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Abstract 
 

Transport and Thermodynamics in Polymer Blends and Electrolytes 
 

By  
 

Kevin Wu Gao 
Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 
Professor Nitash P. Balsara, Chair 

 

The widespread use of variable and intermittent renewable energy sources will require robust 
energy storage systems. Rechargeable batteries have the potential to meet this need. The lithium-
ion battery is the one of the most popular rechargeable batteries, consisting of a graphite anode, a 
liquid organic electrolyte, and a metal oxide cathode. Unfortunately, the energy density in 
commercial lithium-ion batteries is approaching the theoretical limit for lithium-ion technology, 
and improvements are necessary to enable large scale grid energy storage applications. Safety is 
also an important criterion for energy storage applications, necessitating a fundamental 
improvement in the highly flammable lithium-ion batteries. Replacing the graphite anode with 
pure lithium metal can enable higher energy densities and replacing the flammable organic liquid 
solvent with a nonvolatile polymer electrolyte can improve safety. We are interested in polymer 
electrolytes because of their improved safety conditions and their compatibility with lithium metal 
anodes. However, ion transport and thermodynamics in polymer electrolytes is fundamentally 
different than in traditional liquid electrolytes. This thesis focuses on understanding ion transport 
and thermodynamics in polymer electrolytes.  

Ion transport of polymer electrolyte systems is characterized under the framework of Newman’s 
concentrated solution theory. We explicitly define the cation transference number, which describes 
the fraction of current carried by the cation. Two experimental approaches (Hittorf and Bruce-
Vincent) for measuring the cation transference number are described. We illustrate the importance 
of the cation transference number and its dependence on reference frames, and compare values for 
commonly reported transference numbers in PEO electrolyte systems. We also provide a 
comprehensive description of the electrochemical properties of poly(ethylene oxide) (PEO) 
electrolytes that accounts for error propagation and uncertainty. Data from 64 independent PEO 
electrolyte samples, with PEO molecular weights ranging from 5 kg mol-1 to 275 kg mol-1, are 
compiled and analyzed to demonstrate that ion transport properties remain constant above the 
entanglement threshold. A preliminary investigation into the possibility of a salt diffusion 
coefficient dependence on molecular weight in PEO electrolytes and a discussion of its 
implications is presented. 

PEO has been the most extensively studied polymer for lithium battery applications, yet its use as 
an electrolyte is limited by its poor ionic conductivity and low cation transference number with 
respect to solvent velocity. Two strategies for developing superior ion transport properties are 
presented. (1) Moving beyond homopolymer electrolytes (i.e. single polymer and salt) to block 



2 
 

copolymer systems. The ion transport and thermodynamics of the hybrid inorganic-organic block 
copolymer poly(ethylene oxide)-b-polyhedral oligomeric silsesquioxane (PEO-POSS) are 
reported. We find that PEO-POSS electrolytes self-assembles into a variety of morphologies 
ranging from lamellar to disorder, and these morphologies affect ion transport. Decreasing the 
length of the alkyl chain substituent on the POSS monomer is found to improve ion transport. (2) 
Mixing two chemically distinct polymers with lithium salt to create miscible polymer blend 
electrolytes. We use small angle neutron scattering (SANS) as an unambiguous method for 
determining the phase behavior of polymer blend systems with and without salt. We demonstrate 
that PEO and poly(1,3,5-trioxocane) (P(2EO-MO)) are miscible in the presence of lithium salt. 
Miscibility, or homogeneity, is governed by the thermodynamics of the polymer blend system. We 
apply the Random Phase Approximation to homogeneous PEO/P(2EO-MO) electrolyte systems 
to calculate the Flory-Huggins parameter, which describes the enthalpic interaction between two 
different polymers. We also show that PEO and poly(1,3,-dioxolane) (P(EO-MO)) follow the same 
miscibility trend as PEO/P(2EO-MO) blends, but that P(2EO-MO)/P(EO-MO) blends are only 
miscible in the salt-free state.  

The Flory-Huggins interaction parameter is also relevant beyond battery applications to topics 
such as separation where uptake in polymer membranes is dictated by thermodynamics, e.g. 
Donnan equilibrium. We have developed a set of equations describing the thermodynamics of 
univalent and multivalent charged polymer networks in electrolytic solution. In effect, we have 
modified the classical Donnan equilibrium model to account for both enthalpic interactions and 
the elasticity of the gel. We model experimental data obtained in a block copolymer membrane 
soaked in a traditional liquid electrolyte. We also compare experimental data from literature with 
our model results. 

This thesis provides a thorough description for the measurement and analysis of ion transport in 
polymer electrolytes. It is a good starting point for further studies into thermodynamics of polymer 
blend electrolytes and polymer membranes.  
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1 Introduction 

1.1 Motivation 
Renewable energy is one of the fastest-growing energy sources, with worldwide electricity 
generation from solar, wind, and hydro expected to overtake fossil fuels by 2050.1 The variable 
nature of these renewable energy sources necessitates a means of energy storage to balance 
variable demand and supply. Rechargeable batteries are a promising technology to meet this need. 
The most popular rechargeable battery is the lithium-ion battery, which is used almost everywhere 
today, from portable electronics to electric vehicles. However, numerous improvements are 
required for the lithium-ion battery to be implemented for large scale grid energy storage: the 
energy density, lifetime, charge time, cost, and safety must all be improved.2,3 

A standard lithium-ion battery consists of a graphite anode, a metal oxide cathode, and an organic 
liquid electrolyte contained within an inert separator. During charging, current is passed to the 
battery: lithium in the cathode undergoes an oxidation reaction, becoming lithium ions that move 
across the electrolyte toward the anode, where it undergoes a reduction reaction. This entire 
process effectively converts electrical energy into stored chemical potential energy. During 
discharge, the stored chemical potential energy is converted to electrical energy: the anode releases 
the lithium ions it had gained from charging in an oxidation reaction, and these ions move through 
the electrolyte toward the cathode, where it undergoes a reduction reaction to return into the 
cathode.  

The importance of the electrolyte cannot be understated. It must solvate lithium ions, have good 
electrochemical and thermal stability, support large currents, meet safety metrics, and most 
importantly, facilitate the movement of ions.2–5 Understanding ion transport in the electrolyte is of 
fundamental importance for improving battery technology. This thesis presents electrolyte 
research to meet two primary challenges facing lithium ion batteries. (1) Energy density, as 
commercial lithium ion batteries have nearly reached their theoretical energy density of 385 Wh 
kg-1.6 (2) Safety, as the organic liquid electrolytes found in lithium ion batteries (typically a mixture 
of carbonates) are highly flammable due to their volatility.  

Substituting the graphite anode with pure lithium metal can enable higher energy densities as 
lithium metal has a specific capacity about ten times higher than that of graphite.7,8 However, 
lithium metal is not stable with traditional organic liquid electrolytes.7,9 One solution is to replace 
the liquid electrolyte with a polymer electrolyte, as polymers can be stable against lithium metal 
and are also inherently nonvolatile materials.10,11 Unfortunately, there are several issues 
discouraging the use of polymer electrolytes in lithium batteries with the main problem being slow 
transport of ions. The ionic conductivity, which provides a measure of the motion of ions, is orders 
of magnitude lower in polymer electrolytes than in traditional liquid electrolytes.12 Hence, a major 
goal is to improve upon the ion transport in polymer electrolytes. 

 

1.2 Polymer Electrolytes 
The field of polymer electrolytes began in 1973 when Fenton, Wright, and Parker discovered that 
alkali metal salts were soluble in poly(ethylene oxide) (PEO).13 Since then, there has been 
significant interest in polymer electrolytes for battery applications.12,14–19 Still, the most widely 
studied polymer electrolyte remains mixtures of PEO with a lithium salt due to its nonvolatility, 
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electrochemical stability, and compatibility with lithium salts such as lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI).12,17 The strong ability of PEO to solvate lithium salts 
is due to the presence of oxygen-containing ether linkages.  

The ionic conductivity of PEO/LiTFSI is around 10-3 S cm-1 at elevated temperatures (>70 °C) 
above its crystalline melting point.20 This is an order of magnitude below competitive ionic 
conductivity values for standard lithium ion batteries.4 Improvement upon this metric remains a 
longstanding goal in the field of polymer electrolytes. Several strategies have been pursued such 
as additives (ionic liquids, nanoparticles, plasticizers), block copolymers, and blending.21–26 This 
thesis focuses on polymer electrolytes consisting of homopolymer electrolytes and heterogeneous 
electrolytes such as block copolymers and polymer blends. 

Heterogeneous electrolytes such as block copolymer and polymer blends have interesting 
thermodynamic properties. Block copolymers such as polystyrene-b-poly(ethylene oxide) consist 
of two different polymer units chemically connected by a covalent bond. Polymer blends consist 
of mixtures of two distinct polymers. The favorability of mixing between two different polymers 
is governed by the Gibbs free energy of mixing, which is composed of the entropy gain of mixing 
and enthalpy of mixing. The enthalpy of mixing depends on the Flory-Huggins interaction 
parameter, which describes how much two different polymers like or dislike each other. The 
addition of salt can affect the Flory-Huggins interaction parameter and numerous other factors 
such as polymer chain length, volume fraction, and temperature can also affect the 
thermodynamics of these heterogeneous systems.26–31 This concept can be extended beyond 
polymer electrolytes for battery applications to topics such as membrane desalination where ion 
uptake in polymeric networks is dictated by thermodynamics, e.g. Donnan equilibrium.32 

Block copolymers can self-assemble into different morphologies, ranging from lamellar to 
hexagonally packed cylinders, and the different types of morphologies are known to affect ion 
transport.23,33 Polymer blends, because they are not chemically bonded, can either be immiscible 
or phase separated like mixtures of oil and water, or they can form miscible, single phase mixtures. 
The relationship between ion transport and miscibility is not well understood.  

 

1.3 Electrochemical Characterization of Polymer Electrolytes 
While ionic conductivity provides a simple measure for the motion of ions, full electrochemical 
characterization is necessary to fully understand transport in an electrolyte. For example, 
differences in the movement of the cation and anion during charging or discharging of a battery 
can lead to the development of concentration gradients within the electrolyte. Such concentration 
gradients can result in concentration overpotentials, reducing the usable current. In the case of very 
steep concentration gradients, the ion concentration within the electrolyte can be completely 
depleted, leading to battery failure.34–36  

A complete description of ion transport in electrolytic mixtures was first developed by Onsager, 
who recognized the importance of three independent transport parameters that are now known as 
Onsager coefficients.37 These coefficients quantify the frictional interactions between cation and 
solvent, anion and solvent, and anion and cation. Measuring these transport coefficients is quite 
challenging.  
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Newman formulated concentrated solution theory based on the Onsager approach, recasting ion 
transport in terms of three different but related transport coefficients: ionic conductivity, salt 
diffusion coefficient, and cation transference number with respect to the solvent velocity.38,39 In 
addition, it is necessary to measure the thermodynamic factor, which quantifies the dependence of 
the mean molal activity coefficient of the electrolyte on salt concentration, i.e. a measurement of 
the ideality of the electrolyte. These four parameters can all be determined from a set of well-
defined experiments.40 While this thesis focuses on Newman’s approach for characterizing ion 
transport, there are many other frameworks proposed in the literature.41–50 

Newman’s concentrated solution theory enables full-scale modeling of concentration gradients in 
the electrolyte during battery operation. Furthermore, this approach applies to any mixture of 
charged species in a neutral solvent, as it is not just limited to polymer electrolytes. Thus, fully 
characterizing an electrolyte can allow for battery performance optimization. 

A longstanding goal is to gain a fundamental understanding of the molecular underpinnings for 
the transport observed in these polymer systems. The advantage of studying polymer electrolytes 
is the wide variable space that can be tuned i.e. size, chemical structure, identity, salt loading, 
additive. Our research focuses on observing these systems in this variable space using a wide 
variety of experimental techniques. 

 

1.4 Outline of Dissertation 

This work focuses on the thermodynamics and ion transport of polymer blends and electrolytes.  

Chapter 2 discusses the importance of the cation transference number and its dependence on 
reference frames. Two experimental approaches (Hittorf and Bruce-Vincent) for measuring the 
cation transference number are described, and experimental data for a PEO/LiTFSI system is 
shown. Chapter 3 covers the ion transport properties of PEO/LiTFSI in great depth in the 
framework of Newman’s concentrated solution theory, paying special attention to uncertainty 
analysis and error propagation. Data from 64 independent PEO/LiTFSI samples, with PEO 
molecular weights ranging from 5 kg mol-1 to 275 kg mol-1, are compiled and analyzed to 
demonstrate that ion transport properties are constant above the entanglement threshold. Chapter 
4 investigates the possibility of a salt diffusion coefficient dependence on molecular weight in 
PEO/LiTFSI and discusses its potential implications.  

In Chapter 5, we extend beyond homopolymer electrolytes to study a hybrid organic-inorganic 
block copolymer with the organic conducting block based on PEO. Changing the chemical 
structure of the inorganic monomer resulted in differences in both thermodynamics and 
surprisingly, ion transport. Morphology is characterized using small angle x-ray scattering, and 
transmission electron microscopy. In Chapter 6 we use a different approach, blending PEO with a 
poly(ether-acetal) and LiTFSI to form a polymer blend electrolyte. We find that in the presence of 
enough salt, miscible blend is obtained, an important result that demonstrates it is possible to obtain 
homogeneous mixtures of two chemically distinct polymers with a lithium salt for electrolytic 
applications. Small angle neutron scattering is used as an unambiguous method for determining 
miscibility. Chapter 7 is a continuation on polymer blends work, investigating the relationship 
between phase behavior and ion transport in two new polymer blend electrolyte systems, including 
one that does not include PEO as a component.  
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Chapter 8 broaches the thermodynamics of univalent and multivalent charged polymer networks 
in electrolytic solutions. We present a new set of equations for describing Donnan equilibrium, the 
partitioning of ions between a charged gel and an electrolytic solution, that accounts for the 
elasticity of the gel and enthalpic interactions. Our model is compared to experimental data from 
literature. 

Chapter 9 provides a summary of the work and outlook for future experiments. This thesis provides 
a comprehensive description for the measurement and analysis of ion transport in polymer 
electrolytes. It is also a starting point for further studies into thermodynamics of polymer blend 
electrolytes as well as Donnan equilibrium. It is my hope that the work presented here can help 
enable the development of better batteries and improved energy storage.  
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2 The Transference Number† 
Abstract 

The performance of rechargeable batteries and other electrochemical systems depends 
on the rate at which the working ion (often a cation) is transported from one electrode 
to the other. The cation transference number is an important transport parameter that 
affects this rate. The purpose of this perspective is to distinguish between approximate 
and rigorous methods used in the literature to measure the transference number. We 
emphasize the fact that this parameter is dependent on the reference frame used in the 
analysis; care must be taken when comparing values obtained from different sources 
to account for differences in reference frames. 

 

2.1 Introduction 
Virtually all batteries contain electrolytes dissolved in solvents. The alkaline battery contains KOH, 
the lead-acid battery contains H2SO4, and the lithium-ion battery contains LiPF6. The presence of 
two dissociated ions makes them three-species, two-component systems. Electrolytes comprising 
a lithium salt dissolved in a polymer such as poly(ethylene oxide) are similar to conventional 
electrolytes except for the fact that the solvent is a chain-like molecule. Describing transport in 
three-species systems requires three transport coefficients, which are often taken to be conductivity, 
κ, salt diffusion coefficient, D, and 𝑡ା

଴ , the cation transference number with respect to the solvent 
velocity.38,51,52 

The passage of current through these systems causes a gradient in the concentration of the 
electrolyte. At early times, the gradients are localized near the electrode surface, where there is a 
change in the transference number of the current carrying species. These gradients propagate into 
the solution as time progresses. These processes are quantified in concentrated solution theory,38 
wherein the time-dependence of electrolyte molarity, c, in the presence of ionic current is given 
by the following material-balance equation: 

𝜕𝑐
𝜕𝑡 + 𝛁. (𝑐𝐯𝟎) = 𝛁. ൤𝐷 ൬1 −

𝑑𝑙𝑛𝑐଴

𝑑𝑙𝑛𝑐 ൰ ∇𝑐൨ −
𝐢. ∇𝑡ା

଴

𝐹𝑧ା𝜈ା
,     (2.1) 

where 𝐯𝟎 is the spatially dependent solvent velocity, c0 is the solvent molarity, i is the current 
density, F is the Faraday constant, z+ is the charge number of cation, and v+ is the moles of cations 
obtained by dissociating a mole of the electrolyte. An expression that is equivalent to equation 2.1 
can be derived in terms of the mass fraction of the electrolyte, ωe:38 

𝜌
𝜕𝜔௘

𝜕𝑡 + 𝜌𝐯. 𝛁𝜔௘ = 𝛁. (𝜌𝐷∇𝜔௘) −
𝑀௘𝐢. ∇𝑡ା

ெ

𝐹𝑧ା𝜈ା
,    (2.2) 

where 𝜌 is the density of the electrolytic solution, 𝐯 is the mass averaged velocity, 𝑀௘ is the molar 
mass of the electrolyte, and 𝑡ା

ெ is the cation transference number with respect to the mass average 
velocity. 

_________________________ 
† This chapter was reported in Energy & Environmental Materials, 2022, 5 (2), 366-369. 
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The transference number is defined as the fraction of ionic current carried by the cation in an 
electrolyte of uniform composition. The cation current is given by 

𝐢ା = 𝐹𝑐ା𝑧ା𝐯ା ,   (2.3) 

where 𝐯ା is the velocity of the cation. A frame of reference is necessary for defining any velocity 
and thus a frame of reference is also necessary to define the transference number. It has long been 
recognized that the solvent velocity is a convenient frame of reference for quantifying the cation 
current.38,51–54 We note in passing that the total current i is independent of the frame of reference 
due to charge neutrality. 

 

2.2 Experimental Methods: Hittorf Cell and Symmetric Cell 
Recognition of the importance of the transference number dates back to Hittorf.53,54 Figure 2.1 
shows one version of the Hittorf cell which comprises two chambers connected by a tube. Initially, 
the electrolyte concentration is uniform through the cell; we refer to this concentration as cav. A 
constant current, I, is passed through the cell using two electrodes placed in the two chambers. For 
simplicity, we assume that the electrodes are metal foils that can undergo the redox reactions 
shown in Figure 2.1. As current flows, cations M୸శ enter the anodic chamber, which requires the 
transport of anions X୸ష from the tube into the anodic chamber to maintain charge neutrality. This 
will result in depletion of anions from the cathodic chamber. We assume that the measurements 
are conducted at early times so that the concentration within the tube can be approximated as cav. 
This also implies that the electrolyte concentrations in the two chambers near the ends of the tube 
are also cav, as shown schematically in Figure 2.1. At time t, the chambers are isolated, perhaps by 
closing valves located at the ends of the tube, and the final electrolyte concentration in the anodic 
chamber, cfinal, is measured.  

The accumulation of M୸శions in the anodic chamber can be written as: 

(𝑐୤୧୬ୟ୪ − 𝑐ୟ୴)𝑉ୡ୦ୟ୫ୠୣ୰ = input − output =
1

𝑧ା𝜈ା𝐹
(𝐼𝑡 − 𝐼𝑡 ା),     (2.4) 

where 𝑉ୡ୦ୟ୫ୠୣ୰  is the volume of the anodic chamber, and 𝑡ା is the fraction of current carried by 
the cation at the concentration 𝑐ୟ୴ . The moles of M୸శ  entering the anodic chamber (input) is 
proportional to It, and the moles of M୸శ ions exiting the chamber through the tube (output) is 
proportional to 𝐼𝑡𝑡ା. The prefactor on the right side of equation 2.4 converts coulombs into moles. 
Rearranging equation 2.4 gives: 

𝑡ା = 1 − 𝑧ା𝜈ା𝐹
(𝑐୤୧୬ୟ୪ − 𝑐ୟ୴)𝑉ୡ୦ୟ୫ୠୣ୰

𝐼𝑡  .  (2.5) 

Data from the Hittorf cell can be used to determine 𝑡ା if all other parameters on the right side of 
equation 2.5 are measured. 
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Equation 2.5 assumes zero solvent motion in the passage between the two chambers in the Hittorf 
cell. It has been experimentally confirmed that the motion of solvent molecules between the 
chambers is nonnegligible (see Figure 2.1). A more detailed analysis of solvent transport in the 
Hittorf cell based on concentrated solution theory38,55–57 gives the following expression for the 
transference number:58 

𝑡ା
଴ = 1 − 𝑧ା𝜈ା𝐹

(𝑐୤୧୬ୟ୪ − 𝑐ୟ୴)𝑉ୡ୦ୟ୫ୠୣ୰

𝐼𝑡(1 − 𝑉௘ഥ 𝑐ୟ୴)  , (2.6) 

where 𝑉௘ഥ  is the partial molar volume of the electrolyte and 𝑡ା in equation 2.5 is replaced by 𝑡ା
଴. 

If the transference number in one reference frame is measured, it can readily be determined in 
another reference frame.38 For example: 

𝑡ା
ெ = 𝑡ା

଴𝜔଴ + 𝜔ି ,     (2.7) 

where 𝜔଴ and 𝜔ି are the solvent and anion mass fractions. 

Even though the transference number is defined for a solution of uniform composition, it is a 
property that can be used to quantify transport in electrolytes which are not of uniform composition; 
see equations 2.1 and 2.2. Any attempt to pass current through an electrolyte results in an 
electrolyte of nonuniform composition, and experiments that are used to determine the transference 
number must account for this complication, as done by Hittorf. In some cases, the nonuniformity 
may be restricted to narrow regions near the electrodes (e.g., Figure 2.1). The transference number 
in equation 2.5 is one that applies to an infinitely dilute electrolyte. Even in this case, a reference 

 

Figure 2.1. Schematics of cells used to measure the transference number. The electrolyte that is 
initially of concentration cav is placed between two electrodes. The final electrolyte concentrations are 
shown by curves and shading. Ionic current is drawn from left to right by polarizing the nonblocking 
metal electrodes (M). Salt concentration (c) profiles after ionic current is drawn are also shown. For 
the lower drawing, sufficient time has passed to yield a steady profile. 
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frame is needed for the definition; one would not want to develop separate equations for cells at 
rest and cells located on a moving vehicle. In the dilute limit, the mass average and solvent 
velocities are identical. 

Bruce et al. and Watanabe et al. proposed an approximate method for measuring the transference 
number.59–61 In this experiment, a fixed potential is applied to a symmetric cell with electrodes 
similar to those used in the Hittorf cell, and the current is measured as a function of time (Figure 
2.1b). It was shown that if the electrolyte is infinitely dilute then the transference number is given 
by:62  

𝑖௦௦

𝑖଴
= 𝑡ା , (2.8) 

where 𝑖଴ is the initial current density measured before concentration polarization sets in and 𝑖௦௦ is 
the current density obtained at steady state. Experiments are seldom done on infinitely dilute 
electrolytes, partly because the need to maximize the charge carrier concentration forces us to use 
concentrated electrolytes in practical applications. In concentrated electrolytes, the current ratio 
iss/i0 , which we call 𝜌ା, is given by:  

𝑖௦௦
𝑖଴

= 𝜌ା =
1

1 + 𝑁𝑒  ,   (2.9) 

where Ne, a dimensionless quantity that we call the Newman number, is given by 

𝑁𝑒 =   
𝑣

(𝑣ା𝑧ା)ଶ
𝜅𝑅𝑇(1 − 𝑡ା

 ଴)ଶ

𝐹ଶ𝐷𝑐  ൬1 +
dlnγ±

dln𝑚 ൰,   (2.10) 

where 𝑣 is total moles of cations and anions produced by dissociating a mole of the electrolyte, R 
is the gas constant, T is the temperature, γାି  is the mean molal activity coefficient of the 
electrolyte, and m is molality. 𝑡ା

଴  can thus be measured rigorously using symmetric cells if the 
other parameters in equation 2.10 are known.63 κ can be measured by ac impedance, D can be 
measured by the restricted diffusion method, and the dependence of γାି on  m can be measured in 
concentration cells, as reported by Ma et al.40 

In a Hittorf cell, the net influx of cations into the anodic chamber via the electrode is It/z+ν+F. 
When an electrolyte with positive 𝑡ା

଴  is examined in a Hittorf cell, the net accumulation of cations 
in the anodic chamber is less than this influx, indicating that cations leave the anodic chamber and 
enter the tube. On the other hand, when an electrolyte with negative 𝑡ା

଴  is examined in a Hittorf 
cell, the net accumulation of cations in the anodic chamber is greater than this influx. In other 
words, cations enter the tube from the cathodic chamber, travel through the tube, and enter the 
anodic chamber. There are two possible microscopic reasons for this: (1) the cations are present in 
negatively charged clusters that are drawn to the positive electrode, or (2) the solvent molecules 
are drawn toward the anodic chamber, and cations are complexed with them. Similar scenarios 
exist for 𝑡ା

ெ, but solvent motion is likely to play a smaller role in determining its value. Computer 
simulations are well-suited to examine the molecular origins of the measured transference 
number.49,64,65  
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2.3 Poly(ethylene oxide) Electrolytes 

In Figure 2.2, we show the dependence of 𝑡ା
଴, 𝑡ା

ெ, and 𝜌ା on c for a well-studied electrolyte: a 
mixture of poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl)imide 
(PEO/LiTFSI).20,35,63,66 The plot, which is taken from ref 20, is based on data obtained from 64 
independent electrolyte samples. Thus, the quantity measured directly, 𝜌ା, has relatively narrow 
error bars. However, 𝑡ା

଴ is obtained by combining several experimentally measured quantities (see 
equation 2.10), and this results in much larger error bars. 𝜌ା, 𝑡ା

଴, and 𝑡ା
ெ must be equal in the dilute 

limit. All the measured data in Figure 2.2 appear to be well outside this limit.  

 

 

 

The concentration-dependence of the three parameters is very different. 𝜌ା  is positive at all 
concentrations, as required by the second law of thermodynamics (see equations 2.9 and 2.10), 
and has a shallow minimum at c = 2.2 mol/L. 𝑡ା

ெ is also positive at all concentrations but has a 
deeper minimum at roughly the same concentration. The deepest minimum is seen in 𝑡ା

଴; at c = 2.4 
mol/L, 𝑡ା

଴ = −0.2. 𝑡ା
଴  is negative at concentrations between 1.8 and 2.9 mol/L. The importance of 

specifying the frame of reference is clear from Figure 2.2. 𝜌ା is not a good approximation for the 
transference number in any frame of reference. 

 

Figure 2.2. Plots of the current fraction and transference numbers with respect to the solvent and 
mass average velocities versus concentration for PEO/LiTFSI at 90 °C. The shaded areas reflect 
95% confidence intervals for 𝑡ା

଴  and 𝑡ା
ெ . The same confidence interval for 𝜌ା is commensurate with 

the thickness of the curve. These curves are fits to experimentally measured data points for 0.77 < c 
< 3.77 and an extrapolated c = 0 value of 𝜌ା = 𝑡ା

଴ = 𝑡ା
ெ = 0.1783 in the dilute limit where we fit 

𝜌ା = 0.0155𝑐ଷ − 0.0412𝑐ଶ − 0.0368𝑐 + 0.1783. The curves for 𝑡ା
଴  and 𝑡ା

ெ  are given by the 
following polynomial fits: 𝑡ା

଴ = −0.0532𝑐ହ + 0.4612𝑐ସ − 1.2179𝑐ଷ + 0.9141𝑐ଶ + 0.0488𝑐 +
0.1783 and 𝑡ା

ெ = −0.0189𝑐ହ + 0.1336𝑐ସ − 0.1886𝑐ଷ − 0.3108𝑐ଶ + 0.6869𝑐 + 0.1783. Note 
that 𝜌ା is not a good approximation for either transference number. 
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2.4 Conclusions 
The overall objective of measurements of the transference number and other transport properties 
is to determine the performance of batteries as they are charged or discharged. Figure 2.3 shows a 
schematic of a battery. Two examples of salt concentration profiles in the battery when current is 
drawn through it are given in Figure 2.3. For a given battery, the magnitude of the concentration 
gradients obtained at the same state-of-charge increases with increasing current. At low current 
density (e.g., i1), the salt concentration is finite throughout the battery and the entire electrodes can 
participate in redox reactions. At sufficiently high current density, however, (e.g., i2) the local salt 
concentration is zero at some locations in the electrodes (e.g., x > Llimit in Figure 2.3), and active 
particles in these regions cannot participate in redox reactions. This will lead to limited utilization 
of the capacity of the battery and other complications such as irreversible side reactions in the x > 
Llimit region. 

 

 

Equation 2.1 (or equivalent equations such as equation 2.2) lies at the heart of computer programs 
used to predict electrolyte concentration profiles in functioning battery.67 The concentration 
dependence of the transference number (not the absolute magnitude but the magnitude of the 
gradient of the curve in Figure 2.2) is an important parameter that is needed for such calculations.  

In conclusion, we have discussed the transference number in the context of the Hittorf cell, 
symmetric cells, and batteries. We stress the importance of specifying the frame of reference when 

Figure 2.3. Schematic of a battery with a composite anode and cathode. Active particles are shown in 
different colors with electron-conducting carbon particles shown in black are in intimate contact with the 
electrolyte. An inert porous separator (not shown explicitly) flooded with the electrolyte separates the 
cathodic and anodic chambers. The battery contains an electrolyte that is initially of concentration cav. 
The salt concentration profile at two applied current densities (i2 > i1) are shown. At the lower current 
density, all of the active particles participate in the redox reaction. At the higher current density, the 
cathode particles in the region x > Llimit do not participate in the redox reaction. The shading of the 
electrolytic phase reflects salt concentration. Predicting the concentration profiles as a function of current
density requires knowledge of the concentration dependence of the transference number. 
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defining the transference number. The large error bars associated with transference numbers are 
unavoidable if they are determined by combining the results of four separate experiments as is 
routine in current literature.40,63,68 Emerging methods such as electrophoretic NMR may enable 
higher precision measurements of the transference number.69–71 
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2.6 Nomenclature 
Table 2.1. List of symbols and abbreviations. 

Symbol Meaning 
KOH Potassium hydroxide 
H2SO4 Sulfuric acid 
LiPF6 Lithium hexafluorophosphate 
κ Ionic conductivity 
D Salt diffusion coefficient 
𝑡ା

଴  Cation transference number with respect to solvent velocity 
c Electrolyte concentration in molarity 
t Time 
v0 Spatially dependent solvent velocity 
c0 Solvent molarity 
i Current density 
F Faraday constant 
z+ Cation charge number 
𝑣ା Moles of cation obtained by dissociating a mole of electrolyte 
𝜔௘  Mass fraction of electrolyte 
ρ Density of electrolyte 
v Mass averaged velocity 
Me Molar mass of electrolyte 
𝑡ା

ெ Cation transference number with respect to the mass average velocity 
i+ Cation current 
c0 Solvent concentration in molarity 
c+ Cation concentration in molarity 
v+ Cation velocity 
𝑉ୡ୦ୟ୫ୠୣ୰  Volume of anodic chamber 
t+ Fraction of current carried by the cation 
cav Average concentration in molarity 
cfinal Final concentration in molarity 
𝑉௘  Partial molar volume of electrolyte 
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𝜔଴ Solvent mass fraction 
𝜔ି Anion mass fraction 
i0 Initial current 
iss Current at steady states 
ρ+ Current fraction 
Ne Dimensionless Newman number 
𝑣 Total moles of cations and anions produced by dissociating a mole of electrolyte 
R Gas constant 
T Temperature 
γାି Mean molal activity coefficient of the electrolyte 
m Molality 
PEO Poly(ethylene) oxide 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
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3 Electrochemical Properties of Poly(ethylene oxide) Electrolytes 
Above the Entanglement Threshold† 

Abstract 
 

Ion transport in electrolytes depends on three transport coefficients, conductivity (κ), 
salt diffusion coefficient (D), and the cation transference number with respect to the 
solvent velocity ( 𝑡ା

଴ ), and the thermodynamic factor (Tf). Current methods for 
determining these parameters involve four separate experiments, and the coupled 
nature of the equations used to determine them generally results in large experimental 
uncertainty. We present data obtained from 64 independent polymer electrolytes 
comprising poly(ethylene oxide) (PEO) and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. The molecular weights of PEO 
ranged from 5 to 275 kg mol-1; these samples are all above the entanglement threshold. 
We minimize the experimental uncertainty in transport and thermodynamic 
measurements by exploiting the fact that ion transport in entangled polymer 
electrolytes should be independent of molecular weight. The dependence of κ, D, 𝑡ା

଴ , 
and Tf as a function of salt concentration in the range 0.035 ≤ r ≤ 0.30 are presented 
with a 95% confidence interval, where r is the molar ratio of lithium ions to ethylene 
oxide monomer units. While κ, D, and Tf are all positive as required by thermodynamic 
constraints, there is no constraint on the sign of 𝑡ା

଴ . We find that 𝑡ା
଴  is negative in the 

salt concentration range of 0.093 ≤ r ≤ 0.189.  
 

3.1 Introduction 
A complete description of ion transport in electrolytic mixtures was first provided by Onsager, 
who recognized the importance of three independent transport parameters that we refer today as 
Onsager coefficients.37 These coefficients quantify frictional interactions between the cation and 
solvent, anion and solvent, and anion and cation. Measuring these transport coefficients is, 
however, nontrivial and beyond the scope of Onsager’s original work. Newman developed 
concentrated solution theory based on the Onsager approach and recast ion transport in terms of 
three different but related transport coefficients: ionic conductivity (κ), salt diffusion coefficient 
(D), and cation transference number with respect to the solvent velocity (𝑡ା

଴).38 In addition, it is 
necessary to measure the thermodynamic factor (Tf) which quantifies the dependence of the mean 

molal activity coefficient of the electrolyte, 𝛾±, on salt concentration  (
ௗ୪୬ఊ±

ௗ୪୬(௠)), where m is the 

molality. Newman’s approach is powerful because each of the four parameters κ, D, 𝑡ା
଴ , and Tf can 

be determined from a set of well-defined experiments.40  

While we focus on Newman’s approach for characterizing ion transport, it is one of many 
frameworks proposed in the literature.41–50 Some of these approaches employ different definitions 
for diffusion coefficients and transference numbers. For completeness, we clarify the definitions 
of these two parameters that are used in this paper, as specified in ref. 38. (1) The salt diffusion 
coefficient, D, is the proportionality factor that relates the flux density of salt to the  

_________________________ 
† This chapter was reported in Solid State Ionics, 2021, 364, 115609. 
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concentration gradient. (2) The cation transference number with respect to the solvent velocity, 𝑡ା
଴ , 

is the fraction of ionic current carried by the cation relative to the solvent velocity in an electrolyte 
of uniform composition, i.e., the cation velocity needed to calculate ionic current is determined 
using the solvent velocity as the reference. Even though 𝑡ା

଴  is defined for a solution of uniform 
composition, it is a property that can be used to quantify transport in electrolytes which are not of 
uniform composition, but it no longer represents the fraction of the current carried by the cation.38 
There is no ambiguity in the definitions of either conductivity, κ, or the mean molal activity 
coefficient of the electrolyte, 𝛾±. 

The Onsager-Newman approach applies to any mixture of charged species in a neutral solvent 
such as a low molecular weight liquid or a high molecular weight polymer. An example of an 
electrolyte of interest for rechargeable lithium batteries is a mixture of a lithium salt such as lithium 
hexafluorophosphate (LiPF6) dissolved in a suitable organic solvent such as propylene carbonate 
(PC); commercial batteries employ a mixture of carbonate solvents.5,72,73 

The passage of current through a battery results in the formation of concentration gradients within 
the electrolytic phase. The rate at which batteries can be charged and discharged is limited by the 
magnitude of these gradients. The limiting current is typically defined as the current at which the 
ion concentration at the cathode (we assume that the working ion is a cation) approaches zero. 
Operating a battery at currents that exceed this value can result in rapid degradation and, in some 
cases, catastrophic failure. Similar problems arise if the salt concentration at the anode exceeds the 
solubility limit.36,74 Concentration gradients in a battery electrolyte can only be predicted if κ, D, 
𝑡ା

଴ , and Tf are known functions of salt concentration.35,36,75 

The Newman approach for measuring transport coefficients involves four separate experiments.40 
Conductivity, κ, is obtained from a relatively straightforward experiment via ac impedance 
measurements using blocking electrodes. For the case of 1 M LiPF6/PC electrolytes at 25 °C, κ is 
consistently reported58,76–80 to lie between 5.9 x 10-3 to 6.4 x 10-3 S cm-1. Measuring the other 
transport parameters for lithium battery electrolytes requires the construction of 
lithium/electrolyte/lithium symmetric cells. The data obtained from these cells is inherently more 
complex due to the extreme reactivity of lithium, formation of the solid electrolyte interphase 
between lithium metal and all known electrolytes, and the instability of the lithium/electrolyte 
interface during electrochemical plating.7,8,81 Of the remaining parameters, the salt diffusion 
coefficient, D, is most straightforward to measure because it is obtained directly from restricted 
diffusion experiments. In spite of this, the reported58,79,80 value of the salt diffusion coefficient, D, 
in 1 M LiPF6/PC electrolytes at 25 °C varies significantly, from 1.8 x 10-6 to 4.0 x 10-6 cm2 s-1. 
Determining 𝑡ା

଴  and Tf is further complicated because they are determined by combining results 
from two separate experiments, one involving a symmetric cell and the other involving a 
concentration cell where two electrolytes at different salt concentrations are coupled together 
between lithium electrodes.40 The symmetric cell is used to obtain the steady-state current fraction, 
ρ+, the ratio of current obtained under steady dc polarization to that obtained in the absence of 
concentration polarization.82 The concentration cell is used to measure the dependence of the open 

circuit potential, U, on salt concentration (
ௗ௎

ௗ୪୬(௠)). If we combine the values of D given above for 

1 M LiPF6/PC with typical values58,76–80,83,84 for κ (6.1 x 10-3 S cm-1), ρ+ (0.33), and 
ௗ௎

ௗ୪୬(௠) (-90 mV 

ln(m)-1), the estimated values of 𝑡ା
଴  are 0.36 and -0.43. In other words, the uncertainty in salt 
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diffusion coefficient, which by itself seems reasonable, is so large that even the sign of 𝑡ା
଴  cannot 

be determined.  

While there are many reports of κ, D, 𝑡ା
଴ , and Tf in the literature, a detailed analysis of the 

uncertainty in the reported values is seldom mentioned. In this paper, we report the values of these 
parameters obtained in a standard polymer electrolyte, a mixture of poly(ethylene oxide) (PEO) 
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. We present data obtained at 90 °C 
from polymers with molecular weights ranging from 5 to 275 kg mol-1. We define a salt 
concentration r as the molar ratio of lithium ions to ethylene oxide repeat units. Our study covers 
salt concentrations in the range 0.005 ≤ r ≤ 0.3. In these electrolytes, the PEO chains are entangled; 
the critical molecular weight for entanglement in these polymer chains is 2 kg mol-1.85,86 The 
importance of chain entanglement in polymer electrolytes was first recognized by Shi and 
Vincent.87 A previous study88 showed that κ of PEO/LiTFSI at a fixed salt concentration was 
independent of polymer molecular weight above the entanglement threshold, an experimental 
observation corroborated by molecular dynamics simulations.89 In this paper, we show that this is 

more or less true at all salt concentrations. In addition, D, ρ+, 
ௗ௎

ௗ୪ (௠), 𝑡ା
଴ , and Tf are also more or 

less independent of molecular weight above the entanglement threshold at all salt concentrations. 
An important but rarely mentioned advantage of polymer electrolytes, then, is the capability to 
measure electrolyte properties using experiments that cover a wide range of molecular weights 
above the entanglement threshold, and average the data obtained from the different electrolytes, 
thereby reducing experimental uncertainty. In contrast, in the case of liquid electrolytes such as 1 
M LiPF6/PC, properties can only be measured at a single solvent molecular weight. 

 

3.2 Experimental Methods 

3.2.1 Electrochemical Characterization 

κ is determined by ac impedance spectroscopy of electrolytes with blocking electrodes. Measuring 
D and ρ+ require lithium/electrolyte/lithium symmetric cells: D is measured by restricted 
diffusion90 and ρ+ via the Bruce-Vincent60,91 method. U is measured by monitoring the open circuit 
potential of a concentration cell in which an electrolyte of salt concentration m is contacted 

together with a reference electrolyte of r = 0.06 or m = 1.38 kg mol-1. 
ௗ௎

ௗ୪ (௠) can be obtained from 

the slope of a plot of U with respect to the natural logarithm of m. 

 
The thermodynamic factor, Tf, is given by the following equation: 

𝑇୤ =
𝜅

2𝑅𝑇𝐷𝑐 ቀ 1
𝜌ା

− 1ቁ
൬

d𝑈
dln(𝑚)൰

ଶ
(3.1) 

where R is the gas constant, T is the temperature, and c is the molarity. The cation transference 
number is given by the following equation: 

𝑡ା
଴ = 1 − 𝑡ି

଴ = 1 −
𝐹𝐷𝑐

𝜅 ൬ d𝑈
dln(𝑚)൰

൬1 −
1

𝜌ା
൰ (3.2)
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where 𝑡ି
଴  is the anion transference number and F is the Faraday constant. 

Data was taken from previously published results which also include more detailed experimental 
procedures for measuring each transport parameter (see Table 3.1).35,63,75,92–94 Data used in this 
report, and their units of measurement, is provided in the Supporting Information (SI). 

 

Table 3.1. PEO molecular weights in PEO/LiTFSI electrolytes 

Molecular Weight 
(kg mol-1) 

Reference(s) 

5 
Pesko et al. 
Chintapalli et al. 

10 Hoffman et al. 
35 Gribble et al. 
100 Zheng et al. 
275 Pesko et al. 

 

3.2.2 Error Propagation 

The electrochemical data shown at each specific molecular weight and salt concentration is the 
average of at least three measurements in as many different samples. The error bars are the standard 
deviation of the measured values among the samples. We use standard error propagation for 𝑡ା

଴ , 
assuming independent variables and neglecting correlations.95 The error for 𝑡ା

଴ , then, is given by a 
simplified expression: 

𝛿𝑡ା
଴ = |𝑡ି

଴|ඪ൬
𝛿𝜅
𝜅 ൰

ଶ

+ ൬
𝛿𝐷
𝐷 ൰

ଶ

+ ൬
𝛿𝜌ା

𝜌ା
൰

ଶ

+ ൮

𝛿d𝑈
dln(𝑚)

d𝑈
dln(𝑚)

൲

ଶ

 (3.3) 

where |𝑡ି
଴| is the magnitude of the anion transference number and the standard deviations for each 

electrochemical measurement are given by δκ, δD, δρ+, and δ ௗ௎
ௗ୪ (௠). Note that the first term of the 

right side of Equation 3.3 is the magnitude of the anion transference number, and we also include 
error from the concentration cell data, facts that were missed in ref 63. δκ, δD, and δρ+ are 

experimental standard deviations while δ ௗ௎
ௗ୪୬(௠) is approximated from the fit of the experimental 

concentration cell data by using each fit coefficient’s standard deviation and applying standard 
error propagation.95  

 

3.3 Results and Discussion 
Figure 3.1 plots the electrochemical properties κ, D, ρ+, and U of PEO/LiTFSI electrolytes as a 
function of PEO molecular weight. Five representative salt concentrations are shown (r = 0.02, 
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0.08, 0.14, 0.2, and 0.3). As expected, none of the properties shown in Figure 3.1 exhibit 
discernible and systematic dependence on molecular weight.  

 

 

Figure 3.2a shows κ of PEO/LiTFSI electrolytes as a function of salt concentration. The curve was 
obtained by fitting an expression for conductivity proposed by Mongcopa et al.96 through the entire 
data set: 

𝜅 = 0.058𝑟 exp ቀ−
𝑟

0.075ቁ   [
𝑆

𝑐𝑚]. (3.4) 

At low salt concentrations, κ increases with increasing r due to the increase in charge carrier 
concentration. Equation 3.4 has an analytical maximum at r = 0.075, consistent with several reports 
on PEO electrolytes.66,97–100 The maximum is obtained because segmental motion, which plays an 
important role in ion transport, becomes slower with added salt.101,102 

Figure 3.1. Molecular weight dependence of PEO/LiTFSI electrolytes at representative salt 
concentrations at 90 °C (circles/r = 0.02; squares/r = 0.08; triangles/r = 0.14; inverted triangles/r = 
0.2; diamonds/r = 0.3) for (a) ionic conductivity, κ, (b) current fraction, ρ+, (c) salt diffusion 
coefficient, D, and (d) open circuit potential from concentration cells, U. Each data point in (a) – (d) 
represents the average of at least 3 independent samples and the error bars correspond to the standard 
deviation. 
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Figure 3.2b shows the dependence of ρ+ on r. The curve was obtained by fitting the entire data set 
to a 2nd order polynomial: 

𝜌ା = 0.178 − 1.79𝑟 + 7.25𝑟ଶ . (3.5) 

Equation 3.5 has an analytical minimum at r = 0.123, consistent with several reports in the 
literature.99,103 Computer simulations suggest that the non-monotonic dependence of ρ+ on r is due 
to the formation of transient, negatively charged ion clusters.104,105 Equation 3.5 is remarkably 
similar to the fit reported by Galluzzo et al. for a series of mixtures of polystyrene-b-poly(ethylene 
oxide) copolymers and LiTFSI.106  

Figure 3.2c shows the dependence of D as a function of r. The curve was obtained by fitting the 
entire data set to a 2nd order 
polynomial:

𝐷 = (7.46 ∗ 10ି଼) + (2.75 ∗ 10ି଻)𝑟 − (1.41 ∗ 10ି଺)𝑟ଶ   [௖௠మ

௦
]. (3.6) 

D is a weak function of salt concentration in the range 0 < r < 0.20. Equation 4.6 gives a weak 
analytical maximum at r = 0.098, which is consistently seen at all molecular weights (see Figure 
3.2c). 

Finally, we plot U as a function of ln(m) in Figure 3.2d. The abscissa was chosen because the 

quantity of interest is 
ௗ௎

ௗ୪୬(௠). The curve was obtained by fitting all data points to a power law 

equation: 

𝑈 =  100 − 74.9𝑚଴.଼ସ   [𝑚𝑉]. (3.7) 

Equation 3.7 has no analytical maximum or minimum within the salt concentrations measured, but 
there is an analytical zero found at m = 1.41 which corresponds to r = 0.062, closely matching the 
reference electrolyte concentration of r = 0.06,  as expected.  
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The uncertainty of the fits in Figure 3.2 are represented by a 95% confidence interval and shown 
as gray shading surrounding the fitted curves. They represent the uncertainty of the fitted Equations 
3.4-3.7 based on the entire set of 64 samples. Details of our approach are given in the SI. 

The curves shown in Figure 3.2 are parsimonious fits of the experimental data. In the case of 
conductivity, which has been studied extensively, the fit parameters in Equation 3.4 reflect 

 

Figure 3.2. Electrochemical measurements of PEO/LiTFSI electrolytes at 90 °C for different salt 
concentrations and molecular weights (circles/5 kg mol-1; squares/10 kg mol-1; upward pointing 
triangles/35 kg mol-1; downward pointing triangles/100 kg mol-1; diamonds/275 kg mol-1). The black 
line represents a fit through the entire data set. 95% confidence intervals for each fit are given by the 
gray shading. (a) Ionic conductivity, κ, from ac impedance spectroscopy of blocking electrode cells. (b) 
Current fraction, ρ+, from applying the Bruce-Vincent method to lithium symmetric cells. (c) Salt 
diffusion coefficient, D, from using restricted diffusion method with lithium symmetric cells. (d) 
Measured open circuit potential, U, from concentration cells. Each data point in (a) – (c) represents the 
average of at least independent 3 samples and the error bars correspond to the standard deviation. Each 
data point in (d) is an independent sample. 
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understanding of ion transport at the molecular level. The molecular underpinnings of the fit 
parameters in Equations 3.5-3.7 remain to be established. There is no molecular basis for the 
assumed functional forms of these equations.  

We can use the data and fits in Figure 3.2 to calculate the cation transference number with respect 
to solvent velocity, 𝑡ା

଴  from Equation 3.2 and the thermodynamic factor, Tf, from Equation 3.1. 
Figure 3.3a shows 𝑡ା

଴  as a function of r. The curve was obtained by substituting Equations 3.4-3.7 

into Equation 3.2. The data were obtained by inserting the measured values κ, D, ρ+, and 
ௗ௎

ௗ୪୬(௠) 

directly into Equation 3.2. The large uncertainty in the data is due to the propagation of error in 
individual experiments, quantified by Equation 3.3. The uncertainty of the curve, however, is much 
less as it is based on data from 64 electrolytes created from polymers with widely differing 
molecular weights. Our analysis shows that 𝑡ା

଴ is a non-monotonic function of salt concentration. 
At values 0.093 ≤ r ≤ 0.189, 𝑡ା

଴  is negative. A negative 𝑡ା
଴  means that when an electric field is 

applied to a PEO/LiTFSI mixture in this salt concentration range, the initial velocity of the cation 
and anion, measured using the solvent velocity as a reference, points toward the positive electrode. 
The implication is that in this range of salt concentrations, ion transport is dominated by negatively 
charged clusters.104,105,107–111 The phenomenon of triple ions or higher associates that may carry a 
net charge that is opposite to the “central" ion is well-known in electrochemistry.112–115 For r > 
0.189, we see an increase in 𝑡ା

଴  to positive values, which could be attributed to the breakup of 
negatively charged clusters.  

Figure 3.3b shows Tf as a function of r. The curve was obtained by substituting Equations 3.4-3.7 

into Equation 3.1. The data were obtained by inserting the measured values κ, D, ρ+, and 
ௗ௎

ௗ୪ (௠) 

directly into Equation 3.1. The dependence of Tf on r falls into two regimes. In the regime r < 0.17, 
Tf is small and is a weak function of r. This implies that the dependence of the salt activity 

coefficient on salt concentration, 
ௗ୪୬ఊ±

ௗ୪ (௠), is small in this regime. Molecular dynamics simulations 

show that the most probable motif is one where each lithium ion is solvated by 6 ether oxygens in 
PEO.116,117 At r = 1/6 = 0.17, all the available oxygens are coordinated with lithium ions. When 
the salt concentration exceeds this value, the average coordination environment of the lithium ions 
must necessarily be different from the most favorable configuration, including anion coordination. 
One expects this to result in a rapid change in the chemical potential of the salt. We attribute the 
rapid increase of Tf in the r > 0.17 regime to this effect. In the limit of r tending to 0, the electrolytes 
should be thermodynamically ideal and Tf should approach unity. The Debye-Huckel theory 
indicates that Tf should be less than 1 in sufficiently dilute electrolytes.118 While our data are 
consistent with these expectations, the Debye-Huckel regime is outside the scope of our analysis.  

The uncertainty in the fits in Figure 3.3 are represented by an approximate 95% confidence interval 
and shown as gray shading surrounding the fitted curves. They represent the uncertainty of the 
indirectly derived parameters Tf and 𝑡ା

଴  using Equation 3.1 and 3.2 based on the entire set of 64 
samples. The uncertainty was obtained utilizing a Monte Carlo method.119,120 We ran 105 trials 

sampling values for κ, D, ρ+, and 
ௗ௎

ௗ୪୬(௠) centered around their mean with standard deviations of 

the fits of Equations 3.4-3.7 and calculated the resulting values for Tf and 𝑡ା
଴  using Equation 3.1 

and 3.2 for each trial. The lower bound and upper bound of the 95% confidence interval is then 
given by the 2.5 and 97.5 percentile values in these trials. Details of our approach are given in the 
SI.  
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The curves in both Figures 3.3a and 3.3b only extend to r = 0.035 in the dilute limit. At 
concentrations below this value, the curves are extremely sensitive to small changes in the fit 
parameters. In the dilute limit, ρ+ approaches 0.18 and κ is proportional to c, implying that the 

magnitude of 𝑡ା
଴  depends crucially on the magnitude of 

ௗ௎
ௗ୪୬(௠) that appears in the denominator. 

However, 
ௗ௎

ௗ୪ (௠) approaches a very small value in the dilute limit (see Figure 3.2d) and small 

changes in this value lead to very large changes in 𝑡ା
଴ . Similar problems arise when one examines 

Equation 3.1 for Tf in the dilute limit. A parsimonious extrapolation of the curve representing the 
dependence of 𝑡ା

଴  on r suggests that the transference number in the limit of r = 0 is 0.35. The fitted 
expression for 𝑡ା

଴  does not give this result as it is affected by the scattered data at r < 0.035. Despite 
these limitations, the complete electrochemical characterization of three different sets of polymer 
electrolytes enable accurate quantification of ion transport over a large range of salt concentrations 
0.035 ≤ r ≤ 0.30. This is also the concentration range of practical relevance. 

 

3.4 Conclusions 
We have demonstrated that mixtures of lithium salt and entangled polymer chains are robust model 
systems for studying the fundamentals of ion transport. We present measurements of κ, D, ρ+, and 

ௗ௎
ௗ୪୬(௠) of PEO/LiTFSI using 64 independent electrolyte samples with PEO molecular weights 

ranging from 5 to 275 kg mol-1 and salt concentrations 0.005 ≤ r ≤ 0.3. Current methods for 
determining these transport and thermodynamic parameters involve four separate experiments. 

Figure 3.3. PEO/LiTFSI electrolyte properties at 90 °C of (a) cation transference number, 𝑡ା
଴ , as 

calculated by Equation 4.2 and (b) thermodynamic factor, Tf, as calculated by Equation 3.1. Data points 
are the properties determined at each individual molecular weight (circles/5 kg mol-1; squares/10 kg 
mol-1; diamonds/275 kg mol-1) and the error bars correspond to one standard deviation. The black line 
is calculated from Equations 3.1-3.2 using the fitted Equations 3.4-3.7 and is shown for r ≥ 0.035. 95% 
confidence intervals are given by the gray shading. 
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The coupled nature of the equations used to determine the parameters results in large experimental 
uncertainty. A salient feature of this work is the rigorous quantification of experimental uncertainty. 
We minimize this uncertainty by taking advantage of the fact that transport and thermodynamics 
properties of polymer electrolytes above the entanglement threshold are independent of molecular 
weight. The dependence of transport parameters κ, D, 𝑡ା

଴, and the thermodynamic factor, Tf, on 
salt concentration are presented with a confidence interval of 95%. κ, D, and Tf are positive as 
required by the second law of thermodynamics. There are, however, no constraints on the sign of 
𝑡ା

଴ . We find that 𝑡ା
଴  is negative in the salt concentration window of 0.093 ≤ r ≤ 0.189.  
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3.6 Supporting Information 
Data used in the uncertainty analysis for each electrochemical parameter is given in the 
Supplementary Material 2 file found at: https://doi.org/10.1016/j.ssi.2021.115609.  

The uncertainty analysis was performed using Igor Pro 6.37 and MATLAB R2020b. Fitting κ, D, 
ρ+, and U to Equations 3.4-3.7 was done using either Igor’s CurveFitting or MATLAB’s nlinfit() 
function. 95% confidence intervals for these fits can be generated using Igor’s built-in 
CurveFitting error analysis or MATLAB’s nlpredci() function. The difference between the lower 
bound (LB) and upper bound (UB) of the 95% confidence interval is 2Δi; the half-width of these 
95% confidence intervals is denoted by Δi where i is the electrochemical property of interest and 

the standard deviation is then 
௱೔
ଶ

. Note that 𝛥 ೏ೆ
೏ౢ౤(೘)

 is given by | ௗ(௱ೆ)
ௗ௠

𝑚| as 
ௗ௎

ௗ௟௡(௠) = ௗ௎
ௗ௠

ௗ௠
ௗ௟௡(௠) =

ௗ௎
ௗ௠

𝑚.  

Tf and 𝑡ା
଴  are indirectly derived parameters determined by using Equation 3.1 and 3.2. The 95% 

confidence intervals for these parameters was obtained utilizing a Monte Carlo method. The 
detailed code for this is given in the Appendices of this thesis. For each salt concentration, 105 

trials are run, sampling values for κ, D, ρ+, and 
ௗ௎

ௗ୪୬(௠) centered around a normal distribution around 

the mean of the fit where the standard deviation is 
௱೔
ଶ

.  MATLAB’s normrnd() function is used to 
generate these values. The resulting values are then applied to Equations 3.1 and 3.2 to calculate 
the values of Tf and 𝑡ା

଴ for each trial. The lower bound and upper bound of the 95% confidence 

interval is then given by the 2.5 and 97.5 percentile values. Because κ, D, ρ+, and 
ௗ௎

ௗ୪ (௠) are 

dependent on salt concentration, these trials are then repeated for different salt concentrations until 
the 95% confidence interval is completed for the entire salt concentration range of interest.  
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3.7 Nomenclature 
Table 3.2. List of symbols and abbreviations. 

Symbol Meaning 
κ Ionic conductivity 
D Salt diffusion coefficient 
𝑡ା

଴  Cation transference number with respect to solvent velocity 
Tf Thermodynamic factor 
PEO Poly(ethylene) oxide 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
r Salt concentration given by the ratio of lithium ions in the salt to oxygen atoms in 

the polymer 
γାି Mean molal activity coefficient of the electrolyte 
m Salt concentration in molality 
LiPF6 Lithium hexafluorophosphate 
PC Propylene carbonate 
𝑈 Open circuit potential 
ρ+ Current fraction 
R Gas constant 
T Temperature 
𝑐 Concentration in molarity 
𝑡ି

଴  Anion transference number with respect to solvent velocity 
F Faraday constant 
δ Standard deviation 
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4 Dependence of the Salt Diffusion Coefficient on Molecular Weight 
Abstract 

Properties of polymer electrolytes often depend on molecular weight, though these 
properties become constant when the molecular weight increases beyond the 
entanglement threshold. We determined the salt diffusion coefficient in different 
molecular weights (5 kg mol-1, 35 kg mol-1, 275 kg mol-1) of poly(ethylene oxide) 
electrolytes above its entanglement weight. The restricted diffusion method in lithium-
lithium symmetric cells was used: various current densities were applied until a steady-
state potential was reached, then the concentration gradient formed was allowed to 
relax. The salt diffusion coefficient was extracted by fitting the potential profile to an 
exponential equation. We find that the salt diffusion coefficient has no dependence on 
applied current density. A very weak correlation between salt diffusion coefficient and 
molecular weight was found. The implications of a salt diffusion coefficient 
dependency on molecular weight are discussed. Further investigation on different 
molecular weights of poly(ethylene oxide) electrolytes is needed to provide more 
evidence for the relationship between salt diffusion coefficient and molecular weight. 

 

4.1 Introduction 
Mixing polymers and lithium salt forms an electrolyte. These polymer electrolytes are 
nonflammable and thus of great interest as a safer alternative to the traditionally combustible liquid 
electrolytes found in typical lithium ion batteries. However, while typical electrolyte solvents such 
as ethylene carbonate or dimethyl carbonate have a fixed size and low molecular weight, polymers 
can have different sizes and increasing their chain length leads to high molecular weights. Many 
physical properties of a polymer are known to be dependent on its molecular weight, or chain 
length. For example, viscosity increases as molecular weight increases, and this relationship is 
given by the power law expression described in the Mark-Houwink equation.121 It is not too 
surprising that ion transport in polymer electrolytes is also related to polymer size. Ion transport 
in polymer electrolytes above the glass transition temperature is believed to take place through two 
primary mechanisms.122,123 One mechanism occurs through the diffusion of the entire polymer 
chain with the coordinated ions; such motion has a polymer chain length dependence. The other 
mechanism occurs via segmental motion of the polymer chains around the ions whereby ions hop 
between sites, and above a certain molecular weight, this is thought to be independent of the 
polymer chain length.124 

In high molecular weight polymer electrolytes, ion transport is assumed to be governed by 
segmental motion, as increasing molecular weight results in rapidly decreasing polymer diffusion 
coefficients as the solvation shell becomes entangled with the polymer.125 Indeed, high molecular 
weight polymer electrolytes are typically above the entanglement threshold, where the polymer 
chains are entangled and many properties no longer change with increasing size.85,87,125 In the most 
studied polymer electrolyte system made up of poly(ethylene oxide) (PEO) and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, this entanglement threshold is around 2 kg mol-

1. Above this molecular weight, it has been shown that transport properties such as conductivity 
and current fraction remain constant with increasing molecular weight.20,88 
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The property of interest for this study is the salt diffusion coefficient. While no molecular weight 
dependence above the entanglement threshold was reported in prior studies, herein we present an 
in-depth investigation. We wish to probe the relationship between salt diffusion coefficient and 
molecular weight, and determine whether signatures of the polymer chain diffusion mechanism 
can be detected through electrochemical measurements.  

We measured the salt diffusion coefficient using the restricted diffusion method in lithium-lithium 
symmetric cells for a range of PEO molecular weights (5 kg mol-1, 35 kg mol-1, 275 kg mol-1). No 
signatures of changes in polymer chain diffusion were observed in the potential relaxation profiles 
measured in the restricted diffusion method. A very weak correlation between salt diffusion 
coefficient and molecular weight was found, but further studies at higher molecular weights of 
PEO are needed. This study highlights the challenges in determining salt diffusion coefficients and 
illustrates the need for both precise measurements and new measurement strategies. We note that 
in PEO/LiTFSI electrolytes, a major source of uncertainty in the calculated cation transference 
number with respect to the solvent velocity is a result of the uncertainty in the measured salt 
diffusion coefficients.20 

 

4.2 Experimental Methods 

PEO (Polymer Source) of molecular weights of 35 kg mol-1 and 275 kg mol-1 was used in this 
study. All polymers were dried in a glovebox antechamber under vacuum at 90 °C for at least 24 
h prior to use. LiTFSI (Sigma Aldrich) was dried under vacuum at 120 °C for at least 72 h.  

PEO/LiTFSI electrolytes were prepared by mixing LiTFSI with PEO in tetrahydrofuran. The salt 
concentration of the electrolytes was r = 0.08 were prepared, where we define r as the molar ratio 
of oxygen atoms in PEO to lithium ions in the salt. All electrolyte solutions were transparent, 
indicating complete dispersion of all mixture components. The electrolytes were stirred on a hot 
plate at 70 °C until all of the tetrahydrofuran had evaporated and then further dried in a glovebox 
antechamber under vacuum at 90 °C for 24 h to remove any residual solvent.  

All sample preparation was performed inside of an argon glovebox with water and oxygen levels 
below 1 and 2 ppm, respectively. Lithium symmetric cells were prepared by pressing the polymer 
electrolyte into a 508 μm thick silicone spacer with a 1/8 in. inner diameter and sandwiching 
between lithium foil backed with stainless steel shims. Nickel tabs were secured to the stainless 
steel shims to serve as electrical contacts, and the entire assembly was vacuum sealed in laminated 
aluminum pouch material. Each cell was taken out of the glovebox, placed in a custom-built 
heating stage and electrochemical characterization was performed via a Bio-Logic VMP3 
potentiostat. At the conclusion of the experiments, samples were taken back into the glovebox to 
check for defects, and the assembly was measured to determine electrolyte thickness. 

Electrochemical characterization was done at 90 °C. The cells were first conditioned for at least 
four charge/discharge cycles at a low current density of 0.02 mA cm-2 to ensure a stable interfacial 
layer was introduced. Each conditioning cycle consisted of a 3 h charge followed by a 1.5 h rest, 
then a 3 h discharge and 1.5 h rest. After pre-conditioning the cells, we ran restricted diffusion 
experiments.90 The experimental procedure can be summarized as follows (see Figure 4.1): 
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1. Galvano electrochemical impedance spectroscopy (GEIS) over a 0.1-106 Hz frequency 
range at an amplitude of 80 mV to determine the initial bulk and interfacial resistances of 
the cell. 

2. Chronopotentiometry (CP) step where the desired current density i0 is applied to the cell. 
In these experiments, 𝑖଴ = 0.02, 0.06, 0.1, 0.2, 0.4  [mA cmିଶ]. We measure the potential 
response over 3 h, which is typically when steady-state potential is reached. 

3. GEIS step with a controlled applied current equal to that of the applied current density in 
step 2, to determine the steady-state bulk and interfacial resistances. 

4. Open circuit voltage (OCV) step where we allow the cell to relax. We measure the potential 
response over 1.5 h, which is typically how long it takes the potential to relax to a near-
zero steady state value. 

5. Repeat steps 1-4 but in the opposite direction, i.e. with negative applied current densities. 
 

 

Figure 4.1. Example PEO (35 kg mol-1) electrolyte data showing potential response to applied current 
density and open circuit relaxation. The chronopotentiometry (CP) step is when different current densities 
are applied to the symmetric cell, and the potential typically increases before reaching a steady state value. 
The value of this steady-state potential depends on the applied current density and the bulk and interfacial 
resistance of the symmetric cell. The cell is then allowed to relax under open circuit voltage (OCV). This 
procedure is then repeated with the applied current in the negative direction.  

To determine the salt diffusion coefficient, D, we use the potential vs. time data obtained in the 
OCV steps. The relaxation curve can be fit to an exponential expression derived from Fick’s Law. 
This restricted diffusion analysis is given in detail in ref 90 and the Appendix.  

The ionic conductivity, κ, can be calculated from the bulk resistances measured in the GEIS steps, 
given a known thickness of the electrolyte and contact area between the electrolyte and lithium. 
This analysis is well known, and further discussion is included in the Appendix.  

The current fraction, ρ+, can be calculated from the bulk and interfacial resistances measured in 
the GEIS steps as well as the potential values measured over time in the CP steps. We used the 
Bruce-Vincent method to determine the current fraction, but the traditional method uses 
chronoamperometry where a potential difference is applied to the system and the current response 
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is measured. Herein, we apply a current density and measure the potential response. An analogous, 
though perhaps simplified version of this expression is given by the following: 

𝜌ା =
𝑉଴ − 𝑖଴𝑅୧,୧
𝑉୤ − 𝑖଴𝑅୧,୤

, (4.1) 

where 𝑉୤ is the steady-state potential, 𝑉଴ is the initial potential as determined by the expression 
𝑉଴ = 𝑖଴(𝑅ୠ,୧ + 𝑅୧,୧), i0 is the applied current density, and 𝑅ୠ,୧, 𝑅୧,୧, 𝑅୧,୤ are the initial bulk resistance, 
initial interfacial resistance, and steady-state interfacial resistance respectively. 

 

4.3 Results and Discussion 
Figure 4.2a shows the salt diffusion coefficient of PEO of three molecular weights as determined  
at different current densities. We find that the relaxation of the steady-state potential follows 
similar behavior regardless of the applied current density to reach steady-state (see Figure 4.1). 
The calculated salt diffusion coefficients are more or less the same for all current densities. The 
275 kg mol-1 PEO has the lowest salt diffusion coefficient, with a value of around 9 x 10-8 cm2 s-

1. The measured 35 kg mol-1 PEO salt diffusion coefficient has a larger uncertainty and greater 
variance, but the salt diffusion coefficient is around 2.5 x 10-7 cm2 s-1. The larger uncertainty can 
be attributed to the more liquid-like behavior of the lower molecular weight polymer, leading to 
greater uncertainty of electrolyte thickness and contact area. Data for PEO of molecular weight 5 
kg mol-1 is shown by the dashed line, as reported by Pesko et al with a salt diffusion coefficient of 
around 1.1 x 10-7 cm2 s-1.63 There is clearly a difference in the values of the salt diffusion coefficient 
for the three different molecular weights. 

 

 

Figure 4.2. Salt diffusion coefficient and ionic conductivity calculated under different applied current 
densities, for a range of PEO molecular weights. (a) Salt diffusion coefficient for reported PEO (5 kg mol-

1) data shown by the dashed line from ref. 63, PEO (35 kg mol-1, blue squares), and PEO (275 kg mol-1, red 
triangles). (b) Ionic conductivity for reported PEO (5 kg mol-1) data shown by the dashed line from ref. 63, 
PEO (35 kg mol-1, blue squares), and PEO (275 kg mol-1, red triangles). There appears to be no dependence 
of salt diffusion coefficient or ionic conductivity on the applied current density. Salt diffusion coefficient 
shows some correlation between molecular weights, while ionic conductivity does not. 
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Figure 4.2b shows the ionic conductivity of PEO of three molecular weights as determined  at 
different current densities. We find no significant differences in the impedance data across applied 
current densities. The calculated ionic conductivity is more or less the same for all current densities. 
While we saw differences in the calculated salt diffusion coefficient, we find that the ionic 
conductivity is fairly similar across molecular weights of PEO. The ionic conductivity of 275 kg 
mol-1 PEO ranges between 1.6 to 1.9 mS cm-1, while for 35 kg mol-1, it ranges between 1.8 to 2.1 
mS cm-1. The 5 kg mol-1 PEO data, reported by Pesko et al., is 2.2 mS cm-1.63 While the average 
data values are not the same across molecular weights, accounting for the uncertainty of the 
measurements yields reasonable agreement between molecular weights. All in all, we find minor 
correlation between the salt diffusion coefficient and molecular weight of PEO, while ionic 
conductivity shows little to no correlation.  

In Figure 4.3 we plot the average salt diffusion coefficient across all current densities and its 
dependence on molecular weight. We find that the salt diffusion coefficient has a very weak 
dependence on molecular weight. We can fit the data to a power law relationship where we have: 

𝐷 = 1.61 ∗ 10ି଻൫𝑀ି଴.଴ଷ଺൯. (4.2) 

More measurements of different PEO molecular weights is needed to determine whether there is 
truly a correlation between salt diffusion coefficient and polymer chain length in PEO.  

 

 

Figure 4.3. Dependence of salt diffusion coefficient on molecular weight of PEO. Data points shown are 
average salt diffusion coefficients determined across various current densities for molecular weights of 35 
kg mol-1and 275 kg mol-1 while the 5 kg mol-1 data is taken from ref. 63. The black line represents a fit to a 
power law relationship between the salt diffusion coefficient and molecular weight: 𝐷 = 1.61 ∗
10ି଻(𝑀ି଴.଴ଷ଺). D has a very weak dependence on M from the data available in this study. 

There are several implications of a salt diffusion coefficient dependency on molecular weight in 
polymer electrolytes. Newman’s concentrated solution theory provides a rigorous method for fully 
characterizing an electrolyte system and enables modeling of concentration gradients in 
electrolytes during battery operation.38 An important transport parameter, the cation transference 
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numbers with respect to the solvent velocity, 𝑡ା
଴ , can be derived from the measurement of several 

independent transport parameters, the salt diffusion coefficient among them.38,40 Figure 4.4a shows 
the dependence of 𝑡ା

଴  on D for a PEO/LiTFSI electrolyte with r = 0.08 at 90 °C, where the transport 
properties are taken from ref. 63. We see that 𝑡ା

଴  only approaches unity at low values of D < 10-8 

cm2 s-1. Interestingly, as D increases, 𝑡ା
଴  decreases, and becomes negative for D > 10-7 cm2 s-1. 

Figure 4.4b plots the dependence of 𝑡ା
଴  on M using equation 4.2 as a simplified relationship 

between D and M in PEO/LiTFSI. For a range of molecular weights of interest from around 1 kg 
mol-1 to 104 kg mol-1 (ultra high weight PEO126,127) we find that 𝑡ା

଴  can vary from -0.7 to -0.2. 
While the relationship in equation 4.2 may not be valid across larger molecular weights due to the 
lack of experimental data at these high molecular weights, and further measurements are needed 
to validate whether a relationship between D and M does exist, Figure 4.4 provides an illustration 
of its implications on an important transport parameter. A D dependence on M also has 
fundamental polymer physics implications. Insights may be gleaned when electrochemical 
experiments such as those described herein are coupled with other characterization techniques, 
such as NMR or neutron spin echo.128,129  

 

 

Figure 4.4. Effect of salt diffusion coefficient and molecular weight on the cation transference number in 
PEO. (a) The dependence of the cation transference number on salt diffusion coefficient for PEO/LiTFSI 
at r = 0.08, with all other parameters held constant. 𝑡ା

଴  approaches 1 for lower values of D, while increasing 
D causes 𝑡ା

଴  to decrease dramatically. (b) Applying the dependence of D on M to show the dependence of 
𝑡ା

଴  on M. When M increases, 𝑡ା
଴  increases. 

 

4.4 Conclusions 
We have determined the salt diffusion coefficient using the restricted diffusion method in lithium-
lithium symmetric cells for a range of PEO molecular weights (5 kg mol-1, 35 kg mol-1, 275 kg 
mol-1). We applied various current densities until a steady-state potential was reached, then 
allowed the concentration gradient formed to relax. The potential relaxation profiles measured 
showed similar form for all applied current densities and the salt diffusion coefficient was 
extracted by fitting the potential profile to an exponential equation. A very weak correlation 
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between salt diffusion coefficient and molecular weight was found. Further studies on different 
molecular weights of PEO are needed to provide more evidence for the relationship between salt 
diffusion coefficient and molecular weight. This study highlights the challenges in determining 
salt diffusion coefficients. Future work optimizing the restricted diffusion measurement or 
development of new measurement techniques is warranted. Finally, a diffusion coefficient 
dependency on molecular weight has numerous important implications for electrolyte applications 
in lithium batteries. 
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4.6 Nomenclature 
Table 4.1. List of symbols and abbreviations. 

Symbol Meaning 
PEO Poly(ethylene) oxide 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
r Salt concentration given by the ratio of lithium ions in the salt to oxygen atoms in 

the polymer 
GEIS Galvano electrochemical impedance spectroscopy 
CP Chronopotentiometry 
OCV Open circuit voltage 
κ Ionic conductivity 
D Salt diffusion coefficient 
𝑡ା

଴  Cation transference number with respect to solvent velocity 
ρ+ Current fraction 
𝑉଴ Voltage 
i0 Current density 
R Resistance 
M Molar mass 

  



31 
 

5 Optimizing the Monomer Structure of Polyhedral Oligomeric 
Silsesquioxane for Ion Transport in Hybrid Organic-Inorganic Block 

Copolymers† 
Abstract 

Poly(ethylene oxide)-b-polyhedral oligomeric silsesquioxane (PEO-POSS) mixed 
with lithium bis(trifluoromethanesulfonyl)imide salt is a nanostructured hybrid 
organic-inorganic block copolymer electrolyte that may enable lithium metal batteries. 
The synthesis and characteristics of three PEO-POSS block copolymer electrolytes 
which only differ by their POSS silica cage substituents (ethyl, isobutyl, isooctyl) is 
reported. Changing the POSS monomer structure results in differences in both 
thermodynamics and ion transport. All three neat polymers exhibit lamellar 
morphologies. Adding salt results in the formation of a disordered window which 
closes and gives way to lamellae at higher salt concentrations. The width of disordered 
window decreases with increasing length of the POSS alkyl chain substituent from 
ethyl to isobutyl and is absent in the isooctyl sample. Rheological measurements 
demonstrate good mechanical rigidity when compared with similar all-organic block 
copolymers. While salt diffusion coefficient and current ratio are unaffected by 
substituent length, ionic conductivity increases as the length of the alkyl chain 
substituent decreases: the ethyl substituent is optimal for ion transport. This is 
surprising because conventional wisdom suggests that ion transport occurs primarily 
in the PEO-rich domains, i.e. ion transport should be unaffected by substituent length 
after accounting for the minor change in conducting phase volume fraction. 

 

5.1 Introduction 
Solid polymer electrolytes are of interest for developing safer lithium batteries as they are less 
flammable than more traditional organic liquid electrolytes.2,3,13 They may also enable the 
development of higher energy density batteries with lithium metal anodes.6,17 In order to be used 
in lithium metal batteries, polymer electrolytes must have good ion transport properties as well as 
high mechanical rigidity to prevent lithium dendrite growth.10 These two properties are decoupled 
in block copolymers such as polystyrene-b-poly(ethylene oxide) (SEO) wherein the polystyrene-
rich microphase provides mechanical strength and the poly(ethylene oxide)-rich microphase 
enables ion transport when a salt such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is 
mixed with the copolymer.130 The phase behavior of these materials is also important, as ion 
transport parameters such as ionic conductivity and salt diffusion coefficient are affected by 
morphology.23 Most of the work in this area is restricted to all-organic block copolymer 
systems.23,28,31,131–140  

Recent work has shown that hybrid organic-inorganic poly(ethylene oxide)-b-polyhedral 
oligomeric silsesquioxane (PEO-POSS) block copolymers with LiTFSI self-assemble into a 
variety of morphologies with high mechanical rigidity and ionic conductivity when compared with 
SEO electrolytes of comparable molecular weight.141 Like in SEO, the PEO-rich microphase  

_________________________ 
† This chapter was reported in Journal of Polymer Science, 2020, 58 (2), 363-371. 
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facilitates ion transport via segmental motion,102 while the POSS-rich microphase furnishes 
mechanical rigidity.142 While it is clear that the thermodynamic interactions between PEO and 
POSS chains depend on the chemical structure of the silica cage substituents on the POSS 
monomer, effect of the cage structure on ion transport is an open question. While the impact of 
cage substituents on the thermal and morphological characteristics of nanocomposite polymer – 
POSS blends has often been studied,24,143–151 sparse work on its effect upon phase behavior and 
ion transport in block copolymers exists. 

In this paper, we report on the synthesis of PEO-POSS block copolymers from three different 
POSS containing monomers (methacrylethyl, methacrylisobutyl, methacrylisooctyl POSS) whose 
cage substituents systematically increase in alkyl chain length. We use small angle X-ray scattering 
(SAXS) and transmission electron microscopy (TEM) to determine the morphology of these 
systems with and without added salt. The mechanical properties of the neat polymers are 
determined through rheological measurements. Finally, electrochemical characterization is used 
to study ion transport.152–154  

Conventional wisdom suggests that the chemical composition of the non-conducting microphase 
does not affect ion transport of block copolymer electrolytes, after effects related to changes in the 
morphology and volume fraction of the conducting phase are accounted for.23,135,138,155,156 The 
purpose of this paper is to challenge this conventional wisdom.  

 

5.2 Experimental Methods 

5.2.1 Synthesis 

The PEO-POSS copolymers were synthesized, purified, and characterized using methods 
described in ref 141 and reported in the Supporting Information (Figures 5.9–5.15). The polymers 
used in this study are called PEO-POSS(5-1) where the 5 denotes the molecular weight of PEO in 
kg mol-1 and there is 1 POSS unit of varying molecular weight from 0.7 to 1.3 kg mol-1 due to the 
different alkyl chain substituent (ethyl, isobutyl, isooctyl) on the POSS silica cage. The chemical 
structure is shown in Figure 5.1.  

We add LiTFSI salt to make electrolytes of varying salt concentration r, where we define r to be 
the molar ratio of lithium to ethylene oxide moieties. Electrolytes were prepared with methods 
described in ref 141. A list of the polymer characteristics can be found in Table 5.1. The neat 
copolymers are colorless. 
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Table 5.1. Summary of PEO-POSS(5-1) characteristics 

 

 

 

 

 

 

5.2.2 Small Angle X-ray Scattering (SAXS) 

SAXS samples were prepared by melt pressing the polymer into a 0.766 cm thick rubber spacers 
with a 0.3175 cm inner diameter, and annealing them at 90 °C for 3 hours, then 70 °C for 48 hours 
before allowing them to cool slowly under vacuum to room temperature. The samples were sealed 
with Kapton windows in custom-designed airtight aluminum holders.  

SAXS measurements were performed at beamline 1–5 at the Stanford Synchrotron Radiation 
Lightsource and SLAC National Accelerator Laboratory and beamline 7.3.3 at the Advanced Light 
Source at Lawrence Berkeley National Laboratory.157 Silver behenate was used to determine the 
beam center and sample-to-detector distance. The scattered intensity was corrected for beam 
transmission and empty cell scattering. Two dimensional scattering patterns were integrated 
azimuthally using the Nika program 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.158 Absolute scattering intensity, Iabs, was obtained by calibrating to a glassy carbon absolute 
intensity standard and is reported in the Supporting Information (Figure 5.20). Measurements were 
taken in a custom-built 8-sample heating stage at 70 °C, 90 °C, and 110 °C. Samples were 

–R MPOSS 
(kg/mol) 

MPEO 
(kg/mol) 

fEO/LiTFSI N 

Ethyl 0.7 5 0.87 – 0.93 85 

Isobutyl 0.9 5 0.85 – 0.92 87 

Isooctyl 1.3 5 0.79 – 0.88 95 

 

Figure 5.1. Chemical structure of PEO-POSS polymers synthesized.he alkyl substituent on 
the POSS silica cage increases in length from ethyl to isobutyl to isooctyl. 
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equilibrated for about 20 min at each temperature before taking measurements. To a good 
approximation, the SAXS profiles of all our samples were independent of temperature in the 
temperature range of 70 – 110 °C and were similar upon heating and cooling. We only discuss 
data obtained at 70 °C in the main text in consistency with our electrochemical measurements. The 
temperature range of our SAXS experiments is above the melting temperature of the semi-
crystalline PEO block. 

 

5.2.3 Electrochemical Measurements 

All sample preparation was performed inside of an argon glovebox with water and oxygen levels 
below 1 ppm and 2 ppm respectively. Conductivity cells were prepared by pressing the polymer 
electrolyte into a 254 μm thick silicone spacer with a 1/8 in. inner diameter and sandwiching 
between two 200 μm thick stainless-steel shim blocking electrodes. Lithium symmetric cells were 
prepared by pressing the polymer electrolyte into a 254 μm thick silicone spacer with a 1/8 in. 
inner diameter and sandwiching between two 180 μm thick lithium foils backed with stainless-
steel shims. For both conductivity and lithium symmetric cells, nickel tabs were secured to the 
stainless-steel shims to serve as electrical contacts, and the assembly was vacuum sealed in 
laminated aluminum pouch material. Each cell was then taken out of the glovebox, placed in a 
custom-built heating stage, and annealed at 90 °C for 3 hours prior to electrochemical 
characterization. At the conclusion of the experiments, samples were taken back into the glovebox 
to check for defects and the assembly was measured to find the final sample thickness.  

Complex impedance measurements were performed on the conductivity cells via a Bio-Logic 
VMP3 potentiostat over a 0.1 – 106 Hz frequency range at an amplitude of 80 mV to find the ionic 
conductivity, κ. Representative Nyquist plots are shown in the Supporting Information (Figure 
5.21). Lithium symmetric cells were first conditioned for at least 4 charge/discharge cycles at a 
low current density of 0.02 mA cm-2 to ensure a stable interfacial layer was introduced. Each 
conditioning cycle consisted of a 4 h charge followed by a 2 h rest and a 4 h discharge. The Bruce 
and Vincent method was then used to find the current fraction, ρ+, defined as 

𝜌ା =
𝑖௦௦൫𝛥𝑉 − 𝑖ఆ𝑅௜,଴൯
𝑖ఆ(𝛥𝑉 − 𝑖௦௦𝑅௜,௦௦

  

where Ri,0 is the initial interfacial resistance, Ri,ss is the interfacial resistance at steady-state, iss is 
the current measured at steady state, ΔV is the applied potential, iΩ is a measure of the initial current, 
as defined by the ratio of the applied potential to the sum of the initial bulk and interfacial 
resistances.91 The restricted diffusion method was used to find the salt diffusion coefficient, D.90 
Cells were polarized at +/- 10 mV and +/- 20 mV until a steady-state current was reached, then 
allowed to relax under open circuit potentials. Impedance was taken before and after polarization. 
Measurements were done at 70 °C.  

In the literature, the parameter we call ρ+ is often referred to as the transference number.82 In our 
group, we have referred to it as the steady state cationic transference number, t+,ss. It has been 
shown that ρ+ (or t+,ss) is equal to the transference number in dilute and ideal electrolytes.62 
However, in concentrated electrolytes, and especially in concentrated polymer electrolytes, there 
is a significant difference in both magnitude and sign between ρ+ and the transference 
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number.62,82,159 Since we are mainly interested in concentrated electrolytes in this work and it has 
been shown that PEO-containing electrolytes are highly non-ideal,159 we use the term ρ+ to indicate 
the results of these experiments using the Bruce and Vincent method.  

 

5.2.4 Rheology  

The viscoelastic properties of the neat polymers were studied using the procedure outlined in ref 
160, though samples were prepared by annealing at 70 °C instead of 120 °C. Measurements were 
repeated multiple times.  

 

5.2.5 Transmission Electron Microscopy Imaging 

Quenched PEO-POSS bulk samples were sectioned at -120 °C using a cryo-microtome (Leica 
Ultracut 6) to obtained ultrathin films (~100 nm). The ultrathin films were transferred to copper 
grids with lacey carbon supporting film and stored in an argon glovebox immediately after cryo-
microtoming to minimize the effect of humidity. PEO-rich domains were stained to increase 
contrast and stability under the electron beam by exposing the ultrathin film to ruthenium tetroxide 
vapor for 10 minutes at room temperature. TEM micrographs were collected using Philips CM200 
equipped with Gatan US1000 CCD camera. 

 

5.3 Results and Discussion 
We performed SAXS experiments to elucidate the morphology of our electrolytes. Typical data 
obtained are shown in Figure 5.2 where scattering intensity measured at 70 °C is plotted as a 
function of the magnitude of the scattering vector. In Figure 5.2a, we show data obtained from 
ethyl samples with varying salt concentration. In the neat state, the ethyl polymer exhibits a 
lamellar morphology, as evidenced by the scattering peaks at q = q*, 2q*, and 3q* where q* 
indicates the location of the primary scattering peak. Upon salt addition, at r = 0.02, the peaks 
diminish in intensity, and at r = 0.06 the peaks vanish, indicating the formation of a disordered 
phase. Upon further increase in salt concentration to r = 0.12, weak scattering peaks corresponding 
to a lamellar phase appear and their intensity increases with increasing salt concentration. In Figure 
5.2b, we show data obtained from isobutyl samples with varying salt concentration. This polymer 
also forms a lamellar phase in the neat state. Increasing r to 0.02 results in a loss of the peak at q 
= 2q* and a significant reduction in scattering intensity at q = q*. We attribute this weak scattering 
peak to the presence of disordered concentration fluctuations.161 The isooctyl sample is lamellar 
in the neat state with relatively sharp peaks at q* and 2q*, as can be seen in Figure 5.2c. The 
addition of salt results in an increase in the scattering intensity at q values below q* (in the range 
0.20 nm-1 ≤ q ≤ 0.35 nm-1). At r = 0.08, a distinct shoulder is apparent in this q range. This shoulder 
becomes more pronounced with increasing salt concentration. At r = 0.3, we obtain broad 
scattering peaks that are reminiscent of the scattering peaks seen in the ordered ethyl and isobutyl 
samples.  

 



36 
 

 

To better quantify the ordering in our systems, we analyze the absolute scattering intensities of 
each sample. These profiles, qualitatively similar to the raw scattering profiles of Figure 5.2, are 
given in Figure 5.20 in the Supporting Information. In Figure 5.3a, we show scattering in the 
vicinity of the primary peak for the ethyl sample at r = 0.02. A Lorentzian fit (with a linear 
background) through the data is shown by the curve. The primary peak after background 
subtraction is shown as a dashed curve in Figure 5.3a. This enables determination of the full-width-
half-max (FWHM), which for the sample in Figure 5.3a is 0.082 nm-1. In Figure 5.3b, we shown 
scattering in the vicinity of the primary peak for the isooctyl sample at r = 0.12. Clearly, a single 
Lorentzian is not consistent with this data set, and we thus use a two Lorentzian fit to characterize 
this sample. This enables determination of two FWHM values corresponding to the two peaks 
shown in Figure 5.3b (0.14 and 0.036 nm-1). All of the scattering curves from the ethyl and isobutyl 
samples were analyzed using the approach shown in Figure 5.3a. The scattering curve from the 
neat isooctyl sample was analyzed using one Lorentzian while the salty samples were analyzed 
using two Lorentzians as in Figure 5.3b. 

 

Figure 5.2. Scattering intensity at 70 °C of the three PEO-POSS polymers with 
various salt concentrations, plotted as a function of the magnitude of the scattering 
vector, q.(a) ethyl (b) isobutyl and (c) isooctyl. Profiles are shifted vertically. 
Triangles indicate peaks at q*, 2q*, and 3q* (when identified). These peaks signify 
lamellar order. 
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In Figure 5.4a we compare the locations of the scattering peaks in the salty isooctyl samples. There 
is a clear distinction between the broad and sharp peaks. In Figure 5.4b, we plot the FWHMs 
obtained from our fitting procedure outlined above. The widths of the primary scattering peaks of 
the ethyl and isobutyl samples are similar, and we obtain FWHMs between 0.07 and 0.13 nm-1. 
We obtain two sets of FWHM values for the isooctyl samples, one set that is qualitatively similar 
to that of the ethyl and isobutyl samples, and another with significantly lower FWHM values 
ranging from 0.02 to 0.04 nm-1. It is perhaps interesting to note that the FWHM of the ordered 
phase formed in the neat isooctyl sample is qualitatively different than those obtained in the other 
samples, both with and without salt. The addition of salt to the isooctyl sample results in the 
emergence of a broad scattering profile that is qualitatively similar to that obtained from the other 
samples. The FWHM is generally assumed to be an indication of the extent of long range order. 
We conclude that the salt-containing isooctyl samples comprise two kinds of ordered phases with 
distinct extents of long range order. In Figure 5.4c we compare the volume fractions of the two 
coexisting phases in our salty isooctyl samples by integrating Iabsq2

 of the broad and sharp peaks 
(see Figure 5.3b) using a procedure outlined in ref 162. The volume fraction of the phase with 
greater long range order decreases with increasing salt concentration.  

 

 

Figure 5.3. Lorentzian fits of the scattering around the primary peak.(a) r = 0.02 ethyl sample, 
with a FWHM of 0.082 nm-1, and the (b) r = 0.12 isooctyl sample, which has FWHMs of 0.14 and 
0.036 nm-1. 
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Samples were annealed at 70 °C and quenched in liquid nitrogen to “freeze” the morphology at 
these temperatures before performing electron microscopy. The resulting TEM micrographs are 
shown in Figure 5.5, where the dark phase represents the RuO4 stained PEO-rich microphases. The 
micrographs obtained from those samples show similar alternating dark and bright stripes, PEO-
rich and POSS-rich domains, representing the lamellar phase separation. Figure 5.5a shows the 
typical lamellar morphology in the neat ethyl sample. As shown in Figure 5.5b, the lamellar 
structure in the isooctyl sample exhibits a more long-range ordered structure with larger spacing 
(d). In addition, the Fourier transforms of the micrographs suggest that the isooctyl sample has the 
largest d as compared to the d in neat ethyl sample and the salty isooctyl sample (r = 0.12). The 
distinction between the two kinds of lamellar phases in salty isooctyl samples is not evident by the 
micrograph in Figure 5.5c. We note that similar data (i.e. the presence of an additional peak in the 
vicinity of the primary peak) have been obtained from other salty block copolymers. The presence 
of coexisting phases is clearly seen by TEM in some cases,28,141 but not in others.163 In ref 163, the 
presence of an additional peak was attributed to the formation of a superlattice. Further work is 
needed to establish the origin of the SAXS pattern shown in Figure 5.4b. 

The effect of added salt and monomer structure on morphology is summarized in Figure 5.6. In 
ethyl and isobutyl samples, we only see lamellae and disorder. In the isooctyl samples, we see 
lamellae in the neat state and coexisting phases in the presence of added salt. The thermodynamic 
interactions between the PEO and POSS blocks in the presence of salt is complex. Disordered 
phases are formed upon salt addition but this applies to a limited window of salt concentrations. 
When this window is exceeded, ordered phases reappear at high salt concentrations. The salt 
concentration window for which disordering occurs decreases as we increase the POSS alkyl 
substituent chain length and is absent in the isooctyl sample. There are many possible reasons for 
the complex phase behavior seen in Figure 5.6. This includes  

differences in polarity of the POSS block, shielding of repulsive interactions between the POSS 
particle and PEO due to the presence of alkyl substituents, and the distribution of ions in PEO-rich 
and POSS-rich domains. Partial solubility of LiTFSI in the POSS-rich domains may account for 

Figure 5.4. PEO-POSS scattering peak location, full-width-half-max, and volume fraction of more 
ordered phase. (a) Plot of the peak locations around q* in the isooctyl samples versus salt concentration, 
where the circles denote the broad peaks and the x’s denote the sharp peaks. (b) Plot of the full-width-
half-max of the primary scattering peak versus POSS silica cage alkyl substituent, where circles denote 
the broad peaks found in the ethyl, isobutyl and salty isooctyl samples, and x’s denote the sharp peaks in 
the isooctyl samples. (c) Plot of the volume fraction of the phase in the isooctyl electrolytes with more 
long range order versus salt concentration, r. 
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differences in phase behavior. It is evident that segregation and phase separation in PEO POSS(5-
1) block copolymers is greatly affected by the functional groups on the POSS monomer.  

 

 

The effect of added salt and monomer structure on morphology is summarized in Figure 5.6. In 
ethyl and isobutyl samples, we only see lamellae and disorder. In the isooctyl samples, we see 
lamellae in the neat state and coexisting phases in the presence of added salt. The thermodynamic 
interactions between the PEO and POSS blocks in the presence of salt is complex. Disordered 
phases are formed upon salt addition but this applies to a limited window of salt concentrations. 
When this window is exceeded, ordered phases reappear at high salt concentrations. The salt 
concentration window for which disordering occurs decreases as we increase the POSS alkyl 
substituent chain length and is absent in the isooctyl sample. There are many possible reasons for 
the complex phase behavior seen in Figure 5.6. This includes differences in polarity of the POSS 
block, shielding of repulsive interactions between the POSS particle and PEO due to the presence 
of alkyl substituents, and the distribution of ions in PEO-rich and POSS-rich domains. Partial 
solubility of LiTFSI in the POSS-rich domains may account for differences in phase behavior. It 
is evident that segregation and phase separation in PEO POSS(5-1) block copolymers is greatly 
affected by the functional groups on the POSS monomer.  

Figure 5.5. TEM micrographs of PEO-POSS. (a) neat ethyl sample, (b) neat isooctyl sample, and 
(c) isooctyl r = 0.12. The dark phase represents the RuO4 stained PEO domain. Insets show the 
Fourier transforms of the micrographs. Lamellar order is seen in all cases. 
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We measured the ionic conductivity, salt diffusion coefficient, and the current ratio of the three 
PEO-POSS(5-1) systems in order to determine the effect of POSS alkyl substituent length on ion 
transport. In Figure 6a we see that upon salt addition, the conductivity for all three PEO-POSS(5-
1) polymers increase until they reach a maximum at around r = 0.12 before decreasing at higher 
salt concentrations. Ionic conductivity in polymer electrolytes depends on both charge 
concentration and segmental motion.102 The glass transition temperature is a simple measure of 
this segmental relaxation. In our system, the glass transition temperature increases as salt is added 
(see Figures 5.16-5.18) due to ion and polymer associations, from -45 °C at r = 0.08 to -15 °C at r 
= 0.30 (all of the PEO-POSS(5-1) samples exhibit similar behavior; see Figure 5.19). The peak in 
the conductivity curves in Figure 5.7a arises due to the interplay between the increase in charge 
carrier concentration and the slowing down of segmental relaxation. We can account for the 
volume fraction of the conducting phase, φc, to get a better idea of the differences in intrinsic 
conductivities across the three systems by utilizing the following equation: κn = κPEOPOSSφc

-1κPEO
-

1, where κPEO is the ionic conductivity of PEO (10 kg mol-1) at 70 °C. Previous studies suggest that 
the ionic conductivity of PEO/LiTFSI mixtures is independent of molecular weight when it 
exceeds 2 kg mol-1.88 Increasing the length of the alkyl substituents reduces φc at fixed chain length. 
The plot of normalized conductivity, κn, versus POSS silica cage alkyl substituent is shown in 
Figure 5.7b. Even after accounting for differences in φc (see Figure 5.22), the ethyl samples show 
the highest conductivity, especially in the vicinity of the conductivity maximum. It is perhaps 
surprising that the greatest normalized conductivity is at the highest salt concentration, r = 0.30. 
We posit that at high salt concentration, some of the LiTFSI molecules are located in the POSS-
rich microphase due to entropic reasons. This will result in a lower salt concentration in the 
conducting PEO-rich domains, which, in turn, will increase the intrinsic conductivity of these 
domains as the conductivity of PEO decreases with increasing salt concentration for r > 0.10.159 
The concentration dependence of the salt diffusion coefficient is shown in Figure 5.7c. Neither salt 
concentration nor alkyl chain length has a strong influence on this parameter, which falls around 
10-8 cm2 s-1 for all three PEO-POSS(5-1) systems. The concentration dependence of the current 
fraction shown in Figure 5.7d is similar to that reported for SEO/LiTFSI mixtures and is 
independent of alkyl chain length.159 

Figure 5.6. Morphology of phases on a salt concentration, r, versus POSS silica cage alkyl 
substituent plot. Lamellar (LAM) and disordered (DIS), as well as a coexistence of ordered phases 
(COEX/LAM) are seen. 
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We compare the mechanical properties of neat PEO-POSS(5-1) to neat PEO(20) with a molecular 
weight of 20 kg mol-1 and neat SEO(5-5) which has two blocks of molecular weight 5 kg mol-1. 
(We choose SEO(5-5) because it exhibits lamellar order.) The storage modulus, G', of the PEO-
POSS(5-1) polymers, shown in Figure 5.8a, is a weak function of frequency, typical of solid-like 
polymers. The magnitude of G' of all three of our PEO-POSS(5-1) polymers is similar. In the low 
frequency limit, G' ~ ω0.2 for all three PEO-POSS(5-1) polymers. Amongst the polymers covered 
in this study, the isobutyl sample exhibits the highest storage modulus. G' of PEO-POSS(5-1) 
polymers is higher than that of PEO(20) and SEO(5-5) by factors between 102 and 103. The 
frequency dependence of the loss modulus, G'', is shown in Figure 5.8b. G'' is a weak function of 
frequency for PEO-POSS(5-1) polymers. In the low frequency limit, G'' ~ ω0.2 for the ethyl and 
isobutyl samples. For the isooctyl sample G'' ~ ω0.5. At high frequencies, G'' of these polymers is 
comparable to that of PEO(20) and SEO(5-5). At low frequencies, G'' of PEO-POSS(5-1) polymers 
is about a factor of 10 higher than SEO(5-5). Both G' and G'' of PEO(20) and SEO(5-5) decrease 
rapidly with decreasing frequency. 

 

Figure 5.7. Electrochemical data for PEO-POSS. (a) Ionic conductivity from ac impedance 
spectroscopy of symmetric cells with blocking electrodes. (b) Normalized conductivity, κn, using PEO 
(10 kg mol-1) data. For all salt concentrations, the normalized conductivity decreases as we increase 
the alkyl substituent length. (c) Salt diffusion coefficient from restricted diffusion measurements in a 
lithium symmetric cell. (d) Current fractions calculated from the Bruce-Vincent method using a 
lithium symmetric cell. Data was taken at 70 °C. The solid markers denote ordered morphologies 
while open face markers correspond to a disordered phase. 
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Figure 5.8. Storage and loss moduli as a function of frequency for PEO-POSS.(a) Storage and (b) loss 
moduli as a function of frequency for PEO-POSS(5-1), SEO(5-5), and PEO(20). All three PEO-POSS(5-
1) polymers exhibit greater mechanical rigidity than SEO(5-5) and PEO(20).  

 

5.4 Conclusions 
We have synthesized and characterized a set of three PEO-POSS(5-1) block copolymer 
electrolytes with ethyl, isobutyl, and isooctyl substituents on the POSS silica cage. These 
electrolytes primarily exhibit lamellar morphologies. If only interactions between the salt and PEO 
were important, then changing the monomer structure of the non-conducting block would have a 
minimal effect on both thermodynamics and transport. We show, however, that this is not the case. 
Increasing the length of the POSS alkyl chain substituent leads to a smaller salt concentration 
window for disorder. In the isooctyl case, no disordered window is observed. Instead, we find 
coexisting ordered phases that are absent in the ethyl and isobutyl samples. The ethyl samples 
exhibit the highest ionic conductivity even after normalizing for the volume fraction of conducting 
phase. The salt diffusion coefficient and current ratio are not affected by the alkyl substituent 
length. These results indicate that the ethyl systems are optimal for ion transport applications. 
Further investigation is needed to better understand the relationship between the thermodynamic 
behavior and ion transport in these hybrid organic-inorganic systems.  
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5.6 Supporting Information 

5.6.1 Synthesis of PEO-POSS Block Copolymer.  

Poly(ethylene oxide)-methyl-ether acrylate (PEO-acrylate) (Mw = 5 kg mol-1), anhydrous ethanol, 
anhydrous xylene, diethyl ether and tetrahydrofuran (THF) were purchased from Sigma-Aldrich; 
methacrylethyl, methacryloisobutyl, and methacrylisooctyl polyhedral oligomeric silsesquioxane 
(POSS) were purchased from Hybrid Plastic; BlocBuilder MA was kindly provided by Arkema. 
All chemicals were used as received. Lithium bis(trifluoromethanesulfone)imide, Li[N(SO2CF3)2] 
(LiTFSI), was purchased from Novolyte and dried at 120 °C for at least 48 hours before use. 

The three PEO-POSS block copolymers were synthesized by nitroxide-mediated radical 
polymerization. PEO-acrylate was first reacted with BlocBuilder MA (10 eq) in anhydrous ethanol 
at 100 °C under argon for 4 h. PEO-based macroalkoxyamine was collected by precipitation in 
cold diethylether. Each POSS monomer (10 eq) was then polymerized using the PEO-based 
macroalkoxyamine as initiator in anhydrous xylene at 115 °C for 24 h. The product was isolated 
by precipitation in cold diethyl ether and centrifuged at 6500 rpm for 15 min. This step was 
repeated three times to obtain a solid white powder. Molecular weight of the POSS block was 
determined using 1H-NMR to be 0.7, 0.9, and 1.3 kg mol-1 respectively for the ethyl, isobutyl, and 
isooctyl PEO-POSS block copolymers. 

PEO-POSS-ethyl 1H-NMR (CDCl3, 400 MHz, δ): 3.64 (s, 2H, –CH2–), 0.98 (t, 3H, –CH3), 0.61 
(m, 4H, –CH2–). 

PEO-POSS-isobutyl 1H-NMR (CDCl3, 400 MHz, δ): 3.64 (s, 2H, –CH2–), 1.80 (m, H, –CH–), 
0.96 (d, 6H, –CH3), 0.59 (m, 4H, –CH2–).  

PEO-POSS-isooctyl 1H-NMR (CDCl3, 400 MHz, δ): 3.64 (s, 2H, –CH2–), 1.14–1.29 (m, 3H, –
CH–CH2–), 1.00 (d, 3H, –CH3), 0.89 (s, 9H, –CH3), 0.56–0.73 (m, 4H, –CH2–).  

The composition of the inorganic-organic copolymers was determined using 1H NMR (CDCl3, 
Bruker AV400) measurements by integrating the characteristic peaks of the ethylene protons of 
PEO block at 3.64 ppm versus protons at 0.98 ppm of the ethyl POSS block, 0.96 ppm of the 
isobutyl POSS block, and 0.89 ppm of the isooctyl POSS block in Figure 5.9 -5.11, respectively. 
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Figure 5.9. 1H-NMR spectra of PEO-POSS-ethyl. A sharp peak due to PEO is visible at a chemical shift, 
δ, of 3.64 and POSS at 0.61 and 0.98 ppm. The corresponding hydrogens are indicated on the PEO-
POSS-ethyl chemical structure labeled (a) from the PEO chain, (b+c) from the acrylate chain and two 
hydrogens on the ethyl groups, and (d) from the end hydrogens on the ethyl groups. 
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Figure 5.10. 1H-NMR spectra of PEO-POSS-isobutyl. A sharp peak due to PEO is visible at a chemical 
shift, δ, of 3.64 and POSS at 0.59, 0.96, and 1.80 ppm. The corresponding hydrogens are indicated on the 
PEO-POSS-isobutyl chemical structure labeled (a) from the PEO chain, (b+c) from the acrylate chain and 
two hydrogens on the isobutyl groups, (e) from the end hydrogens on the isobutyl groups, and (d) from 
the single hydrogen on the isobutyl groups. 
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Figure 5.11. 1H-NMR spectra of PEO-POSS-isooctyl. A sharp peak due to PEO is visible at a chemical 
shift, δ, of 3.64 and POSS at 0.56–0.73, 0.89, 1.00, and 1.14–1.29 ppm. The corresponding hydrogens are 
indicated on the PEO-POSS-isooctyl chemical structure labeled (a) from the PEO chain, (b+c) from the 
acrylate chain and two hydrogens closest to the POSS cage on the isooctyl groups, (g) from the hydrogens 
on the three methyl carbons on the end of the isooctyl groups, (e) from the hydrogens on the lone methyl 
carbon on the isooctyl groups, and (d+f) from the hydrogens in the middle of the isooctyl groups. 

 

PEO-POSS was characterized by a Malvern Viscotek TDAmax system gel permeation 
chromatography (GPC) system with a mobile phase of THF using an injection volume of 100 μL 
and polymer concentration of around 5.0 g L-1. GPC traces of the PEO-POSS copolymers in 
relation to PEO-based macroalkoxyamine starting material confirm the polymerization of the 
POSS block, shown in Figure 5.12. Due to the complex molecular structure of the PEO-POSS 
copolymer and potential interactions between the polymer segments and the columns, we only use 
the GPC data to confirm addition of POSS segments onto the PEO chain.  
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Figure 5.12. GPC data for PEO-POSS block copolymers and PEO-based macroalkoxyamine starting 
material. The shoulders at lower elution times before the primary GPC peak is likely due to polymer 
aggregation in THF. 

 

The polymer thermal degradation temperature was determined via thermogravimetric analysis 
(TGA) using TA Instruments Q5500 TGA-MS at the Molecular Foundry, LBNL. Data are shown 
in Figures 5.13–5.15. 

 

Figure 5.13. TGA data for PEO-POSS-ethyl plotting weight percent versus temperature. 100% is marked 
in the y-axis with a dashed line. The temperature at 5% decrease in weight, T95, noted with a triangle, is 
270 °C. 
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Figure 5.14. TGA data for PEO-POSS-isobutyl plotting weight percent versus temperature. 100% is 
marked in the y-axis with a dashed line. The temperature at 5% decrease in weight, T95, noted with a 
triangle, is 270 °C. 

 

 

Figure 5.15. TGA data for PEO-POSS-isooctyl plotting weight percent versus temperature. 100% is 
marked in the y-axis with a dashed line. The temperature at 5% decrease in weight, T95, noted with a 
triangle, is 338 °C. 

 

5.6.2 Differential Scanning Calorimetry (DSC) 

Samples were hermetically sealed in aluminum pans in an argon glovebox. Differential scanning 
calorimetry (DSC) experiments were run with two heating and cooling cycles with 10 °C min-1 
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heating rates and 2 °C min-1 cooling rates using a Thermal Advantage Q200 calorimeter at the 
Molecular Foundry, LBNL. The temperature ranged from −80 to 140 °C. Melting and glass 
transition temperatures were obtained from analysis of the second heating stage. Data are shown 
in Figure 5.16-5.18. 

 

 

Figure 5.16. DSC curves of PEO-POSS-ethyl from r = 0 to r = 0.30 upon second heating cycle. The glass 
transition temperature is visible for salt concentrations r = 0.06 to r = 0.30. A melting transition occurs in 
salt concentrations r = 0 to r = 0.06. 

 

 

Figure 5.17. DSC curves of PEO-POSS-isobutyl from r = 0 to r = 0.30 upon second heating cycle.  

The glass transition temperature is visible for salt concentrations r = 0.06 to r = 0.30. A melting transition 
occurs in salt concentrations r = 0 to r = 0.08. 
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Figure 5.18. DSC curves of PEO-POSS-isooctyl from r = 0 to r = 0.30 upon second heating cycle. The 
glass transition temperature is visible for salt concentrations r = 0.06 to r = 0.30. A melting transition 
occurs in salt concentrations r = 0 to r = 0.06. 

 

 

Figure 5.19. Glass transition temperature, Tg, as a function of salt concentration, r, for the three PEO-
POSS(5-1) polymers. We see similar behavior across the three polymers with increasing salt 
concentration. 
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5.6.3 Absolute SAXS Data  

 

Figure 5.20. Absolute scattering intensities for PEO-POSS(5-1) (a) ethyl (b) isobutyl (c) isooctyl. The 
neat profiles are unscaled while every successive salt concentration is scaled by a factor of 10. The 
absolute scattering profiles are qualitatively similar to the raw scattering profiles. 

 

5.6.4 Impedance Spectroscopy.  

Complex impedance measurements were performed on conductivity cells using a Bio-Logic 
VMP3 potentiostat over a 0.1 – 106 Hz frequency range at an amplitude of 80 mV to find the ionic 
conductivity, κ. The ionic conductivity is given by the following equation: 

𝜅 =
𝑙

𝑅ୠ𝐴 

where l is the thickness of the electrolyte, Rb is the bulk electrolyte resistance and A is the 
electrolyte to electrode area. 

 



52 
 

 

Figure 5.21. Nyquist plots at 90 °C for (a) blocking electrode conductivity cell for an isobutyl r = 0.12 
sample and (b) lithium symmetric cell for an isobutyl r = 0.12 sample. The equivalent circuit is shown in 
the inset, where Qb is the bulk capacitance, Rb is the bulk resistance of the electrolyte, Qi is the interfacial 
capacitance, and Ri is the interfacial resistance. The conductivity calculated from (a) and (b) is 0.000166 
S/cm and 0.000168 S/cm respectively 

 

5.6.5 Density Measurements and Volume Fraction Calculations 

Samples were heated to 90 °C, weighed, and filled into pre-weighed aluminum pans with a known 
volume of 0.04 cm3. Pans were hermetically sealed in an argon glovebox and excess polymer was 
carefully cleaned from the pan. The final weight was recorded. Density of the PEO-POSS diblock 
copolymers was determined by dividing the mass by the known volume of sample pan. 
Measurements were repeated three times. The neat ethyl density was 1.11 ± 0.04 g cm-3. The neat 
isobutyl density was 1.13 ± 0.03 g cm-3. The neat isooctyl density was 1.10 ± 0.04 g cm-3.  

The volume fraction of the EO/LiTFSI-rich phase in the polymers was calculated using the 
following equation: 

𝜑୉୓/୐୧୘୊ୗ୍ =
𝑣୉୓ + 𝑟𝑣୐୧୘୊ୗ୍

𝑣୉୓ + 𝑟𝑣୐୧୘୊ୗ୍ + 𝑀୔୔୓ୗୗ𝑀୉୓
𝑀୔୓ୗୗ𝑀୔୉୓

𝑣୔୓ୗୗ

 

where  

𝑣୉୓ = molar volume of ethylene oxide monomer units 

𝑣୔୓ୗୗ = molar volume of POSS monomer units 

𝑣୐୍୘୊ୗ୍ = molar volume of LiTFSI 

𝑟 = [Li]/[EO] 

𝑀୔୔୓ୗୗ = molar mass of polymerized POSS = [0.7 kg molିଵ, 0.9 kg molିଵ, 1.3 kg molିଵ] 
respectively for ethyl, isobutyl, and isooctyl 

𝑀୔୓ୗୗ = molar mass of POSS monomer = 𝑀୔୔୓ୗୗ  
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𝑀୉୓ = molar mass of EO monomer = 44 g molିଵ 

𝑀୔୉୓ = molar mass of PEO = 5.0 kg molିଵ 

Molar volumes are calculated using the following equation: 

𝑣௜ = 𝑀௜/𝜌௜  

where 𝑀௜ and 𝜌௜  are the molar masses of unit i and density of unit i respectively. 

𝜌୔୉୓ = 1.13 g cmିଷ  

The densities of block copolymers were given in the previous section:  

𝜌୔୉୓୔୓ୗୗ,ୣ୲୦୷୪ = 1.11 g cmିଷ 

𝜌୔୉୓୔୓ୗୗ,୧ୱ୭ୠ୳୲୷୪ = 1.13 g cmିଷ 

𝜌୔୉୓୔୓ୗୗ,୧ୱ୭୭ୡ୲୷୪ = 1.10 g cmିଷ 

The density of the POSS-rich phase was determined under the assumption that the volumes of the 
EO-rich and POSS-rich phases are additive. The densities of the POSS-rich phase were calculated 
using the following equation: 

𝜌୔୓ୗୗ =
𝑀୔୓ୗୗ

(𝑀୔୉୓ + 𝑀୔୓ୗୗ)
𝜌୔୉୓୔୓ୗୗ

− 𝑀୔୉୓
𝜌୔୉୓

 

𝜌୔୓ୗୗ,ୣ୲୦୷୪ = 1.09 𝑔 𝑐𝑚ିଷ 

𝜌୔୓ୗୗ,୧ୱ୭ୠ୳୲୷୪ = 1.13 𝑔 𝑐𝑚ିଷ 

𝜌୔୓ୗୗ,୧ୱ୭୭ୡ୲୷୪ = 1.03 𝑔 𝑐𝑚ିଷ 

 

 

Figure 5.22. Volume fraction of the EO/LiTFSI-rich phase, ϕEO/LiTFSI, as a function of r.  
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5.7 Nomenclature 
Table 5.2. List of symbols and abbreviations. 

Symbol Meaning 
PEO Poly(ethylene oxide) 
POSS Polyhedral oligomeric silsesquioxane 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
SEO Polystyrene-b-poly(ethylene oxide) 
SAXS Small angle X-ray scattering 
TEM Transmission electron microscopy 
r Salt concentration given by the ratio of lithium ions in the salt to oxygen atoms in 

the polymer 
𝑀 Molar mass 
f Volume fraction 
I Intensity 
q Scattering vector 
𝐼ୟୠୱ Absolute intensity 
κ Ionic conductivity 
ρ+ Current fraction 
𝑅௜,଴ Initial interfacial resistance 
𝑅௜,௦௦ Steady-state interfacial resistance 
𝛥𝑉 Applied voltage difference 
iΩ Initial current as defined as the ratio of applied voltage difference divided by the 

sum of the initial bulk and interfacial resistances 
D Salt diffusion coefficient 
𝑡ା,௦௦ Steady-state cation transference number 
FWHM Full-width-half-max 
d Domain spacing 
RuO4 Ruthenium tetroxide 
LAM Lamellar morphology 
DIS Disordered morphology 
COEX Coexisting morphologies 
ϕ Volume fraction 
κn Normalized ionic conductivity (with respect to the conducting phase volume 

fraction) 
G’ Storage modulus 
G’’ Loss modulus 
ω Frequency 
THF Tetrahydrofuran 
NMR Nuclear magnetic resonance 
CDCl3 Deuterated chloroform 
GPC Gel permeation chromatography 
TGA Thermogravimetric analysis 
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DSC Differential scanning calorimetry 
Tg Glass transition temperature 
l Thickness 
Rb Bulk resistance 
A Area of electrolyte 
Qb Bulk capacitance 
Ri Interfacial resistance 
Qi Interfacial capacitance 
𝑣 Molar volume 
ρ Density  
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6 Miscible Polyether/Poly(ether-acetal) Electrolyte Blends† 
Abstract 

This study shows that it is possible to obtain homogeneous mixtures of two chemically 
distinct polymers with a lithium salt for electrolytic applications. This approach is 
motivated by the success of using mixtures of organic solvents in modern lithium-ion 
batteries. The properties of mixtures of a polyether, poly(ethylene oxide) (PEO), a 
poly(ether-acetal), poly(1,3,6-trioxocane) (P(2EO-MO)), and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt were studied using small angle 
neutron scattering (SANS) and electrochemical characterization in symmetric cells. 
The SANS data are used to determine the miscibility window and quantify the effect 
of added salt on the thermodynamic interactions between the polymers. In the absence 
of salt, PEO/P(2EO-MO) blends are homogeneous and characterized by attractive 
interactions, i.e., a negative Flory-Huggins interaction parameter, χ. The addition of 
small amounts of salt results in a positive effective Flory-Huggins interaction 
parameter, χeff, and macrophase separation. Surprisingly, miscible blends and negative 
χeff parameters are obtained when salt concentration is increased beyond a critical 
value. The electrochemical properties of PEO/P(2EO-MO)/LiTFSI blends at a given 
salt concentration were close to those obtained in PEO/LiTFSI electrolytes at the same 
salt concentration. This suggests that in the presence of PEO, the electrochemical 
properties exhibited by P(2EO-MO) chains are similar to those of PEO chains. This 
work opens the door to a new direction for creating new and improved polymer 
electrolytes either by combining existing polymers and salt, or by synthesizing new 
polymers with the specific aim of including them in miscible polymer blend 
electrolytes.   

 

6.1 Introduction 
There is considerable interest in replacing flammable organic solvents with non-volatile polymers 
in rechargeable lithium batteries. It has long been recognized that high dielectric constant and low 
viscosity are necessary for rapid ion transport. In the case of lithium-ion batteries designed to 
operate at room temperature, this is achieved by blending materials. Ethylene carbonate has a 
dielectric constant of 89.8 but is solid at room temperature (m.p. = 36.4 °C) while dimethyl 
carbonate is a low viscosity liquid (m.p. = 4.6 °C) but has a dielectric constant of 3.1.5 Neither is 
a suitable solvent for electrolytic applications. However, a blend of ethylene carbonate and 
dimethyl carbonate is an excellent solvent for these applications and are major components of 
lithium-ion battery electrolytes.  

Translating the notion of liquid electrolyte mixtures to polymer electrolyte blends is non-trivial. 
While most low molar mass liquids are miscible with each other (e.g. polar molecules like ethanol 
are miscible in non-polar liquids such as hexanes), finding pairs of miscible polymers is extremely 
rare.164,165 Polymers with seemingly minor differences in monomer structure are entirely 
immiscible. For example, the solubility of polyethylene in polypropylene (both polymers have  

_________________________ 
† This chapter was reported in Macromolecules, 2020, 53 (14), 5728-5739. 
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empirical formulae CH2) is negligible.166,167 The reason for this is well established: mixing is 
usually promoted by entropic considerations. The entropic gain of mixing polymers with long 
chains, however, is orders of magnitude smaller due to the connectivity of the monomers.  

The purpose of this paper is to demonstrate that it is possible to create homogeneous mixtures of 
polymers with different polarities to create a new type of material for use in lithium batteries: 
miscible polymer blend electrolytes.  

Our system of interest is a blend of a polyether, poly(ethylene oxide) (PEO), a poly(ether-acetal), 
poly(1,3,6-trioxocane) (P(2EO-MO)), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 
salt (see Figure 6.1). PEO has been thoroughly studied as a potential electrolyte for lithium 
batteries due to its non-volatility, electrochemical stability, and compatibility with lithium 
salts.12,13,17 The ability of PEO to dissolve lithium salts is due to the presence of ether oxygen 
groups. The properties of P(2EO-MO)/LiTFSI electrolytes were reported in ref 94. We expect 
P(2EO-MO) to be more polar than PEO due to the increased concentration of ether and acetal 
oxygens. Ternary blends with polymer components of different polarities have been discussed as 
a means for improving ion transport in a recent theoretical paper using a coarse-grained bead-
spring model.168 

 

Figure 6.1. Chemical structure of poly(ethylene oxide) (PEO), poly(1,3,6-trioxocane) (P(2EO-MO)), and 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). 

 

In this work, we demonstrate that PEO is miscible with P(2EO-MO) in the neat, salt-free, state. 
We have also identified a range of salt concentrations over which PEO/P(2EO-MO)/LiTFSI blends 
remain miscible. We use the term conventional polymer electrolytes to refer to binary mixtures of 
a polymer and a salt such as PEO/LiTFSI or P(2EO-MO)/LiTFSI. We use the term polymer blend 
electrolyte to refer to ternary mixtures of two distinct polymers and a salt. The thermodynamic 
properties of PEO/P(2EO-MO)/LiTFSI were determined by small angle neutron scattering 
(SANS) experiments. The SANS results are consistent with phase behavior inferences based on 
differential scanning calorimetry (DSC) experiments. Ion transport in the polymer blend 
electrolytes is compared with that obtained from conventional polymer electrolytes (PEO/LiTFSI 
and P(2EO-MO)/LiTFSI) using both blocking and non-blocking electrodes. 
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6.2 Experimental Methods 

6.2.1 Synthesis of 1,3,6-trioxocane, (2EO-MO) 

Diethylene glycol (100 g, 0.942 mol), paraformaldehyde (37 g, 1.3 equiv), polyphosphoric acid 
(4.0 g, 0.03 equiv), and heptane (160 mL) were combined in a 250 mL flask fitted with a Dean-
Stark adapter and condenser. The reaction was stirred at 115 °C for 12 h and water (~15 mL) was 
collected as the bottom layer in the trap. After cooling the reaction mixture to room temperature, 
heptane was removed via rotary evaporation to give a cloudy, viscous solution. This oligomerized 
product was distilled at 150–180 °C under high vacuum into a receiving flask cooled in a dry 
ice/acetone bath. The crude mixture of diethylene glycol and 1,3,6-trioxocane was then fractionally 
distilled under high vacuum at 80 °C to give clear, colorless, 1,3,6-trioxocane in 70% yield. The 
monomer was dried over CaH2 for 3 days, distilled, and degassed via three freeze-pump-thaw 
cycles. Spectral data matched that previously reported in ref 94. 1H NMR (500 MHz, CDCl3) δ 
4.57 (s, 2H), 3.50 (s, 8H) ppm. 13C NMR (125 MHz, CDCl3) δ 97.91, 72.58, 70.61 ppm. HRMS 
(DART-MS): m/z calculated for C5H10O3 [H]+ 119.0703, found 119.0703. 

 

6.2.2 Synthesis of Poly(1,3,6-trioxocane), P(2EO-MO)  

In a glovebox under N2 atmosphere, 1,3,6-trioxocane (6.0 g, 51 mmol) and CH2Cl2 (25.4 mL) were 
combined in a 100 mL flask equipped with a stir bar. Then, BF3·OEt2 (0.130 mL, 0.02 equiv) was 
added instantaneously and the flask was sealed with a rubber septum. The reaction gelled after 30 
minutes such that stirring ceased, and the solution gradually turned pink. After 1 h, the reaction 
was removed from the glove box and quenched with a 1:1 mixture of acetonitrile:water (40 mL) 
to give a clear, colorless solution. The crude mixture was extracted with CH2Cl2 (30 mL  3), dried 
with Na2SO4, filtered, and rotovapped until reaching a total volume of ~30 mL. The polymer was 
then precipitated into hexanes (400 mL), redissolved in CH2Cl2 (30 mL), and precipitated again 
into cold isopropanol (400 mL) to give a white solid. The polymer was dried under high vacuum 
overnight. Typical yields ranged from 50–60% and 1H and 13C NMR analyses suggest that the 
polymerization proceeds with excellent regioregularity. Notably, polymerization is initiated by 
adventitious water in the reaction mixture. Furthermore, monomer conversion is highly dependent 
on monomer concentration and reaction temperature. Therefore, molar mass is difficult to control 
in this system, and variance was expected across multiple batches. Sample 1: Mn = 26.1, Ð = 1.83. 
Sample 2: Mn = 16.1, Ð = 1.76. Sample 3: Mn = 26.7, Ð = 1.66. Sample 4: Mn = 55.2, Ð = 1.97. 
Tg = -66 °C, Tm = 39 °C. Spectral data matched that previously reported in ref 94. 1H NMR (500 
MHz, CDCl3) δ 4.74 (s, 2H), 3.69 (m, 8H) ppm. 13C NMR (125 MHz, CDCl3) δ 95.73, 70.60, 
67.02 ppm. 

 

6.2.3 Polymer Blend Electrolyte Preparation and Composition 

The molar masses, Mn, and dispersities, Ð, of PEO (Polymer Source), deuterated PEO (dPEO) 
(Polymer Source), and P(2EO-MO) (synthesized as described above) used in this study are 
summarized in Table 1.  
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Table 6.1. Molar masses and dispersities of PEO and P(2EO-MO) homopolymers used. 

polymer Mn (kg·mol-1) Ð 

PEO 35.0 1.08 

dPEO 35.0 1.09 

P(2EO-MO) Sample 1 26.1 1.83 

P(2EO-MO) Sample 2 26.7 1.66 

P(2EO-MO) Sample 3 16.0 1.76 

P(2EO-MO) Sample 4 55.2 1.97 

 

Electrolytes used for SANS experiments were made up of blends of dPEO, P(2EO-MO) (Mn = 
26.7 kg·mol-1 or 16.0 kg·mol-1), and LiTFSI, while electrolytes for DSC and electrochemical 
experiments were made up of blends of PEO, P(2EO-MO) (Mn = 26.1 kg·mol-1), and LiTFSI (see 
Table 6.2). Electrochemical measurements were also performed on conventional polymer 
electrolytes of P(2EO-MO) (Mn = 55.2 kg·mol-1) with LiTFSI. All polymers were dried in a 
glovebox antechamber under vacuum at 90 °C for at least 24 h prior to use. LiTFSI was dried 
under vacuum at 120 °C for at least 72 h.  

 

Table 6.2. Polymer components of blends used in each experiment. 

experiment polymer component 1 polymer component 2 

DSC and electrochemical 
measurements 

PEO P(2EO-MO) Sample 1 

SANS dPEO P(2EO-MO) Sample 2 

SANS dPEO P(2EO-MO) Sample 3 

 

The polymer composition of the blends was 50/50 by weight. We denote component 1 as PEO and 
component 2 as P(2EO-MO). The volume fraction of each component, on a salt-free basis, is given 
by: 

𝜙ଵ =

𝑤ଵ
𝜌ଵ

𝑤ଵ
𝜌ଵ

+ 𝑤ଶ
𝜌ଶ

(6.1) 

and  

𝜙ଶ = 1 − 𝜙ଵ (6.2)  
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where wi and ρi  are the mass and density, respectively, of component i in the blend. The volume 
fractions are approximately equal (see Table 6.3). The volume fraction occupied by the polymer 
components in the blends containing LiTFSI is given by: 

𝜙୮୭୪୷୫ୣ୰ =
𝑤ଵ
𝜌ଵ

+ 𝑤ଶ
𝜌ଶ

𝑤ଵ
𝜌ଵ

+ 𝑤ଶ
𝜌ଶ

+ 𝑤ୱୟ୪୲
𝜌ୱୟ୪୲

 (6.3) 

where wsalt is the mass of LiTFSI in the blend, and ρsalt = 2.023 g·cm-3.63 Volume changes of mixing 
are ignored in our analysis.  

We assume that the salt is uniformly distributed in the blend. The salt concentration of the blends 
was quantified by the molar ratio of Li atoms in the salt to O atoms in the polymers (𝑟 = [𝐿𝑖]/[𝑂]), 
calculated as follows: 

𝑟 =

𝑤௦௔௟௧
𝑀ୱୟ୪୲

𝑤ଵ
𝑀୉୓

+ 3𝑤ଶ
𝑀ଶ(୉୓ି୑୓)

(6.4) 

where MEO is the monomer molar mass of PEO (MEO = 44.05 g·mol-1), M2(EO-MO) is the monomer 
molar mass of P(2EO-MO) (M2(EO-MO) = 118.1 g·mol-1), and Msalt is the molar mass of LiTFSI 
(Msalt = 287.1 g·mol-1). A factor of three was included as 2EO-MO contains three oxygen atoms, 
while EO contains one oxygen atom per monomer, as shown in Figure 6.1. 

The volume fraction of PEO and the LiTFSI associated with PEO in the polymer blend electrolytes, 
f, is estimated using the following equation: 

𝑓 =

𝑤ଵ + 𝑟𝑤ଵ𝑀ୱୟ୪୲
𝑀ଵ

𝜌ଵ

𝑤ଵ + 𝑟𝑤ଵ𝑀ୱୟ୪୲
𝑀ଵ

𝜌ଵ
+

𝑤ଶ + 3𝑟𝑤ଶ𝑀ୱୟ୪୲
𝑀ଶ

𝜌ଶ

(6.5) 

Equation 6.5 is based on the assumption that the value of r in the PEO-rich fluctuations is the same 
as that in the P(2EO-MO)-rich fluctuations. 

Electrolyte r values ranged from 0 to 0.14. All electrolyte solutions in acetonitrile were transparent, 
indicating complete dispersion of all mixture components. The electrolytes were stirred on a hot 
plate at 80 °C until all of the acetonitrile had evaporated, and then further dried in a glovebox 
antechamber under vacuum at 90 °C for 24 h to remove any residual solvent.  

Density measurements for neat P(2EO-MO) at 90 °C were taken by measuring the mass of 
electrolyte within a known volume, following procedures described previously.63 The average of 
three density measurements (ρ2 = 1.32 ± 0.04 g·cm-3) was used for subsequent calculations. 
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6.2.4 DSC Sample Preparation and Experiments  

Samples (~10 mg) were hermetically sealed in aluminum pans in an argon glovebox. DSC 
experiments were run with two heating and cooling cycles a heating rate of 20 °C·min-1 and cooling 
rate of 5 °C·min-1 using a Thermal Advantage Q200 calorimeter at the Molecular Foundry, 
Lawrence Berkeley National Lab. The temperature ranged from −80 to 120 °C. The glass transition 
temperature (Tg) values are obtained from analysis of the second heating run. 

 

6.2.5 Small Angle Neutron Scattering (SANS) Sample Preparation and Experiments 

Sample preparation for SANS experiments was conducted following procedures outlined 
previously.169 The blends were made such that the volume fractions of each component were 
approximately 0.5 (see Table 6.3).  

SANS experiments were conducted on the NG7SANS beamline at the National Institute of 
Standards and Technology Center for Neutron Research.170 Measurements were performed with a 
neutron wavelength of 6 Å, and up to three sample-to-detector distances (SDDs) of 13 m, 4 m,  
and 1 m. The shortest, 1 m distance, was used with a detector offset of 25 cm to extend the 
scattering angle (2θ) attainable. Overall, the three configurations allowed for access to a scattering 

wave-vector magnitude, 𝑞 = ସగ
ఒ

sin(𝜃), ranging from 0.03 nm-1 to 5.5 nm-1. The neutron beam size 

was defined by a 9.5 × 10-3 m aperture. Data were collected at 10 °C increments between 60 °C 
and 110 °C. All measurements were reversible and repeatable upon either heating or cooling. 
Samples were equilibrated for at least 30 minutes at each temperature. A 9-position Peltier 
cooling/heating sample changer block was used to drive and maintain constant sample temperature. 
Samples of thickness of 1 mm were used. Data were reduced using the software package for IGOR 
provided by the NIST Center for Neutron Research.171 The total scattering intensity was corrected 
for detector sensitivity, background, and empty cell contributions as well as sample transmission 
and thickness.171,172 

 

6.2.6 Electrochemical Sample Preparation and Experiments 

Electrochemical sample preparation and experiments were conducted following the procedures 
previously described,103 using 508 μm thick silicone spacers and conducting the measurements at 
90 °C.  

 

6.3 Results and Discussion 
A commonly used method to determine polymer miscibility is the measurement of the glass 
transition temperature, Tg, via DSC. The existence of a single Tg is indicative of a miscible blend.173 
Figure 6.2a shows DSC curves for PEO/P(2EO-MO)/LiTFSI blends at r = 0.04 and 0.10. The r = 
0.04 blend exhibits two glass transitions (Tg1 = -46 °C, Tg2 = -38 °C) which indicates the blend is 
phase separated. In contrast, the r = 0.10 blend exhibits a single glass transition (Tg = -24 °C), 
which indicates that the blend is comprised of a single phase. The absence of a melting transition 
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in the DSC data from the higher salt blend is consistent with numerous reports in the literature 
indicating that the addition of salt suppresses crystallization of PEO.66,94,103,174 All of the 
thermodynamic and electrochemical data presented in this paper were obtained above the melting 
temperatures of the blends. 

Figure 6.2b shows the complete set of glass transition temperatures for each polymer blend 
electrolyte and the corresponding conventional polymer electrolyte taken from ref 94. In the neat 
blend, the Tg values of PEO and P(2EO-MO) are too close to be distinguished by DSC. For r values 
between 0.02 and 0.06, the polymer blend electrolytes exhibit two Tg values, denoted by open 
squares, indicating immiscibility. However, from r = 0.08 to 0.14, the blend has a single Tg, 
indicating miscibility at these higher salt concentrations. The Tg for all systems generally increases 
with increasing salt concentration. The correlation between Tg and salt loading is attributed to the 
solvated ions inducing physical cross-linking of the polymer chains.175 

 

 

Figure 6.2. Sample DSC data and glass transition data for blends. (a) Representative DSC curves 
showing one Tg for a 50/50 blend of PEO (Mn = 35.0 kg·mol-1) and P(2EO-MO) (Mn = 26.1 kg·mol-1) at r 
= 0.10 and two Tg values at r = 0.04. Arrows denote regions associated with the glass transition. (b) Tg as 
a function of salt concentration, r, for each conventional polymer electrolyte system (solid blue triangles 
for PEO (Mn = 100 kg·mol-1) and solid red triangles for P(2EO-MO) (Mn = 55.2 kg·mol-1)) and the 
polymer blend electrolytes. Polymer blends possessing a single Tg at high r values (0.08 ≤ r ≤ 0.14) and 
blends exhibiting two Tg values at low r values (0.02 ≤ r ≤ 0.06) are denoted by closed black squares and 
open black squares, respectively. The uncertainty of the Tg measurements is assumed to be that of the 
instrument’s given calorimetric reproducibility and precision (± 0.05%). Data for PEO and P(2EO-MO) 
were taken from ref 94. 

 

The measured absolute SANS intensity, I(q), as a function of the magnitude of the scattering vector, 
q, for the dPEO/P(2EO-MO)/LiTFSI blends at 90 °C is shown in Figure 6.3. Also shown as a 
reference is a dPEO/PEO/LiTFSI blend with r = 0.10 at 90 °C. Distinct differences are apparent 
between the scattering profiles of dPEO/P(2EO-MO)/LiTFSI blends with low salt concentrations 
(0.02 ≤ r ≤ 0.06) and that of the neat blend (r = 0) and blends with high salt concentrations (r ≥ 
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0.08). The blends with low salt concentration show a rapid rise in I(q) at low q (q < 0.1 nm-1), 
indicative of phase separation. The neat blend and high r blends have similar scattering profiles as 
that of the dPEO/PEO/LiTFSI sample. In the range 0.4 < q (nm-1) < 2, I(q) from these blends is 
approximately proportional to q-2 while I(q) is a much weaker function of q for q < 0.4 nm-1. These 
features are characteristic of scattering from a homogeneous binary polymer blend wherein the 
polymer chains obey random walk statistics.85 The SANS results regarding polymer blend 
miscibility are consistent with the results obtained from DSC. 

 

 

Figure 6.3. Measured absolute SANS intensity, I(q), vs scattering vector, q, at 90 °C for blends.Shown 
are dPEO (Mn = 35.0 kg·mol-1) and P(2EO-MO) (Mn = 26.7 kg·mol-1) at varying LiTFSI salt 
concentrations, r, and a dPEO/PEO sample with r = 0.10. Note that for r = 0.02 and r = 0.06 there is an 
intermediate range of q (corresponding to an SDD of 4 m) that was not recorded due to insufficient 
beamtime. Error bars represent one standard deviation of the scattering data, and in most cases are smaller 
than the data points.  

 

Analysis of SANS data begins with a thermodynamic model for the polymer blend electrolytes. 
We start with the thermodynamics of mixing in a two component polymer blend in the absence of 
salt. The Gibbs free energy of mixing of a homogeneous mixture of two polymers can be described 
by the Flory-Huggins theory:  

𝑣
∆𝐺୫
𝑘୆𝑇 =

𝜙ଵln𝜙ଵ
𝑁ଵ

+
𝜙ଶln𝜙ଶ

𝑁ଶ
+ 𝜒𝜙ଵ𝜙ଶ   (6.6)   

where ΔGm is the free energy of mixing per unit volume, kB is the Boltzmann constant, T is the 
absolute temperature, ϕi is the volume fraction of component i, Ni is the number of repeat units in 
chain i, and χ is the Flory-Huggins interaction parameter which describes the thermodynamic 
incompatibility between component 1 and 2.176,177 N1, N2, and χ are based on a reference volume, 
v = 0.1 nm3. A miscible blend, one that is homogeneous down to the molecular level, requires both 
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a negative Gibbs free energy of mixing (∆𝐺୫ < 0) and a positive second derivative (
பమ∆ீౣ

பமభ
మ >

0).173 The critical Flory-Huggins interaction parameter value, χcrit, is given by the following: 

𝜒ୡ୰୧୲ =  
1
2 ቆ

1
ඥ𝑁ଵ

+
1

ඥ𝑁ଶ
ቇ

ଶ

. (6.7) 

Blends with χ < χcrit are predicted to be miscible, regardless of composition. 

For salt-containing mixtures, we use a simple extension of Equation 6.6: 

𝑣
∆𝐺୫
𝑘୆𝑇 = 𝜙୮୭୪୷୫ୣ୰ ൬

𝜙ଵln𝜙ଵ
𝑁ଵ

+
𝜙ଶln𝜙ଶ

𝑁ଶ
+ 𝜒ୣ୤୤𝜙ଵ𝜙ଶ൰ (6.8)   

where ϕpolymer is the total polymer volume fraction and ϕi (i = 1 or 2) are the salt-free polymer 
volume fractions. The effect of added salt is captured mainly by an effective Flory-Huggins 
parameter, χeff, which depends on salt concentration. In the limit of r → 0, ϕpolymer → 1, Equation 
6.8 reduces to Equation 6.6, and χeff reduces to the conventional χ parameter for polymer blends.  

Following the analysis in ref 178, the absolute SANS intensity was corrected for the contributions 
from scattering of the deuterated chains as well as the contributions from the incoherent scattering 
to obtain the absolute coherent SANS intensity:  

𝐼ୡ୭୦(𝑞) = 𝐼(𝑞) − 𝑓𝐼 ୔୉୓/୐୧୘୊ୗ୍(𝑞) − 𝐼୧୬ୡ(𝑞) (6.9) 

where f is the estimated volume fraction of dPEO and LiTFSI in our polymer blend electrolytes (f 
≈ 0.5) and IdPEO/LiTFSI(q) is the scattering from dPEO/LiTFSI mixtures taken from ref 169. Iinc(q) is 
the incoherent scattering background contribution to the intensities, determined by fitting I(q) to 
the following expression:  

𝐼(𝑞) = 𝑎𝑃(𝑞) + 𝑏 (6.10) 

where P(q) is a form factor given by the Debye function (see Equation 6.14), a is a constant scaling 
factor, and b is a constant assumed to be equal to Iinc(q).171,172,179 Figure 6.4 shows the coherent 
SANS profiles, Icoh(q), of the miscible blends at 90 °C.  
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Figure 6.4. SANS intensities, Icoh(q), plotted as a function of the magnitude of the scattering vector, q, at 
90 °C for the dPEO/P(2EO-MO)/LiTFSI (P(2EO-MO) Mn = 26.7 kg·mol-1) blends at the miscible salt 
concentrations. Error bars represent one standard deviation of the scattering data and in most cases are 
smaller than the data points. 

 

The coherent scattering intensity for homogeneous PEO/P(2EO-MO)/LiTFSI blends is calculated 
using the Random Phase Approximation (RPA):   

𝐼ୡ୭୦(𝑞) = 𝜙୮୭୪୷୫ୣ୰(𝐵ଵ − 𝐵ଶ)ଶ𝑣 ൬
1

𝑆ଵଵ
+

1
𝑆ଶଶ

− 2𝜒ୣ୤୤൰
ିଵ

. (6.11) 

In our analysis, component 1 is dPEO, component 2 is P(2EO-MO), ϕpolymer is the volume fraction 
of both polymer components, dPEO and P(2EO-MO), Bi is the coherent neutron scattering length 

density of component i given by 𝐵௜ =  ௕೔
ఔ೔

, 𝜈௜  and 𝑏௜  are the molar monomer volumes and neutron 

scattering lengths of component i, respectively, and 𝜒ୣ୤୤ is the effective Flory-Huggins interaction 
parameter between dPEO and P(2EO-MO) both with and without salt.85,178,180–182 In the limit q → 
0, Equation 6.11 is consistent with Equation 6.8. The neutron scattering lengths of dPEO and 
P(2EO-MO) are 4.58 × 10-12 cm and 1.32 × 10-12 cm, respectively. The molar monomer volumes 
of dPEO and P(2EO-MO) were calculated in the absence of salt (𝜈ଵ = 38.98 cm3·mol-1 and 𝜈ଶ =
89.47 cm3·mol-1 at 90 °C). We assume dPEO occupies the same molar volume as hydrogenous 
PEO. We thus obtain 𝜌ଵ = 1.23  g·cm-3 and 𝜌ଶ = 1.32 g·cm-3 at 90 °C. The temperature 
dependence of monomer volumes was applied to the contrast terms, and was determined using the 
following equations: 𝜌ଵ = 1.23 − 7.31 · 10ିସ · (𝑇 − 363) g·cm-3 and 𝜌ଶ = 1.32 − 7.31 · 10ିସ ·
(𝑇 − 363) g·cm-3 where T is the temperature in K.183 The thermal expansion coefficient of P(2EO-
MO) has not been measured; it was assumed to be the same as that of PEO.   

The structure factor, 𝑆௜௜, is given by 

𝑆௜௜ = 𝜙௜𝑁௜𝑃௜(𝑞) (6.12) 
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where 𝜙௜  is the volume fraction of polymer i on a salt-free basis.  

Icoh(q) depends on three volume fractions: ϕ1, ϕ2, and ϕpolymer (see Equations 6.11 and 6.12). For 
the blends covered in this study, these volume fractions are listed in Table 6.3.  

Ni is the number of repeat units in each polymer calculated by 

𝑁௜ =
𝑀௜

𝜌௜𝑁௔௩𝑣 (6.13) 

where 𝑁ୟ୴ is Avogadro’s number and 𝑀௜ and 𝜌௜  are the molar masses (g mol-1) and densities (g 
cm-3) of component 𝑖, and 

𝑃௜(𝑞) = 2 ൤ୣ୶୮(ି௫೔)ିଵା௫೔
௫೔

మ ൨ (6.14)  

with 𝑥௜ = 𝑞ଶ𝑅୥,௜
ଶ . Both components are modeled as flexible Gaussian chains according to 

𝑅୥,௜
ଶ = ே೔௟೔

మ

଺
 (6.15)  

where 𝑙௜ is the statistical segment length of each component. The statistical segment length of PEO 
is l1 = 0.58 nm (based on a 0.1 nm3 reference volume).169 The statistical segment length of P(2EO-
MO) has not been measured. In our calculations, we assume 𝑙ଵ = 𝑙ଶ = 𝑙 = 0.58𝛼 nm where 𝛼 is 
a fitting parameter that accounts for differences in the statistical segment length of PEO and 
P(2EO-MO) and distortions of chains (e.g. chain stretching) in the blends.  

 

Table 6.3. Volume fractions, ϕi, and α values used in RPA fits of dPEO/P(2EO-MO)/LiTFSI blends. The 
errors shown correspond to one standard deviation from the temperature averaging. 

 dPEO/P(2EO-MO)/LiTFSI 

(dPEO Mn = 35.0 kg·mol-1; 

P(2EO-MO) Mn = 26.7 kg·mol-1) 

dPEO/P(2EO-MO)/LiTFSI 

(dPEO Mn = 35.0 kg·mol-1; 

P(2EO-MO) Mn = 16.0 kg·mol-1) 

 𝝓𝟏 𝝓𝟐 𝝓𝐩𝐨𝐥𝐲𝐦𝐞𝐫 α 𝝓𝟏 𝝓𝟐 𝝓𝐩𝐨𝐥𝐲𝐦𝐞𝐫  α 

r = 0 0.516 0.484 1 1.274 ± 0.007 0.517 0.483 1 1.331 ± 0.044 

r = 0.08 0.517 0.483 0.742 1.205 ± 0.014     

r = 0.10 0.518 0.482 0.696 1.173 ± 0.001 0.517 0.483 0.705 1.212 ± 0.011 

r = 0.14 0.515 0.485 0.621 1.122 ± 0.002     

 

Icoh(q) for the miscible blends were first fit to Equation 6.11 with two adjustable parameters: α and 
χeff. For each blend, α was found to be essentially invariant with temperature so α was averaged 
across all temperatures and fixed. The parameter α is greater than 1 for all blends, likely due to the 
increased stiffness of P(2EO-MO) chains relative to that of the PEO chains. These values are given 
in Table 6.3. Icoh(q) was then fit to Equation 6.11 with only χeff as a fitting parameter. 
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Representative RPA fits of Icoh(q) for a dPEO/P(2EO-MO) blend with r = 0.08 are shown in Figure 
6.5. χeff values of -4.67 × 10-3 and 7.64 × 10-4 are obtained from the profiles at 70 and 90 °C, 
respectively. At 110 °C, the blend is phase separated and cannot be analyzed by RPA. Note that 
χeff increases with increasing temperature.  

 

 

Figure 6.5. RPA fits (solid black lines) for a dPEO/P(2EO-MO)/LiTFSI (P(2EO-MO) Mn = 26.7 kg·mol-

1) blend with r = 0.08 at different temperatures. The 70 °C (filled blue circles) and 90 °C (filled green 
squares) data can be fit to RPA. The 110 °C measurements (open red triangles) indicate phase separation. 
Error bars represent one standard deviation of the scattering data and in most cases are smaller than the 
data points. 

Effective Flory-Huggins interaction parameters were extracted by fitting Icoh(q) to RPA for all 
miscible blends across a range of temperatures (60 ≤ T (°C) ≤ 110) for the high molar mass P(2EO-
MO)-containing (Mn = 26.7 kg·mol-1) blends at r = 0, 0.08, 0.10, 0.14 and the low molar mass 
P(2EO-MO)-containing (Mn = 16.0 kg·mol-1) blends at r = 0 and 0.10. The temperature 
dependence of χeff is given by: 

𝜒ୣ୤୤ =
𝐴
𝑇 + 𝐵 (6.16) 

where A and B are empirically determined constants.165,184 For each blend sample, χeff was linearly 
fit to inverse temperature using Equation 6.16 to extract values for A and B. These values are 
summarized in Table 6.4. 
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Table 6.4. A and B constants for dPEO/P(2EO-MO)/LiTFSI blends at various salt concentrations, r, and 
their linear fit R2 values. The errors shown represent one standard deviation of uncertainty for the fit for A 
and B according to Equation 6.16. 

 dPEO/P(2EO-MO)/LiTFSI 

(P(2EO-MO) Mn = 26.7 kg·mol-1) 

dPEO/P(2EO-MO)/LiTFSI 

(P(2EO-M) Mn = 16.0 kg·mol-1) 

 A B R2 A B R2 

r = 0 -5.401 ± 0.241 0.0133 

± 0.0007 

0.986 -5.773 ± 0.172 0.0149 

± 0.0005 

0.994 

r = 0.08 -32.127 ± 1.146 0.0891 

± 0.0032 

0.997    

r = 0.10 -17.682 ± 0.305 0.0460 

± 0.0008 

0.998 -21.537 ± 0.480 0.0576 

± 0.0013 

0.997 

r = 0.14 1.383 ± 1.350 -0.0072 

± 0.0037 

0.344    

 

All χeff parameters calculated in this study and their temperature and molar mass dependence are 
shown in Figure 6.6. Solid markers represent experimental measurements, and the solid lines are 
a fit to the data according to Equation 6.16. The dashed line denotes χcrit, which was calculated 
from Equations 6.7 and 6.13 for blends comprising P(2EO-MO) of lower (16.0 kg·mol-1) and 
higher (26.7 kg·mol-1) molar masses. Figure 6.6a shows the temperature dependence of χeff in the 
higher molar mass P(2EO-MO)-containing blends. In the neat state, χeff is negative with a value of 
-3.07 × 10-3 at 60 °C and increases with increasing temperature (A = -5.401), increasing to a value 
of -9.67 × 10-4 at 110 °C. χeff is a more sensitive function of temperature in the salt-containing 
blends where 0.08 ≤ r ≤ 0.10. For the r = 0.08 blend, χeff increases from -4.67 × 10-3 at 70 °C to 
2.77 × 10-3 at 100 °C, and phase separation is observed experimentally at 110 °C (see Figure 6.5). 
At 110 °C, χeff predicted by extrapolating the data below 100 °C is larger than χcrit = 5.06 × 10-3, as 
expected. For r = 0.10, we see a similarly strong dependence with temperature and χeff varies from 
-7.29 × 10-3 at 60 °C to -3.41 × 10-4 at 110 °C. The value of A is negative and B is positive for all 
miscible blends except at r = 0.14. At this concentration, A is positive and B is negative, and there 
is a very weak dependence on temperature.  
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Figure 6.6. Effective Flory-Huggins interaction parameter, χeff, as a function of inverse temperature, 1/T, 
for the dPEO/P(2EO-MO)/LiTFSI blends. (a) With higher P(2EO-MO) molar mass (Mn = 26.7 kg·mol-1) 
and (b) with lower P(2EO-MO) molar mass (Mn = 16.0 kg·mol-1). The solid lines are linear fits to the data 
according to Equation 6.16; values for A and B are reported in Table 6.4. Error bars represent one 
standard deviation of the χeff fits and are smaller than the symbols. Typical error bars on χ range between 
5 and 20%, as previously shown in ref 178. 

 

Similarly, Figure 6.6b shows the temperature dependence of χeff in the lower molar mass P(2EO-
MO)-containing blends. At the same salt concentration, the temperature dependence of χeff 
obtained from lower and higher molar mass P(2EO-MO) blends are similar. At r = 0, the difference 
in A and B values is less than 10%, while at r = 0.10, A is within 10% while the value of B differs 
by about 20% (see Table 6.4). The absolute value of χeff is greater in the lower molar mass P(2EO-
MO)-containing blends than in the higher molar mass blends. χeff is always below χcrit = 6.78 × 10-

3 for these lower molar mass blends.  

In all cases where χeff is a sensitive function of temperature, R2 values for the linear fits are greater 
than 0.98 (see Table 6.4). The R2 value for the r = 0.14 blend is 0.344 which is expected as χeff is 
insensitive to temperature in this case. 

Salt concentration is known to affect χeff in multicomponent polymer systems.185,186 This effect has 
primarily been studied in phase-separated or microphase-separated systems, e.g. polystyrene and 
PEO.27,28,30,139,140,187–191 In the dPEO/P(2EO-MO) (Mn = 26.7 kg·mol-1) blend, the addition of salt 
up to r = 0.02 induces phase separation, while sufficient salt concentrations (r ≥ 0.08) render the 
mixture miscible again. The dependence of χeff on r is shown in Figure 6.7 for three temperatures 
(70, 90, and 110 °C). χeff is slightly negative in the neat blend, with similar values across the three 
temperatures. Addition of salt to r = 0.02 increases χeff above χcrit = 5.06 × 10-3. χ remains above 
this critical value at r = 0.04 and r = 0.06. Because the samples at 0.02 ≤ r ≤ 0.06 were immiscible 
at all temperatures studied, no information on χeff is available besides a lower bound, as indicated 
in Figure 6.7. At 90 and 110 °C, χeff decreases with increasing r for r ≥ 0.08. The data in Figure 
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6.7 suggests that χeff goes through a maximum at a value of r between 0.02 and 0.08 at 90 and 
110 °C. At 70 °C, χeff is a non-monotonic function of r for r ≥ 0.08. At this temperature, χeff exhibits 
both a maximum and a minimum with respect to r. 

 

 

Figure 6.7. Effective Flory-Huggins interaction parameter, χeff, for the dPEO/P(2EO-MO)/LiTFSI 
(P(2EO-MO) Mn = 26.7 kg·mol-1) blends as a function of salt concentration, r, at three different 
temperatures. 70 °C (blue circles), 90 °C (green squares), and 110 °C (red triangles). The lower limit of 
the error bars at 0.02 ≤ r ≤ 0.06 is the critical value for the Flory-Huggins interaction parameter, χcrit, at 
which this system phase separates. Error bars for the solid markers represent one standard deviation of the 
χeff fits and are smaller than the symbols. 

 

We now discuss the ion transport properties of the higher molar mass polymer blend electrolytes. 
For reference, we also include ion transport properties of conventional PEO/LiTFSI (Mn = 35.0 
kg·mol-1) and P(2EO-MO)/LiTFSI (Mn = 55.2 kg·mol-1) electrolytes.35 The ionic conductivity of 
the PEO/P(2EO-MO)/LiTFSI blend as a function of r is shown in Figure 6.8a. The conductivity 
increases with increasing r due to the higher concentration of charge carrying species. To a good 
approximation, the conductivity of the blend matches that of PEO/LiTFSI at all values of r.  

The salt diffusion coefficient, D, of the blend, shown in Figure 6.8b is similar to that of the 
conventional P(2EO-MO)/LiTFSI polymer electrolyte system for r ≤ 0.02 but is nearly equal to 
that of PEO/LiTFSI for higher r. The dependence of the current fraction, ρ+, of the polymer blend 
on r, plotted in Figure 6.8c, matches that of PEO/LiTFSI at all salt concentrations.82  

One measure of the efficacy of an electrolyte is the product of the ionic conductivity and current 
fraction. This measure gives a metric for sustaining steady currents in battery applications at low 
current densities. The efficacies of all three electrolyte systems are similar, as shown in Figure 
6.8d.  
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Figure 6.8. Electrochemical characterization of the PEO/P(2EO-MO)/LiTFSI blend as a function of salt 
concentration, r, compared with conventional PEO/LiTFSI (Mn = 35.0 kg·mol-1) and P(2EO-MO)/LiTFSI 
(Mn = 55.2 kg·mol-1) polymer electrolyte systems. (a) Ionic conductivity, κ, from ac impedance 
spectroscopy of symmetric cells with blocking electrodes. (b) Salt diffusion coefficient, D, from restricted 
diffusion measurements in a lithium symmetric cell. (c) Current fractions, ρ+, calculated from the Bruce-
Vincent method using a lithium symmetric cell. (d) Efficacy, κρ+. Data was taken at 90 °C. PEO/LiTFSI 
data was taken from ref 35. Error bars represent the standard deviation of three measurements. 

 

The immiscible blends obtained in the regime 0.01 ≤ r ≤ 0.06 undoubtedly contain macroscopic 
PEO-rich and P(2EO-MO)-rich domains. However, we expect a considerable concentration of 
P(2EO-MO) in the PEO-rich domains and vice-versa. The fact that the ion transport data (see 
Figure 6.8) obtained from immiscible blends do not differ significantly from that of miscible 
blends may be attributed to this effect. A more thorough investigation into the impact of miscibility 
on ion transport is warranted, but beyond the scope of this study. 

We were curious if ion transport behavior in miscible polymer blend electrolytes can be predicted 
based on the known properties of conventional polymer electrolytes. It is well established that 
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ionic conductivity in polymers depends on the relative segmental motion of the polymer backbone, 
which can be gauged by the Tg value.66,94,102,117 The Tg values of the miscible polymer blend 
electrolytes (PEO/P(2EO-MO)/LiTFSI) were consistently between the Tg values of the 
PEO/LiTFSI and P(2EO-MO)/LiTFSI electrolytes (see Figure 6.2b). However, conductivity 
measurements indicate that PEO, the component with the lower Tg, dominates conductivity. At 
most salt concentrations, this general behavior also applies to the measured current fractions and 
salt diffusion coefficients (see Figures 6.8b and 6.8c). These observations do not indicate that only 
PEO chains contribute to conductivity; if this were the case, then the conductivity of the 50/50 
polymer blend electrolytes would be half that of PEO/LiTFSI. The data in Figures 6.2b, 6.8b, and 
6.8c suggests that the P(2EO-MO) chains in the miscible polymer blend electrolytes behave as if 
they were PEO. It is evident that ion transport in miscible polymer blend electrolytes differs 
qualitatively from that in conventional polymer electrolytes. 

We conclude this section by reviewing previous studies of ion transport in polymer blends. It is 
important to distinguish between oligomers and polymers: PEO analogues such as tetraethylene 
glycol dimethyl ether (tetraglyme), a short chain molecule comprising four ethylene oxide units, 
are commonly used as solvents for electrolytic applications.192–194 The ionic conductivity of 
PEO/LiTFSI mixtures is independent of chain length when the molar mass of the PEO chains 
exceeds 2 kg·mol-1.88 The entanglement molar mass of PEO is also reported to be 2 kg·mol-1.195 
This value (2 kg·mol-1) serves as an approximate marker to distinguish between oligomers and 
polymers in the context of electrolytes. There have been a few reports of mixtures of polymers, 
salts, and a third component.196–205 Tsuchida et al. studied mixtures of PEO, poly(methyl 
methacrylate) (PMMA) and lithium perchlorate (LiClO4); however, the molar masses of examined 
PEO ranged from 0.7 to 2 kg·mol-1.196 While in the absence of salt, the miscibility of PEO and 
PMMA is well-established,206 the effect of added salt on miscibility is not yet known. Abraham et 
al. blended PEO and  poly[bis-(methoxyethyoxyethoxide)phosphazene] (MEEP) with different 
lithium salts.197 The molar mass of MEEP was not reported. Interestingly, the blends exhibited two 
exothermic melting transitions, one similar to that of pure PEO in the vicinity of 55 °C, and an 
additional peak at 140 °C, in spite of the fact that MEEP is amorphous. This suggests the presence 
of two phases in the PEO/MEEP electrolytes. Li et al. prepared blends of PEO, poly(2-
vinylpyridine) (P2VP), and LiClO4. While PEO and P2VP are miscible in the absence of salt,207 
the possibility of salt-induced phase separation was not addressed. Kim et al. report both 
conductivity and current fraction in mixtures of PEO, poly(oligo[oxyethylene]oxysebacoyl), and 
LiClO4.201 This is one of the few studies on electrochemical properties in polymer blends that go 
beyond conductivity; however, miscibility of the polymers in the presence of salt was not 
established. Rocco et al. studied mixtures of PEO, poly(methyl vinyl ether-maleic acid), and 
LiClO4 as well as PEO, poly(bisphenol A-co-epichlorohydrin), poly(vinyl ethyl ether), and LiClO4 
blends for use as electrolytes.203,204 Inferences regarding miscibility were mainly made on the basis 
of DSC. In contrast to all previous studies,196–205 this paper definitively demonstrates the 
miscibility of a polymer blend electrolyte system using a rigorous approach based on SANS, 
wherein concentration fluctuations on the nanometer length scale are quantified. Unlike previous 
studies,196–205 this work compares the characteristics of the PEO/P(2EO-MO)/LiTFSI polymer 
blend electrolyte system to that of its constituent polymer electrolytes (PEO/LiTFSI and P(2EO-
MO)/LiTFSI).  
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6.4 Conclusions 
This study demonstrates that it is possible to create homogeneous mixtures of chemically distinct 
polymers and a lithium salt for use in lithium batteries. This demonstration is non-trivial because 
polymers rarely mix with each other. Blending polymers for electrolytic applications is 
advantageous because of the ease of preparation and control of physical properties by simple 
changes in composition or chain lengths of the components. This initial study, based on 
PEO/P(2EO-MO)/LiTFSI, can serve as a template for future work aimed at optimizing ion 
transport in polymer electrolytes in a manner that mirrors the development of mixtures of organic 
solvents used in current day lithium ion batteries. The thermodynamic properties of PEO/P(2EO-
MO)/LiTFSI blends, determined by SANS, are surprisingly complex. This initial study is restricted 
to blends with roughly equal volume fractions of PEO and P(2EO-MO). Neat PEO/P(2EO-MO) 
blends exhibit a negative Flory-Huggins interaction parameter across the accessible temperature 
window. If we assume that the phase behavior of PEO/P(2EO-MO)/LiTFSI blends can be 
approximated by Flory-Huggins theory for binary blends of homopolymers with an effective 
interaction parameter that accounts for the presence of salt, it would imply that these blends would 
be miscible irrespective of blend composition and chain lengths of the components. Adding a small 
amount of LiTFSI (0.02 ≤ r ≤ 0.06) renders the PEO/P(2EO-MO) blends immiscible; blends 
containing either 26.7 kg·mol-1 or 16.0 kg·mol-1 P(2EO-MO) were immiscible. Increasing the salt 
concentration to r > 0.08 results in negative effective Flory-Huggins interaction parameters across 
the accessible temperature window, implying miscibility irrespective of blend composition and 
chain lengths of the components.  

Ion transport in the blends was characterized by measuring the ionic conductivity, salt diffusion 
coefficient, and current fraction. Surprisingly, the values of these parameters in blends with a given 
value of salt concentration, r, were close to those obtained in conventional PEO/LiTFSI 
electrolytes at the same value of r. In other words, the blends that we have characterized thus far 
do not exhibit superior ion transport properties. However, a wide variety of ether- and carbonate-
containing polymers have been synthesized for electrolytic applications.14,18,208,209 This work 
opens the door to a new direction for creating new and improved polymer electrolytes by either 
combining existing polymers with salt or by synthesizing new polymers with the specific aim of 
including them in miscible polymer blend electrolytes.  
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6.6 Supporting Information 

6.6.1 General Synthetic Considerations 

All manipulations of air and water sensitive compounds were carried out under nitrogen in an 
MBraun Labmaster glovebox or by using standard Schlenk line techniques.  

Dichloromethane for air sensitive reactions was purchased from Fisher, sparged with ultrahigh 
purity (UHP) grade nitrogen, and passed through two columns of alumina and dispensed into an 
oven-dried Straus flask, followed by three freeze-pump-thaw cycles. Otherwise, solvents (heptane, 
hexanes, acetonitrile, and isopropanol) were used as received. All other chemicals and reagents, 
except for 1,3,6-trioxocane (vide infra), were purchased from commercial sources (Millipore 
Sigma, Oakwood Chemical, TCI, and Fisher) and used without further purification. 

 

6.6.2 Instrumentation 

1H and 13C NMR spectra were recorded on a Bruker AV III HD (1H, 500 MHz) spectrometer with 
a broad band Prodigy cryoprobe or Varian IVarian INOVA 400 (1H, 400 MHz) spectrometer. 
Chemical shifts (δ) for 1H and 13C NMR spectra were referenced to protons on the residual solvent 
(for 1H) and deuterated solvent itself (for 13C).  

High-resolution mass spectrometry (HRMS) analyses were performed on a Thermo Scientific 
Exactive Orbitrap MS system equipped with an Ion Sense DART ion source.  

Thermogravimetric Analysis (TGA) was performed on a TA Instruments Q500 
Thermogravimetric Analyzer. The measurement was performed on 8–10 mg samples, which were 
heated in a nitrogen atmosphere from 25 °C to 600 °C at a rate of 10 °C/min.  

Gel permeation chromatography (GPC) analyses were carried out using an Agilent 1260 Infinity 
GPC System equipped with an Agilent 1260 Infinity autosampler and a refractive index detector. 
The Agilent GPC system was equipped with two Agilent PolyPore columns (5 micron, 4.6 mm 
ID) which were eluted with THF at 30 °C at 0.3 mL/min and calibrated using monodisperse 
polystyrene standards. 

AC impedance measurements were performed on lithium symmetric cells using a Bio-Logic 
VMP3 potentiostat over a 0.1–106 Hz frequency range at an amplitude of 80 mV.  



75 
 

6.6.3 Polymer Characterization 

 

Figure 6.9. GPC traces of P(2EO-MO). Sample 1 (upper left), sample 2 (upper right), sample 3 (lower 
left) and sample 4 (lower right) show monomodal distributions. 
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Figure 6.10. Representative thermogravimetric analysis of poly(1,3,6-trioxocane). Weight loss due to 
thermal degradation begins near 230 °C and reaches 5% loss at 272 °C.  
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6.6.4 NMR Spectra 

 

Figure 6.11. 1,3,6-trioxocane (2EO-MO) 1H NMR Spectrum (500 MHz, CDCl3). 
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Figure 6.12. 1,3,6-trioxocane (2EO-MO) 13C NMR Spectrum (125 MHz, CDCl3). 

 

 
Figure 6.13. Poly(1,3,6-trioxocane) (P(2EO-MO)) 1H NMR Spectrum (500 MHz, CDCl3). 
 

0102030405060708090100110120130140150
ppm

70
.6

1
72

.5
8

97
.9

1

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
ppm

0.608.052.00

1
.5

6

3
.6

5
3

.6
6

3
.6

7
3

.7
1

3
.7

2
3

.7
2

4
.7

4



79 
 

 

Figure 6.14. Poly(1,3,6-trioxocane) (P(2EO-MO)) 13C NMR Spectrum (125 MHz, CDCl3). 

 

6.6.5 AC Impedance Spectroscopy 

 

Figure 6.15. Nyquist plots at 90 °C for lithium symmetric cells of PEO/P(2EO-MO)/LiTFSI blends. With 
salt concentration r = 0.04 (left) and r = 0.10 (right). The r = 0.04 blend is immiscible while the r = 0.10 
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blend is miscible. The difference in magnitude between the two plots is directly proportional to differences 
in ionic conductivity and interfacial resistance. 
 

6.6.6 Disclaimer 

The statements, findings, conclusions and recommendations are those of the authors and do not 
necessarily reflect the view of NIST or the U.S. Department of Commerce. Certain commercial 
equipment, instruments, suppliers and software are identified in this paper to foster understanding. 
Such identification does not imply recommendation or endorsement by the National Institute of 
Standards and Technology, nor does it imply that the materials or equipment identified are 
necessarily the best available for the purpose. 

 

6.7 Nomenclature 
Table 6.5. List of symbols and abbreviations. 

Symbol Meaning 
PEO Poly(ethylene oxide) 
P(2EO-MO) Poly(1,3,6-trioxocane) 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
SANS Small angle neutron scattering 
DSC Differential scanning calorimetry 
2EO-MO 1,3,6-trioxocane 
Mn Number average molar mass 
Ð Dispersity 
dPEO Deuterated PEO 
ϕi Volume fraction of component i 
ϕpolymer Volume fraction of polymer components 
wi Weight of component i 
wsalt Weight of LiTFSI salt 
ρi Density of component i 
ρsalt Density of LiTFSI salt 
r Molar ratio of lithium ions in the salt to oxygen atoms in the polymers 
MEO Monomer molar mass of PEO 
M2(EO-MO) Monomer molar mass of P(2EO-MO) 
Msalt Molar mass of LiTFSI salt 
f Volume fraction of PEO and LiTFSI associated with PEO 
Tg Glass transition temperature 
SDD Sample-to-detector distance 
θ Scattering angle 
q Magnitude of the scattering vector 
λ Wavelength 
I(q) Measured absolute SANS intensity 
ΔGm Free energy of mixing per unit volume 
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kB
 Boltzmann constant 

v  Reference volume (0.1 nm3) 
T Absolute temperature 
Ni Number of repeat units per chain 
χ Flory-Huggins interaction parameter 
χcrit Critical Flory-Huggins interaction parameter 
χeff Effective Flory-Huggins interaction parameter 
Icoh(q) Coherent scattering intensity 
IdPEO/LiTFSI(q) SANS intensity from dPEO/LiTFSI mixtures (cm-1) 
Iinc(q) Incoherent scattering intensity 
Pi(q) Form factor 
Bi  Neutron scattering length density of component i 
bi Neutron scattering length of component i 
vi Monomer molar volume of component i 
Sii Structure factor 
Mi Molar mass of component i 
Rg,i Radius of gyration 
li Statistical segment length of component i 
RPA Random phase approximation 
α RPA fitting parameter accounting for chain distortion 
A, B  Empirical constants for fitting Flory-Huggins interaction parameters 
R2 Coefficient of determination 
κ Ionic conductivity 
D Salt diffusion coefficient 
ρ+ Current fraction 
κρ+ Efficacy 
PMMA poly(methyl methacrylate) 
LiClO4 Lithium perchlorate 
MEEP Poly[bis-(methoxyethoxyethoxide)phosphazene] 
P2VP Poly(2-vinylpyridine) 
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7 Relationship between Ion Transport and Phase Behavior in Polymer 
Blend Electrolytes Studied by Electrochemical Characterization and 

Neutron Scattering† 
We have studied ion transport in electrolytes created by blending two different 
polymers and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The polymers 
covered in this study are polyethylene oxide (PEO), poly(1,3,6-trioxocane) (P(2EO-
MO)), and poly(1,3-dioxolane) (P(EO-MO)). Ion transport is quantified by the product 
κρ+ which is defined as the efficacy of the electrolytes, where κ is conductivity and ρ+ 
is the current fraction determined by the Bruce-Vincent method. Polymer blends can 
be either one-phase or macrophase-separated. We used small angle neutron scattering 
(SANS) to distinguish between these two possibilities. The random phase 
approximation (RPA) was used to interpret SANS data from one-phase blends. The 
effect of added salt on polymer blend thermodynamics is quantified by an effective 
Flory-Huggins interaction parameter. All polymer blends were one-phase in the 
absence of salt. Adding salt in small concentrations results in macrophase separation 
in all cases. One-phase systems were obtained in the PEO/P(EO-MO)/LiTFSI blends 
at high salt concentrations. In most of the polymer blend electrolytes, the measured 
κρ+ was either lower than or comparable to that of the homopolymer electrolytes. An 
exception to this was one-phase PEO/P(EO-MO)/LiTFSI blends electrolytes at high 
salt concentrations. 

 

7.1 Introduction 
Polymer electrolytes are our current interest as they can replace the flammable organic solvents 
used in current rechargeable lithium batteries.2,7,210,211 While large varieties of mixtures of diverse 
polymers and different lithium salts have been studied,212 poly(ethylene oxide) (PEO) mixed with 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) continues to serve as a standard in the 
field.117,124,209 Ionic conductivity, κ, is an important parameter but it reflects the motion of both 
cations and anions. While the conductivity of PEO/LiTFSI mixtures is reasonably high at elevated 
temperatures such as 90 ℃, it is dominated by the motion of anions. The performance of 
electrolytes in lithium batteries depends on the mobility of cations, and an approach for evaluating 
this was developed by Bruce, Vincent, and Watanabe et al.60,61 In this method, one measures the 
current fraction, 𝜌ା, which relates the amount of current carried by the cation. In the limit of small 
applied currents, the efficacy of electrolytes is related to the product κ𝜌ା. Unfortunately, the value 
of 𝜌ା of PEO/LiTFSI mixtures is relatively low; at salt concentration where κ is maximized, 𝜌ା is 
only about 0.08. While there are few recent reports of promising electrolytes with high values of 
κ and 𝜌ା ,213 the challenge of designing electrolytes with κ 𝜌ା  values higher than that of 
PEO/LiTFSI is significant.82 In most polymers, efforts to increase 𝜌ା led to a disproportionate 
decrease in κ.94,214,215 

_________________________ 
† This chapter will be reported in Lee, J.*; Gao, K. W.*; Shah, N. J.; Kang, C.; Snyder, R. L.; Abel, B. A.; Teixeira, 
S. C. M.; Coates, G. W.; Balsara, N. P. Relationship between Ion Transport and Phase Behavior in Polymer Blend 
Electrolytes Studied by Electrochemical Characterization and Neutron Scattering. 2022, In preparation. *denotes 
equal contribution 
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The purpose of this paper is to exam the possibility of obtaining polymer electrolytes with high 
κ𝜌ା values by blending two polymers. Conventional liquid electrolytes for lithium batteries are 
blends of two organic solvents and a salt. One of the organic solvents is a high dielectric constant 
liquid such as ethylene carbonate (EC), while the other is a low dielectric constant liquid such as 
dimethyl carbonate (DMC).5,216 Ion dissociation is enabled by a high dielectric constant liquid but 
these solutions would be extremely viscous if the low dielectric solvent were absent. In fact, EC 
is a solid at room temperature. Given that PEO is a polymer with a low dielectric constant, we 
investigated the possibility of blending it with a more polar polymer, poly(1,3-dioxolane) P(EO-
MO).217 In a previous publication, we studied polymer blend electrolytes comprising PEO, 
poly(1,3,6-trioxocane) P(2EO-MO), and LiTFSI.26 In the present study, we examined both 
PEO/P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI blends. The blend components of 
interest are given in Figure 7.1. Small angle neutron scattering (SANS) is used to study the phase 
behavior of these blends. We also present electrochemical data showing that the κ𝜌ା values of few 
of our blends are somewhat higher than those of PEO/LiTFSI. The subject of polymer blend 
electrolytes has been studied by other groups.168,218,219 We review these studies in the Results and 
Discussion section, after we present data from the systems listed above. 

 

 

Figure 7.1. Chemical structure of poly(ethylene oxide) (PEO), poly(1,3,6-trioxocane) (P(2EO-MO)), 
poly(1,3-dioxolane) (P(EO-MO)), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). 



84 
 

7.2 Materials and Methods 

7.2.1 Polymer Blend Electrolyte Preparation and Composition 

The molar masses, Mn, and dispersities, Ð, of PEO (Polymer Source), deuterated PEO (dPEO) 
(Polymer Source), P(EO-MO) (synthesized as described in ref 217), P(2EO-MO), and deuterated 
P(EO-MO) (dP(EO-MO)) (synthesized as described in the Supporting Information) used in this 
study are summarized in Table 7.1.  

 

Table 7.1. Molar masses and dispersities of homopolymers, and type of experiments used in this study. 

Polymer Mn (kg·mol-1) Ð Experiments 

dPEO 35.0 1.09 SANS 

P(EO-MO) 25.3 1.69 Electrochemical Measurements / SANS 

PEO 35.0 1.08 Electrochemical Measurements 

dP(EO-MO) 21.8 1.79 SANS 

P(2EO-MO) 21.0 1.58 Electrochemical Measurements / SANS 

P(EO-MO) 18.4 1.86 Electrochemical Measurements 

 

Electrolytes used for SANS experiments were dPEO/P(EO-MO)/LiTFSI and dP(EO-MO)/P(2EO-
MO)/LiTFSI blends. Electrochemical measurements were also performed on PEO/P(EO-
MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI blends (no deuterated polymers). All polymers 
were dried in a glovebox antechamber under vacuum at 90 °C for at least 24 h prior to use. LiTFSI 
was dried under vacuum at 120 °C for at least 72 h. The polymer composition of the blends was 
50/50 by weight. We assume that the salt is uniformly distributed in the blend. The salt 
concentration of the blends was quantified by the molar ratio of Li atoms in the salt to O atoms in 
the polymers (𝑟 = [𝐿𝑖]/[𝑂]), calculated as in ref 26. Electrolyte r values ranged from 0 to 0.14. 
Blends were created by mixing the required amounts of polymers and salt in acetonitrile. These 
solutions were transparent and homogeneous. The electrolytes were prepared by evaporating the 
acetonitrile on a hot plate in a glove box at 80 °C overnight. This was followed by a final drying 
step in the glovebox antechamber under vacuum at 90 °C for 24 h. 

 

7.2.2 SANS Sample Preparation and Experiment 

Sample preparation for SANS experiments was conducted following procedures outlined 
previously.169 

SANS experiments on dPEO/P(EO-MO)/LiTFSI blends were conducted on the NG7SANS 
beamline at the National Institute of Standards and Technology Center for Neutron Research.170 
Measurements were performed with a neutron wavelength of 6 Å, and up to three sample-to-
detector distances (SDDs) of 13 m, 4 m, and 1 m. The shortest, 1 m distance, was used with a 
detector offset of 25 cm to extend the scattering angle (2θ) attainable. Overall, the three 
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configurations allowed for access to a scattering wave-vector magnitude, 𝑞 = ସగ
ఒ

sin(𝜃), ranging 

from 0.03 nm-1 to 5.5 nm-1. The neutron beam size was defined by a 9.5 × 10-3 m aperture. Data 
were collected at 20 °C increments between 70 °C and 110 °C. All measurements were reversible 
and repeatable upon either heating or cooling. Samples were equilibrated for at least 30 minutes at 
each temperature. A 9-position Peltier cooling/heating sample changer block was used to drive 
and maintain constant sample temperature. Samples of thickness of 1 mm were used. Data were 
reduced using the software package for IGOR provided by the NIST Center for Neutron 
Research.171 The total scattering intensity was corrected for detector sensitivity, background, and 
empty cell contributions as well as sample transmission and thickness.171,172 

SANS experiments on dP(EO-MO)/P(2EO-MO)/LiTFSI blends were conducted on the HFIR GP-
SANS CG-2 beamline at Oak Ridge National Laboratory.220 Measurements were performed with 
a neutron wavelength of 6 Å, and up to three SDDs of 19m, 6 m, and 1 m. Overall, the three 
configurations allowed for access to q ranging from 0.03 nm-1 to 5.5 nm-1. The neutron beam size 
was defined by a 12 mm diameter sample aperture. Data were collected at 20 °C increments 
between 70 °C and 110 °C. All measurements were reversible and repeatable upon either heating 
or cooling. Samples were equilibrated for at least 30 minutes at each temperature. A 12-position 
Peltier cooling/heating sample changer block was used to drive and maintain constant sample 
temperature. Samples of thickness was 1 mm. Data were reduced using a software package in 
Jupyter provided by the Oak Ridge National Laboratory.221 The total scattering intensity was 
corrected for detector sensitivity, background, and empty cell contributions as well as sample 
transmission and thickness. The intensity was placed on an absolute scale using a secondary 
standard. 

 

7.2.3 Electrochemical Sample Preparation and Experiments 

Electrochemical sample preparation and experiments were conducted following the procedures 
previously described,26,103 using 380 μm and 500 μm thick silicone spacers. All experiments   were 
conducted at 90 °C. The polymer composition of the blends was 50/50 by weight. Because these 
experiments were conducted with hydrogenated polymers, the volume fractions of polymers in 
these samples were slightly different from those used in SANS experiments. 
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7.3 Results and Discussion 
Electrochemical characterization of all our polymer blend electrolytes as a function of salt 
concentration (r) is shown in Figure 7.2. The ionic conductivity (κ) of PEO/LiTFSI is about a 
factor of 3 or 4 higher than that of P(EO-MO)/LiTFSI at the same value of r. The ionic conductivity 
of the polymer blend electrolyte PEO/P(EO-MO)/LiTFSI, is, however, similar to that of PEO at 
all values of r (Figure 7.2(a)).  The current fraction (𝜌ା) of PEO/LiTFSI is about a factor of 5 
lower than that of P(EO-MO)/LiTFSI at the same value of r. The current fraction of the polymer 
blend electrolyte PEO/P(EO-MO)/LiTFSI, is, however, similar to that of PEO when 𝑟 < 0.08. At 
higher 𝑟 values, 𝜌ା of the blend electrolyte is higher than that of PEO/LiTFSI; at r = 0.14, 𝜌ା of 
the blend electrolyte is a factor of 2 higher. One might have expected the transport properties of 
the polymer blend electrolytes to be averages of values obtained from the homopolymer 
electrolytes. The data in Figures 7.2(a) and 7.2(b) clearly show this is not the case. 

 

 

Figure 7.2. Electrochemical characterization of the PEO/P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-
MO)/LiTFSI blend electrolytes as a function of LiTFSI concentration. Compared with each 
homopolymer/LiTFSI (PEO; 35.0 kg mol-1, P(EO-MO); 23.4 kg mol-1, P(2EO-MO); 55.2 kg mol-1) 
polymer electrolyte system from ref. 217 and 26. (a), (c) Ionic conductivity (κ) measured by ac impedance 
using symmetric cells with blocking stainless steel electrodes. (b), (d) Current fraction (𝜌ା) measured by 
the Bruce-Vincent method using symmetric cell with nonblocking lithium electrodes. Data was taken at 
90 °C. Error bars represent the standard deviation of at least three measurements. 
 

The ionic conductivity of P(2EO-MO)/LiTFSI is about a factor of 2 higher than that of P(EO-
MO)/LiTFSI at r = 0.02 (Figure 7.2(c)). This factor decreases with increasing r; at r = 0.13, κ of 
P(2EO-MO)/LiTFSI is only 30 % higher than that of P(EO-MO)/LiTFSI. At most r values, κ of 
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the P(EO-MO)/P(2EO-MO)/LiTFSI polymer blend electrolytes lie between those of the 
homopolymer electrolytes, P(2EO-MO)/LiTFSI and P(EO-MO)/LiTFSI. The current fraction (𝜌ା) 
of P(2EO-MO)/LiTFSI is about a factor of 2 lower than that of P(EO-MO)/LiTFSI at most the r 
values (Figure 7.2(d)). At most r values, 𝜌ା of the P(EO-MO)/P(2EO-MO)/LiTFSI polymer blend 
electrolytes lie between those of the homopolymer electrolytes, P(2EO-MO)/LiTFSI and P(EO-
MO)/LiTFSI.  

The ion transport properties of polymer blend electrolytes will depend on whether the blends are 
one-phase or macrophase-separated. We note in passing that most pairs of polymers are immiscible 
with each other.165,183 We conducted SANS experiments to determine the miscibility windows in 
our polymer blend electrolytes.85,178,182 

 

 
Figure 7.3. Measured absolute SANS intensity (I(q)) versus the magnitude of scattering vector (q) at 90 ℃ 
for (a) dPEO/P(EO-MO)/LiTFSI and (b) dP(EO-MO)/P(2EO-MO)/LiTFSI polymer blend electrolytes at 
different salt concentration (r). Filled symbols correspond to one-phase electrolytes. Open symbols 
correspond to macrophase-separated electrolytes. Error bars represent one standard deviation of the 
scattering data and in most cases are smaller than the data points 
 
The measured absolute SANS intensity (I(q)) as a function of the magnitude of scattering vector 
(q) for the dPEO/P(EO-MO)/LiTFSI and dP(EO-MO)/P(2EO-MO)/LiTFSI polymer blends 
electrolytes is shown in Figure 7.3. We used the measured I(q) in the q range 0.4 nm-1< q < 1.0 
nm-1 to determine if the electrolytes are one-phase or macrophase-separated. In principle, this 
could be determined by examining I(q) in the limit q → 0. However, the pure deuterated polymers 
exhibit strong scattering in this limit which may be due to impurities or voids, as noted in previous 
publication. The macrophase-separated dPEO/P(EO-MO)/LiTFSI blends show a sharp upturn of 
I(q) below q = 0.4 nm-1, as shown in Figure 7.3(a). The macrophase-separated dP(EO-MO)/P(2EO-
MO)/LiTFSI blends show a similar signature but the sharp upturn of I(q) is seen at q values ranging 
from  0.4 to 1.0 nm-1 , as shown in Figure 7.3(b).  The lack of a sharp upturn of I(q) in the q range 
noted above it is taken as a signature of a one-phase blend. In the absence of salt, both dPEO/P(EO-
MO) and dP(EO-MO)/P(2EO-MO) blends are one-phase. Adding LiTFSI in dilute concentrations 
results in macrophase separation in both cases. At higher salt concentrations above r = 0.08, the 
dPEO/P(EO-MO)/LiTFSI blends become one-phase again. In contrast, the dP(EO-MO)/P(2EO-
MO)/LiTFSI blends remain macrophase-separated in all salt concentrations studied. 
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We analyze the SANS data from homogenous blends using the Flory-Huggins theory. In this 
theory, which applies to blends of two homopolymers, 

𝑣
∆𝐺୫
𝑘୆𝑇 =

𝜙ଵln𝜙ଵ
𝑁ଵ

+
𝜙ଶln𝜙ଶ

𝑁ଶ
+ 𝜒𝜙ଵ𝜙ଶ , (7.1)

  
 

where ΔGm is the free energy of mixing per unit volume, kB is the Boltzmann constant, T is the 
absolute temperature, labels 1 and 2 refer to the two polymers, ϕi is the volume fraction of 
component i, Ni is the number of repeat units in chain i, and χ is the Flory-Huggins interaction 
parameter between monomers of type 1 and 2.176,177 N1, N2, and χ are based on a reference volume, 
v = 0.1 nm3. The critical Flory-Huggins interaction parameter value, χcritical, is given by the 
following: 

𝜒௖௥௜௧௜௖௔௟ =  
1
2 ቆ

1
ඥ𝑁ଵ

+
1

ඥ𝑁ଶ
ቇ

ଶ

, (7.2) 

Blends with χ < χcritical implies miscible phase, regardless of composition. 
To account for added salt, we use a simple extension of eq 7.1. 

𝑣
∆𝐺୫

𝑘୆𝑇 = 𝜙୮୭୪୷୫ୣ୰ ൬
𝜙ଵln𝜙ଵ

𝑁ଵ
+

𝜙ଶln𝜙ଶ

𝑁ଶ
+ 𝜒௘௙௙ 𝜙ଵ𝜙ଶ൰ , (7.3)

  
 

where ϕpolymer is the total polymer volume fraction and ϕi (i = 1 or 2) are the salt-free polymer 
volume fractions. The effect of added salt on thermodynamics is captured mainly by an effective 
Flory-Huggins parameter, χeff, which depends on salt concentration.27,222 When r → 0, ϕpolymer → 
1, eq 7.3 reduces to eq 7.1, and χeff reduces to the conventional χ parameter for polymer blends. 
After checking the qualitative phase behavior of the two blend systems as a function of r, we 
analyzed the I(q) data to determine χeff  as a function of blend composition. Before calculating χeff,, 
the absolute SANS intensity was corrected for the contributions from coherent scattering of the 
deuterated chains and additional background scattering that includes the incoherent scattering from 
hydrogen atoms to obtain the absolute coherent SANS intensity from each blend, 𝐼௖௢ (𝑞),178 

𝐼௖௢௛(𝑞) =  𝐼(𝑞) − 𝑓𝐼
ௗ௘௨௧௘௥௔௧௘ௗ௣௢௟௬௠௘௥

௅௜்ிௌூ
(𝑞) −  𝐼௜௡௖ , (7.4)   

where f is the volume fraction of deuterated polymer which is calculated using eq 7.5. 

𝑓 =

𝑤ଵ + 𝑟𝑛ଵ𝑤ଵ𝑀′ୱୟ୪୲
𝑀′ଵ

𝜌ଵ

𝑤ଵ + 𝑟𝑛ଵ𝑤ଵ𝑀′ୱୟ୪୲
𝑀′ଵ

𝜌ଵ
+

𝑤ଶ + 𝑟𝑛ଶ𝑤ଶ𝑀′ୱୟ୪୲
𝑀′ଶ

𝜌ଶ

, (7.5) 

Label 1 refers to the deuterated component and label 2 refers to the nondeuterated polymer, 𝑤௜  is 
mass of component i, 𝜌௜  is the density (𝜌௉ாை =1.23 g cm-3 ; 𝜌ௗ௉ாை=1.34 g cm-3 ;  𝜌௉(ாைିெை)=1.32 
g cm-3; 𝜌ௗ௉(ாைିெை) =1.44 g cm-3 ;  𝜌௉(ଶாைିெை) =1.32 g cm-3;  𝜌௅௜்ிௌூ = 2.023 g cm-3), 𝑀′௜  is 
monomer molar mass ( 𝑀′ாை= 44.05 g mol-1; 𝑀′ாைିெை= 68.05 g mol-1; 𝑀′ଶாைିெை= 118.05 g mol-

1; 𝑀′ௗ௉ாை= 48.05 g mol-1; 𝑀′ௗ௉(ாைିெை)= 74.03 ; 𝑀′௦௔௟௧  is 287.1 g mol-1), and 𝑛௜ is the number of 
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oxygen atoms in each monomer (see Figure 7.1). We assumed that the densities of P(2EO-MO) 
and P(EO-MO) are equal, and the volumes occupied by monomers of deuterated and 
nondeuterated polymers are identical. SANS profiles reflect concentration fluctuations which we 
assume are dominated by fluctuations in polymer concentration; we neglect the partitioning of salt 
across these fluctuations. 𝐼ௗ௘௨௧௘௥௔௧௘ௗ ௣௢௟௬௠௘௥/௅௜்ிௌூ  is the scattering from deuterated 
polymer/LiTFSI mixtures: 𝐼ௗ௉ாை/௅௜்ிௌூ  was taken from ref. 169 and  𝐼ௗ௉(ாைିெை)/௅௜்ிௌூ  was 
measured (Supporting Information). 𝐼௜௡௖  is the incoherent scattering from hydrogen atoms which 
we estimate by fitting the measured SANS profile in the high q  range 0.2 nm-1< q < 5.0 nm-1 , 

𝐼(q) = 𝑎𝑃(𝑞) + 𝐼௜௡௖ (7.6) 

where  

𝑃(q) = 2 ቎
expቀ−𝑞2𝑅𝑔

2ቁ − 1 + 𝑞2𝑅𝑔
2

𝑞4𝑅𝑔
4 ቏ , (7.7) 

𝑎 , 𝐼௜௡௖ , and 𝑅௚  are fitting constants.179 After subtracting 𝐼ௗ௘௨௧௘௥௔௧௘ௗ ௣௢௟௬௠௘௥/௅௜்ிௌூ(𝑞)  and 𝐼௜௡௖  
from 𝐼(𝑞), we obtain 𝐼௖௢௛(𝑞) for miscible blends using eq 7.4. The results we obtained are shown 
in Figure 7.4. 

 

 

Figure 7.4. Coherent SANS intensity profiles Icoh(q) (open symbols) and corresponding RPA fits (solid 
curves) for miscible blends at 90 ℃. (a) dPEO/P(EO-MO)/LiTFSI blends, and (b) dP(EO-MO)/P(2EO-
MO). Error bars represent one standard deviation of the scattering data and in most cases are smaller than 
the data points. 

 

Following ref. 26, we use the following expression for analyzing 𝐼ୡ୭୦(𝑞) based on the random 
phase approximation (RPA) method,85,178,181,223,224 

𝐼ୡ୭୦(𝑞) = 𝜙୮୭୪୷୫ୣ୰(𝐵ଵ − 𝐵ଶ)ଶ𝑣 ൬
1

𝑆ଵଵ(𝑞) +
1

𝑆ଶଶ(𝑞) − 2𝜒ୣ୤୤൰
ିଵ

. (7.8) 
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where 𝐵௜is the coherent neutron scattering length density of component i , calculated as in ref. 26 

( 𝐵ௗ௉ாை = 128.0 × 10ିଵହ mol cm-2; 𝐵௉(ாைିெை) = 17.7 × 10ିଵହ  mol cm-2; 𝐵ௗ௉(ாைିெை) =
139.0 × 10ିଵହ mol cm-2; 𝐵௉(ଶாைିெ )= 14.8 × 10ିଵହ mol cm-2), 𝑣 is reference volume (0.1 nm3), 
and 𝑆௜௜(𝑞) is the ideal structure factor of polymer i given by, 

𝑆௜௜(𝑞) = 𝜙௜𝑁௜𝑃௜(𝑞). (7.9) 

and 𝑁௜ is the number of repeat units in each polymer, given by 

𝑁௜ =
𝑀௜

𝜌௜ 𝑁௔௩𝑣 , (7.10) 

where 𝑁௔௩ is Avogadro’s number and 𝑀௜ and 𝜌௜  are the polymer molar mass (g mol-1) and density 
(g cm-3), and 𝑃௜(q) is the Debye function of the polymer i, 

𝑃𝑖(𝑞) = 2 ቎
expቀ−𝑞2𝑅𝑔𝑖

2 ቁ − 1 + 𝑞2𝑅𝑔𝑖
2

𝑞4𝑅𝑔𝑖
4 ቏ , 𝑅𝑔𝑖

2 =  
𝑁௜𝑙௜

ଶ

6 , (7.11) 

where 𝑅௚௜  is the radius of gyration of polymer i, and 𝑙௜ is the statistical segment length of polymer 
i. We assumed that the 𝑙௜ value of PEO is 0.58 nm.169 The nominal values for 𝑙௜ of P(EO-MO) and 
P(2EO-MO) were taken to be 0.58 nm. The scattering data in Figure 7.4 were fit to eq 7.8 with 
two adjustable constants, 𝜒௘௙௙  and α where the values of 𝑙௜ of P(EO-MO) and P(2EO-MO) were 
also assumed to be 0.58𝛼 nm (𝛼 is constant). 𝛼 was found to be a weak function of temperature. 
To minimize errors in fitting, we used a temperature-average value of 𝛼 for each miscible blend 
(70 ℃, 90 ℃, and 110 ℃; Supporting Information). The final fits were obtained with 𝜒௘௙௙  as the 
only adjustable parameter. The blend compositions and α parameters obtained using RPA fitting 
are listed in Table 7.2. The curves in Figure 7.4 show those fits from which we estimate 𝜒௘௙௙  for 
all one-phase polymer blends.  

 

Table 7.2. Component volume fractions ϕi and 𝛼 values of miscible blends. 

Polymer Blend 𝜙ଵ 𝜙ଶ 𝜙௣௢௟௬௠௘௥  𝛼 
dPEO/P(EO-MO) 

(r = 0) 
0.50 0.50 1.00 1.37±0.03 

dPEO/P(EO-MO) 
(r = 0.08) 

0.50 0.50 0.72 1.17±0.03 

dPEO/P(EO-MO) 
(r = 0.10) 

0.50 0.50 0.67 1.15±0.01 

dPEO/P(EO-MO) 
(r = 0.12) 

0.50 0.50 0.63 1.14±0.01 

dP(EO-MO)/P(2EO-MO) 
(r = 0) 

0.52 0.48 1.00 1.46±0.01 

𝜙ଵ : volume fraction of deuterated polymer, 𝜙ଶ: volume fraction of nondeuterated polymer. 
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Figure 7.5. Effective Flory-Huggins interaction parameter χeff as a function of inverse temperature (1/T) for the 
one-phase (a) dPEO/P(EO-MO)/LiTFSI polymer blend electrolytes and (b) dP(EO-MO)/P(2EO-MO) polymer 
blends. All dP(EO-MO)/P(2EO-MO)/LiTFSI blends were macrophase-separated. 𝜒௖௥௜௧௜௖௔௟ is calculated by eq 
7.2. Error bars represent one standard deviation of the 𝜒௘௙௙  fits and are smaller than the symbols. 

 

The temperature dependence of 𝜒௘௙௙  of the miscible polymer blends, obtained by the fitting 
procedure described is the previous paragraph, shown in Figure 7.5. We fit this dependence to the 
function of form 

𝜒௘௙௙ =
𝐴
𝑇 + 𝐵 , (7.12) 

where 𝐴 and 𝐵 are constants.165,184 These constants are given in Table 7.3. As shown in Figure 
7.5(a) 𝜒௘௙௙  of dPEO/P(EO-MO) (r = 0) decreases slightly with increasing T. The value of B for 
the system is small, (8.50 ± 0.36) 10ିଷKିଵ. Also shown in Figure 7.5(a) 𝜒௖௥௜௧௜௖௔௟  is calculated 
using eq 7.2. We assume the 𝜒௘௙௙  for macrophase-separated systems exceeds 𝜒௖௥௜௧௜௖௔௟ . Adding salt 
to this blend results macrophase separation up to r = 0.06. We conclude that 𝜒௘௙௙  of dPEO/P(EO-
MO)/LiTFSI blends with 0.02 <  𝑟 < 0.06 is greater than 𝜒௖௥௜௧௜௖௔௟  ( 5.2 × 10ିଷ ). Further 
increase in salt concentration r = 0.08 results in a one-phase blend with 𝜒௘௙௙  that decreases 
significantly with increasing T. The value of B for the system is large, (71.2 ± 3.3) 10ିଷKିଵ.  𝜒௘௙௙  
of dPEO/P(EO-MO)/LiTFSI blends with r = 0.10 and 0.12 also decrease with increasing T, but 
exhibit smaller values of B. (see Table 7.3) As shown in Figure 7.5(b), 𝜒௘௙௙  of dP(EO-
MO)/P(2EO-MO) (r = 0) increase slightly with increasing T. The value of B for the system is small 
but negative, (−1.55 ± 0.71) 10ିଷKିଵ. Adding salt results in macrophase separation at all values 
of r between 0.01 to 0.13. In this window, 𝜒௘௙௙  is greater than 𝜒௖௥௜௧௜௖௔௟  (7.7 × 10ିଷ). 
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Table 7.3. 𝐴 and 𝐵 values for dPEO/P(EO-MO)/LiTFSI and dP(EO-MO)/P(2EO-MO) blends at various 
r. 

 

 

 

 

 

 

 

 

 

Figure 7.6. Effective Flory-Huggins interaction parameter χeff as a function of salt concentration, r, for the 
(a) dPEO/P(EO-MO)/LiTFSI, and (b) dP(EO-MO)/P(2EO-MO)/LiTFSI polymer blends at different 
temperatures. 

 (a) In the salt concentration range, 0.02 ≤ 𝑟 < 0.08, we can only determine the lower bound of the error 
bar for 𝜒௘௙௙  of dPEO/P(EO-MO)/LiTFSI due to macrophase separation. (b) dP(EO-MO)/P(2EO-
MO)/LiTFSI polymer blends are macrophase-separated at all salt concentrations and temperatures. 
𝜒௖௥௜௧௜௖௔௟ is calculated by eq 7.2. Error bars represent one standard deviation of the 𝜒௘௙௙  fits and are 
smaller than the symbols. 

 

Figure 7.6(a) shows the dependence of 𝜒௘௙௙  on r for the dPEO/P(EO-MO)/LiTFSI blends at different 
temperatures. At low salt concentrations (0.02 ≤ 𝑟 ≤ 0.06), we only get a lower bound for 𝜒௘௙௙  
which is 𝜒௖௥௜௧௜௖௔௟ . We thus only present the lower bounds of the error bars for 𝜒௘௙௙  in this salt 
concentration window. At higher salt concentrations, 𝜒௘௙௙  generally decreases with increasing salt 
concentration. We have very limited information on the dependence of 𝜒௘௙௙  on r for the dP(EO-

Polymer Blend 𝑨 𝑩 × 𝟏𝟎ି𝟑(𝐊ି𝟏) 
dPEO/P(EO-MO) 

(r = 0) 
−2.19 ± 0.13 8.50 ± 0.36 

dPEO/P(EO-MO) 
(r = 0.08) 

−26.4 ± 1.2 71.2 ± 3.3 

dPEO/P(EO-MO) 
(r = 0.10) 

−13.8 ± 0.3 34.4 ± 0.7 

dPEO/P(EO-MO) 
(r = 0.12) 

−3.57 ± 0.06 6.27 ± 0.17 

dP(EO-MO)/P(2EO-MO) 
(r = 0) 

2.61 ± 0.26 −1.55 ± 0.71 
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MO)/P(2EO-MO)/LiTFSI blends, as shown in Figure 7.6(b). In these blends, we only conclude 𝜒௘௙௙  
increases above 𝜒௖௥௜௧௜௖௔௟when r increases from 0 to 0.01. 

 

 
Figure 7.7. Efficacy, κρ+, of PEO/P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI polymer 
blend electrolytes as a function of r compared with each homopolymer/LiTFSI ) at 90 ℃. (PEO; 35.0 kg 
mol-1, P(EO-MO); 23.4 kg mol-1, P(2EO-MO); 55.2 kg mol-1 ). Homopolymer/LiTFSI data were collected 
from ref. 217. Solid lines imply one-phase systems and dashed lines imply macrophase-separated systems. 
Error bars represent the standard deviation of at least three measurements. 
 

We now discuss the relationship between the electrochemical properties of the polymer blend 
electrolyte and the blend phase behavior. Under a small applied potential gradient, the dc current 
is proportional to the product κρ+. We thus refer to κρ+ as the efficacy of electrolyte. In Figure 
7.7(a), we plot κρ+ as a function of r for three systems: PEO/LiTFSI, P(EO-MO)/LiTFSI, and 
PEO/P(EO-MO)/LiTFSI blends. The dependence of κρ+ of PEO/LiTFSI and P(EO-MO)/LiTFSI 
on r is similar, within experimental error. Given this fact, one might expect the dependence of κρ+ 
of PEO/P(EO-MO)/LiTFSI blends on r to be similar to that of the homopolymer electrolytes. 
Figure 7.7(a) shows that this is not the case. At r = 0.05, κρ+ of polymer blend electrolytes is 0.08 
mS/cm while that of the homopolymer electrolytes is 0.16 mS/cm. In contrast, at r = 0.14, κρ+ of 
polymer blend electrolytes is 0.26 mS/cm while that of the homopolymer electrolytes is 0.10 
mS/cm. The main difference between the two chosen r values is their phase behavior: the polymer 
blend electrolyte at r = 0.14 is one-phase, while the polymer blend electrolyte at r = 0.05 is 
macrophase-separated. It is evident that one-phase polymer blend electrolytes can exhibit 
efficacies that are higher than homopolymer electrolytes. For completeness, in Figure 7.7(b), we 
plot κρ+ as a function of r for three systems: P(EO-MO)/LiTFSI, P(2EO-MO)/LiTFSI, and P(EO-
MO)/P(2EO-MO)/LiTFSI blends. The dependence of κρ+ on r is similar for all three systems. All 
of the polymer blend electrolytes in Figure 7.7(b) are macrophase-separated. 

Finally, we compare our findings with literature on polymer blend electrolytes. Theoretical work 
of Wheatle et al. (ref. 168) shows that conductivity of polymer blend electrolytes can be higher than 
that of homopolymer electrolytes, especially if the polarity of the blended polymers are different 
and the blend is one-phase. In the simulations, the conductivity of macrophase-separated blends 
was systematically lower than the average conductivity of the two homopolymer electrolytes. Our 
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experimental data on macrophase-separated blends are consistent with this result. (see Figure 
7.2(a), (c)). In experimental work, Caradant et al. (ref.219) studied the conductivity of PEO blended 
with polymers with different polarity, polycaprolactone (PCL), polypropylene carbonate (PPC) 
and polyvinylpyrrolidone (PVP). All of the blends in this study were macrophase-separated and 
exhibited lower conductivity when compared with PEO electrolytes. To our knowledge, Figure 
7.7(a) is the only data set in the literature thus far that shows higher efficacy of a polymer blend 
electrolyte relative to PEO. 

 

7.4 Conclusions 
In this study, we have examined the possibility of optimizing ion transport in polymer electrolytes 
by blending two different polymers. The polymers covered in this study are PEO, P(2EO-MO), 
and P(EO-MO). LiTFSI is added to the polymers to create electrolytes. The properties of 
PEO/P(2EO-MO)/LiTFSI blends were reported in ref. 26. The properties of PEO/P(EO-
MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI are reported in this paper. Ion transport is 
quantified by the product κρ+ which is defined as the efficacy of the electrolytes.  Polymer blends 
can be either one-phase or macrophase-separated. We used SANS to distinguish between two 
possibilities and the results thus obtained are summarized in Figure 7.8. All polymer blends were 
one-phase the absence of salt. Adding salt in small concentration results in macrophase separation 
in all cases. One-phase systems were obtained in the two blends containing PEO at high salt 
concentrations (𝑟 ≥ 0.08). The boundaries between one-phase and macrophase-separated systems 
is assumed to be at the average value of r where the two types of system were observed. In most 
of the polymer blend electrolytes, the measured κρ+ was either lower than or comparable to that of 
the homopolymer electrolytes. An exception to this was one-phase PEO/P(EO-MO)/LiTFSI 
blends electrolytes with 𝑟 ≥ 0.10, as shown in Figure 7.8. The molecular underpinnings of both 
thermodynamic and ion transport properties remain to be established. 



95 
 

 

Figure 7.8. Summary of phase behavior and ion transport efficacy, κρ+, of polymer blend electrolytes with 
added LiTFSI salt at 90 ℃. We distinguish between one-phase and marcophase-separated blends. The red 
box identifies one-phase systems with efficacies higher than that of homopolymer electrolytes.  
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7.6 Supporting Information 

7.6.1 General Synthetic Considerations 

All manipulations of air and water sensitive compounds were carried out under nitrogen in a 
MBraun Labmaster glovebox or by using standard Schlenk line techniques. Solvents for air 
sensitive reactions were purchased from Fisher, sparged with ultrahigh purity (UHP) grade 
nitrogen, and either passed through two columns containing reduced copper (Q-5) and alumina 
(THF) or passed through two columns of alumina (CH2Cl2) and dispensed into an oven-dried 
Straus flask, degassed via three freeze-pump-thaw cycles, and stored under nitrogen over activated 
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3 Å molecular sieves in a glovebox. Otherwise, solvents (Et2O, heptane, isopropanol) were used 
as received. All other chemicals and reagents, except for polymerization materials (vide infra), 
were purchased from commercial sources (Cambridge Isotope Laboratories, Aldrich, Oakwood 
Chemical, Strem, Chemicals, Alfa Aesar, Acros, and Fisher) and used without further purification. 

InBr3 (Strem, 99.999%) was used without further purification. Bromomethyl methyl ether (MOM 
Br, TCI Chemicals, 97%) was distilled under nitrogen under partial static vacuum, degassed via 
three freeze-pump-thaw cycles, and stored under nitrogen in a glovebox freezer at –30 °C. 2,6-Di-
tert-butylpyridine (DTBP) was dried over CaH2 for three days and vacuum distilled, degassed via 
three freeze-pump-thaw cycles and stored at room temperature under nitrogen over activated 3 Å 
molecular sieves. All cyclic acetal monomers were dried over CaH2 for three days, vacuum 
distilled, and degassed via three freeze-pump-thaw cycles followed by storage at room temperature 
under nitrogen over 3 Å molecular sieves. 

7.6.2 Instrumentation 

1H, 2H, and 13C NMR spectra were recorded on a Bruker AV III HD (1H, 500 MHz) spectrometer 
with a broad band Prodigy cryoprobe or Varian INOVA 400 (1H, 400 MHz) spectrometer. 
Chemical shifts (δ) for 1H and 13C NMR spectra were referenced to protons of the residual solvent 
(for 1H) and deuterated solvent itself (for 2H and 13C).  

GPC analyses were carried out using an Agilent 1260 Infinity GPC System equipped with an 
Agilent 1260 Infinity autosampler and a refractive index detector. The Agilent GPC system was 
equipped with two Agilent Polypore columns (5 µm, 4.6 mm ID), which were eluted with THF at 
30 °C at a rate of 0.3 mL/min and calibrated using monodisperse polystyrene standards. 

7.6.3 Synthetic Procedures 

1,3-Dioxolane-d6 (dEO-MO) 

Paraformaldehyde-d2 (4.03 g, 126 mmol, 1.00 equiv), ethylene glycol-d4 (9.98 g, 151 
mmol, 1.20 equiv) and p-toluenesulfonic acid (718 mg, 3.77 mmol, 0.03 equiv) were 
combined in a 25 mL flask with a magnetic stir bar and fitted with a reflux condenser. 
The reaction mixture was refluxed at 90 °C for 3 h, then distilled at 130 – 190 °C 
under ambient atmosphere to obtain a mixture of 1,3-dioxolane-d6, water, and other 

minor impurities such as trioxane and trioxepane. An excess amount of K2CO3 was added to salt 
out the organic phase. The organic phase was fractionally distilled at 95 °C to obtain pure 1,3-
dioxolane-d6 as a clear, colorless liquid. The product was dried over CaH2 for 3 days, vacuum 
transferred, and degassed via three freeze-pump-thaw cycles (7.48 g, 74% yield). 2H NMR (77 
MHz, CDCl3): δ 4.87 (s, 2H), 3.84 (s, 4H) ppm. 13C NMR (126 MHz, CDCl3) δ 94.53 (p, J = 25.4 
Hz), 63.85 (p, J = 22.7 Hz).  

 
1,3,6-Trioxocane (2EO-MO) 
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Diethylene glycol (100 g, 0.94 mol, 1.0 equiv), paraformaldehyde (37 g, 1.2 mol, 
1.3 equiv), polyphosphoric acid (4.0 g, 28 mmol, 0.030 equiv), and heptane (160 mL) 
were combined in a 250 mL flask with a magnetic stir bar and fitted with a Dean-Stark 
adapter and condenser. The reaction was stirred at 115 °C for 12 h and water was 

collected as the bottom layer in the trap. After cooling the reaction mixture to room temperature, 
heptane was removed via rotary evaporation to give a cloudy, viscous solution. This oligomerized 
product was distilled at 150 – 180 °C under high vacuum into a receiving flask cooled with a dry 
ice/acetone bath. The crude mixture of diethylene glycol and 2EO-MO was then fractionally 
distilled under high vacuum at 80 °C to give clear, colorless, 2EO-MO in 70% yield. The monomer 
was dried over CaH2 for 3 days, distilled, and degassed via three freeze-pump-thaw cycles. 
Spectral data match previous reports.217 1H NMR (500 MHz, CDCl3) δ 4.57 (s, 2H), 3.50 (s, 8H) 
ppm. 13C NMR (125 MHz, CDCl3) δ 97.91, 72.58, 70.61 ppm. HRMS (DART-MS): m/z 
calculated for C5H10O3 [H]+ 119.0703, found 119.0703. 

 

dP(EO-MO) 

In a glovebox under nitrogen atmosphere, 1,3-dioxolane-d6 (7.17 g, 89.5 mmol, 
200 equiv), di-tert-butyl pyridine (0.222 ml, 0.99 mmol) and CH2Cl2 (1.5 mL) 
were combined in a 100 mL round bottom flask with a stir bar. MOMBr (0.0365 
ml, 0.448 mmol) was added to the reaction mixture using a gas-tight microliter 

syringe. In a separate vial, InBr3 (70.2 mg, 0.198 mmol) was dissolved in anhydrous diethyl ether 
(1.0 mL), and sealed with a pierceable cap. The InBr3 stock solution and polymerization flask were 
removed from the glovebox, and the reaction mixture was cooled to 0 °C in an ice bath for at least 
10 min. The polymerization was initiated by addition of an InBr3 stock solution (1.0 mL) directly 
to the reaction mixture under nitrogen using a 1 mL plastic syringe ([dEO-MO]0 = 9.0 M). After 
the reaction became too viscous to stir, the reaction mixture was quenched by adding 5.0 mL of a 
0.5 M solution of sodium methoxide in THF and mixing vigorously at 0 °C. Once quenched, the 
solution was stirred with K2CO3 (20 g) for 1 h to quench any residual acidic species. The K2CO3 
was removed via vacuum filtration through a basic alumina and Celite pad, and the polymer was 
isolated by precipitating into cold diethyl ether. The white fibrous solid was isolated via vacuum 
filtration, dried at 70 °C under vacuum for 24 h to remove residual solvent and give a semi-
crystalline white solid product (4.89 g, 68 %). Mn = 21.8 kDa; Ɖ = 1.79. 2H NMR (77 MHz, 
CDCl3): δ 4.71 (s, 2H), 3.67 (s, 4H) ppm. 13C NMR (126 MHz, CDCl3): δ 94.9 (p, J = 24.7 Hz), 
66.0 (p, J = 21.5 Hz) ppm.  

 

P(2EO-MO) 

In a glovebox under nitrogen atmosphere, 2EO-MO (10.0 g, 84.7 mmol, 
100 equiv), di-tert-butyl pyridine (0.539 ml, 2.82 mmol) and CH2Cl2 

(16.8 mL) were combined in a 100 mL round bottom flask with a stir bar. MOMBr (69 μl, 0.847 
mmol) was added to the reaction mixture using a gas-tight microliter syringe. In a separate vial, 
InBr3 (100 mg, 0.282 mmol) was dissolved in anhydrous diethyl ether (1.0 mL), and sealed with a 
pierceable cap. The InBr3 stock solution and polymerization flask were removed from the 
glovebox, and the reaction mixture was cooled to 0 °C in an ice bath for at least 10 min. The 
polymerization was initiated by addition of an InBr3 stock solution (1.0 mL) directly to the reaction 
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mixture under nitrogen using a 1 mL plastic syringe ([2EO-MO]0 = 3.0 M). After the reaction 
became too viscous to stir, the reaction mixture was quenched by adding 5.0 mL of a 0.5 M solution 
of sodium methoxide in THF and mixing vigorously at room temperature. Once quenched, the 
solution was stirred with K2CO3 (20 g) for 1 h to quench any residual acidic species. The K2CO3 
was removed via vacuum filtration through a basic alumina and Celite pad, and the polymer was 
isolated by precipitating into cold isopropanol. The white fibrous solid was isolated via vacuum 
filtration, dried at 90 °C under vacuum for 24 h to remove residual solvent and give a semi-
crystalline white solid product (4.57 g, 46 %). Mn = 21.0 kDa; Ɖ = 1.58. Spectral data match 
previous reports.217 

 

7.6.4 NMR Spectra 

 

Figure 7.9. 1H NMR spectrum of dEO-MO. 
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Figure 7.10. 13C NMR spectrum of dEO-MO. 

 

 

Figure 7.11. 1H NMR spectrum of dP(EO-MO). 
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Figure 7.12. 13C NMR spectrum of dP(EO-MO). 
 

7.6.5 Additional SANS Data 

 

Figure 7.13. Absolute SANS scattering intensity of deuterated homopolymers.(I(q)) of (a) dPEO/LiTFSI 
and (b) dP(EO-MO)/LiTFSI as a function of scattering vector (q) at different salt concentration (r) and at 
90 ℃. 
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Figure 7.14. Coherent SANS scattering intensity of salt free polymer blends.(𝐼௖௢௛(𝑞)) of (a) dPEO/P(EO-
MO) and (b) dP(EO-MO)/P(2EO-MO) as a function of scattering vector (q) at different temperature (open 
symbols), and corresponding RPA fits (solid curves). In both cases, 𝐼௖௢௛(𝑞) is a weak function of 
temperature. 

7.7 Nomenclature 
Table 7.4. List of symbols and abbreviations. 

Symbol Meaning 
PEO Poly(ethylene oxide) 
P(2EO-MO) Poly(1,3,6-trioxocane) 
P(EO-MO) Poly(1,3-dioxolane) 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
SANS Small angle neutron scattering 
DSC Differential scanning calorimetry 
2EO-MO 1,3,6-trioxocane 
EO-MO 1,3-dioxolane 
Mn Number average molar mass 
Ð Dispersity 
dPEO Deuterated PEO 
dP(EO-MO) Deuterated P(EO-MO) 
ϕi Volume fraction of component i 
ϕpolymer Volume fraction of polymer components 
wi Weight of component i 
wsalt Weight of LiTFSI salt 
ρi Density of component i 
ρsalt Density of LiTFSI salt 
r Molar ratio of lithium ions in the salt to oxygen atoms in the polymers 
M’i Monomer molar mass of i 
M’salt Molar mass of LiTFSI salt 
f Volume fraction of PEO and LiTFSI associated with PEO 
Tg Glass transition temperature 
SDD Sample-to-detector distance 
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θ Scattering angle 
q Magnitude of the scattering vector 
λ Wavelength 
I(q) Measured absolute SANS intensity 
ΔGm Free energy of mixing per unit volume 
kB

 Boltzmann constant 
v Reference volume (0.1 nm3) 
T Absolute temperature 
Ni Number of repeat units per chain 
χ Flory-Huggins interaction parameter 
χcrit Critical Flory-Huggins interaction parameter 
χeff Effective Flory-Huggins interaction parameter 
Icoh(q) Coherent scattering intensity 
Iduterated 

polymer/LiTFSI(q) 
SANS intensity from dPEO/LiTFSI mixtures (cm-1) 

Iinc(q) Incoherent scattering intensity 
Pi(q) Form factor 
Bi  Neutron scattering length density of component i 
bi Neutron scattering length of component i 
vi Monomer molar volume of component i 
Sii Structure factor 
Mi Molar mass of component i 
Rg,i Radius of gyration 
li Statistical segment length of component i 
RPA Random phase approximation 
α RPA fitting parameter accounting for chain distortion 
A, B  Empirical constants for fitting Flory-Huggins interaction parameters 
R2 Coefficient of determination 
κ Ionic conductivity 
D Salt diffusion coefficient 
ρ+ Current fraction 
κρ+ Efficacy 
PCL Polycaprolactone 
PPC Polypropylene carbonate 
PVP Polyvinylpyrrolidone 
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8 Increased Donnan Exclusion in Charged Polymer Networks at High 
Salt Concentrations† 

Abstract 

The swelling of univalent and multivalent charged polymeric networks in electrolytic 
solutions is studied using a classical thermodynamic model. Such systems were first 
modeled by Donnan, who derived an expression for the chemical potential of the ions 
by introducing an electric potential that is commonly referred to as the Donnan 
potential. This well-established theory leads to a simple quadratic relationship for the 
partitioning of ions between the network and the external solution. When the 
concentration of fixed charges in the swollen gel is large enough, the electrolyte in the 
external solution is “excluded” from the gel (commonly referred to as Donnan 
exclusion). In the standard Donnan theory, and in virtually all subsequent theories, the 
magnitude of Donnan exclusion decreases with increasing electrolyte concentration in 
the external solution. Our model predicts this is not necessarily true; we show that the 
magnitude of Donnan exclusion increases with increasing electrolyte concentration 
over a broad range of parameter space (average chain length between crosslinks, 
fraction of charged monomers in the network, the nature of the interactions between 
the ions, solvent molecules and polymer chains, and ion concentration in the external 
solution). We also present explicit bounds for the validity of Donnan’s original theory. 
Model predictions are compared to simulations and experimental data obtained for a 
cationic gel immersed in electrolytic solutions of salts containing univalent and 
bivalent cations.  

 

8.1 Introduction 
The partitioning of ionic species between a solution and a charged polymeric network is usually 
described by the term Donnan equilibrium.225–227 This phenomenon, originally introduced in the 
context of physiology,228–232 is important in several technological contexts233,234 such as 
desalination and ion exchange resins. In the biological context, partitioning of ionic species into 
charged polymeric phases is important for the functioning of the lining of organs like the stomach 
and the colon228–230 and assemblies of charged biomolecules such as proteins and RNA.231,232 

The system of interest is illustrated in Figure 8.1. A charged gel with polymer strands comprising 
N repeat units between crosslinks is swollen in an ionic solution. The solution could contain an 
acid, a base, or a salt – we refer to this species as the electrolyte. For concreteness, we assume that 
the polymer has a fraction f of polymer repeat units that are negatively charged. We use volume 
fractions to describe the concentration of species (ions, polymer, and solvent). The standard result 
for partitioning of the electrolyte between the gel and solvent phases is: 

థష
థష೐

= − ଵ
ଶ

థష,್
థష೐

+ ଵ
ଶ

ටቀథష,್
థష೐

ቁ
ଶ

+ 4        (8.1)
_________________________ 
† This chapter was reported in Solid State Ionics, 2022, 18 (2), 282-292. 
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where 𝜙ି and 𝜙ି
௘   are the volume fractions of the free negative ions in the gel and external solution, 

respectively.225 The volume fraction of the negative ions covalently bound to the polymer strands 
in the gel phase is 𝜙ି,௕. Donnan exclusion refers to the regime wherein the ratio 𝜙ି/𝜙ି

௘  is small, 
i.e., the free ions are excluded from the gel. The use of concentration ratios in equation 1 minimizes 
the effect of the variable used to quantify ion concentrations. Molar concentrations are often used 
to describe Donnan equilibrium. In contrast, volume fractions are usually used in polymer physics; 
the molar concentration of polymer in the gel phase in Figure 8.1 is neither meaningful nor useful. 
We have thus chosen to use volume fractions in our analysis. 

 

 

Figure 8.1. Schematic of a crosslinked polymer phase with negative charges covalently bound to the 
polymer chains in contact with a reservoir containing an electrolytic solution. Black circles represent 
crosslinks. The empty lattice sites are filled with solvent; solvent molecules are not shown explicitly for 
clarity. Some of the solvent molecules and ions in the electrolytic solution (shaded for clarity) enter the 
polymeric phase. The gel shown has N = 9 and f = 2/9 = 0.22. 

 

Equation 8.1 predicts that 𝜙ି/𝜙ି
௘   increases monotonically and smoothly approaches unity as the 

ion concentration in the external solution increases, i.e., there is less Donnan exclusion with 
increasing external ion concentration. In previous theories on this subject,235–238 separate 
thermodynamic models such as the Flory-Rehner theory239 are used to determine 𝜙ି,௕; equation 
8.1 is assumed to apply regardless of the nature of ion-polymer interactions, solvent-polymer 
interactions, and the extent of crosslinking. Equation 8.1 is frequently used to describe swelling 
and ion partitioning in heterogeneous ionic polymers comprising solvophilic and solvophobic 
domains, wherein swelling due to uptake of solvent anions occurs exclusively in the solvophilic 
domains; the solvent is frequently water. 
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In Figure 8.2, we show swelling data obtained from a block copolymer containing charged 
polystyrenesulfonyllithium(trifluoromethylsulfonyl)imide (PSLiTFSI) chains equilibrated in an 
electrolytic mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. The PSLiTFSI-block-polyethylene-block-
PSLiTFSI (or PSLiTFSI-b-PE-b-PSLiTFSI) block copolymer was synthesized and characterized 
a recently submitted paper.240 In Figure 8.2a, we show that total swelling, as quantified by the 
dependence of 𝜙୮,୲୭୲ୟ୪, is a monotonic function of 𝜙ି

௘ . In Figure 8.2b, we show the partitioning of 
the TFSI- anions in the solvophilic domains in the block copolymer as a function of the TFSI- anion 
volume fraction in the external solution. The noteworthy observation is that 𝜙ି /𝜙ି

௘  does not 
increase monotonically and smoothly approach unity as the concentration of the external 
electrolyte solution is increased. In fact, 𝜙ି/𝜙ି

௘  decreases slightly when 𝜙ି
௘  is increased from 0.07 

to 0.18.  

 

 

Figure 8.2. Experimental data for the swelling and salt partitioning between a PSLiTFSI-b-PE-b-PSLiTFSI 
triblock copolymer membrane and external solutions of LiTFSI in an EC/DMC mixture. (a) Swelling of the 
block copolymer, quantified by the total polymer volume fraction, 𝜙௣,௧௢௧௔௟ , as a function of the TFSI- anion 
volume fraction in the external solution, 𝜙ି

௘ . (b) Dependence of the ratio of volume fraction of anions in 
the membrane to that in the external EC/DMC solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Swelling is a monotonic function 

of 𝜙ି
௘  but salt partitioning is not. Donnan exclusion increases with increasing salt concentration in the 

external solution in the 𝜙ି
௘  > 0.07 regime. 

 

The question of what thermodynamic forces underly this behavior is difficult to address due to the 
complex interplay between morphology, chain deformation, and osmotic effects. As a first step 
toward answering this question, we sought to answer a much simpler question: what are the 
necessary ingredients for obtaining results that are qualitatively similar to the results shown in 
Figure 8.2. To answer this question, we present a simple model for the gel shown in Figure 8.1 
based on Flory-Huggins theory176,177,241 where the stretching of an ideal polymer network as 
quantified by the Flory-Rehner theory,239 is incorporated directly into the framework originally 
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developed by Donnan. Our approach is similar in spirit to those developed in ref 242 and 243 but 
differ significantly from approaches in many other recent theories244,245 that use equation 8.1 as 
the primary governing equation. Consequently, regimes where the equilibrium properties of the 
gel deviate substantially from equation 8.1 are identified. We develop expressions that are 
applicable to symmetric (e.g., MgSO4) and asymmetric electrolytes (e.g., MgCl2). 

 

8.2 Theory 
We propose the following expression for the total Gibbs free energy change of mixing of the gel 
phase comprising the crosslinked polymer, electrolyte, and solvent molecules as shown in Figure 
8.1 using the Flory-Huggins and Flory-Rehner theories: 

𝛥𝐺௠

𝑘𝑇 = 𝑛 ቂ 
𝑛௦

𝑛 𝑙𝑛(𝜙௦) +
𝑛ା

𝑛 𝑙𝑛(𝜙ା) +
𝑛ି

𝑛 𝑙𝑛(𝜙ି) +  𝜒
𝑛௣

𝑛 ൫1 − 𝜙௣൯ቃ +
3𝑛௣

2𝑁 ൬𝜙௣
ିଶ

ଷ − 1൰ (8.2) 

where ni is the number of lattice sites occupied by each component, n is the total number of lattice 
sites, ϕi is the volume fraction of component i (ϕi  = ni/n), and N is the number of polymer repeat 
units in each crosslinked strand.176,177,239,241 The subscripts s, + and – stand for solvent, free cations, 
and free (unbound) anions in the gel, respectively. A fraction of the polymer repeat units f is 
negatively charged. Our model does not account for effects such as counterion condensation.246,247 
The first three terms on the right side of equation 8.2 represent entropic contributions and the 
fourth term represents the enthalpic contribution. χ is a lumped Flory-Huggins interaction 
parameter that quantifies the internal energy change of mixing between the polymer and all other 
species in the systems. This interaction parameter can be related to the individual interaction 
parameters between the constituents (see Equation 8.32 in the SI). The internal energy change of 
mixing solvent and electrolyte is ignored for simplicity. One can readily extend this approach to 
include separate parameters for the interaction between the solvent and polymer, the ions and 
polymer, and the ions and solvent. However, methods to evaluate multiple interaction parameters 
from typical experimental data have not yet been developed, and we thus present results as a 
function of a single χ parameter. The standard states are the pure components in the amorphous 
state; because pure ionic solids are often crystalline, the standard state may be hypothetical. The 
last term on the right side of equation 8.2 represents the deformation free energy of an ideal 
polymer network.238,239 Following the Donnan approach, the expression for the free energy does 
not account for the charged nature of the phases of interest; both phases are, of course, electrically 
neutral. 

The chemical potential of the species is given by: 

𝛥µ௜  =  ൬
𝜕𝛥 ௠
𝜕𝑚௜

൰
௠ೕ,௝ஷ௜

(8.3) 

where mi are the moles of species i; mi=ni/NAV, and NAV is Avogadro’s number. Using equations 
8.2 and 8.3, we get expressions for the chemical potential of the solvent and the ions in the gel: 

𝛥µௌ

𝑅𝑇 = ln(𝜙௦) + 𝜙௣ + 𝜒𝜙௣
ଶ +

𝜙௣

ଵ
ଷ

𝑁  ,             (8.4) 
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𝛥µା

𝑅𝑇 = ln(𝜙ା) + 𝜙௣ + 𝜒𝜙௣
ଶ +

𝜙௣

ଵ
ଷ

𝑁  ,         (8.5) 

𝛥µି
𝑅𝑇 = ln(𝜙ି) + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁  .        (8.6) 

Assuming that the solution in equilibrium with the gel is ideal, we obtain: 

𝛥µ௦
௘

𝑅𝑇 = ln(𝜙௦
௘) ,        (8.7) 

𝛥µା
௘

𝑅𝑇 = ln(𝜙ା
௘ ) ,     (8.8) 

𝛥µି
௘

𝑅𝑇 = ln(𝜙ି
௘) ,      (8.9) 

where the superscript e stands for the external solution. Relaxing this assumption requires 
knowledge of activity coefficients, which are tabulated for many electrolytic solutions38 but not 
for charged gels.  

Equating the chemical potentials of the solvent in the two phases, we obtain: 

ln(𝜙௦
௘) = ln(𝜙௦) + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁  .         (8.10) 

The same approach cannot be used for the ions as the chemical potential of charged species 
depends on the electric field. This effect is accounted for by defining a potential U, and postulating 
an additive contribution to the chemical potentials of the ions as proposed by Donnan:  

ln(𝜙ା
௘ ) = ln(𝜙ା) + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁 +
𝑧ା𝐹𝑈

𝑅𝑇      (8.11) 

and 

ln(𝜙ି
௘ ) = ln(𝜙ି) + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁 +
𝑧ି𝐹𝑈

𝑅𝑇  ,        (8.12)  

where the charges numbers on the positive and negative ions are z+ and z-.225 The charge numbers 
of the free and bound negative ions are assumed to be the same. The Donnan potential, which now 
contains elastic contributions, and can be thought of as a quasi-electrostatic potential as defined 
by Newman,38 is introduced for computational purposes only. It cannot be measured; because the 
gel and solution phases in Figure 8.1 are at equilibrium, the electric potential difference between 
them measured with a suitable reference electrode is zero.38,248 

Charge neutrality of the external solution implies: 
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𝜙ା
௘ =

−𝑧ି𝜙ି
௘

𝑧ା
 (8.13) 

Charge neutrality of the gel phase implies: 

𝜙ା =
−𝑧ି
𝑧ା

൫𝑓𝜙௣ + 𝜙ି൯      (8.14) 

and  

𝜙௦ = 1 − ൬1 −
𝑧ି
𝑧ା

𝑓൰ 𝜙௣ − ൬1 −
𝑧ି
𝑧ା

൰ 𝜙ି .         (8.15) 

Eliminating U from equations 8.11 and 8.12 gives: 

ln ൭(𝜙ି
௘ )൬ ଵ

௭శ ି
ଵ

௭ష
൰ ൬

−𝑧ି
𝑧ା

൰
ଵ

௭శ൱ = ln ቆ(𝜙ି
௘)

ଵ
௭శ(𝜙ା

௘ )
ଵ

ି௭షቇ + ൬
1

𝑧ା
−

1
𝑧ି

൰ ൮𝜙௣ + 𝜒𝜙௣
ଶ +

𝜙௣

ଵ
ଷ

𝑁 ൲ (8.16) 

which can be rewritten using equation 8.14 as: 

ln ൭(𝜙ି
௘)൬ ଵ

௭శ ି
ଵ

௭ష
൰ ൬

−𝑧ି
𝑧ା

൰
ଵ
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ln ൮൭
−𝑧ି
𝑧ା

൫𝑓𝜙௣ + 𝜙ି൯൱

ଵ
௭శ

(𝜙ି)
ଵ

ି௭ష൲ + ൬
1

𝑧ା
−

1
𝑧ି

൰ ൮𝜙௣ + 𝜒𝜙௣
ଶ +

𝜙௣

ଵ
ଷ

𝑁 ൲ .  (8.17)
 

Equations 8.10 and 8.15 can be combined to give: 

ln ൭1 − 𝜙ି
௘  ൬1 −

𝑧ି
𝑧ା

൰൱ = ln ൬1 − ൬1 −
𝑧ି
𝑧ା

𝑓൰ 𝜙௣ − ൬1 −
𝑧ି
𝑧ା

൰ 𝜙ି൰ + 𝜙௣ + 𝜒𝜙௣
ଶ +

𝜙௣

ଵ
ଷ

𝑁  .  (8.18) 

Equations 8.17 and 8.18 are the main results of our theory. Equation 8.17 arises due to equilibration 
of the free ions in the gel and the external solution while equation 8.18 arises from equilibration 
of the solvent between the two phases. For an electrolytic solution with a given value of 𝜙ି

௘ , 
equations 8.17 and 8.18 can be solved simultaneously to determine the ion concentration in the 
gel, 𝜙ି, and the extent of swelling quantified by 𝜙௣, provided χ, f, and N are known. The Donnan 
potential may then be calculated using the following expression, which is based on equation 8.12: 

𝑈 =
𝑅𝑇
𝑧ି𝐹 ൮ln(𝜙ି

௘ ) − ln(𝜙ି) − 𝜙௣ − 𝜒𝜙௣
ଶ −

𝜙௣

ଵ
ଷ

𝑁 ൲ . (8.19) 

For the case when both 𝜙௣  and 𝜙ି  are small, the logarithmic terms in the ionic equilibrium 
condition dominate, and equation 8.17 reduces to an algebraic equation, 
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൬
𝜙ି

𝜙ି
௘ ൰

൬ ଵ
௭శ   ି ଵ

௭ష
൰

ቆ
𝑓𝜙௣

𝜙ି
+ 1ቇ

ଵ
௭శ 

− 1 = 0   (8.20) 

that can be solved for 𝜙ି if f, 𝜙௣ and 𝜙ି
௘ are known. Equation 8.20 is consistent with the treatment 

of multivalent Donnan equilibrium in ref. 235. 

If 𝑧ା = −𝑧ି, equations 8.17, 8.18, and 8.20 reduce to: 

ln(𝜙ି
௘) =

1
2 ln ቀ൫𝑓𝜙௣ + 𝜙ି൯𝜙ି ቁ + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁           (8.21) 

and 

ln(1 − 2𝜙ି
௘  ) = ln൫1 − (1 + 𝑓)𝜙௣ − 2𝜙ି൯ + 𝜙௣ + 𝜒𝜙௣

ଶ +
𝜙௣

ଵ
ଷ

𝑁 ,    (8.22) 

and if both 𝜙௣ and 𝜙ି are small, the logarithmic terms in the ionic equilibrium condition dominate, 
and equation 8.20 reduces to: 

𝜙ି
𝜙ି

௘ = −
1
2

𝑓𝜙௣

𝜙ି
௘ +

1
2

ඨቆ
𝑓𝜙௣

𝜙ି
௘ ቇ

ଶ

+ 4    =
2

𝑓𝜙௣
𝜙ି

௘ + ඨ൬
𝑓𝜙௣
𝜙ି

௘ ൰
ଶ

+ 4

(8.23)
 

Equation 8.23 is identical to equation 8.1 because the bound ion concentration 𝜙ି,௕is equal to 𝑓𝜙௣. 
The second form of equation 8.23 avoids problems associated with subtracting two large numbers 
to obtain a small positive number, as is the case when the external solution becomes increasingly 
dilute.  

 

8.3 Results and Discussion 
The solution to equations 8.21 and 8.22 for χ = 1 (the solvent and ions are poor solvents for the 
polymer) and N = 10 (a tightly crosslinked network) is shown in Figure 8.3, where 𝜙௣ and  𝜙ି are 
plotted as a function of 𝜙ି

௘  for a range of f values between 0.1 and 0.9. In Figure 8.3a, we see that 
gel swelling decreases (i.e., 𝜙௣  increases) as 𝜙ି

௘  increases. This is expected as interactions 
between the ions and polymer are unfavorable. Increasing the charge on the polymer, f, increases 
swelling at fixed 𝜙ି

௘  due to the expected increase of free ions inside the gel. In Figure 8.4b, we see 
that the ratio 𝜙ି /𝜙ି

௘ , which provides a measure of Donnan exclusion (low values of 𝜙ି /𝜙ି
௘  

indicate a greater extent of Donnan exclusion), increases monotonically with increasing 𝜙ି
௘ , 

reaching a plateau that is a function of f. Increasing f results in decreased exclusion at fixed 𝜙ି
௘ . 

One might have expected that increasing the charge on the polymer would lead to increased 
exclusion but the interplay between swelling and ionic interactions leads to the opposite conclusion.  
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Figure 8.3. Polymer volume fraction in the gel phase and ion exclusion dependence on volume fraction of 
anions in the external solution for z+ = -z-, N = 10, and χ = 1, various f. (a) Dependence of the polymer 
volume fraction in the gel phase, 𝜙௣, on the volume fraction of anions in the external solution, 𝜙ି

௘ . (b) 
Exclusion of ions in the gel: dependence of the ratio of volume fraction of anions in the gel to that in the 
external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves are shown for selected values of the fraction of charged monomers 

on the polymer strands, f. Parameters held fixed: z+ = -z-, N = 10, and χ = 1. 

 

Figure 8.4 shows results for χ = 1 and N = 50 using the same format as Figure 8.3. The dependence 
of 𝜙௣  on 𝜙ି

௘  is similar to that shown in Figure 8.3a: swelling reduces as 𝜙ି
௘  increases. The 

dependence of 𝜙ି/𝜙ି
௘  on 𝜙ି

௘  is, however, non-monotonic for most of the values of f examined. 
Monotonic behavior is seen only at f = 0.1. For f = 0.3, for example, 𝜙ି /𝜙ି

௘  increases with 
increasing 𝜙ି

௘  in the dilute limit, reaches a maximum value of 0.373 at 𝜙ି
௘ = 0.023, before leveling 

off at 0.288 in the concentrated limit. The value of 𝜙ି
௘  at the peak increases and the 𝜙ି/𝜙ି

௘  peak 
broadens as f increases. Figure 8.5 shows results for χ = 1 and N = 200. These results are 
qualitatively similar to Figure 8.4, except for the more pronounced maxima in the 𝜙ି/𝜙ି

௘  versus 
𝜙ି

௘  curves. At f = 0.1, the maximum in 𝜙ି/𝜙ି
௘  is followed by a shallow minimum before leveling 

off. 
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Figure 8.4. Polymer volume fraction in the gel phase and ion exclusion dependence on volume fraction of 
anions in the external solution for z+ = -z-, N = 50, and χ = 1, various f.(a) Dependence of the polymer 
volume fraction in the gel phase, 𝜙௣, on the volume fraction of anions in the external solution, 𝜙ି

௘ . (b) 
Exclusion of ions in the gel: dependence of the ratio of volume fraction of anions in the gel to that in the 
external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves are shown for selected values of the fraction of charged monomers 

on the polymer strands, f. Parameters held fixed: z+ = -z-, N = 50, and χ = 1. 

 

 

Figure 8.5. Polymer volume fraction in the gel phase and ion exclusion dependence on volume fraction of 
anions in the external solution for z+ = -z-, N = 200, and χ = 1, various f.(a) Dependence of the polymer 
volume fraction in the gel phase, 𝜙௣, on the volume fraction of anions in the external solution, 𝜙ି

௘ . (b) 
Exclusion of ions in the gel: dependence of the ratio of volume fraction of anions in the gel to that in the 



112 
 

external solution, 𝜙ି/𝜙ି
௘ , on 𝜙ି

௘ . Curves are shown for selected values of the fraction of charged monomers 
on the polymer strands, f. Parameters held fixed: z+ = -z-, N = 200, and χ = 1. Inset shows f = 0.1 curve on 
an expanded scale for clarity. 

 

Figure 8.6 shows the effect of changing χ on Donnan equilibrium at fixed values of f = 0.3 and N 
= 50. As seen in Figure 8.6a, the gels swell to greater extents as χ decreases from 1.5 to -1. At χ = 
-1, the plateau value of 𝜙௣ is only 0.0728. The dependence of 𝜙ି/𝜙ି

௘  on 𝜙ି
௘  is monotonic only 

when 𝜒 ≤ 0.5. 𝜒 = 0.5 represents the “theta condition” in polymer/solvent mixtures; this value of 
χ represents the border between favorable and unfavorable interactions between polymer segments 
and diluents. Significant Donnan exclusion at high concentrations is only seen when χ is greater 
than 0.5, as shown in Figure 8.6b. The non-monotonic dependence of ion exclusion in the gel 
arises from the competition between electrical effects which dominate at low values of 𝜙ି

௘ , and 
thermodynamic interactions that are lumped into the χ parameter which dominate at high values 
of 𝜙ି

௘ . 

 

 

Figure 8.6. Polymer volume fraction in the gel phase and ion exclusion dependence on volume fraction of 
anions in the external solution for z+ = -z-, N = 200, and f = 0.3, various χ. 

 (a) Dependence of the polymer volume fraction in the gel phase, 𝜙௣, on the volume fraction of anions in 
the external solution, 𝜙ି

௘ . (b) Exclusion of ions in the gel: dependence of the ratio of volume fraction of 
anions in the gel to that in the external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves are shown for selected values of χ. 

Parameters held fixed: z+ = -z-, N = 50 and f = 0.3. 

 

Figure 8.7a shows the effect of changing the charge on the ionic species at fixed f, N, and χ. In all 
cases, gel swelling decreases as 𝜙ି

௘  increases. Increasing the charge on the bound and free negative 
ions (setting z- = -2 but keeping z+ = +1) results in increased swelling. This is expected because 
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more positive ions are necessary in the gel to enforce charge neutrality. On the other hand, 
increasing the charge on the free positively charged ions (setting z+ = +2 but keeping z- = -1) results 
in decreased swelling, as expected. The extent of Donnan exclusion is non-monotonic in all cases, 
as shown in Figure 9.8b. The peak is less pronounced in the z+ = +2 case compared to the z- = -2 
case. In the z+ = +2 case, the maximum is followed by a shallow minimum, before 𝜙ି /𝜙ି

௘  
approaches a plateau. Regardless of the nature of the charged species, the plateau value of 𝜙ି/𝜙ି

௘  
is in the vicinity of 0.3. 

 

 

Figure 8.7. Polymer volume fraction in the gel phase and ion exclusion dependence on volume fraction of 
anions in the external solution for χ = 1, N = 200, and f = 0.3, various z+ = -z-. (a) Dependence of the 
polymer volume fraction in the gel phase, 𝜙௣, on the volume fraction of anions in the external solution, 
𝜙ି

௘ . (b) Exclusion of ions in the gel: dependence of the ratio of volume fraction of anions in the gel to that 
in the external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves are shown for selected values of the charge numbers, z+ 

and z-. Parameters held fixed: N = 50, χ = 1, and f = 0.3. 

 

In Figure 8.8, we show the results of our calculations on a plot of 𝜙ି/𝜙ି
௘  versus 𝜙ି,௕/𝜙ି

௘  for three 
values of N, at fixed f = 0.3, χ = 1, and z+ = z- . This format enables comparison of our results with 
that of Donnan; the dashed curve in Figure 8.8 represents equation 8.23. For N = 10, the results 
are qualitatively similar to the classical Donnan result but 𝜙ି/𝜙ି

௘  is lower at all concentrations. 
Results for N = 50 and 200 obtained at sufficiently large values of  𝜙ି,௕/𝜙ି

௘  are more-or-less 
coincident with the classical Donnan result. In this regime, using equation 8.23 as one of the 
governing equations is reasonable. The curves obtained for N = 50 and 200 at low values of 
𝜙ି,௕/𝜙ି

௘ ≤ 2, however, cannot be anticipated from the classical Donnan theory. The range of 
concentrations over which the classical Donnan result is a valid approximation depends on f, χ, N, 
and charge numbers. If we assume for concreteness that we are willing to accept an error of 10%, 
for N = 200, 𝜙ି,௕/𝜙ି

௘ ,  must be less than 0.74, and for N = 50, 𝜙ି,௕/𝜙ି
௘ ,  must be less than 3.3 (f 

= 0.3, χ = 1, and z+ = z-). The range of validity decreases rapidly with increasing N, and at N=10, 
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there Donnan approximation is not valid over the entire 𝜙ି,௕/𝜙ି
௘, range. For concreteness, we also 

show the dependence of 𝜙ି,௕ on 𝜙ି
௘  in the SI (see Figures 8.11-8.15). 

 

 

Figure 8.8. Comparing present theory with the classical Donnan prediction.Dependence of the ratio of 
volume fraction of anions in the gel to that in the external solution, 𝜙ି/𝜙ି

௘ , on the ratio of covalently 
bound anion volume fraction in the gel to that in the external solution, 𝜙ି,௕/𝜙ି

௘ . Dashed curve is the 
classical Donnan prediction, equation 8.23. Curves are shown for selected values of N.  Parameters held 
fixed in the solid curves: z+ = -z-, χ = 1, and f = 0.3. Each curve is a parametric plot wherein 𝜙ି

௘  is varied 
from 0.007 to 0.49. The dependence of 𝜙ି,௕ on 𝜙ି

௘  is given in the SI.   

 

Figures 8.5-8.8 demonstrate that Donnan exclusion can increase as the electrolyte concentration 
in the external solution increases over a broad range of parameter space (average chain length 
between crosslinks, fraction of charged monomers in the network, the nature of the interactions 
between the ions, solvent molecules and polymer chains, and ion concentration in the external 
solution). This conclusion was not evident in previous theoretical and experimental 
studies,242,244,245,249–251 including theories that are similar in spirit to the theory presented here (e.g., 
ref. 242). The only example of increasing Donnan exclusion with increasing electrolyte 
concentration in the external solution is reported in computer simulations of ionic gel swelling, 
reported in ref. 252.  

We use the framework described above to qualitatively understanding the salt partitioning results 
obtained in swollen the PSLiTFSI-b-PE-b-PSLiTFSI block copolymer discussed in Figure 8.2. 
Before we begin a quantitative analysis, it is important note that there are many parameter sets that 
give results that are qualitatively similar to Figure 8.2; in Figures 8.4 and 8.5 we see many 
examples where 𝜙௣ is a monotonically increasing function of 𝜙ି

௘  as is the case in Figure 8.4a, but 
𝜙ି/𝜙ି

௘  first increases with increasing 𝜙ି
௘  but ultimately decreases with increasing 𝜙ି

௘  in the high 
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salt concentration regime. Yet such behavior is seldom reported in the theoretical and experimental 
literature on Donnan equilibrium.235–238,253–257 

The quantitative data set obtained from our experimental system is provided in the SI. The total 
polymer volume fraction of the gel phase, 𝜙୮,୲୭୲ୟ୪, was calculated from the following equation: 

𝜙୮,୲୭୲ୟ୪ =

1
𝜌௣

൬ 1
𝜌௣

+ 𝑊௘
𝜌௘

൰
, (8.24) 

where 𝜌௣ is the density of the PSLiTFSI-b-PE-b-PSLiTFSI triblock copolymer (𝜌௣ = 1.06 ௚
௖௠య), 

𝑊௘  is the external EC/DMC/LiTFSI solution uptake in grams, and 𝜌௘  is the density of the external 
solution in grams cm-3. The polymer volume fraction of the charged PSLiTFSI-rich microphase 
only, 𝜙௣, was estimated using the following equation and neglecting volume changes of mixing: 

𝜙௣ = 𝜙୮,୲୭୲ୟ୪(

2𝑀௉ௌ௅௜்ிௌூ
𝜌௉ௌ௅௜்ிௌூ

𝑀௉ா
𝜌௉ா

+ 2𝑀௉ௌ௅௜்ிௌூ
𝜌௉ௌ௅௜்ிௌூ

), (8.25) 

where 𝑀௜  and 𝜌௜  are the molecular weight and density of block i in the triblock copolymer 

respectively ( 𝑀௉ௌ௅௜்ிௌூ = 10 ୩୥
୫୭୪

, 𝑀௉ா = 50 ୩୥
୫୭୪

; 𝜌௉ௌ௅௜்ிௌூ = 1.57 ୥
ୡ୫య , 𝜌௉ா = 0.94 ୥

ୡ୫య) . The 

external anion volume fraction, 𝜙ି
௘ , was calculated from the following equation: 

𝜙ି
௘ =

1
2 ቌ

𝑚𝜌௦𝑉௅௜்ிௌூ
1000

𝑚𝜌௦𝑉௅௜்ிௌூ
1000 + 1

ቍ , (8.26) 

where m is the molality of the external salt solution, 𝜌௦ is the density of the EC/DMC solvent, and 

𝑉௅௜்ிௌூ  is the molar volume of LiTFSI (𝑉௅௜்ிௌூ = 99 ୡ୫య

୫୭୪
).258 
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Figure 8.9. Experimental data for the swelling and salt partitioning between a PSLiTFSI-b-PE-b-
PSLiTFSI triblock copolymer membrane and external solutions of LiTFSI in an EC/DMC mixture. (a) 
Dependence of the polymer volume fraction of the electrolyte-rich microphase, 𝜙௣, on the volume 
fraction of anions in the external solution, 𝜙ି

௘ . (b) Exclusion of ions in the gel: dependence of the ratio of 
volume fraction of anions in the gel to that in the external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves were calculated 

using χ = 0.85, z+ = -z-, N = 250 and f = 0.3. 

 

In Figure 8.9 we compare the experimental data with theoretical predictions for a particular set of 
parameters (χ = 0.85, z+ = -z-, N = 250 and f = 0.3). It is evident that our simple model is in 
qualitative agreement with the experimental observations. We do not expect quantitative 
agreement because our theory does not address microphase separation, among other complexities 
beyond the scope of this work. These complexities include counterion condensation, non-ideality 
of mixing that is beyond Flory-Huggins theory, and the fact that the model used to quantify 
swelling does not account for the presence of charges.  

We also compare the predictions of our theory with experimental data on the partitioning of NaCl 
and MgCl2 in a negatively charged polymer network taken from the literature.257 In Figure 8.10, 
we show the dependence of 𝜙௣  and 𝜙ି/𝜙ି

௘  on 𝜙ି
௘  for the two systems. These parameters were 

obtained from the data reported in ref. 257 using the following relationships: 

𝜙௣ =

1
𝜌௣

൬ 1
𝜌௣

+ 𝑊௨
𝜌௪

+ 𝑣ି
𝐶ି𝑊௨𝑉

1000 + 𝑣ା
𝐶ା𝑊௨𝑉ା

1000 ൰
, (8.27) 

𝜙ି =
𝑣ି

𝐶ି𝑊௨𝑉
1000

൬ 1
𝜌௣

+ 𝑊௨
𝜌௪

+ 𝑣ି
𝐶ି𝑊௨𝑉

1000 + 𝑣ା
𝐶ା𝑊௨𝑉ା

1000 ൰
 , (8.28) 
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𝜙ି
௘ = 𝑣ି

𝐶௘𝑉
1000 , (8.29) 

where 𝜌௣ is the density of the dry polymer network (𝜌௣ = 1.40 ୥
ୡ୫య), 𝜌௪ is the density of water 

(𝜌௪ = 1.00 ୥
ୡ୫య) , 𝑊௨  is the water uptake in grams (Figure 4a in ref. 257), 𝑣ି  and 𝑣ା  are the 

stoichiometric coefficients of the free anion (Cl-) and cation (Na+ or Mg2+) respectively, 𝐶ି and 
𝐶ା are the concentrations of the free anions and cations in moles per liter in the gel phase (Figures 

6-8 in ref. 257), 𝑉  and 𝑉ା are the molar volumes of the anion (𝑉 = 𝑉஼௟ష =  27.21 ୡ୫య

୫୭୪
, ref. 259) and 

cation ( 𝑉ା = 𝑉ே௔శ =  1.94 ୡ୫య

୫୭୪
; 𝑉ା = 𝑉ெ௚మశ =  20.97 ୡ୫య

୫୭୪
 , ref. 259), and 𝐶௘  is the electrolyte 

concentration in the external solution in moles per liter (Figures 6-7 in ref. 257). Each term in 
equations 8.27 and 8.28 represents the volume occupied by one of the constituents in the system: 
the denominator is the total volume composed of the volumes of polymer, water uptake, anions, 
and cations, respectively. We assume additive volumes and note that equations 8.27 and 8.28 are 
derived using 1 gram weight of dry polymer as the basis. There are no widely accepted values for 
the molar volumes of individual ions; the values reported in ref. 259 that we have used are based on 
simulations while a different approach based on ion transport parameters is presented in ref. 90 
(transport parameters for multivalent salts have not yet been determined). 

The data in Figure 8.10 are in qualitative agreement with the theory. Both the extent of swelling 
and Donnan exclusion are lower for MgCl2 (z+ = +2 and z- = -1) compared to NaCl (z+ = -z-). The 
curves through the data in Figure 8.10 represent theoretical predictions with N = 9, f = 0.1, χ = 0.65 
for NaCl and χ = 0.52 for MgCl2. Our objective here is not to suggest that the present theory is 
more accurate than those previously described235–238,253–257 in the field; the main point of Figure 
8.10 is that the present theory appears to be a reasonable starting point for studying the partitioning 
of electrolytes into charged gels. More work is needed to study the variety of regimes predicted by 
our theory. 
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Figure 8.10. Comparing experimental data with theoretical predictions. Data points represent partitioning 
of NaCl and MgCl2 from an aqueous solution into an acrylamide-based polymeric gel with sulfonic acid 
groups. (a) Dependence of the polymer volume fraction in the gel phase, 𝜙௣, on the volume fraction of 
anions in the external solution, 𝜙ି

௘ . (b) Exclusion of ions in the gel: dependence of the ratio of volume 
fraction of anions in the gel to that in the external solution, 𝜙ି/𝜙ି

௘ , on 𝜙ି
௘ . Curves were calculated using χ 

= 0.65 and z+ = -z- for comparisons with the NaCl data, and χ = 0.52, z+ = 2 and z- = -1 for comparisons 
with the MgCl2 data. Parameters held fixed: N = 9 and f = 0.1. 

 

8.4 Conclusions 
We present a new set of equations for describing Donnan equilibrium – the partitioning of ions 
between a charged gel and an electrolytic solution that accounts for the elasticity of the gel. The 
original Donnan theory accounts for ion interactions and correctly predicts that when the ion 
concentration in the external liquid 𝜙ି

௘  is sufficiently low, they are excluded from the gel. Our 
main accomplishment is to combine Donnan’s original approach with a rudimentary model that 
accounts for the free energy changes associated with gel swelling. The original quadratic equation 
is replaced by two coupled algebraic equations that must be solved to self-consistently predict both 
gel swelling, as quantified by 𝜙௣, and Donnan exclusion, as quantified by 𝜙ି/𝜙ି

௘ . Our analysis 
applies to both univalent and multivalent ions. We present limited comparisons of our predictions 
with experimental data, noting that substantial work is required to compare experimental data with 
predictions based on independently determined model parameters (χ, f, and N). 
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8.6 Supporting Information 

8.6.1 Materials 

(PSLiTFSI)10k-b-(PE)50k-b-(PSLiTFSI)10k triblock copolymer was used in this study. 
Cyclooctadiene was first polymerized by ring-opening metathesis polymerization to give a 
prepolymer with nitroxide end  groups. Styrenesulfonyllithium(trifluoromethylsulfonyl)imide 
monomer was then polymerized at the chain ends using nitroxide-mediated polymerization. In the 
final step, the unsaturated polymer was hydrogenated using Wilkinson catalyst. End group analysis 
on 1H NMR spectrum of the prepolymer and elemental analysis of the final polymer were used to 
determine the average chain lengths of the blocks. A polydispersity index of 2 was determined via 
gel permeation chromatography on the prepolymer. More detailed synthetic procedure and 
characterization details of  (PSLiTFSI)10k-b-(PE)50k-b-(PSLiTFSI)10k were described in ref. 240. 

 

8.6.2 Measurement of Electrolyte Uptake and Salt Partitioning. 

The ionic separator was placed in solutions of EC/DMC (50/50 wt%) with varying amounts of 
LiTFSI. After 24 hours, the separator was removed from solution and all residual solution on the 
surface was wiped away. The swollen membrane was weighed to determine the uptake mass. The 
swollen membrane was then placed into 1 gram of EC/DMC (50/50 wt%) solvent. After 24 hours, 
500 µL of the extracted solution was mixed with 50 µL of trifluoromethanesulfonamide 
(CF3SO2NH2) solution in EC/DMC (10 mg/g) as the internal standard and subjected to 19F NMR 
experiments. These experiments were conducted at room temperature (22 °C). The moles of salt 
uptake, nLiTFSI, and the electrolyte partitioning as quantified by థష

థష೐
, can then be calculated from the 

following equations:  

𝑛௅௜்ிௌூ  =  
10 𝑚𝑔

𝑔
𝑀஼ுయௌைమேுమ

 ×  
𝑃௅௜்ிௌூ

6
𝑃஼ிయௌைమேுమ 

3

 ×  
50

500  ×  1 𝑔 (8.30) 

𝜙ି
𝜙ି

௘ =  
𝑛௅௜்ிௌூ

𝑊௨ − 𝑛௅௜்ிௌூ𝑀௅௜்ிௌூ
 ×  

1
𝑚ୣ୶୲

(8.31) 

where 𝑀௜ is the molecular weight, Pi is the peak integration in the NMR spectra, Wu is the weight 
of total uptake, and mext is the molality of the external solution. 
 

8.6.3 Flory-Huggins Interaction Parameter 

We use a lumped Flory-Huggins parameter, χ, to capture the individual interaction parameters 
between the solvent and ions, polymer and solvent, and polymer and ions. This lumped Flory-
Huggins parameter can be expressed as the following: 
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𝜒 =
𝜒௜௢௡௦,௣(𝜙ା + 𝜙ି)𝜙௣ + 𝜒௦,௣𝜙௦𝜙௣ + 𝜒௜௢௡௦,௦(𝜙ା + 𝜙ି)𝜙௦ 

𝜙௣൫1 − 𝜙௣൯
, (8.32) 

where 𝜒௜௢௡௦,௣  is the interaction parameter between ions and polymer, 𝜒௦,௣  is the interaction 
parameter between solvent and polymer, and 𝜒௜௢௡௦,௦ is the interaction parameter between ions and 
solvent.  
 

8.6.4 Volume Fraction of Bound Negative Ions in the Gel Phase 

We show the dependence of the volume fraction of bound negative ions in the gel phase, 𝜙ି,௕, on 
the volume fraction of anions in the external solution, 𝜙ି

௘ . Recall that 𝜙ି,௕ = 𝑓𝜙௣. Figures 8.11-
8.15 show the predicted behavior from using the original quadratic Donnan exclusion expression 
(see Equation 8.1 and Figure 8.8). 
 

 

Figure 8.11. Dependence of the volume fraction of bound negative ions in the gel phase, ϕ-,b, on the 
volume fraction of anions in the external solution, ϕ-

e for z+ = -z-, N = 10, χ = 1, various f. Curves are 
shown for selected values of the fraction of charged monomers on the polymer strands, f. Parameters held 
fixed: z+ = -z-, N = 10, and χ = 1. 
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Figure 8.12. Dependence of the volume fraction of bound negative ions in the gel phase, ϕ-,b, on the 
volume fraction of anions in the external solution, ϕ-

e for z+ = -z-, N = 50, χ = 1, various f. Curves are 
shown for selected values of the fraction of charged monomers on the polymer strands, f. Parameters held 
fixed: z+ = -z-, N = 50, and χ = 1. 

 

 

Figure 8.13. Dependence of the volume fraction of bound negative ions in the gel phase, ϕ-,b, on the 
volume fraction of anions in the external solution, ϕ-

e for z+ = -z-, N = 200, χ = 1, various f.Curves are 
shown for selected values of the fraction of charged monomers on the polymer strands, f. Parameters held 
fixed: z+ = -z-, N = 200, and χ = 1. 
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Figure 8.14. Dependence of the volume fraction of bound negative ions in the gel phase, ϕ-,b, on the 
volume fraction of anions in the external solution, ϕ-

e for z+ = -z-, N = 50, f = 0.3, various χ. Curves are 
shown for selected values of χ. Parameters held fixed: z+ = -z-, N = 50 and f = 0.3. 

 

 

Figure 8.15. Dependence of the volume fraction of bound negative ions in the gel phase, ϕ-,b, on the 
volume fraction of anions in the external solution, ϕ-

e for N = 50, χ = 1, f = 0.3, various z+ and z-. Curves 
are shown for selected values of the charge numbers, z+ and z-. Parameters held fixed: N = 50 χ = 1, and f 
= 0.3. 

 

8.6.5 Comparing Experimental Donnan Exclusion Data and Theoretical Predictions.  

We show the exclusion of ions in the gel; the dependence of the ratio of concentration of anions 
in the gel to that in the external solution, Cin/Ce, on Ce, the concentration of ions in the external 
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solution, which has units of moles of ions per liter of solvent. We also show the dependence of the 
concentration of ions in the gel, Cin, to that in the external solution, Ce. Figure 8.16 and Figure 
8.17 recast Figure 8.9b and Figure 8.10b from the main text from volume fractions into units of 
concentration. For Figure 8.16, to calculate the theoretical values of Ce from volume fraction, we 
use Equation 8.26 to solve for m, the molality of the external solution, given 𝜙ି

௘ , the volume 
fraction of anions in the external solution. Ce is then obtained from m by multiplying by the density 
of the solvent. Cin is obtained by assuming that the ratio Cin/Ce is equal to 𝜙ି/𝜙ି

௘ . For Figure 8.17, 
to calculate the theoretical values of Ce from volume fraction, we use Equation 8.29. Cin is obtained 
by using Equation 8.28 to solve for C- (C- = Cin). We use interpolated values of the water uptake, 
Wu, and C+, the moles of the counterion per liter of solvent, from the experimental data from ref. 
257, for a given value of 𝜙ି

௘ . 
 

 

Figure 8.16. Experimental data for the swelling and salt partitioning between a PSLiTFSI-b-PE-b-
PSLiTFSI triblock copolymer membrane and external solutions of LiTFSI in an EC/DMC mixture. (a) 
Exclusion of ions in the gel: dependence of the ratio of ion concentration in the gel to the concentration of 
ions in the external solution, 𝐶௜௡/𝐶௘ , on 𝐶௘ . (b) Dependence of ion concentration in the gel, 𝐶௜௡, on the 
concentration of ions in the external solution, 𝐶௘ . We give the concentration as the moles of ions per liter 
of solvent. Curves are the comparison to theory and were calculated using χ = 0.85, z+ = -z-, N = 250 and f 
= 0.3. See Figure 8.9 in the main text for more details. 
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Figure 8.17. Comparing experimental data with theoretical predictions. Data points represent partitioning 
of NaCl and MgCl2 from an aqueous solution into an acrylamide-based polymeric gel with sulfonic acid 
groups. (a) Exclusion of ions in the gel: dependence of the ratio of ion concentration in the gel to the 
concentration of ions in the external solution, 𝐶௜௡/𝐶௘ , on 𝐶௘ . (b) Dependence of ion concentration in the 
gel, 𝐶௜௡, on the concentration of ions in the external solution, 𝐶௘ . We give the concentration as the moles 
of ions per liter of solvent. Curves are the comparison to theory and were calculated using χ = 0.65 and z+ 
= -z- for comparisons with the NaCl data, and χ = 0.52, z+ = 2 and z- = -1 for comparisons with the MgCl2 
data. Parameters held fixed: N = 9 and f = 0.1. See Figure 8.10 in the main text for more details. 

 

8.7 Nomenclature 
Table 8.1. List of symbols and abbreviations. 

Symbol Meaning 
PSLiTFSI Polystyrenesulfonyllithium(trifluoromethanesulfonyl)imide 
EC Ethylene carbonate 
DMC Dimethyl carbonate 
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
PE Polyethylene 
MgSO4 Magnesium sulfate 
MgCl2 Magnesium chloride 
NaCl Sodium chloride 
N Number of repeat units between crosslinks 
f Fraction of charged monomers in the gel phase 
𝜙௜  Volume fraction of component i in the gel phase 
𝜙௜

௘  Volume fraction of component i in the external solution phase 
𝜙ି,௕ Volume fraction of the bound negative ions in the gel phase 
𝜙୮,୲୭୲ୟ୪ Total polymer volume fraction of gel phase after swelling 
𝛥𝐺௠ Gibbs free energy of mixing 
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k Boltzmann constant 
T Absolute temperature 
ni Number of lattice sites occupied by component i 
n Total number of lattice sites 

 Flory-Huggins interaction parameter 
µ௜   Chemical potential of species i 
𝑚௜  Moles of species i 
NAV Avogadro’s number 
R Molar gas constant 
z+ Charge number of positive ion 
z- Charge number of negative ion 
F Faraday constant 
U Donnan potential 
𝜌௜  Density of component i 
We External solution uptake 
Mi Molecular weight of component i 
m Molality 
𝑉௜  Intrinsic molar volume of species i 
𝑊௨ Water uptake 
𝑣௜  Stoichiometric coefficient of ion i 
𝐶௜

 Concentration of species i in the gel phase 
𝐶௘

 Anion concentration of external solution 
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9 Conclusions and Outlook 

Developing safe polymer electrolytes with good ion transport properties will lead to widespread 
adoption for use in next generation lithium batteries. Understanding ion transport and 
thermodynamics in polymer electrolytes is important for both design and development of new 
polymer electrolytes and optimization of electrolyte performance during battery usage. Newman’s 
concentrated solution theory enables a full description of the transport processes occurring in the 
electrolyte via the measurement of multiple transport parameters. In this dissertation, we present a 
thorough analysis of ion transport in PEO/LiTFSI electrolytes, with an emphasis on uncertainty 
analysis and error propagation. Going beyond homopolymer electrolytes, we examine the ion 
transport and thermodynamic properties of inorganic-organic block copolymers and polymer 
blends. Finally, we develop a set of equations to describe Donnan equilibrium in polymer 
membranes in electrolytic solutions by accounting for the elasticity and enthalpic interactions. 

In Chapter 2 we discuss the nuances of the cation transference number, especially with regards to 
the reference frame. We differentiate between the commonly reported current fraction (sometimes 
referred to as the cation transference number at steady-state) measured from the Bruce-Vincent 
method, the cation transference number with respect to the solvent velocity, and the cation 
transference number with respect to mass-average velocity. It is important to understand the 
differences, as these parameters are only equal in the dilute limit of an electrolyte. In this 
dissertation, we primarily use the cation transference number with respect to the solvent velocity 
determined via Newman’s concentrated solution theory framework. Chapter 3 details the 
measurement of the transport parameters in PEO/LiTFSI electrolytes needed to calculate the cation 
transference number with respect to the solvent velocity, and discusses the uncertainty analysis 
and error propagation that goes into these measurements. We also show that the transport 
properties in PEO/LiTFSI no longer change with increasing molecular weight above their 
entanglement threshold and demonstrate improved precision of property measurements enabled 
by sampling multiple molecular weights of PEO.  

In Chapter 2-4, we study PEO/LiTFSI, which is a commonly studied homopolymer (i.e. single 
polymer) electrolyte. In Chapter 5 we present the synthesis and characterization of PEO-POSS 
electrolytes, a hybrid inorganic-organic block copolymer system. In this heterogeneous electrolyte 
system, thermodynamic interactions between the PEO chains and POSS chains lead to self-
assembly into different morphologies. We show that ion transport is affected by the morphology. 
In Chapter 6 we show that it is possible to obtain homogeneous mixtures of two chemically distinct 
polymers with a lithium salt for electrolytic applications. We characterize the phase behavior and 
ion transport properties and find that the electrochemical properties of the PEO/P(2EO-
MO)/LiTFSI blends are similar to those obtained in the homopolymer PEO/LiTFSI electrolytes. 
This work showcases a new methodology for creating new and improved polymer electrolytes by 
blending different polymers to create miscible polymer blend electrolytes. Chapter 7 examines the 
relationship between ion transport and phase behavior in two more polymer blend systems, 
including one that does not use PEO. In Chapter 8, we develop a new set of equations describing 
the thermodynamics of a polymer membrane in an electrolytic solution, in what is commonly 
referred to as Donnan equilibrium. Central to Chapters 6-8 is the Flory-Huggins interaction 
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parameter, χ, which describes the enthalpic interaction between two different polymers. Depending 
on the value (and sign) of the χ, the polymer blend system may be miscible or phase separated; 
similarly, the amount of solution uptake in the polymer membrane soaked in an electrolyte is also 
affected by χ. 

Developing a safe polymer electrolyte with good ion transport properties remains a long standing 
goal in the field. This dissertation provides a direct strategy toward this goal by establishing the 
feasibility of miscible polymer blend electrolytes, and the ion transport in polymer electrolytes can 
be characterized by Newman’s concentrated solution theory, as shown herein. 
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11 Appendices 

11.1 Additional Discussion on Electrochemical Experiments and Data Analysis 

11.1.1 Resistance Measurements and Fitting 

Many of the electrochemical experiments in this thesis utilize impedance spectroscopy to measure 
resistances within the electrolyte. For example, measuring the ionic conductivity requires 
knowledge of the bulk resistance of the electrolyte. To do this, one can utilize either a blocking or 
non-blocking electrode setup. In the case of a blocking electrode setup, the polymer electrolyte is 
placed between two blocking electrodes such as stainless steel. Ac impedance spectroscopy can 
then be run via potentiostat over a 0.1-106 Hz frequency range at an amplitude of 80 mV. The 
resulting Nyquist plot will yield a single semicircle with a touch down point (see Figure 5.21a). 
The bulk resistance can be easily calculated as that touch down point (which is a local minima). In 
the case of a non-blocking electrode setup, the polymer electrolyte is sandwiched between two 
lithium electrodes. This lithium-polymer-lithium stack will have two resistances of interest: the 
bulk resistance of the electrolyte itself, and an interfacial resistance from the electrolyte-lithium 
interface. This will manifest itself in a Nyquist plot as two semicircles (see Figure 5.21b).  

In both cases, one can use EC-Lab’s built in “Analysis” > “Electrochemical Impedance 
Spectroscopy” > “Z Fit” program to manually fit the Nyquist data to an equivalent circuit. A 
detailed description of the equivalent circuit is beyond the scope of this Appendix. For a typical 
blocking electrode setup, the equivalent circuit can be seen in Figure 11.1a, where we have an 
inductor (L1) in series with a resistor (R1) and the bulk resistor (Rb) and bulk constant phase 
element (Qb) in parallel. L1 and R1 represents the inductance and resistance of the potentiostat 
cables, respectively. The bulk resistance is the parameter of interest. For a typical non-blocking 
electrode setup, the equivalent circuit can be seen in Figure 11.1b, where in addition to the 
elements found in the blocking electrode setup, we have elements representing interfacial 
components.  

 

Figure 11.1. Equivalent circuits for (a) blocking electrode and (b) non-blocking electrode setups. L1 and 
R1 represents the inductance and resistance of the potentiostat cable respectively, Rb and Ri represent the 
bulk and interfacial resistance, and Qb and Qi represent the constant phase elements of the bulk and 
interface. 
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It is illustrative to understand how EC-Lab’s “Z Fit” algorithm works. “Z Fit” seeks to find the 
best fit of the data by minimizing the following function: 

𝐹(𝑓) =
∑(𝛥𝑍௥

ଶ + 𝛥𝑍௜
ଶ)

∑(|𝑍|ଶ) , (11.1) 

where 𝛥𝑍௥ = 𝑍௥(fit) − 𝑍௥(data), 𝛥𝑍௜ = 𝑍௜(fit) − 𝑍௜(data), Z is the impedance and the subscripts 
i and r denote imaginary and real components respectively, and f is the frequency. A high 
throughput analysis for impedance data files can be done through implementation of EC-Lab’s “Z 
Fit” via a separate programming language such as Python or MATLAB. Sample code for 
implementing a more automated (i.e. not having to manually fit in EC-Labs) procedure is provided 
below. The freely available function fminsearchbnd.m() must be downloaded, and the following 
functions must be written: 

_____________________________________________________________________________ 
function [p, fval, exitflag, output] = curvefit( pinit, circuit, ... 
                                                 freq, ZrZi, ... 
                                                 lb, ub, options) 
% Minimization function via fminsearchbnd() 
parameters = pinit; 
[p, fval, exitflag, output] = fminsearchbnd(@distance, parameters, lb, ub, 
options); 
  
    % nested function 
    function dist = distance(parameters) 
  
    predicted_ZrZi = feval(circuit, parameters, freq); 
    
    % minimize sum(differences^2)/sum(|Z|^2) 
    dist = sum( sum((predicted_ZrZi - ZrZi).^2,2) ./ sum(ZrZi.^2,2) ); 
    end 
  
end        
 
________________________________________________________________ 
function [Rb, Ri, chi2_min] = transference_resistance( PEIS_file ) 
  
% Kevin Gao 
% last edited 6/4/18 
% 
% INPUTS: 
% [ PEIS_file ]     String; .txt file with PEIS file exported via EC-Labs: 
%                   = 3 columns: 1)freq 2)Re 3)Im 
%                   e.g. '10mV_02_PEIS_C01.txt' 
% OUTPUTS: 
% [ Rb ]            Bulk resistance (ohms) 
% [ Ri ]            Interfacial resistance (ohms) 
% [ chi2_min ]       Chi^2/|Z|^2 value (a measure of fit error) 
%  
% Calculates resistances for a Li-Li symmetric cell PEIS data up to a  
% user selected point, with the following Z impedance circuit:  
% [R1] + [L1] + [Q2/R2] + [Q3/R3], assuming [R1] = 0.1 ohm  
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%  
% If not getting accurate fits, may need to change BOUNDS or INITIAL GUESS 
% Can also change tolerance and stopping criterion via options 
  
% get data from PEIS .txt file 
fid = fopen(PEIS_file); 
  
data = textscan(fid, '%f %f %f', 'HeaderLines', 1); 
Hz_data = data{1}; 
Re_data = data{2}; 
Im_data = data{3}; 
fclose(fid); 
  
% plot PEIS data 
figure() 
plot(Re_data, Im_data, 'bo') 
xlabel('Re (ohm)') 
ylabel('-Im (ohm)') 
  
%%%%% NEEDS BETTER CRITERIA FOR AUTOMATION %%%%% 
% find minimum after initial low frequencies 
half = round(length(Im_data)/2); 
[y_possible_min, index_possible_min] = min(abs(Im_data(half:end))); 
% arbitrarily selected n=5 points around the minimum 
n = 5; 
index_bound_min = half + index_possible_min - n; 
if index_bound_min <= 0 
    index_bound_min = 1; 
elseif index_bound_min  
end %if 
index_bound_max = half + index_possible_min + n; 
if index_bound_max > length(Im_data) 
    index_bound_max = length(Im_data); 
end %if 
%%%%% NEEDS BETTER CRITERIA FOR AUTOMATION %%%%% 
  
% Z impedance circuit for [L1] + [R1] + [Q2/R2] + [Q3/R3] 
% where [R1] = 0.1 ohm, [L1] = x(7) 
% [Q2] = x(1), [R2] = x(2), a2 = x(5)  
% [Q3] = x(3), [R3] = x(4), a3 = x(6) 
fun = @(x,xdata) [ real(0.1 + (1i*xdata*2*pi)*x(7) + ... 
                   x(2)./(x(2).*x(1).*(1i.*xdata*2*pi).^x(5) + 1) + ... 
                   x(4)./(x(4).*x(3).*(1i.*xdata*2*pi).^x(6) + 1)), ... 
                   ... 
                   -imag(0.1 + (1i*xdata*2*pi)*x(7) + ... 
                   x(2)./(x(2).*x(1).*(1i.*xdata*2*pi).^x(5) + 1) + ... 
                   x(4)./(x(4).*x(3).*(1i.*xdata*2*pi).^x(6) + 1))];          
     
p_set = zeros(index_bound_max-index_bound_min+1,7); 
chi2_set = zeros(index_bound_max-index_bound_min+1,1); 
for j = 1:(index_bound_max - index_bound_min)+1 
    X = Re_data(1:index_bound_min+j-1);  
    Y = Im_data(1:index_bound_min+j-1);  
    W = Hz_data(1:index_bound_min+j-1); 
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    %%%%% BOUNDS %%%%% 
    LB = [0 0 0 0 0 0 0]; 
    UB = [10^-4 max(X) 10^-4 max(X) 1 1 10^-8]; 
    %%%%%% INITIAL GUESS %%%%% 
    x0 = [10^-10 max(X)/2 10^-10 max(X)/2 1 1 0];       
  
    ZrZi = [X, Y]; % real and imaginary Z 
    options = optimset('MaxFunEvals', 10*10^4, 'MaxIter', 10*10^4, ... 
                       'TolFun', 1e-12, 'TolX',1e-12); 
  
    % fit data to circuit model 
    [p,fval,exitflag,output] = curvefit(x0,fun,W,ZrZi,LB,UB,options); 
  
    chi2_set(j) = fval; % store chi^2/|Z|^2 value 
    p_set(j,:) = p; % store parameters 
  
end %for 
     
% choose best chi^2/|Z|^2 i.e. best fit 
[chi2_min,i_min] = min(chi2_set); 
  
% store optimal chi^2/|Z|^2 value and optimal parameters 
p_final = p_set(i_min,:); 
  
% Resistance values; separate bulk and interfacial 
if abs(p_final(5)-1) < abs(p_final(6)-1) 
    Rb = p_final(2); % bulk 
    Ri = p_final(4); % interface 
else 
    Rb = p_final(4); % bulk 
    Ri = p_final(2); % interface 
end %if 
     
% check fit 
W_array = logspace(log10(Hz_data(end))-1, log10(Hz_data(1))+1,100); 
fitR_array = zeros(100,2); % initialize 
for j = 1:length(W_array) 
    fitR_array(j,:) = fun(p_final, W_array(j)); 
end %for     
  
% graphically check fit 
figure() 
plot(Re_data, Im_data, 'bo') 
xlabel('Re (ohm)') 
ylabel('-Im (ohm)') 
hold on 
  
% show data points chosen for fit 
plot(Re_data(1:index_bound_min+i_min-1), ... 
     Im_data(1:index_bound_min+i_min-1), 'bx') 
% show fit 
plot(fitR_array(:,1), fitR_array(:,2),'--r','LineWidth', 1.5) 
xlabel('Re (ohm)') 
ylabel('-Im (ohm)') 
legend(strcat('R_b = ', num2str(Rb)), ... 
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       strcat('R_i = ', num2str(Ri)),  ... 
       strcat('\chi^2 = ', num2str(chi2_min))) 
  
filename_str = strcat(PEIS_file(1:end-4), '_resistance_fit.jpg'); 
saveas(gcf, filename_str) 
hold off 
    
% show chi^2/|Z| error and calculated parameters 
fprintf('\\chi^2/|Z|^2 = %f\t [L1] = %E\n', chi2_min, p_final(7)) 
fprintf('[Q2] = %E\t [R2] = %f\t [a2] = %f\n', p_final(1), p_final(2), 
p_final(5)); 
fprintf('[Q3] = %E\t [R3] = %f\t [a3] = %f\n', p_final(3), p_final(4), 
p_final(6)); 
  
end 
______________________________________________________________________________ 

Note that the initial conditions for the fitting algorithm are very important for obtaining good 
accuracy in the fit. If the fit is not good, it is recommended to try adjusting initial conditions and 
examining the data carefully for artifacts and experimental suitability.  

 

11.1.2 Restricted Diffusion Measurements and Analysis 

For more detailed information on the restricted diffusion method, refer to ref. 90 and ref. 260. A 
simplified analysis is presented here for a binary electrolyte. For example, in PEO/LiTFSI there is 
a cation and anion. Our system is a lithium-electrolyte-lithium cell. During polarization of the cell, 
a concentration gradient will develop and reach some steady-state concentration profile. We are 
interested in the relaxation of this concentration gradient. Example concentration profile curves 
are shown over time t (see Figure 11.2). We define an axis in the direction between the electrodes 
as x. 

 

Figure 11.2. Example concentration profiles showing relaxation of concentration profiles, c, over time, t, 
in a lithium-electrolyte-lithium symmetric cell. The length across the electrolyte is given by L. 

 

We begin with Fick’s 2nd Law: 
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𝑑𝑐
𝑑𝑡 = 𝐷

𝑑ଶ𝑐
𝑑𝑥ଶ  , (11.2) 

where c is the concentration, t is time, D is the salt diffusion coefficient. The boundary conditions 
are as follows: 

𝑑𝑐
𝑑𝑥 = 0 at 𝑥 = 0 and 𝑥 = 𝐿, (11.3) 

𝑐(𝑡 = ) = 𝑐ஶ. (11.4) 

The first two boundary conditions are the no-flux condition at either electrode, and the third 
condition implies that at a long enough time (i.e. steady-state), there is a uniform concentration. 
The electrolyte velocity is assumed to be zero here. The solution to equation 11.2 is a Fourier series 
of the form: 

𝑐 = 𝑐ஶ + ෍ 𝐴௡ exp ቆ−
𝑛ଶ𝜋ଶ𝐷𝑡

𝐿ଶ ቇ cos ቀ
𝑛𝜋𝑥

𝐿 ቁ
ஶ

௡ୀଵ

, (11.5) 

and An is a coefficient dependent on the initial concentration profile in the cell. At long time, the 
higher order terms of equation 11.5 become negligible compared to the first term: 

𝑐 = 𝑐ஶ + 𝐴ଵ exp ቆ−
𝜋ଶ𝐷𝑡

𝐿ଶ ቇ cos ቀ
𝜋𝑥
𝐿 ቁ . (11.6) 

Then the difference in concentration at the ends of the cell in the electrolyte is given by the 
following: 

∆𝑐 = 𝑐௫ୀ଴ − 𝑐௫ୀ௅ = 𝐴ଵ exp ቆ−
𝜋ଶ𝐷𝑡

𝐿 ቇ , (11.7) 

and a plot of ln(Δc) vs. t is linear at long time. Restricted diffusion in concentrated solution follows 
similar logic, and the resulting equation relating concentration difference has the same form as 
equation 11.7. A more detailed description can be found in ref. 90.  

We utilize the fact that ln(Δc) vs. t is linear at long time to calculate the salt diffusion coefficient, 
D. How can long time be defined? We first define a dimensionless time: 

𝛼 =
𝐷𝑡
𝐿ଶ . (11.8) 

In Figure 11.3a we show several possible steady-state concentration profiles in the electrolyte after 
polarization. These concentration profiles serve as the initial condition for equation 11.2, and 
different solutions will emerge. Using these initial conditions, along with the boundary conditions 
given by equations 11.3 and 11.4, we can solve the partial differential equation. In Figure 11.3b, 
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we show the difference in concentration between the opposite ends of the electrolyte plotted 
against dimensionless time, α, on a semi log scale. These solutions and plots were generated using 
MATLAB’s pdepe() partial differential equation solver. It is evident that at longer times, we have 
a linear plot of Δc on the semi log scale. 

 

Figure 11.3. Initial concentration profiles across the electrolyte and the resulting change in concentration 
difference across the electrolyte over dimensionless time. (a) Several initial steady-state concentration 
profiles (cosine, linear, step, cosine reflected) across the electrolyte are shown, with concentration plotted 
against position (x/L). (b) The difference in concentration between the electrolyte at x = 0 and x = L plotted 
against dimensionless time α on a semi log scale for the different initial steady-state concentration profiles 
shown in (a). This plot is generated from solutions to equation 11.2 given boundary conditions 11.3 and 
11.4 with initial conditions given by (a). 

To quantify the linearity of ln(Δc) vs α, we take the semi log slope from α = [a, 0.2] and use that 
in an exponential fit to the concentration relaxation solutions to qualitatively check for linearity of 
semi-log y-axis vs x-axis, where α = a is the time denoted as meeting “long time.” In Figure 11.4 
we show how linear the data for ln(Δc) vs α after different amounts of time (α = 0.01, 0.03, 0.05) 
for the different initial conditions given in Figure 11.3a. In other words, we are checking at what 
α value is “long time” reached. Qualitatively, it appears that α = 0.01 is not sufficient time for 
linearity to be achieved, while α = 0.03 and α = 0.05 show a much greater linear relationship.  

 

Figure 11.4. Qualitatively comparing the linearity of ln(Δc) vs. dimensionless time after fitting from long 
time of α = 0.01, 0.03, and 0.05. The data points represent the solutions to equation 11.2 for the different 
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initial conditions given in Figure 11.3 (red: step, black: cosine, blue: linear, green: cosine reflected). Note 
the y-axis is on a log scale.  

We can quantify how linear the data is by taking the residuals of the linear fit to the data. In Figure 
11.5 we plot the residuals against the α value at which we fit the concentration data. It is evident 
that at α = 0.03, we have a very high R2 value for all steady-state concentration profile relaxations 
(R2 > 0.995). Thus, we conclude that α = 0.03 is sufficiently “long time” for restricted diffusion 
calculations. 

 

 

Figure 11.5. The residuals for the linear fit, R2, plotted against the different “long time” values of α at 
which the data is first fit to a linear relationship, for different initial steady-state concentration profiles (red: 
step, black: cosine, blue: linear, green: cosine reflected) relaxing in restricted diffusion. We see that for all 
initial conditions of different steady-state concentration profiles, we have very high linearity for α =0.03. 

We now discuss the implementation of the restricted diffusion experiment in lithium-polymer-
lithium cells. The first step is to apply a current density or potential difference across the cell, 
recording the potential or current response respectively. Once a steady-state value is reached 
(typically 2-4 hours for a 500 μm thick PEO/LiTFSI electrolyte), then shut off the applied potential 
or current and let the concentration gradient relax over time in open circuit voltage. The potential 
must be measured at this time. The data can then be fit to the exponential given in equation 11.7 
to calculate D. We use the following equation to fit the potential data: 

𝑉 = 𝐴ଵ + 𝐴ଶ exp ቆ
−𝜋ଶ𝐷𝑡

𝐿ଶ ቇ , (11.9) 

where V is the measured potential, A1 and A2 are constants, D is the salt diffusion coefficient, and 
L is the thickness of the electrolyte. A1 is the result of possible small potential drops across the cell 
even at uniform concentration that could be the result of minor temperature gradients or instrument 
artifact. The V vs t data is thus fit to equation 11.9 with three unknown parameters (A1 A2 and D; 
L is known). In Figure 11.6a we show an example of the potential relaxation over time and the fit 
of the data from α > 0.03 onward. Because the real-world data is given in dimensional time, and 
the dimensionless time requires knowledge of the salt diffusion coefficient (see equation 11.8), the 
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data must be iteratively fit starting from different times. For more details, refer to ref. 80. An 
example procedure for fitting V vs t data is outlined below: 

1. Fit equation 11.9 to V data from t = 0 to t = tmax where tmax is a time at which the 
concentration is uniform (i.e. steady-state is reached, around 120-150 min in Figure 11.6a). 
A value for D will be obtained, and α can be computed from equation 11.8. 

2. Fit equation 11.9 to V data from t = tprevious + tincrement to t = tmax, where tprevious is the last 
minimum bound for the times when the data is fit and tincrement is a small step value. A new 
value for D will be obtained and α can again be computed from equation 11.8. 

3. Repeat step 2 until α > 0.03 is achieved (or α > 0.05 if desired). 
 

 

Figure 11.6. Potential over time showing relaxation of concentration gradient in a lithium-electrolyte-
lithium cell. (a) Potential vs. time and fit of data to equation 11.9. (b) Log of potential vs time showing the 
linearity of data over time. 

In Figure 11.6b we show the log of potential plotted against time. It is possible to extract a salt 
diffusion coefficient D from the slope of the data (see equations 11.7 and 11.9), however, notice 
that the log(V) data becomes quite large and negative as the potential relaxes to 0. This leads to 
greater error in the slope and requires careful selection of the upper bound of the time to fit the 
potential data to. However, fitting the data to equation 11.9 has no such problem. 




