were measured as a function of time by performing ac 

impedance spectroscopy every 10 min during polarization. Here, the center of the ac input signal 

was offset by ΔV, and the amplitude was set to 20 mV to minimize disturbance of the 

polarization signal.  

The steady-state transference number was determined from the relation31 

𝑡+,𝑆𝑆 =
𝑖𝑆𝑆(∆𝑉 − 𝑖𝛺𝑅𝑖,0)

𝑖𝛺(∆𝑉 − 𝑖𝑆𝑆𝑅𝑖,𝑆𝑆)
                                                        6.5 

where 𝛥𝑉 is the applied potential, 𝑖𝑆𝑆 is the current measured at steady-state, and 𝑅𝑖,0 and 𝑅𝑖,𝑆𝑆 

are the initial and steady-state resistances of the interface, respectively. 𝑖𝛺 is the initial current 

calculated according to the equation 

𝑖𝛺 =
∆𝑉

𝑅𝑖,0 + 𝑅𝑏,0
                                                                   6.6 

where 𝑅𝑖,0 and 𝑅𝑏,0 are cell resistances measured by ac impedance spectroscopy prior to 

polarization. If 𝑅𝑖,0 = 𝑅𝑖,𝑆𝑆, i.e., the interfacial impedance is independent of time, then eq. 6.5 

reduces to  

𝑡+ =
𝑖𝑆𝑆𝑅𝑏,0

∆𝑉 − 𝑖𝑆𝑆𝑅𝑖,0
,                                                               6.7 
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first derived by Watanabe et al.32 

Restricted diffusion measurements are performed using the polarization induced by the steady-

state current experiment. The applied current was removed, and the cells were allowed to relax 

for up to 7 h while the open-circuit voltage, 𝑈, was measured at time intervals of 1 s. In the 

simple case where the 𝑈(𝑡) is a single exponential, the data are fit to the functional form 

𝑈(𝑡) = 𝑘0 + 𝑎 𝑒−𝑏𝑡                                                             6.8 

where 𝑎 and 𝑏 are the fit parameters and 𝑘0 is an empirically determined offset voltage. We posit 

that offset voltage, 𝑘0, arises from small differences in the polymer/lithium interfaces in the 

symmetric cells. The offset voltage is much smaller than U over most of the experimental 

window.  

The mutual salt diffusion coefficient, 𝐷𝑚, is calculated using 

𝐷𝑚 =
𝐿2𝑏

𝜋2
                                                                      6.9 

where 𝑏 is from the fit of eq. 6.8 and 𝐿 is the thickness of the electrolyte. In our experiment L ~ 

100 μm. The lower limits of the fits are such that 𝐷𝑚𝑡/𝐿2  > 0.05. 

Concentration cells were prepared using a similar cell configuration as described previously.5 

SEO/LiTFSI electrolytes were contained within Garolite-10 spacer and were annealed at 130°C 

for 3 h. A channel approximately 2.5 cm long and 0.4 cm wide was cut in the Garolite-10 spacer. 

Half of the channel was filled with reference electrolyte (r = 0.03), and the other half was filled 

with electrolytes at various r values. Lithium metal electrodes were placed on either end of the 

channel. Nickel tabs were secured to lithium metal electrodes, and assembly was vacuum sealed 

in a laminated aluminum pouch material. Two or three concentration cells were prepared for 

each salt concentration. The open-circuit voltage, U, was measured for each cell at 90°C using a 

Biologic VMP3 potentiostat. 

Pulsed-Field Gradient NMR. All NMR samples were packed into 5 mm tubes in an argon-

filled glovebox, and the tubes were then flame-sealed. Pulsed-field gradient NMR experiments 

were performed at 90oC with a 7.05 T Varian-S Direct Drive Wide Bore spectrometer equipped 

with a DOTY Scientific, Inc. PFG probe (DS-1034, 1400 G/cm maximum gradient). Single 

peaks were observed for 7Li and 19F at 287.0 MHz and 117.1 MHz, respectively, corresponding 

to all lithium- and fluorine-containing species. A PFG stimulated echo pulse sequence with one 

orthogonal spoiler gradient pulse and 5 ms longitudinal eddy current delay was used. Gradient 

pulse durations δ of 1.5 to 3 ms and diffusion delays Δ of 50 to 400 ms were used. The gradient 

strength g was linearly increased with 32 values steps from 2 up to 1100 G/cm as needed. 

In a locally anisotropic nanostructured system, diffusion in a single grain oriented along one of 

the principal directions is described by the tensor, 



77 

𝑫 = [
𝐷𝑋𝑋 0 0

0 𝐷𝑌𝑌 0
0 0 𝐷𝑍𝑍

]                                                            6.10 

For lamellae pictured in Figure 1, 𝐷𝑋𝑋 = 𝐷𝑌𝑌 = 𝐷|| and 𝐷𝑍𝑍 = 𝐷⊥. For cylinders oriented along 

x, 𝐷𝑋𝑋 = 𝐷|| and  𝐷𝑍𝑍 = 𝐷𝑌𝑌 = 𝐷⊥. 

In a locally anisotropic lamellar nanostructured system, a stimulated echo PFG-NMR signal 

attenuation would follow the expression33 

𝐼 = 𝐼0

1

2
∫ exp (−𝛾2𝛿2𝑔2 (Δ −

δ

3
) (𝐷⊥ cos2 𝜃 + 𝐷|| sin2 𝜃))

𝜋

0

sin 𝜃 𝑑𝜃               6.11 

where 𝐼 is the signal intensity, 𝛾 is the gyromagnetic ratio, 𝛿 is the gradient pulse length, 𝑔 is the 

gradient pulse strength, 𝐷|| is the diffusion coefficient along the conducting domains, 𝐷⊥ is the 

diffusion coefficient orthogonal to the conducting domains, and 𝜃 is the angle between the z-axis 

of the conducting domains shown in Figure 6.1 and the gradient field axis. The signal attenuation 

was fit to eq. 6.11, subject to the additional constraint 𝐷|| > 𝐷⊥, using a nonlinear least-squares 

algorithm. T1 relaxation of all samples was measured to select appropriate diffusion and 

relaxation delay times. Each salt concentration was measured at a few different diffusion times, 

Δ, in order to probe a range of length scales in the nanostructure. We expect the same approach 

to apply to block copolymers comprising either lamellae or cylinders as the conducting domains. 

While we focus on lamellar SEO/LiTFSI mixtures, we include previously published data from a 

PEO/LiTFSI electrolytes to demonstrate differences between homopolymer and block copolymer 

electrolytes. For homopolymer electrolytes with isotropic diffusion, 𝐷 = 𝐷|| = 𝐷⊥, and eq. 6.11 

reduces to a single exponential34 

𝐼 = 𝐼0 exp (−𝐷𝛾2𝛿2𝑔2 (Δ −
δ

3
)) .                                              6.12 

Transmission Electron Microscopy. Transmission electron microscopy samples were prepared 

by cryo-microtoming 120 nm thick slices of SEO(16-16) annealed at 130oC for 24 h and 

transferring to a lacey carbon-coated copper grid. The samples were then stained with ruthenium 

tetroxide vapor for 10 min. Images were obtained on a Tecnai F20 (FEI Company) high-angle 

annular dark field scanning transmission electron microscope (HAADF-STEM) at a 200 kV. 

6.3 Results 

Electrochemical Characterization 

In Figure 6.2, we show potential relaxation curves obtained in homopolymer 5 kg/mol 

poly(ethylene oxide) electrolytes (PEO(5)/LiTFSI) and in polystyrene-b-poly(ethylene oxide) 

electrolytes SEO(16-16)/LiTFSI after stopping polarization in the restricted diffusion 
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experiments. In both cases, the time dependence of the potential 𝑈(𝑡) follows single exponential 

behavior; the plot of ln(𝑈 − 𝑘0) vs. t is linear. The fits of the data in Figure 6.2 to eq. 6.8 and 6.9 

give the mutual salt diffusion coefficient, 𝐷𝑚. It is clear that the restricted diffusion experiments 

are consistent with a single diffusion coefficient. 

Figure 6.2 Plot of ln(U- k0) vs. t for (a) PEO(5)/LiTFSI at r = 0.06 and (b) SEO(16-
16)/LiTFSI at r = 0.18. The experimental data are show as a line, and the fits are shown 
as black circles. 

𝐷𝑚 obtained using restricted diffusion is plotted as a function of salt concentration, r, in Figure 

6.3(a). The dependence of 𝐷𝑚 on r appears to be complex, showing a local minimum at r = 0.18 

and local maximum at r = 0.24. The range of measured 𝐷𝑚 values, however, is quite narrow, 

falling between 1.5x10-8 cm2/s and 2.4x10-8 cm2/s and is in agreement with the lower range of 

the distribution of diffusion values measured in SEO(16-16) reported previously.8 Ionic 

conductivity, 𝜎, measured using ac impedance, is plotted as a function of salt concentration, r, in 

Figure 6.3(b). Figure 6.3(b) indicates that 𝜎 has a nonmonotonic dependence on r, reaching a 

maximum of 3x10-4 S/cm at r = 0.24, in agreement with previously published work.6 The steady-

state transference number, 𝑡+,𝑆𝑆, is plotted as a function of salt concentration, r, in Figure 6.3(c). 

The dependence of 𝑡+,𝑆𝑆 on r is also nonmonotonic with a local minimum around r = 0.12. The 

potential difference between SEO(16-16)/LiTFSI electrolyte at a given salt concentration relative 

to the electrolyte at r = 0.3 (m = 0.68), U, is shown as a function of molality m in Figure 6.3(d). 

The negative values reflect the lower potential of electrolytes with higher salt concentrations. 

The shape of 𝑈 vs. ln 𝑚 is similar to that in homogenous PEO/LiTFSI and PEO/NaTFSI 

electrolytes.3,5 

(a) (b) 
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Figure 6.3 (a) The mutual diffusion coefficient, 𝑫𝒎, (b) ac conductivity, 𝝈, (c) the 

steady-state current transference number, 𝒕+,𝑺𝑺, as a function of salt concentration, r, 

and (d) the concentration potential in SEO(16-16) as a function of molality, m, at 90oC.  

 

The cation transference number derived from concentrated solution theory, 𝑡+, can be calculated 

using the expression 

𝑡+ = 1 + (
1

𝑡+,𝑆𝑆
− 1)

(𝑧+𝑣+)𝐹𝐷𝑐𝜙𝑐

𝜎
(

𝑑 ln 𝑚

𝑑𝑈
)                                            6.13 

where 𝑧+ is the charge on the cation and 𝑣+ is the number of cations in the dissociated salt (𝑧− 

and 𝑣− are defined similarly for the anion), 𝜙𝑐 is the volume fraction of the conducting phase, 

and 𝐹 is Faraday’s constant.2,4 We have modified the equation in ref. 4 to account for the 

(a) 

(c) (d) 

(b) 
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presence a non-conducting phase. Combining the measurements shown in Figure 6.1, one can 

calculate 𝑡+. The transference number is plotted as a function of salt concentration, r, in Figure 

6.4(a). This transference number is a direct function of the mobilities of the cation and anion, 

𝑡+ =
𝜇+

𝜇+ + 𝜇−
                                                                     6.14 

under the application of an electric field.   The overall dependence of 𝑡+ on salt concentration is 

similar to 𝑡+,𝑆𝑆 (compare Figures 6.3(c) and 6.4(a)).  If all of the salt molecules in the electrolyte 

are fully dissociated and the electrolyte is thermodynamically ideal then 𝑡+ = 𝑡+,𝑆𝑆,4 i.e. the data 

in Figure 6.3(c) and Figure 6.4(a) would overlap.  It is clear, however, that this is not the case. 

Unlike 𝑡+,𝑆𝑆, which only varies between 0.08 and 0.24, 𝑡+ is much larger and reaches 0.53 at r = 

0.3. This indicates that the true mobility of lithium ions with respect to the anion is not as low as 

indicated by measurements of the steady-state current. The Li and TFSI are equally mobile at the 

highest salt concentration measured.  

Figure 6.4 The (a) concentrated solution transference number, 𝑡+, calculated from eq. 

13 and (b) the thermodynamic factor 1 +
𝑑 ln 𝛾

𝑑 ln 𝑚
 as a function of salt concentration, r, 

measured at 90oC. 

 

The thermodynamic factor, 1 +
𝑑 ln 𝛾

𝑑 ln 𝑚
, is calculated from the concentration potential and the 

anion transference number, 𝑡−, according to  

𝑑𝑈

𝑑ln𝑚
= −

𝑣

𝑧+𝑣+

𝑅𝑇𝑡−

𝐹
(1 +

𝑑ln𝛾±

𝑑ln𝑚
)                                                6.15 
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where 𝑡− = 1 − 𝑡+ and 𝑣 = 𝑣+ + 𝑣−. The thermodynamic factor, calculated using the data in 

Figure 6.3(d) and Figure 6.4(a), is plotted in Figure 6.4(b). At low salt concentrations, this factor 

approaches unity, the value obtained for ideal solutions, and it increases linearly with salt 

concentration r. It is not surprising that as more salt is added to the system, the importance of 

ion-ion and ion-polymer interactions increases and the electrolyte behaves less like an ideal 

solution. 

Stefan-Maxwell diffusion coefficients were calculated from the measured transport coefficients 

𝜎, 𝐷𝑚, and 𝑡+ using the following equations, 

𝔇 =
𝐷𝑚𝑐0

𝑐𝑇 (1 +
𝑑 ln 𝛾

±

𝑑 ln 𝑚
)

                                                             6.16 

𝔇−,0 =
𝔇

2𝑡+
                                                                      6.17 

𝔇+,0 =
𝔇

2(1−𝑡+)
                                                                6.18 

𝔇+,− = (
𝑐𝑇𝐹2𝜙𝑐

𝜎𝑅𝑇
−

2𝑐0𝑡+(1 − 𝑡+)

𝑐+𝔇
)

−1

                                              6.19 

where 𝔇 is the salt diffusion coefficient based on the salt chemical potential, 𝑐0 is the 

concentration of solvent, 𝑐𝑇 = 2𝑐 + 𝑐0 is the total electrolyte concentration, 𝔇+,0 is the Stefan-

Maxwell diffusion coefficient describing the interactions between Li and PEO, and 𝔇−,0 is the 

Stefan-Maxwell diffusion coefficient describing the interactions between TFSI and PEO, 𝔇+,− is 

the Stefan-Maxwell diffusion coefficient describing interactions between Li and TFSI.2 In the 

simplest case where the salt dissociates completely, these coefficients describe friction between 

the ions and solvent, 𝔇+,0 and 𝔇−,0,  and that between the ions, 𝔇+,−.  

PFG-NMR Characterization and Comparison with Electrochemical Data 

Self-diffusion coefficients of lithium- and fluorine-containing species were measured as a 

function of salt concentration, r¸ using PFG-NMR. If the salt were fully dissociated then the 

PFG-NMR measurements would reflect the motion of individual 𝐿𝑖+ and 𝑇𝐹𝑆𝐼− ions. In Figure 

5 we show the fluorine signal attenuation in PEO(5)/LiTFSI and SEO(16-16)/LiTFSI. Extensive 

studies have shown that in the case of homogenous polymer electrolytes, the signal attenuation 

follows single-exponential behavior.23,35,36 Our measurements of diffusion in PEO(5)/LiTFSI, 

shown in Figure 6.5(a) are consistent with this. The line through the data represents the best fit of 

eq. 6.12. In contrast, the signal attenuation in SEO(16-16)/LiTFSI exhibits behavior that is not 

consistent with a single diffusion coefficient, unlike the measurements of restricted diffusion 

shown in Figure 6.2. The curve through the data in Figure 6.5(b), represents the best fit of eq. 

6.11 with 𝐷|| and 𝐷⊥ as adjustable parameters. The presence of two diffusion coefficients is a 
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distinct signature of locally anisotropic diffusion through nanostructured SEO(16-16)/LiTFSI. To 

our knowledge, no previous studies on characterization of ion transport in block copolymer 

electrolytes show signatures of anisotropic diffusion. 

Figure 6.5 The PFG-NMR signal attenuation of 19F seen in (a) PEO(5)/LiTFSI at r = 

0.06 and (b) SEO(16-16)/LiTFSI at r = 0.18. 

 

The dependences of 𝐷|| and 𝐷⊥ on salt concentration, r, for Li and TFSI are shown in Figure 6.6. 

The data sets represent attenuations for different values of 𝛿 and Δ, which were adjusted to 

capture the full decay and to ensure the robustness of 𝐷|| and 𝐷⊥. It is evident that 𝐷|| for both Li 

and TFSI decreases with increasing r, and 𝐷|| of TFSI is faster than that of Li at all values of r.  

These trends are similar to those obtained for a single isotropic diffusion coefficient in 

homogeneous PEO/LiTFSI electrolytes.23 This is expected because 𝐷|| represents diffusion 

within PEO rich lamellae. At low salt concentrations, 𝐷|| of TFSI is much larger than that of Li. 

In contrast, at high salt concentrations 𝐷|| of TFSI is similar to that of Li. This suggests that TFSI 

dominates ion transport within the lamellae at low salt concentrations, while at high salt 

concentrations both Li and TFSI contribute more or less equally to ion transport. The increasing 

importance of lithium transport with increasing salt concentration is reflected in the increase of 

the transference number shown in Figure 6.4(a). 𝐷⊥ is an order of magnitude slower than 𝐷|| at 

low concentrations for both ions, and the two diffusion coefficients approach each other with 

increasing r. 

(a) (b) 
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Figure 6.6 The parallel, 𝑫||, and perpendicular, 𝑫⊥ , diffusion coefficients and the 

Stefan-Maxwell diffusivities of (a) Li and (b) TFSI in SEO(16-16) as a function of salt 

concentration, 𝒓, at 90oC.  

 

The Stefan-Maxwell diffusion coefficients calculated using eq. 6.17-6.19 are also plotted as a 

function of salt concentration, r, in Figure 6.6 for Li and TFSI together with the PFG-NMR 

diffusion coefficients, 𝐷|| and 𝐷⊥. The electrochemically determined Stefan-Maxwell diffusion 

coefficients, 𝔇+,0 and 𝔇−,0 are in agreement with the diffusion coefficients 𝐷⊥ of Li and TFSI 

determined by PFG-NMR, respectively. The insets in Figure 6.6, show 𝔇+,0 , 𝔇−,0 and 𝐷⊥ for 

lithium and TFSI on an expanded scale. The agreement between the Stefan-Maxwell diffusivities 

and 𝐷⊥ in Figure 6.6(a) and Figure 6.6(b) is nontrivial considering the different approaches used 

to measure the diffusivities. This agreement indicates that ion transport through defects strongly 

influences the electrochemical performance of nanostructured block copolymer electrolytes in 

batteries. 

𝔇+,−, shown in Figure 6.7, is negative over the range of salt concentrations studied. A detailed 

explanation of the signs and dependences of the Stefan-Maxwell diffusion coefficients on salt 

concentration is beyond the scope of this work.  

(a) (b

) 
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Figure 6.7 The Stefan-Maxwell diffusion coefficient, 𝔇+,−, calculated from concentrated 

solution theory. 

Effect of Morphology on Diffusion 

We define a morphology factor, 

𝑓𝑁𝑀𝑅 =
𝐷𝑋𝑋 + 𝐷𝑌𝑌 + 𝐷𝑍𝑍

3𝐷𝑋𝑋
                                                       6.20 

where x reflects the preferred direction of ion transport, 𝐷𝑋𝑋 ≥ 𝐷𝑌𝑌 ≥ 𝐷𝑍𝑍. For lamellae pictured 

in Figure 6.1, 𝐷𝑋𝑋 = 𝐷𝑌𝑌 = 𝐷|| and 𝐷𝑍𝑍 = 𝐷⊥. For ideal lamellar and cylindrical samples with 

𝐷⊥ = 0, i.e., there is no diffusion in the direction orthogonal to the conducting domains, 𝑓𝑁𝑀𝑅 

takes on values of 2/3 and 1/3, respectively. For isotropic samples, 𝑓𝑁𝑀𝑅 is unity. The 

dependence of 𝑓𝑁𝑀𝑅 in SEO(16-16) on r is shown in Figure 6.8(a). These data were obtained by 

applying eq. 6.20 to Li and TFSI diffusion coefficients and averaging the two results. At low salt 

concentrations, 𝑓𝑁𝑀𝑅 is in the vicinity of 2/3, the value expected for ideal lamellae. At high salt 

concentrations 𝑓𝑁𝑀𝑅 approaches 0.8. For non-ideal morphologies where the neighboring 

conducting domains are not entirely isolated from each other, we expect 𝑓𝑁𝑀𝑅 to be larger than 

the ideal cases. 
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Figure 6.8 The NMR morphology factor, 𝑓𝑁𝑀𝑅, calculated from eq. 20. Lamellar 
morphology with (b) small defects and (c) large defects between lamellae. 

 

The local morphology of SEO(16-16) as a function of salt concentration was imaged by 

transmission electron microscopy (TEM), as shown in Figure 6.9. Lamellar grains with long 

internal order and relatively few defects are evident at r = 0, 0.06, and 0.18 in Figure 6.9(a-c). 

The value of 𝑓𝑁𝑀𝑅 in this range of r, is close to the ideal case. These systems can be described by 

Figure 6.8(b). At r = 0.3 shown in Figure 6.9(d), the lamellar morphology is highly defective. 

This system is described by Figure 8c where defects enable ion transport between neighboring 

lamellar domains and are responsible for the increase in 𝑓𝑁𝑀𝑅, seen in Figure 6.8(a). 

(a) 
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Figure 6.9 Dark field transmission electron microscopy images of SEO(16-16) at (a) r=0 
and (c) r=0.18, reproduced from Chintapalli et al.6 and at (b) r=0.06 and (d) r=0.3 
measured in this work. The bright phase is poly(ethylene oxide).  

 

6.4 Conclusions 

We present complete characterization of continuum ion transport in the lamellar block 

copolymer electrolyte SEO(16-16)/LiTFSI as a function of salt concentration. We report 

conductivity, mutual salt diffusion, and the electrochemical transference number. Individual 

diffusion coefficients of the lithium- and TFSI-containing species were measured by PFG-NMR. 

Fundamental differences between transport of Li and TFSI are seen in both PFG-NMR diffusion 

and the electrochemically determined transference number. We determine Stefan-Maxwell 

diffusion coefficients 𝔇+,0 , 𝔇−,0, and 𝔇+,− from the electrochemical measurements and 

diffusion coefficients parallel to and through defects in the lamellae, 𝐷|| and 𝐷⊥ from PFG-NMR. 

We find that the electrochemically determined Stefan-Maxwell diffusion coefficients, 𝔇+,0 and 

𝔇−,0 fall on top of the diffusion coefficient governing transport through defects in the lamellae, 

(b) 

(c) 
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𝐷⊥, determined by PFG-NMR. This indicates that transport through defects in an ordered 

morphology is the limiting factor for electrochemical transport through the bulk. We determine 

an NMR morphology factor, 𝑓𝑁𝑀𝑅, calculated from the anisotropic diffusion tensor. We show 

that 𝑓𝑁𝑀𝑅 correlates with defect density seen by TEM. 
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7 Morphology-transport relationships in nanostructured 

organic-inorganic polymer electrolytes 

7.1 Introduction 

The majority of experimental work on block copolymer electrolytes has focused on copolymers 

of organic molecules where one block preferentially solvates ions, while the other is 

mechanically rigid. The two blocks can phase separate into a variety of morphologies with 

features on the order of nanometers. These nanostructured morphologies have been well 

characterized both theoretically and experimentally.1,2 What is relevant to practical uses of these 

materials, however, is the relationship between nanoscale morphology and the dynamics of ion 

transport. Commonly, bulk conductivity measured on macroscopic samples is used as a metric of 

the efficacy of ion transport.3–8 Self-diffusion coefficients of the ions measured by pulsed-field 

gradient NMR provide insight into ion transport on more local length scales.9–11 

Helfand, Fredrickson, and coworkers have established a theoretical framework for understanding 

the diffusion of molecules across microphase separated block copolymers.12–17 Microphase block 

copolymer form ordered structures wherein coherent order is restricted to regions called grains. 

Molecular transport of a tracer molecule within individual grains is anisotropic for lamellar and 

cylindrical morphologies. Diffusion in these morphologies can be decoupled into the individual 

diffusivities along directions parallel and perpendicular to the interfaces between microphases. 

Building on that work, there have been a number of experimental investigations of diffusion 

aimed at measuring these distinct diffusion coefficients. Experimental studies on 

macroscopically aligned lamellar or cylindrical samples have shown that the diffusion coefficient 

parallel to the lamellae or cylinders, 𝐷||, is larger than the perpendicular diffusion 

coefficient, 𝐷⊥.18–21 Experimental work has shown that the average diffusion coefficient is 

continuous across the order-disorder transition.22,23 There are, however, no studies of the 

dependence of the diffusion coefficients 𝐷|| and 𝐷⊥  on temperature across an order-disorder 

transition. In a related study, Majewski et al. measured ionic conductivity in the parallel and 

perpendicular directions in macroscopically aligned cylindrical block copolymer electrolytes 

across an order-disorder transition.24  

Polyhedral oligomeric silsesquioxanes (POSS) are silica nanoparticles with the empirical 

formula RSiO1.5, where R is an organic functional group or hydrogen. POSS-containing block 

copolymers have been used in several applications including drug-delivery, battery electrolytes, 

and lithography templates.25,26 When combined with poly(ethylene oxide) (PEO), POSS has been 

used to make solid polymer electrolytes with star-shaped, brush-grafted, clustered, or crosslinked 

structures.27–31 In his work, we use a PEO-POSS block copolymer mixed with a lithium salt to                                                                                                                                                                                                                                                                                                                                 

study ion transport across an disorder-order transition. We measure the parallel and 

perpendicular diffusion coefficients, 𝐷|| and 𝐷⊥, of the ions across the phase transition.  
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7.2 Experimental 

Materials. Poly(ethyelene oxide)-b-poly(silesquioxane) with 5 kg/mol of PEO and 1 kg/mol of 

POSS (PEO-POSS(5-1)) was synthesized as described previously. The chemical structure of the 

block copolymer is shown in Fig. 7.1. Poly(ethylene oxide) with  a molecular weight of 5 kg/mol 

(PEO(5)) was purchased from Polymer Source. Anhydrous tetrahydrofuran (THF) and benzene 

were purchased from Sigma-Aldrich, and lithium bis(trifluoromethanesulfonyl)imide salt, 

Li[N(SO2CF3)2] (LiTFSI), was purchased from Novolyte. PEO-POSS(5-1) was dried at 90°C 

under vacuum in the glovebox antechamber for 48 h before use. PEO-POSS(5-1)/LiTFSI 

electrolyte with a molar ratio of lithium atoms to ethylene oxide (EO) monomers, r = 0.1, was 

made by dissolving dry polymer and LiTFSI into anhydrous THF and mixing at 60°C for a 

minimum of 12 h. Once dissolved, the THF was evaporated by drying the solution on a hotplate 

at 90°C for 48 h. The remaining polymer/salt mixture was additionally dried under vacuum for 

48 h at 90°C to remove all residual solvent.  

 

Figure 7.1 Chemical structure of the PEO-POSS block copolymer. 

 

Small-angle X-ray Scattering. The morphology of the electrolyte was determined by small-

angle x-ray scattering (SAXS). The SAXS sample was prepared by pressing the electrolyte at 

90°C into 1 mm thick rubber spacers with a 1/8 in. inner-diameter and sealed with Kapton 

windows in custom-designed airtight holders. The samples were annealed at 110°C under 

vacuum for at least 24 h. Measurements were performed at beamline 1–5 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory. Samples 

were mounted in a custom-built heating stage and held at each temperature for at least 30 min 

before measurement. Silver behenate was used to determine the beam center and sample-to-

detector distance. The scattered intensity was corrected for beam transmission. Two-dimensional 
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scattering patterns were integrated azimuthally using the Nika program32 for IGOR Pro to 

produce one-dimensional scattering profiles and are reported as scattering intensity, I, as a 

function of the magnitude of the scattering vector, q = 4πsinθ/2λ where θ is the scattering angle, 

and λ is the wavelength of the x-rays equal to 1.2398 Å. The samples were heated from room 

temperature to the highest temperature of 143°C in approximately 20°C increments and cooled in 

10°C increments.  

Pulsed-Field Gradient NMR. All NMR samples were packed into 5 mm tubes in an argon-

filled glovebox and sealed with high pressure caps. Diffusion measurements were performed on a 

Bruker Avance-600 spectrometer fitted with a broadband probe and variable temperature unit. 

Single peaks were observed for 7Li and 19F at 233 MHz and 565 MHz, respectively, 

corresponding to all Li- and TFSI-containing species. A stimulated echo bipolar gradient pulse 

sequence with one orthogonal spoiler gradient pulse was used to measure diffusion. Gradient 

pulse lengths, δ = 0.5-16 ms and diffusion times, Δ = 0.4-3 s were used. The gradient strength g 

was linearly increased with 32 values steps from 0.7 up to 33 G/cm. 

The equation for anisotropic diffusion in planar structures is11,33  

𝐼 = 𝐼0

1

2
∫ exp (−𝛾2𝛿2𝑔2(Δ − 𝛿/3)(𝑫⊥ cos2 𝜃 + 𝑫|| sin2 𝜃))

𝜋

0

sin 𝜃 𝑑𝜃               7.1 

where 𝐼 is the intensity of the signal, 𝐼0 is the initial intensity at low gradient strength, 𝛾 is the 

gyromagnetic ratio, 𝛿 is the length of the gradient pulse, 𝑔 is the strength of the gradient pulse, Δ 

is the diffusion time, and 𝜃 is an integration angle, corresponding to all the possible orientations 

of the nanostructure with respect to the gradient axis. In order to expedite the fitting algorithm, a 

modified diffusion decay equation was use to fit the data. Eq. 1 can be simplified to 

𝐼 = 𝐼0

1

2
exp (−𝑫||𝛾

2𝛿2𝑔2(Δ − 𝛿/3)) √𝜋
erfi(√𝑫|| − 𝑫⊥ √𝛾2𝛿2𝑔2(Δ − 𝛿/3))

√𝑫|| − 𝑫⊥ √𝛾2𝛿2𝑔2(Δ − 𝛿/3)
         7.2 

were erfi is the imaginary error function. eq. 7.1 and eq. 7.2 are mathematically equivalent, but 

eq. 7.2 is easier to compute using iterative minimization algorithms and provides for faster and 

better fits to 𝐷|| and 𝐷⊥. All data was fit to eq. 2 with the constraint 𝐷|| > 𝐷⊥ using a nonlinear 

least-squares algorithm. 

7.3 Results 

Azmuthally averaged small-angle x-ray scattering profiles of PEO-POSS(5-1)/LiTFSI at r = 0.1 

over a range of temperatures are shown in Fig. 7.2(a). The broad peak at q = 0.28 nm-1 at 

temperatures below 105oC, gives way to two peaks at q* and 2q* at temperatures above 105oC 

indicating a disorder-to-order transition. A disordered morphology is present below 102oC shown 

in Fig. 7.2(c) and a lamellar phase is present at temperatures above 112oC shown in Fig. 7.2(b). 

We note that the scattering profiles of disordeered PEO-POSS(5-1) are different from those 

obtained in conventional block copolymers.34 This may be due to the high density of Si atoms 

present in the POSS that is expected to dominate the scattering intensity. 
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Figure 7.2 (a) Azmuthally averaged small-angle x-ray scattering intensity of PEO-
POSS(5-1)/LiTFSI with r = 0.1 as a function of scattering vector, q, and temperature. 
Triangles (∇) indicate the location of the primary (q*) and second order (2q*) peaks 
corresponding to a lamellar morphology. Depictions of (b) lamellar and (c) disordered 
morphologies. 

 

The diffusion of Li and TFSI was measured by PFG-NMR in PEO-POSS(5-1) at r = 0.1 over a 

range of temperatures encompassing both disordered and ordered morphologies. The decays of 

the PFG-NMR signals due to diffusion of Li and TFSI are shown in Fig. 7.3 on a log-linear scale. 

Diffusion at 100oC, a temperature in the disordered state right below the disorder-order transition 

is shown in Fig. 7.3(a) and (b). The diffusion decays of both Li and TFSI at 100oC exhibit single 

exponential behavior, indicative of isotropic diffusion. Diffusion decays at 140oC, a temperature 

in the ordered state above the disorder-order transition, are shown in Fig. 7.3(c) and (d). The 

dashed lines in Fig. 7.3 are linear fits through the first 16 data points in each decay. Departures 

between the data and the linear fits are clearly seen at 140oC. The diffusion decays of both Li and 

TFSI are not single-exponentials at 140oC, indicative of anisotropic diffusion within 

lamellae.11,33 There is more scatter in the Li data due to the lower signal-to-noise of 7Li NMR 

relative to 19F. 

(a) (b) 

(c) 
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Figure 7.3 Diffusion decays in PEO-POSS (5-1) of (a) 19F at 100oC, (b) 19F at 140oC, 
(c) 7Li at 100oC, and (d) 7Li at 140oC. To show deviation from single exponential 
behavior, linear fits to the first 16 points of the data are shown as dotted black lines. 
Actual fits to the data using eq. 2 are shown as solid grey lines. 

 

The data in Fig. 7.3 were fit to eq. 7.2 with 𝐷|| and 𝐷⊥ as adjustable parameters, where 𝐷|| is the 

diffusion coefficient of the ions parallel to the lamellae and 𝐷⊥ is the diffusion coefficient of the 

ions perpendicular to the lamellae. This fitting procedure was used for all temperatures below 

and above the disorder-order transition, to obtain the temperature dependence of 𝐷|| and 𝐷⊥. The 

fits for the data shown in Fig. 7.3, are shown as solid grey lines. Diffusion coefficients 𝐷|| and 

𝐷⊥ of Li and TFSI for the range of temperatures 90-140oC are shown in Fig. 4. The overlap in 𝐷|| 
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and 𝐷⊥ at low temperatures indicates the presence of a single isotropic diffusion coefficient. This 

is true at 90oC and 100oC for both the Li and TFSI, where the block copolymer is disordered. At 

temperatures above the disorder-order transition, 𝐷|| and 𝐷⊥ begin to diverge, and the difference 

between 𝐷|| and 𝐷⊥ increases with increasing temperature. At 140oC, deep in the ordered state, 

𝐷|| for Li is larger than 𝐷⊥ by a factor of 10.   

Figure 7.4 Diffusion coefficients of (a) Li and (b) TFSI parallel to and perpendicular to 
the lamellae. 

 

In Fig. 7.4, 𝐷|| and 𝐷⊥ depend both on temperature and on the morphology of the block 

copolymer. Our main interest is to focus on the dependence of the diffusion coefficients on 

morphology. We define reduced diffusion coefficients 𝐷||/𝐷𝑃𝐸𝑂  and 𝐷⊥/𝐷𝑃𝐸𝑂 where 𝐷𝑃𝐸𝑂 is 

the diffusion coefficient of Li and TFSI measured in homopolymer poly(ethylene oxide) 

(PEO(5)) at the same value of temperature and r. The Li and TFSI diffusivities in PEO(5) are 

plotted as a function of temperature in the insets of Fig. 7.5. The reduced diffusivities 𝐷||/𝐷𝑃𝐸𝑂  

and 𝐷⊥/𝐷𝑃𝐸𝑂 are plotted in Fig. 7.5.  
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Figure 7.5 Reduced diffusion coefficients, 𝐷||/𝐷𝑃𝐸𝑂  and 𝐷⊥/𝐷𝑃𝐸𝑂, of the (a) Li and (b) 

TFSI parallel to and perpendicular to the lamellae as a function of temperature. The 
diffusion coefficient of (a) Li and (b) TFSI measured in homopolymer poly(ethylene 
oxide) (PEO(5)), 𝐷𝑃𝐸𝑂, at the same value of temperature and r is shown in the insets.  

 

The reduced diffusion coefficients, 𝐷||/𝐷𝑃𝐸𝑂 and 𝐷⊥/𝐷𝑃𝐸𝑂 for Li and TFSI, shown in Fig. 7.5(a) 

and (b) are less that one in the disordered state. We attribute this to interactions between the Li 

and TFSI ions and the POSS block in disordered PEO-POSS(5-1). Above the disorder-order 

transition, 𝐷||/𝐷𝑃𝐸𝑂 increases with increasing segregation, approaching a value of around one at 

high temperatures.  In the ordered state, Li and TFSI ions are confined to PEO-rich lamellae in 

PEO-POSS(5-1). As segregation increases, the POSS monomers are increasingly excluded from 

the PEO-rich lamellae and diffusion within the lamellae, 𝐷||, is indistinguishable from diffusion 

in PEO homopolymer of the same molecular weight, 𝐷𝑃𝐸𝑂. Concomitantly, as segregation 

increases, the PEO monomers are increasingly excluded from the POSS-rich lamellae and 

diffusion through the POSS microphase is hindered. This is seen in the dramatic decrease of the 

reduced diffusion coefficient perpendicular to the lamellae, 𝐷⊥/𝐷𝑃𝐸𝑂, with increasing 

segregation in Fig. 5. 𝐷⊥/𝐷𝑃𝐸𝑂  approach values as low as 0,1 at 140oC.     

A second order peak seen at q = 2q* in Fig. 7.2(a) is a standard signature of an ordered lamellar 

phase. The magnitude of this second order peak was used to quantify the degree of phase 

segregation. The area under the second order peak in the was calculated by subtracting an 

exponential baseline from the spectra in Fig. 7.2(a) in the vicinity of 2q* and integrating the 

resulting scattering intensity. At temperatures below 102oC, the area of the 2q* peak is 

negligible, indicating a disordered morphology. At temperatures above 112oC, the area of the 

2q* peak increases with increasing temperature reflecting an increase in the segregation between 

PEO and POSS monomers in adjacent lamellae.  The disorder-order transition occurs between 

102oC and 112oC. 
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Figure 7.6 (a) The integrated area under the second order SAXS peak, 2q*, (triangles, 

right axis) and the calculated average degree of diffusion anisotropy, aAVG, (diamonds, 

left axis) from 7Li and 19F diffusion in PEO-POSS(5-1) as a function of temperature. (b) 

Schematic of the segregation between PEO and POSS blocks as a function of 

temperature. 

 

A commonly used parameter to quantify anisotropic diffusion is35,36 

𝑎 =
𝐷|| − 𝐷⊥

𝐷|| + 𝐷⊥
                                                                       7.3 

We define 𝑎𝐴𝑉𝐺  as the average value of 𝑎 for Li and TFSI, 𝑎𝐴𝑉𝐺 = (𝑎𝐿𝑖 + 𝑎𝑇𝐹𝑆𝐼)/2.  For 

isotropic diffusion, 𝑎 = 0.  If diffusion is perfectly anisotropic and no ions move perpendicular 

to the lamellae, 𝑎 = 1. The average degree of anisotropy 𝑎𝐴𝑉𝐺  is also plotted in Fig. 7.6(a). It is 

clear that in the disordered state below both 𝑎𝐴𝑉𝐺  is zero and the area under the second order 

peak is negligible. At the temperatures above the disorder-order phase transition, the polymer 

becomes microphase segregated as shown in Fig. 7.6(b), and both 𝑎𝐴𝑉𝐺  and the area under the 

second order peak increase. Diffusion anisotropy is closely correlated with the segregation 

strength. 
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7.4 Conclusion 

The self-diffusion of Li and TFSI ions across a disorder-lamellar phase transition in a PEO-

POSS block copolymer was studied using SAXS and PFG-NMR. The polymer-salt system 

exhibits a disorder-to-order transition between 102oC and 112oC; it is disordered below 102oC 

and ordered above 112oC. The diffusion coefficients of the ions are isotropic when the system is 

disordered, while locally anisotropic diffusion is observed in the ordered state. The difference 

between the diffusion parallel to the lamellae, 𝐷||, and the diffusion perpendicular to the 

lamellae, 𝐷⊥, increases with increasing temperature in the ordered state, paralleling the increase 

in segregation strength determined measured by SAXS. 
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8 Advanced imaging and spectroscopy techniques for 

electrochemistry 

8.1 X-ray imaging of salt concentrations 

X-ray tomography is a 3D imaging technique that has been successfully used to observe physical 

changes in battery materials during and after cycling.1 It has been instrumental to understanding 

several mechanisms critical to battery failure by providing visual confirmation of structural 

changes within battery electrolyte and electrode materials.2,3 As an extension of this technique, 

x-ray imaging can be used to visualize differences in ion concentrations in an electrolyte during 

the application of a voltage.  

In order to easily observe differences in ion concentrations within an electrolyte, it is necessary 

to have good x-ray absorption contrast between the solvent, in this case polymer, and the salt. A 

preliminary experiment used validate the technique is imaging PEO containing a lithium salt 

with a high electron density anion: lithium iodide (LiI). The technique is discussed here. A 

PEO/LiI electrolyte containing 5000 kg/mol PEO is prepared in the same way as described in 

chapter 3 and sandwiched between two circular lithium metal electrodes with nickel metal 

current collectors and aluminum contacts in an air-free argon environment. The assembled 

electrochemical cell is vacuum-sealed into an aluminum-polymer pouch before measurement. 

Experiments are performed at an x-ray energy of 33 keV, above the k-edge of iodide, on a stage 

heated to 363K. The cells are connected to a potentiostat to control current or voltage through the 

system while transmitting x-rays through the sample. Taking consecutive images of the x-ray 

transmission through the sample from 180° around the cell allows us to reconstruct a 3D image 

of the x-ray absorption of the internal components of the cell as shown in Fig. 8.1. The objective 

of this setup is to see the formation of a gradient in x-ray absorption between the two electrodes, 

corresponding to a gradient in salt concentration within the electrolyte. Low electron density at 

the negative electrode and high electron density at the positive electrode, would indicate areas of 

lower and higher salt concentration, respectively. Combining this imaging with a measurement 

of the current that can be sustained in a cell allows us to verify how the measured transport 

parameters reflect real concentration effects. In order to effectively use the method for a variety 

of polymer electrolyte systems, many additional sample preparation and experimental parameters 

must be optimized. 

Figure 8.1 Experimental setup for x-ray tomography of concentration gradients. 
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Preliminary results performed at the Advanced Light Source beamline 8.3.3 on the Li-polymer-

Li cells showed significant contrast between electrolytes prepared at different concentrations r = 

0.06, 0.1, and 0.5, shown in Fig. 8.2. The absorbance of the electrolyte is plotted on the scale on 

the left with blue corresponding to the least absorbance and low salt concentrations and red 

corresponding to the most absorbance and high salt concentrations. This is promising for further 

experiments on the materials as the salt concentration difference between the center and interface 

of a polarized cell is expected be a factor of two. Experiments on polarizing and imaging the 

cells resulted in the emergence of gas bubbles or pockets in the electrolyte material that likely 

hinder ion transport and make imaging the gradient significantly difficult. Additionally, the 

evolution of gas is likely a sign of degradation of the electrolyte. Fig. 8.2 shows an example cell 

before and after polarization. In the before image, the salt is more or less evenly distributed. In 

the image after polarization, you can see the upper interface of the cell with lower absorbance 

depleted of salt, while the lower interface of the cell has enhanced absorbance corresponding to 

addition of salt. 

 

Figure 8.2 Absorbance of LiI in PEO 5000 kg/mol at different salt concentrations and 

before and after polarization. 

8.2 Electrochemical NMR experiments 

Many of the challenges in performing electrochemical measurements using NMR come from the 

difficulty of combining the electronics necessary for electrochemistry together with the air-free, 

magnetic, and space constraints of NMR on electrolytes systems. As a result, there is limited 

work on electrochemical NMR in the literature and very few groups that have the capabilities to 

perform the measurements in house. These challenges, however, can be overcome by careful 

engineering of air-free, non-magnetic, electrochemical measurement cells that can fit inside the 

bore of an NMR magnet aided by the recent improvements of NMR electronics and software 

developed over the past decade. 

A big challenge in running electrochemical NMR experiment is the sample cell design. The air-

free connection of an NMR tube to an electrode assembly can be achieved as shown in Fig. 8.3. 

In this assembly the NMR tube is sealed off when the o-ring is clamped in between two screw on 

connectors. The electronics are housed within an electric push-pull connector, one side of which 
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is soldered to a shielded cable that can be connected to a voltage source. Connectors like these 

can be purchased from LEMO or Fischer Connectors. 

Figure 8.3 Design of an electrochemical NMR cell.  

 

NMR imaging (Magnetic resonance imaging) 

PFG-NMR can be used to locate and track the location of a chemical species of interest within a 

sample. Consequently, PFG-NMR can be used to image or spatially resolve an electrochemical 

cell. Imaging using NMR, also called magnetic resonance imaging (MRI), is based on the same 

principle of phase encoding to track the location of a chemical species. In the case of detecting 

concentration gradients in an otherwise homogenous samples, simply the intensity of the signal 

at different positions can be used.  

Frequency encoding is a common spatial encoding method employed by many MRI pulse 

sequences. Frequency encoding is accomplished by applying a gradient magnetic field to the 

imaged object. This gradient spatially encodes NMR signals by assigning a unique precession 

frequency to each spin at a distinct spatial location along the gradient direction. While the 

gradient is being applied, the FID will consist of a range of frequencies, each corresponding to a 

different spatial location. Once transformed into frequency space, each frequency is linearly 

related to the corresponding spatial location along the gradient direction. 
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Electrophoretic NMR 

An emerging technique for characterizing ion transport in electrolytes is electrophoretic NMR, 

where ion velocities are measured under applied electric fields. A powerful aspect of this method 

is that both the magnitude and the direction of ion velocities can be measured directly while 

interpretations of ion velocities from conventional electrochemical measurements are indirect. In 

an electrophoretic NMR experiment, a dc electric field, 𝐸, is applied across the electrolyte at 

time 𝑡 = 0, and the displacement of a chemical species of interest under the influence of the field 

is measured over a short period of time, 𝑡~1 ms. The displacement is measured in a manner that 

is similar to the measurement of self-diffusion coefficients using pulsed-field gradient NMR. The 

standard approach for interpreting electrophoretic NMR is based on the assumption that the 

velocity of the species of interest, v𝑖, is related to the ionic mobility 𝑢𝑖 by 

v𝑖 = 𝑢𝑖𝐸                                                                   8.1 

Measurement of v𝑖 as a function of 𝐸 allows the determination of the electrophoretic mobility 𝑢𝑖. 

Theoretical background and practical implementations of the technique can be found in a number 

of seminal works.4–9 Ion mobilities in several electrolyte solute ions have been determined from 

linear fits of v𝑖 vs. 𝐸 data.10–19 

The electrophoretic NMR experiment can be performed on an NMR spectrometer equipped with 

the electrochemical probe described in section 1.2. Additionally, it is necessary to connect the 

voltage generator that is used to apply a voltage across the electrochemical cell to the gradient 

amplifier in order to sync the application of the gradient with the application of the electric field. 

The electronics components and connections necessary to enable the electrophoretic NMR 

measurement are shown in Fig. 8.4.  

Figure 8.4 Connections between different electronics components for an eNMR 

experiment. 
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Electrophoretic mobility or velocity can be measured using the same PFG-NMR sequence that is 

used to for diffusion with the addition of an electric field pulse. The simplest sequence used for 

this measurement is shown in Fig. 8.5. The electric field pulse is on during the diffusion time, Δ, 

to induce an electrophoretic current through the sample. Displacement of the chemical species of 

interest during this time will be a direct function of the electrophoretic mobility and the electric 

field as defined by eq. 8.1. 

Figure 8.5 Simplest electrophoretic NMR pulse sequence. 

8.3 Connecting concentrated solution theory and electrophoretic NMR 

The relationships between the electrophoretic mobilities, 𝑢+ and 𝑢−, and the three 

electrochemically determined transport coefficients remains to be established. The purpose of 

this section is to provide a theoretical framework for relating electrophoretic NMR results to 

classical electrochemical characterization using concentrated solution theory. We derive 

relationships between the Stefan-Maxwell coefficients and the velocities of the charge carriers 

measured by electrophoretic NMR. We provide expressions for the transference number and 

conductivity in terms of the species velocities and mobilities. Our definitions for the mobilities 

account for the fact that diffusional fluxes are related to velocity differences rather than absolute 

velocities. It is therefore important to measure the electric field-induced solvent velocity (electro-

osmotic drag) during an electrophoretic NMR experiment. 

Following the concentrated solution theory (Equation 12.1 of Newman and Thomas-Alyea)20, 

multicomponent diffusion is described by 

𝑐𝑖∇𝜇𝑖 = 𝑅𝑇 ∑
𝑐𝑖𝑐𝑗

𝑐𝑇𝔇𝑖𝑗
(vj − vi)

𝑗

                                               8.2 

where 𝑐𝑖, 𝑐𝑗, and 𝑐𝑇 are the concentrations of species i and j, and the total species concentration, 

∇𝜇𝑖 is the gradient of the electrochemical potential of species i, R is the gas constant, T is the 

temperature, 𝔇𝑖𝑗 is the Stefan-Maxwell diffusion coefficient describing interactions between 

species i and j, v𝑖 and v𝑗  are the velocities of species i and j.  
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The gradient of the electrochemical potential of each species can be expressed in terms of the 

gradient in potential across the electrolyte and the gradient in concentration. The salt 

concentration and potential within a binary electrolyte in an electrophoretic NMR experiment is 

shown in Fig. 8.6. We assume that applying dc current for a short amount of time, 𝑡 ≈ 1 ms, 

results in concentration gradients that are localized near the electrode-electrolyte interfaces. The 

electrophoretic NMR experiment is designed to measure velocities in the bulk of the electrolyte 

where the salt concentration is uniform. This assumption will be valid as long as the time-scale 

for data acquisition in the electrophoretic NMR experiment is much smaller 𝐿2/𝐷, where 𝐿 is the 

separation between the electrodes and 𝐷 is the diffusion coefficient of the salt. The 

electrophoretic NMR experiment is designed to minimize convection due to resistive heating. 

Our analysis assumes that convection is negligible. 

Figure 8.6. Schematic of the salt concentration and the electric potential in an 

electrolyte as a function of position between the electrodes in an electrophoretic NMR 

experiment. Species velocities are defined relative to reference frame fixed to the 

electrochemical cell. Velocities are defined to be positive if a species moves towards the 

right. The analysis in the paper applies to the bulk of the electrolyte between the dashed 

lines where the salt concentration is uniform. 

 

We use the quasi-electrostatic potential (Equations 3.18-3.19 in Newman and Thomas-Alyea)20 

to relate the electrochemical potential of each species to the electric potential in the region of 

uniform concentration, 

𝛻𝜇+ = 𝐹𝛻𝜙                                                                    8.3 

𝛻𝜇− = −𝐹𝛻𝜙                                                                8.4 

𝛻𝜇0 = 0                                                                          8.5 

where 𝜇+, 𝜇−, and 𝜇0 are the electrochemical potentials of the cation, anion, and solvent, F is 

Faraday’s constant, and 𝛻𝜙 is gradient of electric potential. It is important to note that 𝛻𝜙 differs 

from ∆𝜙/𝐿 where ∆𝜙 is the applied potential across the symmetric cell, which includes ohmic 

losses at the electrode-electrolyte interfaces, and 𝐿 is the thickness of the electrolyte. Eq. 8.3-8.5 

are valid for both liquid and polymer electrolytes containing a salt comprised of two univalent 
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ions. It is straightforward to extend this approach to other electrolyte systems containing three 

species, e.g. a mixture of two ionic liquids with a common ion or electrolytes comprised of 

multivalent salts. Substituting eqs. 8.3-8.5 into eq. 8.2 we get three expressions relating the 

velocities of the ions and solvent to the applied potential, 

𝐹𝛻𝜙

𝑅𝑇
=

𝑐0

𝑐𝑇𝔇0+

(v0 − v+) +
𝑐−

𝑐𝑇𝔇+−

(v− − v+)                                     8.6 

−
𝐹𝛻𝜙

𝑅𝑇
=

𝑐0

𝑐𝑇𝔇0−

(v0 − v−) +
𝑐+

𝑐𝑇𝔇+−

(v+ − v−)                                     8.7 

0 =
𝑐+

𝑐𝑇𝔇0+

(v+ − v0) +
𝑐−

𝑐𝑇𝔇0−
(v− − v0)                                       8.8 

where 𝑐0, 𝑐+, and 𝑐− are the concentrations of the solvent, cation, and anion, respectively, v0, v+, 

and v− are the velocities of the solvent, cation, and anion, respectively, and 𝔇0+, 𝔇0−, 𝔇+− are 

the Stefan-Maxwell diffusion coefficients describing interactions between pairs of species in the 

electrolyte indicated by the subscripts. Only two of these three equations are independent. 

Electrochemically determined 𝔇0+, 𝔇0−, and 𝔇+− cannot be used to predict v0, v+, and v−. 

Conversely, electrochemical NMR cannot be used to determine the three electrochemical 

transport properties: 𝔇0+, 𝔇0−, and 𝔇+−. We choose to solve for the velocities of the ions v+ 

and v−, 

v− =
𝑐𝑇𝔇0−𝔇+−𝐹𝛻𝜙

(𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−)𝑅𝑇
+ v0                                          8.9 

v+ =
−𝑐𝑇𝔇0+𝔇+−𝐹𝛻𝜙

(𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−)𝑅𝑇
+ v0                                       8.10 

The velocities of the ions depend on the velocity of the solvent. Equations 8.9 and 8.10 are really 

expressions for velocity differences based on eq. 8.2. This is a nontrivial result that has 

implications for many electrolyte systems where the application of an electric field results in a 

non-negligible solvent velocity. The velocity of the cation, v+, is defined to be positive when the 

potential gradient is negative, and the cation is migrating towards the negative electrode, as 

illustrated in Fig. 8.6. Similarly, the velocity of the anion, v−, is defined to be negative when the 

potential gradient is negative, and the anion is migrating towards the positive electrode. Note that 

all three velocities, v+, v− and v0, depend on ∇𝜙. We expect the dependence of the solvent 

velocity on salt concentration to be non-monotonic. At low salt concentrations v0 will increase 

with increase with salt concentration as an increasing number of ions migrate with their solvation 

shells. However, increasing salt concentration also increases viscosity which will decrease v0. 

The dependence of v+ and v− on salt concentration is likely to be much more complex due to 

effects such as ion-ion interactions and clustering. 

Eq. 8.9 and 8.10 have additional usefulness in the absence of a solvent velocity, such as in solid 

electrolyte systems. When v0 = 0, eq. 8.9 and 8.10 can be used to calculate the direction in 

which each of the ions moves under an applied electric field solely from the Stefan-Maxwell 
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diffusion coefficients derived from electrochemical measurements of the three transport 

properties and the thermodynamic factor.  

The equation for the migration velocity of a charged species due to an applied potential is 

v𝑖,𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 = −𝑧𝑖𝑢𝑖𝐹∇𝜙                                                        8.11 

where 𝑢𝑖 is the mobility of a species i and 𝑧𝑖 is the charge of species i. In cases where v0 is 

nonzero, the relationship between ion velocity and migration velocity, suggested by eq. 8.9-8.11 

is  

v𝑖 = v𝑖,𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + v0                                                        8.12 

and 

v𝑖 = −𝑧𝑖𝑢𝑖𝐹∇𝜙 + v0                                                         8.13 

Combining eq. 8.9, 8.10 and 8.13, we obtain expressions for the mobilities of the charge carriers, 

𝑢− =
𝑐𝑇𝔇0−𝔇+−

(𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−)𝑅𝑇
                                             8.14 

𝑢+ =
𝑐𝑇𝔇0+𝔇+−

(𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−)𝑅𝑇
                                             8.15 

It is interesting to note that the mobility of both of the ions depends on all three Stefan-Maxwell 

diffusion coefficients. Specifically, the mobility of the cation, 𝑢+, depends on 𝔇0−, the Stefan-

Maxwell diffusion coefficient describing interactions between the anion and the solvent, and the 

mobility of the anion, 𝑢−, depends on 𝔇0+.  

In order to derive expressions for the transference number and conductivity in terms of the 

species velocities we can rearrange eq. 8.9-8.10 to get 

𝔇0+ =
c0𝔇+−RT(v0 − v+)

cT𝔇+−F𝛻𝜙 + 𝑐𝑅𝑇(v+ − v−)
                                          8.16 

𝔇0− =
−c0𝔇+−RT(v0 − v−)

cT𝔇+−F𝛻𝜙 + 𝑐𝑅𝑇(v+ − v−)
                                          8.17 

The concentrated solution transference number is defined as 

𝑡+ =
𝔇0+

𝔇0+ + 𝔇0−
                                                          8.18 

Substituting eq. 8.16-8.17 into eq. 8.18 we get 
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𝑡+ =
v+ − v0

v+ − v−
                                                               8.19 

The transference number can be obtained by electrophoretic NMR only if all three velocities, v+, 

v− and v0, are measured. The cation transference number is defined as the fraction of current 

carried by the cation in an electrolyte of uniform concentration.20,21 Equation 8.19 is consistent 

with this definition.  Using the relationship between mobility and velocity as defined by eq. 8.13, 

the transference number expressed in terms of mobility simplifies to the commonly used 

expression 

𝑡+ =
𝑢+

𝑢+ + 𝑢−
                                                              8.20 

The mobilities in eq. 8.20 must be calculated using eq. 8.14 and 8.15.  

The conductivity of concentrated solutions is 

1

𝜎
=

𝑅𝑇

𝑐𝑇𝐹2
(

1

𝔇+−
+

𝑐0

𝑐+(𝔇+− + 𝔇0−)
)                                     8.21 

Substituting eq. 8.17 into eq. 8.21 we get 

𝜎 =
𝐹𝑐(v− − v+)

𝛻𝜙
                                                         8.22 

Unlike the transference number, conductivity can be calculated using only the two velocities of 

the charge carriers. Substituting eq. 8.13 into eq. 8.22 leads to the commonly used expression for 

conductivity in terms of the mobilities of the charge carriers 

𝜎 = 𝐹2𝑐(𝑢− + 𝑢+)                                                          8.23 

While eq. 8.23 is often used to describe ion transport in electrolytes, it can only be applied to 

concentrated electrolyte solutions when the mobilities are obtained using eq. 8.14 and 8.15. 

In the dilute limit 𝑐 → 0, 𝑐𝑇/𝑐0 → 1, and eq. 9 and 10 reduce to  

v+ =
𝐷+

𝑅𝑇
𝐹∇𝜙 + v0                                                        8.24 

v− =
𝐷−

𝑅𝑇
𝐹∇𝜙 + v0                                                        8.25 

where 𝐷+ and 𝐷− are the diffusion coefficients of free ions in the solvent in the limit of infinite 

dilution. In the limit of infinite dilution, v0 → 0, 𝑢𝑖 = 𝐷𝑖/𝑅𝑇 and eq. 8.24 and 8.25 reduce to the 

commonly used form of eq. 1. In other words, interpretations of electrophoretic NMR data using 

eq. 112-21 are only valid in the dilute limit. 
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8.4 Conclusions 

Advanced measurement techniques that combine electrochemistry together with imaging and 

spectroscopy are emerging as powerful methods for characterizing transport in electrolyte and 

battery systems. Two imaging techniques, x-ray imaging and NMR imaging or magnetic 

resonance imaging (MRI) are possible ways to look at salt distribution in an electrolyte under the 

application of electric fields. Additionally, electrophoretic NMR (eNMR) can be used to directly 

measure ion mobilities. Concentrated solution theory is used to derive relationships between the 

electrochemical transport coefficients and the velocities of the charge carriers and the solvent 

measured during electrophoretic NMR experiments. Our work shows that in the presence of a 

solvent velocity, motion of the solvent has a significant contribution to calculations of the ion 

mobilities and the electrochemical transference number. The expression for conductivity, 

however, remains the same in both dilute and concentrated solutions. Additionally, one can use 

the equations derived here to show in which direction the charged species are moving under 

applied electric fields. The equations are applicable to all three component electrolyte solutions 

comprised of a solvent and a binary salt of univalent ions. In future work, we will apply the 

framework developed here to interpret electrophoretic NMR measurements of polymer 

electrolytes. 
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9 Conclusion and outlook 

9.1 Conclusions 

The transport of ions in polymer electrolytes is of significant practical interest for enabling next-

generation high specific energy solid-state batteries. Unlike the traditional liquid electrolyte 

mixtures used in today’s batteries, polymer electrolytes can provide chemical stability at high 

voltages and mechanical rigidity against deformation and dendrite growth.  In this work, we 

characterize five different types of polymer electrolytes in order to gain insight into the 

chemistry and morphology properties that dictate ion transport through the materials. Unlike 

much of the work in the field that uses traditional electrochemical characterization methods, we 

use pulsed-field gradient NMR to gain insight into the nanoscale interactions and molecular 

dynamics that govern bulk ion transport properties such as conductivity and the transference 

number. The NMR spectroscopy studies described here have several advantages over 

electrochemical methods. They are element-specific, which means that we can study the 

individual motions of cation, anion, and polymer moieties. The measurements can be done on 

relatively fast time scales on the order of milliseconds to seconds, instead of minutes to hours for 

electrochemical measurements. Spectroscopic and translational information can be captured in 3-

dimensions, allowing the measurement of anisotropic transport and imaging. Consequently, 

NMR provides an incomparable platform for studying the molecular basis of ion transport 

mechanisms.  

Several conclusions can be drawn from the studies of polymer electrolytes presented in this 

dissertation. Of greatest importance is the fact that concentrated solution theory must be used to 

analyze and understand ion transport in polymer electrolytes. Even at the lowest concentrations 

accessed by the measurements presented in this work, dilute solution theory fails to capture the 

complexity of ion transport in nearly all of the polymer electrolyte materials. Studies of ion 

transport in homopolymer electrolytes have elucidated that molecular weight and salt 

concentration effects are intimately linked in polymer electrolyte chemistries that have strong 

solvation structures. Furthermore, the monomer chemistry strongly dictates ion solvation, 

dissolution, and dissociation, which in turn determines the ability of ions to translate through the 

polymer between neighboring solvation sites. This molecular hopping mechanism strongly 

influences ion transport through the bulk. Similarly, in nanostructured block copolymer 

electrolytes, the connectivity between parts of the ion transporting phase is the biggest 

determinant of the efficiency of ion transport. Finally, the best characterization of polymer 

electrolytes is achieved by a combining electrochemistry and spectroscopy techniques. 

9.2 Extensions of concentrated solution theory to NMR diffusion 

The derivations of ion velocities from concentrated solution theory presented in chapter 8 

provide the only direct connections between results obtained using PFG-NMR and 

electrochemical measurements in concentrated electrolyte systems. Building on that theory, an 

approximation of the self-diffusion coefficients for the individual ions can be derived from the 

mobilities of the charge carriers, eq. 8.14 And 8.15 together with the Einstein relation 𝐷 = 𝑢𝑅𝑇. 

Combining these equations,  
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𝐷− =
𝑐𝑇𝔇0−𝔇+−

𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−
                                                 9.1 

𝐷+ =
𝑐𝑇𝔇0+𝔇+−

𝑐(𝔇0− + 𝔇0+) + 𝑐0𝔇+−
                                                 9.2 

The self-diffusion coefficients of the ions are a function of all three Stefan-Maxwell transport 

parameters. Measurements of the Stefan-Maxwell diffusion coefficients and the self-diffusion 

coefficients, 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼, in 5 kg/mol PEO/LiTFSI are used to validate the results of equations 

9.1 and 9.2. It is important to note, however, that the results of equations 9.1 and 9.2 can be 

negative while measured values for the self-diffusion coefficients of ion using PFG-NMR can 

only be positive. The results of equation 9.1 and 9.2 obtained using electrochemical techniques 

together with the diffusion coefficients of the Li and TFSI obtained using PFG-NMR are plotted 

as a function of salt concentration in Fig. 9.1(a). Negative values are omitted from the plot. There 

are clear deviations seen in the measurements when the Stefan-Maxwell diffusivities change 

sign. This happens over the same range of salt concentrations as when the transference number 

transitions to negative values. Consequently, comparisons of 𝐷+ to 𝐷𝐿𝑖 and 𝐷− to 𝐷𝑇𝐹𝑆𝐼 are not 

made when one value is positive and the other is negative because PFG-NMR results can only 

yield positive diffusivities for the ions. Apart from this range of r, the results are remarkably 

similar, indicating that equations 9.1 and 9.2 may be the best approximations of the self-diffusion 

coefficients obtained form concentrated solutions theory.  

Figure 9.1 (a) The diffusion coefficients of the anion, 𝑫−, and the cation, 𝑫+, calculated 

from concentrated solution theory using eq. 9.1 and 9.2 and the diffusion coefficients, 

𝑫𝑳𝒊 and 𝑫𝑻𝑭𝑺𝑰, measured using PFG-NMR. (b) The sum of the diffusion coefficients 𝑫− 

and 𝑫+ and the sum of the diffusion coefficients 𝑫𝑳𝒊 and 𝑫𝑻𝑭𝑺𝑰 in 5 kg/mol PEO over a 

range of salt concentrations, r. 
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In order to further validate the equations, especially for the range of values where 𝐷+ is negative, 

we compare the sum of 𝐷− and 𝐷+ with the sum of 𝐷𝐿𝑖 and 𝐷𝑇𝐹𝑆𝐼, shown in Fig. 9.1(b). The 

agreement between the sums of the diffusion coefficients is even more apparent. 

It would be of great interest to make electrochemical measurements of the Stefan-Maxwell 

diffusion coefficients together with eNMR measurements of the mobilities of the ions and extract 

self-diffusion coefficients from the mobilities in polymer systems and compare the results 

obtained using eq. 9.1 and 9.2. Comparisons of these quantities in several electrolyte systems 

would further elucidate the validity of the connections made in this chapter. 

9.3 Future directions 

Although the majority of this dissertation focuses on the study of diffusive ion transport in 

polymer electrolytes, future work in the field should expand the applications of NMR to other 

studies of translational motion, imaging, electrochemistry, and spectroscopy. Several possible 

directions exist for applying and expanding the techniques described here. The most direct 

continuation of the work would be to study the translation of polymer backbones and ions across 

various morphology transitions in block copolymers. There is very little work on transport 

changes across order-disorder and order-order transition, particularly in ion-containing systems.  

The design of a functioning electrochemical cell that can be used in conjunction with strong 

magnetic field gradients provides a platform for electrochemical NMR studies of polymer 

electrolytes. The cell can be used to study the formation of concentration gradients across 

polymer electrolyte materials. Using PFG-NMR for spectroscopic imaging of the 

electrochemical cell can allow for detailed studies of electrolyte responses to the application of 

current and potentially investigation of chemical processes at the interfaces. The same 

electrochemical cell design can be used for developing electrophoretic NMR capabilities. 

Expanding on the preliminary work and theory presented in chapter 8, it is very important to 

measure both ion and solvent velocities in all polymer electrolyte systems as a function of 

applied potential. It is clear that the solvent velocity often plays a critical role in the mobility of 

the ions. Extending this to studying high molecular weight and solid polymer systems would be 

of great interest to elucidate the role of solvent mobility in bulk properties such as conductivity 

and the transference number. 

Additional techniques that can be used to study polymer electrolyte systems using NMR are J-

coupling studies and 2-dimentional experiments. Indirect interactions between two nuclear spins 

can be studies using J-coupling. These arise from hyperfine interactions between the nuclei and 

local electrons. Often these interactions can be used to get information about the local electronic 

structure of the atom due to bonding or electric field effects. Because of the complexity of charge 

distribution and interactions in ion-doped systems, J-coupling can provide a useful tool for 

understanding the effects of local polymer structure on electrostatics and ion dynamics. The 

distributions and interactions of ions and solvating groups in polymer electrolytes can also be 

measured using 2-dimensional correlation studies. Of primary interest is nuclear Overhauser 

effect (NOE) spectroscopy, which is sensitive to correlations between nuclei which are 

physically close to each other in the absence of a direct bond. It is based on the phenomenon of 

spin-lattice relaxation for atoms that are within 5 Å of each other. NOE spectroscopy can be used 
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for homo- or hetero-nuclear studies of interactions between various ion species or the ions and a 

part of the polymer. These studies require optimization of difficult experimental parameters that 

depend on the relaxation times of the elements of interest in the sample. 

Finally, for solid samples with very fast T2 relation rates, it may be necessary to perform solid-

state NMR. Magic angle spinning solid-state NMR is a technique that is used to increase the 

resolution and make line shapes narrower for better spectroscopic analysis. This is useful for 

experiments at lower temperatures, crystalline samples, block copolymers with very rigid blocks, 

and high molecular weight polymers. 
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Appendix 

1. Example 1D NMR spectra and diffusion decays 

 

Figure S1. Sample 1D spectra and Stejskal-Tanner plots. (a) 7Li and (b) 19F in a 55 
kg/mol PEO at r=0.08 and (c) 7Li and (d) 19F in a 1 kg/mol PEO at r=0.02. 

(a) (b) 

(c) (d) 
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Figure S2. Example 1D spectra for (a) 7Li and (b) 19F from E10-DMC at 1.15 M. One 
can see peaks from the fluorine on the PFPE backbone to the left and right of the main 
salt fluorine peak in the 19F spectrum. 

 

 

 

Figure S3. Sample 1D spectra for (a) 7Li and (b) 19F in SEO(16-16)/LiTFSI r = 0.18. 

(a) (b) 
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2. Mathematica code for fitting diffusion data to different morphologies 

ClearAll[x,y,k,Dz,Dxy,G,g,Ii,data]; 

n=1; 

Afunc[Dz_,Dxy_,G_,Ii_]:=0.5*Max[Ii]*( (E^(-Dxy G) 

Sqrt[\[Pi]] Erfi[Sqrt[Dxy-Dz] Sqrt[G]])/(Sqrt[Dxy-Dz] 

Sqrt[G])) 

Squares[Dz_,Dxy_,G_,Ii_]:=Sum[(Ii[[k]]-

Afunc[Dz,Dxy,G[[k]],Ii])^2 ,{k,1,33-n}] 

 

file=Import["data.csv",Path-> "C:\\pathname"]; 

trans=Transpose[file]; 

g=trans[[1,n+1;;33]]; 

Ii=trans[[2,n+1;;33]]; 

data=Transpose[{g,Ii}]; 

 

sol=NMinimize[{Squares[Dz,Dxy,g,Ii],Dz<Dxy},{{Dz,1*^-9,1*^-

6},{Dxy,1*^-8,1*^-5}},MaxIterations->500] 

diff={Dz,Dxy}/.sol[[2]]; 

p1=ListPlot[data]; 

p2=Plot[Afunc[diff[[1]],diff[[2]],y,Ii],{y,g[[1]],g[[-

1]]}]; 

Show[p1,p2] 

 

Afunc[diff[[1]],diff[[2]],g,Ii] 

3. List of Symbols 

𝑎  degree of anisotropy 

𝐵0   main magnetic field 

𝐵1  oscillating transverse magnetic from the RF pulse 

𝑐𝑖   concentration of species i, mol/cm3 

𝑐+, 𝑐−   cation and anion salt concentration, mol/cm3 

c0  solvent concentration, mol/cm3 (moles of monomers per unit volume for 

polymeric solvents) 

cT   total solution concentration, mol/cm3 

𝐷||  parallel diffusion coefficient 

𝐷⊥  perpendicular diffusion coefficient 

𝐷𝑖   diffusion coefficient of species i, cm2/s 

𝐷𝑚   mutual diffusion coefficient, cm2/s 

𝔇𝑖𝑗  Stefan-Maxwell diffusion coefficient for interaction of species i and j, 

cm2/s 
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𝔇0+, 𝔇0−, 𝔇+− Stefan-Maxwell diffusion coefficients describing the interactions 

between caion-solvent, anion-solvent, and cation-anion, cm2/s 

E  electric field, V/m 

F   Faraday’s constant, 96485 C/mol 

𝑓𝑁𝑀𝑅  NMR morphology factor 

𝑔   gradient strength, G/cm 

ℏ   Plank’s constant 

𝐼   signal intensity 

𝐼0  initial signal intensity 

m  spin quantum number 

M  total magnetic moment 

M0  monomer molecular weight 

Mn  number average molecular weight 

N  number of monomers 

r  salt concentration [Li]/[EO] 

R   Universal gas constant, 8.3143 J/(mol K) 

s  spin 

S  spin angular momentum vector 

𝑡  time 

𝑡0+, 𝑡0−  cation and anion transference number 

T   absolute temperature, K 

𝑇  relaxation time in diffusion sequences 

𝑢+, 𝑢−  mobilities of the cation and anion, cm2/Vs 

v𝑖   velocity of species i, cm/s 

v+, v−, v0  velocity of the cation, anion, and solvent, cm/s  

𝑧+, 𝑧−   charges on the cation and anion, +1 and -1 for a univalent electrolyte 

𝛽  ration of ion conductivity to Nernst-Einstein conductivity 

𝛾   gyromagnetic ratio 

𝛿   length of the gradient pulse, s 

Δ   diffusion time, s 

φ   applied potential, V 

𝜔0  Larmor frequency 

𝜎   ionic conductivity of electrolyte, S/cm 

𝜇   magnetic moment 

𝜇𝑖   electrochemical potential of species i, J/mol 

𝜇+, 𝜇−, 𝜇0  electrochemical potentials of the cation, anion, and solvent, J/mol 




