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Abstract 
 

Thermodynamics and Dynamics of Block Copolymer Electrolytes 
 

by 
 

Whitney Loo 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor Nitash P. Balsara, Chair 
 

It is becoming increasingly clear that the next generation of rechargeable batteries for the emerging 
clean energy landscape will require electrolytes that are fundamentally different from those used 
in today’s lithium-ion batteries. In addition, it has been shown that the most promising approach 
to significantly increase the energy density of rechargeable batteries is through the implementation 
of the Li metal anode. Current electrolytes consist of mixtures of organic carbonates and a lithium 
salt. They pose safety concerns due to their flammability and are also incompatible with Li metal. 
Polymer electrolytes, which are mixtures of polymers and a lithium salt, are both less flammable 
than the organic solvents used currently and have been shown to be compatible with Li metal. 
Although linear polymers are able to exert some stress on the battery electrodes, which is essential 
to enabling rechargeable batteries with Li metal anodes, their viscoelastic nature prevents them 
from enduring stress in the long-time limit. One approach to improving the mechanical properties 
of polymer electrolytes is to use microphase separated block copolymers, which allows for 
decoupling of the ionically conducting and mechanically reinforcing properties.  
 
The phase behavior of block copolymers, wherein two chemically distinct homopolymer chains 
are covalently bound, is dependent on two properties: segregation strength, 𝜒𝑁, and copolymer 
composition, 𝑓!. Segregation strength is the product of the Flory-Huggins interaction parameter, 
𝜒, and the overall chain length, 𝑁; it combines both enthalpic contributions from the monomer-
monomer interactions, as well as entropic contributions which are directly related to chain length 
through the configurational entropy. The copolymer composition is measured in terms of the 
volume fraction of “block A”, 𝑓!, and dictates the degree of curvature needed to minimize the areal 
contact between the unlike phases. For a given copolymer composition, when a copolymer has a 
segregation strength less than (𝜒𝑁)"#$, the copolymer melt will form a homogeneous disordered 
mixture. When the same copolymer has 𝜒𝑁 ≥ (𝜒𝑁)"#$, the copolymer will microphase separate 
into an ordered morphology such as body center cubic spheres, hexagonally packed cylinders, 
gyroid phases, or lamellae. The addition of salt to block copolymers allows them to conduct ions, 
but significantly alters their thermodynamics and resulting phase behavior. It is well-known for 
symmetric block copolymers, wherein the volume fractions of the two blocks are equal to 0.5, that 
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the addition of salt will increase the segregation strength of the copolymer. For example, a 
copolymer that forms a disordered morphology in the salt-free state will undergo a disorder-to-
order transition and form an ordered lamellar phase once a critical salt concentration is reached. In 
the simplest case, the increase in 𝜒 is linear with respect to salt concentration. 
 
It is well-known that ion transport in polymer electrolytes is linked to the segmental motion of the 
polymer backbone. At short times, the polymer repeat units can be modeled as beads linked 
together by springs that are characterized by a friction coefficient, 𝜁. Motion in this regime is 
known as Rouse dynamics. At longer times, the motion of a segment of a polymer chain is 
influenced by the presence of neighboring chains that form entanglement constraints represented 
by tubes of diameter, d. As time progresses, the polymer chain must reptate through the 
entanglement constraints until it is fully free of its tube and can undergo self-diffusion. The motion 
of the polymer chain while it is entirely or partially constrained by its tube is known as reptation. 
Previous studies of dynamics in the Rouse regime have shown that the monomeric friction 
coefficient decreases as salt concentration increases in polymer electrolytes due to the coordination 
between the polymer backbone and the cations. In fact, for some polymer electrolytes, the ionic 
conductivity can be explained entirely by the segmental motion of the polymer. However, no 
studies have been conducted on polymer electrolytes at time-scales that correlate with reptation.  
 
The block copolymer electrolyte used in this research is a well-studied model system: polystyrene-
block-poly(ethylene oxide) mixed with lithium bis(trifluoromethanesulfonyl) imide (LiTFSI). 
SEO/LiTFSI was chosen as the model system because it is well-known that the Li salt 
preferentially segregates into the poly(ethylene oxide) (PEO) domains and the electrochemical 
properties of PEO/LiTFSI have been fully characterized. The objective of this dissertation is to 
develop a molecular-level understanding of the effect of salt on block copolymer self-assembly, 
thermodynamics, and dynamics. Specifically, I will use theories developed for salt-free polymer 
systems and apply them to data collected on block copolymer electrolytes to determine how the 
presence of salt changes polymer behavior. In cases where the original theories cannot explain the 
new data, I will derive new theories to describe the observed phenomenon.  
 
In order to conduct these studies, a library of SEO copolymers with precise molecular weights and 
a wide range of copolymer compositions was synthesized. The first section describes the methods 
used to synthesize the SEO copolymers with precise molecular weights and compositions and low 
polydispersities.  
 
The research in this dissertation covers a large area of polymer science; therefore, several different 
experimental techniques were used. Coincidentally, all experimental techniques were centered 
around scattering applications of both X-rays and neutrons. The second section provides an 
introduction to the fundamentals of scattering as well as a brief review on the specific techniques 
used in these studies.  
 
The phase behavior of SEO/LiTFSI was determined using small angle X-ray scattering (SAXS). 
We studied the effect of salt concentration, molecular weight, copolymer composition, and 
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temperature on the morphology of SEO/LiTFSI in sections four and five. In SEO copolymers with 
a majority polystyrene phase, the addition of salt induced the formation of ordered morphologies. 
However, unique phase behavior was seen in one copolymer, with a PEO volume fraction, 𝑓%&, of 
0.20. In this sample, a reentrant phase transition was found such that the disordered copolymer 
first formed an ordered morphology, followed by a disordered morphology, followed by a different 
ordered morphology with increasing salt concentration. The first ordered morphology seen at a 
low salt concentration was a novel type of coexistence wherein two distinct lattices of the same 
lattice type was observed. The nature of this type of coexistence was further probed with electron 
tomography to visualize the lattice structure and resonant soft X-ray scattering (RSoXS) to 
quantify the volume of salt in each lattice.  
 
The goal of section five was to use the morphology data gathered from the SAXS experiments and 
assemble large experimental datasets of the phase behavior of SEO/LiTFSI. For simplicity, the 
phase diagrams were constructed at a single temperature of 100 °C. A simple framework based 
upon of mean-field theory developed for salt-free block copolymers was used to create a phase 
diagram plotting copolymer morphology as a function of 𝜒𝑁 and the volume fraction of the salt-
containing phase, 𝑓%&,()*$. It was found that the phase behavior of SEO/LiTFSI is qualitatively 
similar to that of salt-free block copolymer systems. In addition, the effect of copolymer 
composition and salt concentration was examined on the domain spacing of SEO mixed with two 
different Li salts. Expressions for the domain spacing as a function of copolymer chain length, 
composition and salt concentration were developed for both the weak (𝜒𝑁 ≤ 10) and strong 
segregation regimes (𝜒𝑁 > 10). 
 
The following section focuses on the quantification of the thermodynamics of SEO/LiTFSI. 
Through application of Leibler’s Random Phase Approximation, the Flory-Huggins interaction 
parameter of the neat, 𝜒+,,- , and salt-containing, 𝜒.//,,- , SEO copolymers were measured. An 
expression for 𝜒.//,,-  was developed as a function of 𝑁, 𝑓%& and salt concentration. It was then 
used in conjunction with mean-field theory to calculate the critical chain length for ordering, 𝑁012$, 
as a function of copolymer composition and salt concentration. Two regimes of phase behavior 
emerged: at 𝑓%& > 0.27, the addition of salt stabilizes the ordered phase and at 𝑓%& < 0.27, the 
addition of salt stabilizes the disordered phase. The copolymer composition wherein segregation 
is independent of salt concentration (𝑓%& = 0.27) was termed the “isotaksis point” and simple 
theoretical model to predict this composition was developed.  
 
The preceding sections focused on the effect of salt on the morphology of the block copolymer 
electrolytes, which corresponds to length-scales on the order of magnitude of the domain spacing 
of the microphases, ~10 nm. The effect of salt concentration on the polymer conformation of the 
corresponding homopolymer electrolyte, PEO/LiTFSI, was determined using small angle neutron 
scattering (SANS), which corresponds to length-scales less than 1 nm. Kratky analysis of the 
SANS profiles was used to determine the statistical segment length as a function of salt 
concentration. All parameters in the analysis were determined independently. It was found that the 
effect of salt concentration in non-monotonic: at low salt concentrations, the chain sizes decreases 
before reaching a minimum at intermediate salt concentrations and then increasing at higher salt 
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concentrations. This relationship is hypothesized to be related to the preferred environment of Li 
ions within PEO where each Li ion prefers to be coordinated by six ether oxygens. As salt 
concentration increases, the ether oxygens become saturated with Li ions, which are hypothesized 
to lead to the formation of ion clusters, which could increase the chain dimensions. Additional 
SANS studies were used to probe the nature of the ion clusters and found that the clusters had a 
characteristic size of 0.6 nm.  
 
The final section of this dissertation focuses on the effect of salt concentration on the polymer 
chain dynamics of SEO/LiTFSI. Neutron spin echo (NSE) spectroscopy was used to measure the 
segmental dynamics in the Rouse regime (𝑡 ≤ 10 ns) and the polymer chain dynamics in the 
reptation regime (𝑡 ≥ 50 ns). In both regimes, the dynamics slow down as salt concentration 
increases. This is quantified through an increase in monomer friction seen at low times and a 
decrease in tube diameter seen at longer times. The NSE results were used to calculate a 
normalized longest molecular relaxation time and it was found that block copolymers will flow 
more slowly with increasing salt concentration. This is important in a battery operating at high 
current wherein the diffusion of salt ions in one direction must induce diffusion of polymer chains 
in the opposite direction. 
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1. Introduction 
 
Significant improvements in energy storage technology are required in order to make the transition 
from a fossil-fuel based economy to one based on renewable energy sources.1 One strategy for 
achieving technology improvements, in both increased energy density as well as increased battery 
safety, is the development and implementation of electrolytes that are fundamentally different from 
those used in today’s lithium-ion batteries.2–4 Current electrolytes in lithium ion batteries are  
mixtures of cyclic and linear carbonates and a lithium salt. Polymer electrolytes, which are 
mixtures of polymers and a lithium salt, have the potential to improve battery safety, as they are 
less flammable than organic electrolytes, and can enable the use of Li metal anodes, which have 
higher energy densities than those used currently.5,6 The goal of the research presented in this 
dissertation is the development of a molecular-level understanding of the thermodynamics and 
dynamics of polymer electrolytes to aid in the design of next-generation solid polymer-based-
battery electrolytes.  
 
1.1 Solid Polymer Electrolytes 
 
The field of polymer electrolytes began in 1973 after Fenton, Parker and Wright published the first 
account of alkali metal ions being solvated by dry poly(ethylene oxide) (PEO).7 In 1979, Armand 
and coworkers showed that these ion/polymer complexes could conduct ions and be used as battery 
electrolytes due to the development of highly delocalized salts, such as lithium 
bis(trifluoromethanesulfonyl) imide (LiTFSI).8,9 It was also found that polymer electrolytes were 
stable against Li metal,2 allowing for use of the Li metal anode, a promising approach to 
significantly increase the energy density of rechargeable batteries.10,11 Since then, there has been 
considerable interest in understanding the ion transport mechanisms and structure of PEO-based 
electrolyte systems.12,13 However, many challenges, such as low ionic conductivity at room 
temperatures as well as the formation of lithium dendrites, remain to be solved, which has 
prohibited polymer-electrolyte-based Li metal batteries from entering large-scale commercial 
markets.  
 
The most widely studied polymer electrolyte system is PEO/LiTFSI. Molecular dynamics 
simulations have shown that the preferred conformation is the coordination of one Li ion to six 
ether oxygens and that each Li ion is solvated by at most two PEO chains.14–16 This preferred 
coordination environment is thought to lead to the high ionic conductivity in the melt state seen in 
PEO/LiTFSI compared to other polymer electrolyte systems. The ionic conductivity of 
PEO/LiTFSI increases with increasing salt concentration due to an increase in charge carriers, until 
it reaches a maximum at moderate salt concentrations.17 From there, the conductivity decreases 
with increasing salt concentration. Using concentrated solution theory, developed by John 
Newman18, the electrochemical and transport properties of PEO/LiTFSI have been fully 
characterized.19,20 
 
Another challenge that arises in rechargeable batteries with Li metal electrodes is the nonplanar 
deposition of Li during the charging and discharging cycles that leads to the formation of Li 
protrusions or dendrites. These dendrites can span the width of the electrolyte and lead to short-
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circuit failure of the electrochemical cell.21 Monroe and Newman proposed that dendrite growth 
could be suppressed if the battery electrolyte had a high enough shear modulus to “push-back” on 
to the growing protrusions. Linear polymers are viscoelastic liquids and thus are unable to 
withstand stress in the long-time limit. One approach for creating solid polymer electrolytes is 
through the self-assembly of block copolymers, which can microphase separate into ionically 
conductive and mechanically rigid domains.22–25  
 
The most commonly studied block copolymer electrolyte, and the focus of the research presented 
in this dissertation, is polystyrene-block-poly(ethylene oxide) (SEO) mixed with LiTFSI salt, 
SEO/LiTFSI. Preliminary studies of SEO/LiTFSI have provided evidence that the presence of the 
polystyrene (PS) microphase suppresses dendrite growth.26–28 The addition of a third component, 
PS, as well as the presence of nanostructure complicates the ion transport picture in SEO/LiTFSI. 
However, the assumption that the salt preferentially segregates into the PEO domains29–31 
simplifies this picture and the electrochemical and transport properties in a variety of SEO/LiTFSI 
copolymers have been fully characterized using concentrated solution theory.20,25 
 
1.2 Block Copolymer Thermodynamics 
 
The phase behavior of AB diblock copolymers wherein two dissimilar chains are covalently 
bonded is determined entirely by two parameters: segregation strength and composition.32–37 
Segregation strength is characterized by the product 𝜒𝑁, where 𝜒 is the Flory-Huggins interaction 
parameter and measures the thermodynamic compatibility between A and B chains and N is the 
degree of polymerization of the block copolymer. Composition is quantified by the volume fraction 
of one of the polymer components,	𝑓!. As segregation strength increases, block copolymers 
microphase separate from a homogeneous disordered phase (DIS) into ordered morphologies, such 
as lamellae (LAM), gyroid phases (GYR), hexagonally packed cylinders (HEX) and body center 
cubic spheres (BCC). The geometry of the resulting ordered phase depends on both 	𝜒𝑁	and 	𝑓!.38–

41 The temperature dependence of the Flory-Huggins interaction parameter in salt-free binary 
polymer systems is generally expressed as 
 
 𝜒 =

𝐴
𝑇
+ 𝐵   (1.1) 

 
where A and B are empirically determined constants.39,42 There are no analytical expressions for 
the boundary between disorder and order for block copolymers. Self-consistent field theory 
(SCFT) has been used to calculate the order-disorder boundary as well as the predicted ordered 
morphologies on a 𝜒𝑁 versus 𝑓! plot.41 The most common ways to determine the morphology of 
block copolymers is through reciprocal space techniques such as small angle X-ray scattering 
(SAXS)43,44 or through real-space techniques such as transmission electron microscopy (TEM). 
The Flory-Huggins interaction parameter of block copolymers can be determined through 
application of the Random Phase Approximation to block copolymers, as developed by Leibler.34 
 
In the weak segregation limit (WSL) i.e. in the vicinity of the order-disorder transition (ODT), the 
composition dependence of the periodic length-scale of ordered block copolymer phases, or the 
domain spacing, was calculated numerically by Leibler.34 The length scale of the periodic phase in 
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an ordered block copolymer is a reflection of molecular size. In a homopolymer, molecular size is 
often characterized by the radius of gyration, 𝑅3 = 𝑁

!
"𝑏/6, where b is the statistical segment length 

of the chain.32,45 In the disordered regime as well as the WSL, the molecular size of each copolymer 
block can be approximated by the radius of gyration of that polymer block because the chains 
adopt a relaxed Gaussian conformation due to the favorable mixing between the two blocks.39 As 
segregation strength increases and the strong segregation limit (SSL) is approached, the chains 
will stretch at the microphase interface due to the thermodynamic repulsion of mixing and increase 
the molecular size of the copolymer.46–48 Relationships between the domain spacing, the statistical 
segment length and the interaction parameter have been determined for both segregation regimes.49 
 
The addition of salt to block copolymers is known to alter their phase behavior due to the 
introduction of new interactions between the polymers and ions including electrostatic 
interactions, charge dissociation, ion solvation and physical cross-linking between the ions and 
polymer chains. There have been many theoretical studies that attempt to quantify the effects of 
these interactions on polymer phase behavior. Ions tends to cluster in the phase with the higher 
dielectric constant and this increases segregation strength. This was captured in models developed 
by Wang and coworkers using the concept of Born solvation energy wherein the ions were treated 
as reversibly bound to polymer chains.50,51 In these models, the framework described in the 
previous section for salt-free systems can be applied to salty systems provided 𝜒 is replaced with 
an effective interaction parameter, 𝜒.//, which depends on salt concentration. In the simplest case, 
this dependence is linear and 
 
 𝜒𝑒𝑓𝑓 = 𝜒0 + 𝑚𝑟    (1.2) 

 
where 𝜒+ is the Flory-Huggins parameter for the salt-free system, r is a suitable measure of salt 
concentration and m is a system-dependent proportionality constant. This form for 𝜒.// in salty 
systems was first proposed in the pioneering work of Mayes and coworkers52 and has been used 
successfully to model the thermodynamics in a variety of SEO-based electrolyte systems.53–55 
 
While the aforementioned model was able to predict trends in the domain spacing56 and order-
disorder transition57 of symmetric block copolymers with added salts, the theories did not match 
trends seen in asymmetric SEO/LiTFSI systems where 𝑓%& ≠ 𝑓, ≠ 0.50.58 It was hypothesized 
that the discrepancy seen between theory and experiment was due to the lack of explicit ionic 
correlations in the model. Therefore, de la Cruz and coworkers introduced a hybrid liquid-state 
theory based correction for ionic correlations into a block copolyelectrolyte model.59–61 This model 
produces phase block copolymer phase diagrams that are qualitatively different from those 
predicted by mean-field theory for salt-free systems. Most notably, this model predicts a stable 
“chimney-like” region where a narrow channel of ordered phases is predicted to be stable in 
diblock copolymers with a minority ion-containing phase (phase A). In addition, these stable 
phases contain inverted morphologies (e.g. cylinders of B in a matrix of A) are predicted in the 
chimney.59 This behavior was attributed to “electrostatic cohesion” wherein the presence of ionic 
clusters stabilize the ordered morphologies in these regions of the phase diagram. 
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For simplicity, we have chosen to outline two of the many recently developed theories62–64 on the 
phase behavior and thermodynamics of ion-containing copolymers. Although there has been 
significant work in developing new, and increasingly complex, theoretical frameworks, little has 
been done to directly compare these frameworks to experimental datasets. The data presented in 
this dissertation enables a critical examination of theories described above.  
 
1.3 Polymer Dynamics 
 
Several theoretical models have been developed to describe the motion of polymer chains in the 
absence of salt. They are well-described in ref 65. The short-time segemental dynamics of 
polymers can be described by the Rouse model.66 In this model, the polymer segments are 
represented by beads connected to each other via springs characterized by a friction coefficient, 𝜁, 
and polymer relaxation occurs in a sub-diffusive matter. In this regime, the mean-squared 
displacement (MSD) of the polymer chain scales with 𝑡4/6. At longer times, 𝑡 > 𝜏. where 𝜏. is the 
crossover time, the motion of a polymer chain becomes influenced by the presence of neighboring 
chains. When the polymer chains are long enough to interact, or entangle with one another, the 
neighboring chains form dynamical constraints which are represented by a tube of diameter, 𝑑. At 
these molecular weights, the ionic conductivity of PEO/LiTFSI is independent of molecular 
weight.67,68 The reptative motion of the polymer chain along this tube has been described by 
models proposed by de Gennes, Edwards, and Doi.69,70 At intermediate times, 𝜏. < 𝑡 < 𝜏7 where 
𝜏7 is the reptation time, the polymer chain reptates within the confined tube through a process 
known as local reptation. Here, the MSD scales with 𝑡

!
#. At longer times, 𝜏7 < 𝑡 < 𝜏# where 𝜏# is 

the longest molecular relaxation time, one end of the chain “escapes” from the confined tube 
through a process known as pure reptation where the MSD scales with 𝑡

!
". Finally, at sufficiently 

long times, 𝑡 > 𝜏#, the polymer chain undergoes diffusive motion where MSD scales with 𝑡.71 In 
typical polymer chains, these time-scales span over 12 orders of magnitude of time with Rouse 
modes happening on the nanosecond time scale, reptative modes happening on 100 ns – 1 𝜇s time 
scale, and diffusive modes happening on the second time-scale.65 Therefore, a variety of 
experimental techniques are needed to measure polymer dynamics across the three regimes of 
polymer dynamics: Rouse, reptation and diffusive motion.  
 
It is well known that the translation of ions in polymer electrolytes is coordinated to the segmental 
relaxation of the polymer chains.15,65,80,72–79 Previous studies have used quasi-elastic neutron 
scattering (QENS) to probe the dynamics of the polymer backbone in the Rouse regime and extract 
the monomeric friction coefficient in the presence of salt.15,73,74,80 In general, they have found that 
the monomeric friction coefficient increases with increasing salt concentration and that this 
increase is responsible for the decrease in ionic conductivity seen at high salt concentrations 
measured with ac impedance spectroscopy. It is currently unclear how the reptation and diffusive 
polymer dynamical modes influence ion transport in polymer electrolyte systems. Polymer dynamics at 
these time scales cannot be measured with QENS.  
 
It is important to note that the aforementioned theories were developed for homopolymer systems 
in the absence of salt. The picture of polymer dynamics in block copolymers is more complex due 
to the anchoring of one or more chain ends due to microphase separation. Conformational 
relaxation of the chains in the ionically conducting domains is affected by connectivity to the rigid 
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domains.81 The segmental composition profile within the conducting domains is also affected by 
mixing with the rigid domains, especially in the vicinity of the interface between the 
microphases.39,62,63 Any of these effects could alter the dynamics of block copolymer electrolytes. 
There have been no studies on the effect of salt concentration on the dynamics of block copolymer 
electrolytes in the Rouse or reptation regimes. Previous studies on nanostructured block copolymer 
electrolytes are limited to studying the cooperative grain dynamics on the 10-2-102 s time-scale.82 
 
1.4 Outline of Dissertation 
 
In the enclosed work, I use quantitative X-ray and neutron scattering techniques to study the effect 
of salt concentration on the thermodynamics and dynamics of block copolymer electrolytes. The 
remainder of the dissertation is organized as followed. Chapter 2 outlines the procedures used to 
synthesize the block copolymers in this study. In Chapter 3, I outline the different X-ray and 
neutron scattering techniques used in this study and highlight recent advances in scattering 
technology as well as other applications for the techniques. Chapters 4-7 rely on X-ray scattering 
techniques and Chapters 7-8 rely on neutron scattering techniques. Chapters 4 and 5 focus on the 
effect of salt concentration on the phase behavior of SEO/LiTFSI. Chapter 4 focuses on systems 
with a majority PS-phase, which uncovered a new type of coexistence not previously seen in 
polymer systems. The nature of the coexistence is probed using a variety of techniques in Chapter 
4. Chapter 5 focuses on developing an experimental dataset for the morphologies of SEO/LiTFSI 
system as a function of copolymer composition, molecular weight, and salt concentration. A 
literature review was also conducted to expand the experimental dataset to SEO systems that were 
previously studied as well as determine the effect of salt concentration on the domain spacing of 
SEO/LiTFSI systems in the weak and strong segregation limit. The phase diagrams presented in 
Chapter 5 will hopefully serve as benchmarks during the development of new theories on the phase 
behavior of ion-containing polymer systems. Chapter 6 focuses on the effect of salt concentration 
and copolymer composition on the thermodynamics of SEO/LiTFSI. Through careful 
measurements of the effective Flory-Huggins interaction parameters, the existence of a copolymer 
composition wherein the segregation is not affected by salt concentration was uncovered and a 
preliminary model was developed to describe its molecular underpinnings. Chapter 7, the only 
section of this dissertation that focuses on homopolymers, examines the effect of salt concentration 
on the statistical segment length of PEO/LiTFSI using neutron scattering. It was found that the 
relationship between salt concentration and chain dimensions was non-monotonic and that the 
presence of ion clusters might lead to the increase in statistical segment length at high salt 
concentrations. In addition, Chapter 7 uses a variety of scattering techniques to probe the presence 
of ionic clusters at high salt concentrations. Chapter 8 uses neutron spin echo spectroscopy to probe 
the effect of salt concentration on polymer dynamics in SEO/LiTFSI. This is the first study of 
polymer dynamics in block copolymer electrolytes and the first study that covers both the Rouse 
and reptation regime in block copolymers (with and without salt). Finally, Chapter 9 provides a 
summary of the study. 
 
1.5 Nomenclature 
 
1.5.1 Abbreviations: 
BCC body center cubic 
DIS disordered 
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GYR gyroid 
HEX hexagonally packed cylinders 
LAM lamellae 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
MSD mean-squared displacement 
ODT order-disorder transition 
PEO poly(ethylene oxide) 
PS polystyrene 
QENS quasi-elastic neutron scattering 
SAXS small angle X-ray scattering 
SEO polystyrene-block-poly(ethylene oxide) 
SSL strong segregation limit 
TEM transmission electron microscopy 
WSL weak segregation limit 

 
1.5.2 Symbols: 
d domain spacing (nm) 
fA volume fraction of species A 
Rg radius of gyration 
r salt concentration ([Li+] [EO]-1) 
t time  

 
1.5.3 Greek Symbols: 
𝜏#  longest molecular relaxation time 
𝜏.  crossover time 
𝜏7  reptation time 
𝜒 Flory-Huggins interaction parameter 
𝜒+  Flory-Huggins interaction parameter in salt free state 
𝜒.//  effective Flory-Huggins interaction parameter 
𝜒𝑁  segregation strength 
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2. Synthesis of Polystyrene-block-poly(ethylene oxide) via Anionic 
Polymerization 
 
 

ABSTRACT 
 

Polystyrene-block-poly(ethylene oxide) (SEO) was synthesized using anionic 
polymerization. Great care was taken to purify the solvents and monomers. Both 
polymerizations were done in benzene and terminated with methanol. A cryptand 
catalyst was used to dissociate the oxyanion and allow for ethylene oxide 
polymerization propagation. The copolymers were thoroughly purified to remove 
any unreacted monomer as well as residual cryptand catalyst. The molecular 
weights and molecular weight distributions were determined via gel permeation 
chromatography. The relative block fractions were determined using nuclear 
magnetic resonance.  

 
2.1 Introduction 
 
Polystyrene-block-poly(ethylene oxide) (SEO) was synthesized using anionic polymerization. The 
structure of SEO is shown in Figure 2.1 Anionic polymerization allows for precise control of 
molecular weights and narrow polydispersities through the use of high vacuum techniques.83 In 
addition, complex polymer architectures, including block and star copolymers, can be synthesized 
through sequential polymerization on the “living chains”.84 The main drawback of anionic 
polymerization is the need for extremely pure solvents and monomers to reduce the concentration 
of known contaminants, such as water and other proton donors, which could terminate the chains 
resulting in non-ideal polymer molecular weights. The purification is typically done through 
thorough degassing of the reactors and the use of water-scavenging agents. Therefore, all synthetic 
steps are performed either on a high-vacuum Schlenk line on in a glovebox with an inert Ar 
atmosphere.  
 

 
 

Figure 2.1. Structure of polystyrene-b-poly(ethylene oxide).  
 
Below is a detailed account of the synthesis of SEO via anionic polymerization adopted from ref 
85 and ref 86 and modified according to ref 87 and ref 88. Purification and characterization of the 
SEO copolymers was adopted from ref 85. A main synthetic advantage of anionic polymerization 
is the application of simplifying assumptions that (1) each initiator molecule will initiate a single 
chain and (2) each reaction will run to approximately 100% conversion. These assumptions 
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streamline the design of a given reaction and minimize the “trial-and-error” process typically 
associated with polymer synthesis.  
 

2.2 Anionic Polymerization of SEO 
 
Before beginning the synthesis, the high-vacuum Schlenk line must be tested for leaks and 
thoroughly cleaned via flame-drying. It is important to record the baseline, with all valves closed 
and no reactors on the vacuum line, of the vacuum gauge to determine the lowest pressure when 
degassing reactors during the synthesis. It is important that this baseline value is met after each 
reactor is added to the vacuum line to ensure that there are no leaks in the reactors and that all trace 
water from the atmosphere is evaporated. In addition, the vacuum pump oil should be changed 
prior to the synthesis to ensure that the pump is operating as efficiently as possible. All reactors 
should be thoroughly checked for microscopic cracks and sealing issues prior to use in the 
synthesis. Proper PPE and proper use of engineering safety controls is extremely important 
throughout the duration of the synthesis procedure. Also, due to the labor-intensity of anionic 
polymerization, it is not recommended for the following procedure to be done solo. Ideally, two 
people should be in the laboratory at all times and another colleague should be within earshot.  
 
2.2.1 Benzene and Ethylbenzene Purification. Two solvents are used in the SEO synthesis: (1) 
benzene is used as the polymerization solvent and (2) ethylbenzene is used to dry the ethylene 
oxide monomer. Both solvents must be purified to remove any trace oxygen or water before adding 
additional reactants. One 2 L and one 1 L reactor are flame-dried on the vacuum line to evaporate 
off all residual water. One liter of benzene is added from the solvent column to the evacuated 2 L 
reactor. The 1 L reactor is taken into the glovebox and 500 mL of anhydrous ethylbenzene is added. 
Both reactors are returned to the vacuum line, frozen using liquid nitrogen, and degassed until the 
baseline pressure is reached. This process, referred to as “freeze-pump-thaw” or a hard degas, is 
repeated at least three times for each reactor or until the maximum pressure during the pump 
process is less than 10 mTorr. Both reactors are then taken into the glovebox. An appropriate 
quantity of n-butyllithium in cyclohexane was added to the benzene and ethylbenzene as a water 
scavenger; in general, 0.035 mol of n-butyllithium per 1000 mL of solvent should be sufficient to 
remove all traces of moisture. Styrene was then added in a roughly 10:1 molar ratio with n-
butyllithium in order to ensure styrene oligomers grow which are heavy enough to prevent any 
possibility of entrainment in the subsequent solvent distillation. The mixture was allowed to stir in 
the glove box for 24 hours at room temperature. The solvent was determined to be clean if the 
bright red color characteristic of polystyryl lithium species appeared and persisted without fading.  
The solvents are stable for months in the glovebox stirring at room temperature to use in 
subsequent syntheses. 
 
The benzene reactor was removed from the glovebox and returned to the vacuum line and 
degassed. The reactor was then hard degassed three times. The desired number of polymerization 
reactors (maximum three) were added to the vacuum line, degassed, and flame-dried. 200-300 mL 
of clean benzene from the 2 L reactor was distilled into each of the polymerization reactors. Each 
the of the polymerization reactors was then hard degassed once following the distillation.  
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2.2.2 Styrene Purification. One 500 mL reactor was added to the vacuum line, degassed and 
flame dried. It was then brought into the glovebox where a 1.25x excess of styrene needed for the 
polymerization(s) from a fresh bottle was added to the reactor. A drying agent, dibutyl magnesium 
(DBMg), was added to the reactor in a 1:20 DBMg to styrene by volume ratio. The reactor was 
returned to the vacuum line and degassed three times. The styrene mixture was stirred overnight 
at room temperature on the vacuum line and then hard degassed one additional time. The presence 
of a white solid might appear in the styrene. The solids indicate the presence of styrene oligomers 
that polymerized from contaminants originally present in the monomer and will not harm the 
synthesis.  
 
2.2.3 Polystyrene Polymerization. The polymerization reactors containing clean benzene were 
hard degassed one time. A graduated ampoule was added to the vacuum line, degassed, and flame-
dried. Styrene monomer was distilled from the 500 mL reactor to the ampoule and then degassed. 
The desired amount of styrene was distilled from the graduated ampoule to each polymerization 
reactor and then degassed. The volume of styrene distilled is determined from the volume levels 
of the graduated ampoule. The ampoule can be stirred to expedite the distillation process if 
necessary. The reactors were thawed to room temperature and then brought into the glovebox. The 
desired amount of sec-butyllithium was added to each reactor. The desired amount of initiator is 
calculated assuming that each initiator molecule will initiate exactly one chain. The reaction 
mixture will rapidly change from colorless to bright yellow, orange or red, depending on the 
concentration of chain ends. The intense colors are characteristic of the growing polystyrene chains 
capped with polystyrl anions. The more concentrated the ions, the darker the color. The reaction 
scheme for the initiation and propagation of the styrene polymerization is shown in Figure 2.2. 
The reaction was stirred in the glovebox for at least eight hours. After complete consumption of 
the styrene monomer, an aliquot of the reaction mixture was removed from each polymerization 
reactor for analysis. The aliquot was terminated by dry methanol and the molecular weight of the 
styrene block was determined by gel permeation chromatography (GPC). 
 

 
Figure 2.2 Styrene initiation and chain propagation scheme. 
 
2.2.4 Ethylene Oxide Purification. Extreme caution is necessary when working with ethylene 
oxide, an acutely toxic gas. Ethylene oxide is first purified by stirring over calcium hydride, a 
material that is highly reactive with water. A long neck reactor containing crushed calcium hydride 
is added to the vacuum line and degassed overnight and flame-dried thoroughly to remove any 
residual water from the calcium hydride. Ethylene oxide is distilled from the cylinder on to calcium 
hydride frozen over liquid nitrogen and then degassed once. The calcium hydride/ethylene oxide 
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mixture is warmed on a mixture of dry ice and isopropanol slowly until the ethylene oxide 
monomer is a liquid and is then stirred vigorously for at least eight hours. 
 
A 1 L reactor is added to the vacuum line, degassed and flame-dried. It is then brought into the 
glovebox and 0.075 mol of n-butyllithium was added to the reactor. This reactor, as well as the 
ethylbenzene reactor, was returned to the vacuum line and degassed. The ethylbenzene reactor was 
hard degassed three times prior to distillation of 300 mL of ethylbenzene on to the n-butyllithium. 
The ethylbenzene/n-butyllithium reactor was degassed thoroughly before being thawed to room 
temperature slowly. The ethylbenzene purification reactor was removed from the vacuum line and 
returned to the glovebox. 
 
Ethylene oxide was distilled from the calcium hydride reactor into the ethylbenzene reactor. The 
source flask was cooled on a mixture of salted ice water (- 10 °C) and the destination reactor was 
cooled on mixture of dry ice and isopropanol. The distillation was stopped once all of the ethylene 
oxide was removed from the calcium hydride; the calcium hydride powder appeared dry and white. 
The ethylbenzene reactor was thawed to room temperature slowly and allowed to stir. The ethylene 
oxide monomer is now solvated by the ethylbenzene and is safe to store at room temperature for 
up to two weeks. Over time, white precipitate will form in the solution; these solids are slowly 
propagating PEO oligomers. The presence of these solids will not contaminate the pure ethylene 
oxide monomer, but overtime will consume the solvated monomer so it is important to use the 
monomer as soon as possible. Extreme caution is necessary when removing the calcium hydride 
reactor from the vacuum line in case residual amount of ethylene oxide monomer remain.  
 
2.2.5 Ethylene Oxide Endcapping. A graduated ampoule was added to the vacuum line, degassed 
and flame-dried. The polymerization reactors were returned to the vacuum line and degassed one 
time each. A few milliliters of ethylene oxide were distilled from the ethylbenzene reactor to the 
ampoule. The destination reactor is chilled on a mixture of dry ice/isopropanol and the source 
reactor is chilled on salted ice water to minimize the amount of ethylbenzene that distills with the 
ethylene oxide monomer. 1 mL of ethylene oxide was subsequently distilled to each of the 
polymerization reactors and the reactors were allowed to thaw to room temperature over ice water 
slowly. One ethylene oxide moiety will react with each styrl anion, end-capping the chain with the 
oxygen anion (Figure 2.3). Further propagation of the ethylene oxide polymerization with the 
excess ethylene oxide monomer is suppressed due to the strong association of the oxyanion and 
the lithium cation. Once the reactors are thawed, the reaction mixture should turn colorless. If the 
reaction mixture remained yellow, additional ethylene oxide monomer was added until the thawed 
solution was colorless.  
 
The polymerization reactors were left on the vacuum line at room temperature to stir overnight. 
They were then each degassed once to remove any excess ethylene oxide monomer and then 
brought into the glovebox. The cryptand catalyst tert-butyl phosphazene (P4-t-Bu) in hexanes was 
added to the reactor in 10% stoichiometric excess relative to the number of calculated chains. The 
tert-butyl phosphazene “frees” the oxyanion for further ethylene oxide propagation. The 
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polymerization reactors were allowed to stir overnight at room temperature in the glovebox to 
ensure association of the catalyst to the lithium cations.  
 

 
 

Figure 2.3 Styrene end-capping scheme. 
 
2.2.6 Ethylene Oxide Polymerization. The polymerization reactors were returned to the vacuum 
line and degassed one time. A graduated ampoule was added to the vacuum line, degassed and 
flame-dried. Ethylene oxide was distilled from the ethylbenzene reactor to the graduated ampoule. 
The destination reactor is chilled on a mixture of dry ice/isopropanol and the source reactor is 
chilled on salted ice water to minimize the amount of ethylbenzene that distills with the ethylene 
oxide monomer. The ampoule was then hard degassed and thawed to -10 °C to note the total 
volume of ethylene oxide in the ampoule. The density of ethylene oxide is highly dependent on 
temperature; therefore, it is important to keep the ampoule at -10 °C to ensure that correct weight 
of monomer is distilled to the reactors. The desired volume of ethylene oxide was distilled from 
the ampoule to each polymerization reactor. The polymerization reactors were then slowly thawed 
and heated to 45 °C in oil baths. The polymerization reactors were stirred for four days. Depending 
on the concentration of oxyanions, the reaction mixture will develop a blue-purple-gray color with 
a bright fuchsia or magenta intermediate. Finally, the polymerization reactors were brought into 
the glove box. The chains were terminated with 1 mL of methanol while stirring. Additional 
methanol was added until the reaction mixture became clear, up to a maximum of 5 mL. The 
ethylene oxide polymerization propagation and termination are shown in Figure 2.4. 
 

 
Figure 2.4 Ethylene oxide polymerization propagation and termination scheme. 
 
2.3 Copolymer Purification 
 
The residual salts and catalyst were removed by three cycles of precipitation in ice-cold hexanes, 
filtration through cellulose membranes, and redissolution in benzene. The volume of benzene 
needed to dissolve the copolymers was decreased during each round of purification. The tert-butyl 
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phosphazene base was removed by filtering the copolymer/benzene solution through neutral 
alumina and nylon membranes with an average pore size of 1 μm to remove any dust particulates. 
This process was repeated until the no evidence of the phosphazene base was present in the 1H 
nuclear magnetic resonance (NMR) spectra. An example 1H NMR spectra of SEO is provided in 
Figure 2.5. The intensities were normalized and offset to allow for a direct comparison. The 1H 
NMR signature of the phozphazene base is highlighted as “e” and corresponds to chemical shifts 
of 2.6-2.8 ppm. After purification over alumina, the intensities of these peaks are significantly 
diminished such that their area accounts for less than 0.01% of total peak area. All copolymers 
were freeze-dried from benzene in a lyophilizer slowly over the course of seven days to remove 
solvent. Clean and dry copolymers are completely transparent and colorless in the melt state. 
 

 
Figure 2.5 1H NMR Spectra of SEO(4.0-22.4) before and after purification over alumina. 
 

2.4 Copolymer Characterization 
 
2.4.1 Molecular Weight Characterization with GPC. Gel permeation chromatography (GPC) is 
a type of size exclusion chromatography (SEC) used to determine the relative molecular weight of 
a polymer sample. SEC uses a column with a large variety of pore sizes that a polymer chain must 
“navigate through” before reaching a detector, typically a refractive index detector or viscometer. 
The polymers with a larger molecular weight will occupy larger spaces in solution and therefore 
will not be able to enter some of the smaller pores within the column. Therefore, samples with 
larger volumes will elute prior to those with smaller volumes. A series of standards, typically 
homopolymer standards of known molecular weights, are used to calibration the elution volume 
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or time of a given instrument and solvent choice as it is well-known that the size of a given polymer 
is extremely dependent on polymer-solvent interactions.45  
 
The terminated aliquot of the polystyrene block was characterized with GPC to determine the 
molecular weight of the first block of the copolymer. A Viskotek VE 2001 Separations Module and 
a Viscotek TDA 302 Triple Detector were used to determine the number- and weight- averaged 
molecular weights and the polydispersity indices of the homopolymer. The instrument was run at 
room temperature with tetrahydrofuran as the mobile phase. Samples were prepared at a 
concentration of 2-4 mg of polymer per mL of tetrahydrofuran removed from the reservoir. The 
samples were allowed to dissolve thoroughly and filtered before loading into the GPC. The 
calculations were performed by the OmniSEC software provided by Viscotek using a series of 
polystyrene standards purchased from PolymerSource. 
 
It is impossible to determine the exact molecular weight of the SEO copolymer using SEC because 
of the (1) use of homopolymer standards and (2) large difference in solubility of polystyrene and 
poly(ethylene oxide) in most solvents. However, the total polydispersity of the SEO copolymer 
can be determined using GPC. The polydispersities of copolymers with a majority polystyrene 
phase were measured using GPC in the same manner as the polystyrene aliquots. The 
polydispersities of copolymers with a majority poly(ethylene oxide) phase as well as those with 
high molecular weights, 𝑁 > 2,000, were measured with an Agilent 1260 Infinity Series fitted 
with Water Styragel HR 3 and 4 columns with N-Methyl-2-pyrrolidone/LiBr as the mobile phase. 
The polydispersity index (PDI) was measured by using a series of polystyrene standards purchased 
from PolymerSource.89 
 
2.4.2 Copolymer Composition Characterization with 1H NMR. NMR characterization of the 
block copolymers was performed on an AVB-400 Spectrometer. Samples were prepared by 
dissolving 10-20 mg of dried polymer in 1 mL of deuterated chloroform. Samples were stirred and 
heated to 40 °C to aid the dissolution of polymer. Figure 2.5 shows an example 1H NMR spectra 
of an SEO copolymer with a majority PEO phase. Also included in Figure 2.5 is the structure of 
SEO where the relevant hydrogen atoms are labeled according to 1H chemical shift. In SEO, the 
protons have three main chemical environments: the aromatic ring (6.3-7.3 ppm), the alkyl 
backbone (1.3-2.1 ppm) and the ether backbone (3.4-3.8 ppm), labeled with the letters b, c, and d, 
respectively in Figure 2.5. In the low molecular weight copolymers, the alkyl protons from the 
sec-butyl initiator can be seen at 0.8-0.95 ppm, labeled with the letter a in Figure 2.5. These peaks 
were used to determine the copolymer composition in deuterated SEO copolymers where 1H NMR 
spectra of the PS block could not be obtained. We assume that no homopolymer was present in the 
block copolymer from the GPC results. We can then use the ratio of the peak integration of the 
ether backbone protons to that of the aromatic ring protons to determine the weight percent of each 
block.90 The molecular weight of the polystyrene aliquot, determined from GPC, is then used to 
calculate the molecular weight of the poly(ethylene oxide) block. 
 
The polymers are named SEO (xx-yy), where xx and yy are the number-averaged molecular weights 
of polystyrene, MPS, and poly(ethylene oxide), MPEO, in kg mol-1.  The volume fractions of each 
block of the copolymers are given by  
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 𝑓%& =
𝜈%&

𝜈%& +
𝑀8,𝑀%&
𝑀,𝑀8%&

𝜈,
   (2.1) 

 
where νEO and νS are the molar volumes of ethylene oxide and styrene monomer units, and MEO 

and MS are the molar masses of ethylene oxide (44.05 g mol-1) and styrene (104.15 g mol-1). Molar 
volumes were calculated by 𝜈 = 𝑀/𝜌. In this study, the densities of the poly(ethylene oxide) and 
polystyrene blocks were given by 𝜌8%& = 1.139 − 7.31 × 109: × 𝑇	and 𝜌8, = 1.08665 −
6.19 × 109: × 𝑇 + 1.36 × 109; × 𝑇6.91  The overall degree of polymerization, N, was calculated 
by 𝑁	 = 	𝑁8, 	+ 	𝑁8%&   where  
 𝑁2 =

𝑀2

𝜌2(𝑇)𝑁!𝜈1./
   (2.2) 

 
and NA is Avogadro’s number and 𝜈1./ was fixed at 0.1 nm3. Table 2.1 contains polymer 
characteristics, including the polydispersity indices, of the block copolymers synthesized by the 
author. The neat copolymers are completely transparent and colorless.   
 
2.5 Library of Copolymers 
 
Table 2.1 lists the SEO copolymer synthesized by the author. 

Lab Name Polymer MPS 
kg mol-1 

MPEO 
kg mol-1 

fEO N PDI Chapter 
Reference 

Notes 

SEO.WSL.1 SEO(9.4-2.4) 9.4 2.4 0.19 185 1.04 4, 5, 6  
SEO.WSL.2 SEO(9.7-1.7) 9.7 1.7 0.14 180 1.04  No scattering* 
SEO.WSL.3 SEO(10.8-1.2) 10.8 1.2 0.09 190 1.04  No scattering* 
SEO.WSL.4 SEO(9.4-4.0) 9.4 4.0 0.28 209 1.04 4, 5, 6  
SEO.WSL.5 SEO(17.4-3.9) 17.4 3.9 0.17 335 1.04 4, 5, 6  
SEO.WSL.6 SEO(17.4-2.6) 17.4 2.6 0.12 315 1.04  No scattering* 
SEO.WSL.7 SEO(5.1-12.8) 5.1 12.8 0.70 271 1.04 5, 6  
SEO.WSL.8 SEO(4.0-22.4) 4.0 22.4 0.84 396 1.03 5, 6  
SEO.WSL.9 SEO(3.8-8.2) 3.8 8.2 0.67 182 1.04 5, 6  
SEO.WSL.10 SEO(5.1-14.4) 5.1 14.4 0.72 295 1.05 7 dPS-b-hPEO 
SEO.WSL.12 SEO(4.9-23.6) 4.9 23.6 0.82 428 1.05 7 dPS-b-dPEO 
SEO.JAM.2 SEO(250-694) 250 750 0.74 3980 1.15  Cylindrical* 

SEO.JAM.3 SEO(18.5-17.5) 18.5 17.5 0.47 554 1.03  Lamellar* 
SEO.JAM.5 SEO(115-172) 115 172 0.58 4380 1.10  Lamellar* 
SEO.JAM.7 SEO(110-183) 110 183 0.61 4460 1.10  Lamellar* 
SEO.JAM.8 SEO(200-222) 200 222 0.51 6470 1.08  Lamellar* 
SEO.JAM.9 SEO(235-222) 235 222 0.47 7030 1.05  Lamellar* 

*scattering/morphology in the neat state 

  
2.6 Nomenclature 
2.6.1 Abbreviations 
DBMg dibutyl-magnesium 
GPC gel permeation chromatography 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
NA Avogadro’s number 
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NMR nuclear magnetic resonance 
PDI polydispersity index 
PEO poly(ethylene oxide) 
P4-t-Bu tert-butyl phosphazene cryptand catalyst 
PS polystyrene 
SEO polystyrene-block-poly(ethylene oxide) 
SEC size exclusion chromatography 

 
2.6.2 Symbols 
fEO volume fraction of PEO phase 
Mi number-averaged molecular weight of species i (kg mol-1) 
N number-averaged degree of polymerization (sites chain-1) 

 
2.6.3 Greek Symbols 
𝜈2 molar volume of species I i (cm3 mol-1) 
𝜈1./ reference volume (nm3 site-1) 
𝜌2 density of spcies species i (g cm-3) 

 

2.7 Supporting Information 
 
2.7.2 Deuterated Monomers. Isotopically labeled copolymers are extremely valuable tools to 
selectively probe the dynamics and chain conformations of a given block. Most notably, is the 
substitution between hydrogenated and deuterated monomers to create copolymers with neutron 
contrast due to the large difference in neutron scattering lengths of 1H and 2H. These polymers 
enable the use of a variety of neutron scattering techniques.92 
 
Deuterated monomers are often significantly more expensive and contaminated than typical 
hydrogenated monomers, and therefore it is important to take additional steps in their purification. 
Deuterated styrene is purified twice over DBMg and deuterated ethylene oxide is purified twice 
over calcium hydride before being dried over n-butyllithium as described above. It’s important to 
note that even with these additional precautions, the synthesis with deuterated monomers resulted 
in molecular weights that were significantly “farther” from the target molecular weights. However, 
the polydispersities of the deuterated copolymers were still extremely low (Table 2.1) 
 
2.7.3 High Molecular Weight SEO. The synthesis of high molecular weight SEO, SEO.JAM2-
SEO.JAM.9 in Table 2.1, require extremely pure monomers and solvents. When synthesizing high 
molecular weight copolymers, the number of living chains decreases by over an order of 
magnitude, which means that each chain that is terminated by a water molecule will significantly 
alter the molecular weight of the resulting copolymer. Therefore, small adjustments were made to 
the synthesis procedure when synthesizing copolymers with 𝑁 > 2000.  
 
The most common point of synthesis failure during the synthesis of high molecular weight SEO is 
the propagation of the ethylene oxide polymerization, which results in a large volume fraction of 
polystyrene homopolymer in the final product and copolymer compositions with 𝑓%& ≫ 0.50. 
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Typically, the reaction mixture turns clear after addition of a few milliliters of ethylene oxide 
monomer, which indicates that the ethylene oxide endcapping process was successful. Therefore, 
a 25% stoichiometric excess of the tert-butyl phosphazene was added for oxyanion dissociation 
and the reactors were left to stir in the glovebox for at least twelve hours at room temperature. In 
addition, the ethylene oxide polymerization propagation reaction was left for six days stirring at 
45 °C to ensure that the reaction reached ~100% conversion before termination. Typically, the 
reaction mixture was gray in color during this step of the reaction. Although a stoichiometric 
excess of the cryptand catalyst was used, the concentration of catalyst in the copolymer is so low 
that it cannot be detected by 1H NMR. Therefore, high molecular weight SEO is only purified 
through three-round of precipitation in ice-cold hexanes and re-dissolution in benzene prior to 
lyophilization.    
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3. Review on X-ray and Neutron Scattering Techniques 
 
 

ABSTRACT 
 

X-ray and neutron scattering techniques have emerged as useful tools for probing 
structure and dynamics at relevant time- and length-scales in polymer-containing 
systems. In this chapter, a brief background on the basics of the physics of 
scattering is presented. Next, several scattering techniques relevant to polymer 
science are outlined, with a focus on providing the specific aims of each technique. 
Relevant time- and length-scales for each technique are discussed. The goal of this 
chapter is to create a basic user’s guide to scattering experiments in polymer science 
and provide the necessary information to discriminate between scattering 
techniques.  

 
 
3.1 Introduction 
 
Experimental techniques in X-ray and neutron scattering have emerged as useful tools for probing 
structure and dynamics at small (sub-micron) length-scales through bulk measurements.93 This 
chapter does not aim to provide a deep technical background to any given scattering technique, 
but rather aims to serve as a user’s guide for discriminating between techniques, with a focus on 
applications in polymer science. Although each type of scattering experiment provides insight into 
the molecular picture at a specific time- or length-scale, acquired scattering data is always averaged 
over all of the scattering events within the sample, and can be thought of as a “mean-field” 
representation of the relevant physics present within the sample. Figure 3.1 presents a schematic 
of a typical scattering event. An incident beam of X-rays, neutrons or light, characterized by 
momentum, k, and energy, E, intersects a sample. A majority of the particles in the incident beam 
do not interact with the sample and pass directly through it, as shown by the dashed line in Figure 
3.1. Some of the particles interact with the sample and are scattered at an angle, 𝜃. The resulting 
beam after the scattering event, now characterized by momentum, k’, and energy, E’, is collected 
by a detector for analysis.  

 
Figure 3.1 Schematic of a Scattering Event: Schematic of a scattering event wherein an incident beam characterized 
by momentum, k, and energy, E, interacts with a sample. The incident beam is scattered at angle, 𝜃, and has resulting 
momentum, k’, and energy, E’. The scattered beam properties are collected on a detector for further analysis.  
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There are three main types of scattering events: elastic, inelastic, and quasi-elastic. The scattering 
vector, q, to describe the length-scales at which the scattering events occur can be universally 
defined as 
 
 𝑞 = 𝒌 − 𝒌′    (3.1) 
   

according to Figure 3.1. In an elastic scattering event, also known as “hard scattering”, there is no 
energy transfer between the beam and the sample, and therefore, 𝐸< = 𝐸. Only information about 
sample structure is gathered during an elastic scattering event. In contrast, during an inelastic 
scattering event there is a transfer of momentum, and therefore energy, between the incident beam 
and the sample. The energy transfer can happen in either direction such that the scattered beam 
can have a higher or lower scattering intensity than the incident beam. One example of inelastic 
scattering is Raman spectroscopy wherein incident photons interact with the sample and shifts the 
frequency of the scattered photon beam. Raman spectroscopy provides information about different 
vibrational energy states that are present within a given molecule.94 The energy and momentum 
transfer during an inelastic scattering event can be calculated according to 
 
 ℏ𝜔 = 𝐸 − 𝐸< = ℏ"

6>$
(𝒌6 − 𝒌<𝟐)    (3.2) 

 
where ℏ is reduced Planck’s constant, 𝜔 is the angular frequency, and 𝑚@ is the mass of the 
scattered neutrons. In a quasi-elastic scattering event, there is also a transfer of energy, however, 
the change is typically small such that the approximation 𝒌 ≈ 𝒌′ can be used. Therefore, the 
magnitude of the scattering vector, q, can be defined as 
 
 |𝑞| = 𝑞 = 2𝑘 sin [

𝜃
2\ =

4𝜋
𝜆 sin [

𝜃
2\ 

  (3.3) 

 
for both elastic and quasi-elastic scattering events where 𝜆 is the wavelength of the incident beam. 
Typically, quasi-elastic scattering experiments are focused on measuring the change of momentum 
of the incident beam in order to learn about the dynamics of the sample. However, the energy 
exchange can also be ignored during quasi-elastic scattering events in order to gain information 
about local structure.  
 
When probing structure, the scattering intensity can be broken down into three contributions: (1) 
form factor (𝑃(𝑞)), (2) structure factor (𝑆(𝑞)), and (3) contrast. The form factor and structure 
factor are q-dependent and are related to the probed length-scales. The form factor describes the 
scattering from interference resulting from different parts of the same object. It provides 
information on the structure of a given object within the sample and is related to the Fourier 
transform of the real-space density distribution. The structure factor arises from the different 
objects present within the sample and measures the correlation function between their centers of 
mass. 𝑆(𝑞) also contains information about the interactions between these objects. The scattering 
intensity scales with contrast which is given by  
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 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 = 𝜈1./f𝐵2 − 𝐵Ah
6[=]𝑐𝑚94   (3.4) 

 
where 𝐵2 is the scattering length densities of species i and 𝜈1./ is an arbitrary reference volume. 
Similar to the structure factor, contrast is dependent on the different components present within 
the sample (i and j). The scattering length density is dependent on the type of incident beam used 
in the scattering experiment, which dictates what species the beam interacts with inside of the 
sample (electrons, nuclei, etc.). Although contrast is independent of q, how one defines species i 
and j is directly related to the probed length-scale. For example, in a small angle X-ray scattering 
experiment on a block copolymer sample, i and j could be the different polymer blocks present 
within the sample. In an analogous wide angle X-ray sample, which probes smaller length-scales, 
i and j could be the crystalline and amorphous domains within a given polymer. 
 
Table 3.1 lists the X-ray and neutron scattering techniques that are discussed in the remainder of 
the chapter and whether they probe structure or dynamics. It is important to choose the right 
experiment in order to answer a given question. All of the techniques listed in Table 3.1 rely on 
basic scattering events depicted in Figure 3.1. However, they utilize different incident beams (X-
rays versus neutrons as well as different beam energies), probe different length-scales (by changing 
𝜃), and collect information on either structure or dynamics (depending on the detectors used). This 
chapter describes the basics of each technique as well as a few relevant applications of each 
technique in polymer science.  In addition, a brief discussion of the relevant pros and cons of each 
technique are provided. The aim of this chapter is to provide a general background to each 
scattering technique such that one can choose the correct technique to answer their given research 
question.  
 
Table 3.1: Scattering Techniques described in this chapter 

 
X-ray Neutron 

Structure SAXS, WAXS, RSoXS SANS 

Dynamics XPCS NSE, QENS 
 
3.2 X-ray Scattering Techniques 
 
X-ray scattering can be used to measure both structural and dynamical properties in polymeric 
systems.93 X-rays interact with the electrons of the scattering object and the scattering length 
density is directly proportional to the electron density of the sample.43 Therefore, according to Eq. 
3.4, the attenuation is related to the difference in electron density between the different components 
of a given sample. This makes X-ray scattering extremely easy in inorganic compounds wherein 
the samples are often comprised of heavy elements. Polymers, on the other hand, are typically 
organic compounds comprised of elements with low, and similar, electron content such as carbon, 
hydrogen, and oxygen. However, there can be a large enough difference in electron density 
between the blocks of a given copolymer to see scattering from X-rays without synthetic 
modification of the monomers, such as in polystyrene-block-poly(ethylene oxide). The resulting 
contrast is typically high enough to permit fast time-resolved experiments to probe dynamic 
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processes including structural responses to external stimuli. In addition, the implementation of 
high energy X-rays from synchrotron sources has significantly reduced the exposure time needed 
to see scattering compared to bench-top equipment. In this section, we will discuss the basics and 
select applications of four X-ray scattering techniques: small angle X-ray scattering, wide angle-
X-ray scattering, resonant soft X-ray scattering, and X-ray photoelectron spectroscopy. The first 
three techniques discussed probe structure and the fourth detects dynamics.  
 
3.2.1 Small Angle X-ray Scattering (SAXS). Small angle X-ray scattering (SAXS) is the most 
commonly used scattering technique in polymer science. SAXS experiments provide valuable 
information about the structure of a given sample and measure the largest length-scales of any X-
ray scattering technique.95 Typical probed length-scales range from 2-100 nm, and there are some 
SAXS beamlines at synchrotron facilities that can probe length-scales up to 500 nm.96 In SAXS, 
the incident beam of X-rays has a high intensity (𝐸 = B0

C
> 8 keV) and undergoes elastic 

scattering. Therefore, X-ray absorption is neglected in SAXS experiments. 
 
The most common application of SAXS in polymer science is the study of the phase behavior and 
thermodynamics of block copolymers.44  In microphase separated block copolymers, SAXS can 
be used to determine the ordered morphology due to the observed sequence of Bragg reflections 
of the primary scattering peak, 𝑞∗, The spacing of the higher-order scattering peaks correspond to 
the lattice structure of the ordered morphology as defined by the form factor. As segregation 
increases, the sharpness of the scattering peaks as well as the number of observed higher order 
peaks also increase. The full-width half-maximum of the 𝑞∗ peak is related to the average grain 
size within the sample as given by the Scherrer equation.97,98 In previous studies, SAXS has been 
combined with other techniques to measure the effect external stimuli have on polymer structure. 
For example, in-situ SAXS experiments were conducted in conjunction with electrochemical 
measurements to track changes in block copolymer morphology under an applied electric field.99  
 
When a block copolymer forms a disordered morphology, the broad scattering peak, which 
corresponds to the correlation-hole phenomenon,100 can be used to quantify the Flory-Huggins 
interaction parameter, 𝜒, between the polymer blocks through application of the Random Phase 
Approximation (RPA) derived from Leibler.34 Accurate conversion to absolute scattering 
intensities through the use of calibrated standards of known scattering intensity are necessary to 
extract 𝜒.101 In addition, there has been a recent push toward using machine learning techniques to 
predict the equilibrium structure of block copolymers provided a scattering profile and vice 
versa.102–104 An excellent guide to quantitative X-ray scattering can be found in ref 105. These 
techniques are used throughout Chapters 4-6 in this dissertation. Chapters 4 and 5 use SAXS to 
determine the morphologies of a series of block copolymer electrolytes106,107 while Chapter 6 
applies RPA to disordered SAXS patterns to quantify the effect of salt concentration and 
copolymer composition on the thermodynamics of block copolymer electrolytes.108 
 
3.2.2 Wide Angle X-ray Scattering (WAXS). Wide angle X-ray scattering (WAXS) is analogous 
to SAXS although it probes much smaller length-scales corresponding to ≤ 1 nm in size. This is 
typically achieved by moving the detector closer to the sample such that the angles probed, 𝜃, are 
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much larger than those probed in SAXS. Despite probing almost atomic-level length-scales, the 
data obtained from WAXS experiments is still averaged over the entire scattered sample and 
represents the global average. Due to the sizes probed in WAXS, it is not commonly used to study 
the structure of polymer melts. Typically, WAXS is used to probe the semi-crystalline properties 
of polymeric materials because the crystalline structure is intra-chain. These experiments are 
similar to X-ray diffraction and the peaks are sharp in intensity and can be used to identify the 
crystal structure.109 More recently, WAXS has been used to detect clusters of charged species in 
polyelectrolytes known as the “ionomer peak”, which appears as a broad diffuse peak.110  
Interpretation of the diffuse peaks in WAXS is challenging, especially in multicomponent systems 
where contrast calculation, i.e. identification of species i and j as given by Eq. 3.4, is not straight-
forward. Currently, no quantitative models exist to correlate diffuse WAXS peaks to atomic 
distributions within the polymer melt. It is likely that molecular dynamics simulations and 
atomistic simulations will serve as important complementary tools to decipher diffuse WAXS 
scattering profiles in the future.  
 
3.2.3 Resonant Soft X-ray Scattering (RSoXS). Resonant soft X-ray scattering (RSoXS) is a 
relatively new technique that uses tunable incident X-ray energy to increase contrast within 
chemically heterogeneous systems with homogeneous electron density. RSoXS combines SAXS 
with Near Edge X-Ray Absorption Fine Structure, NEXAFS, spectroscopy to obtain energy-
dependent scattering profiles.111 The X-rays used in RSoXS experiments are low energy (𝐸 <
1.5	keV), where absorption by the sample can no longer be neglected. Therefore, samples used in 
RSoXS are typically thin films of less than 1 𝜇m in thickness.  
 
In RSoXS experiments, multiple scattering profiles are taken across a range of energies and used 
to determine the nano-scale structure of a heterogeneous system. In polymeric materials, this is 
commonly done by probing the absorption spectra around the carbon K-edge for features such as 
𝜋∗ resonance seen in polystyrene-containing materials.112,113 This makes RSoXS an ideal 
characterization technique for conjugated polymer systems commonly used in organic 
photovoltaics.114,115 In one previous study, Wang and co-workers used differences in absorption 
along the carbon K-edge in a triblock copolymer to take scattering profiles were one, two, or all 
three of the blocks were “visible” to the X-rays. They then used the resulting scattering patterns to 
piece together the overall morphology of the triblock copolymer system.116 At some synchrotron 
facilities, the polarization of the incident beam can also be tuned, which can reveal information 
about molecular orientation within the sample.117 In Chapter 4 of this dissertation, we take 
advantage of the elemental composition of our block copolymer electrolytes to probe the spatial 
distribution of the fluorine-containing lithium salt within the nanostructure. Instead of taking 
scattering profiles across a single elemental K-edge, RSoXS was conducted across the K-edge of 
carbon, oxygen, and fluorine to directly probe specific elements present within a single or both 
polymer blocks.  
 
3.2.4 X-ray Photo Correlation Spectroscopy (XPCS). X-ray photo correlation spectroscopy 
(XPCS) is used to measure the dynamics of polymer-containing systems. Although XPCS is not 
used in the research presented in this dissertation, it is an emerging technique used to measure slow 
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dynamics in polymers. In essence, XPCS is just a time-resolved SAXS/WAXS experiment 
wherein many scattering snapshots are taken of the same sample over time and the intensity is 
tracked to provide insights into the dynamics of the system. More technically, XPCS quantifies 
the variation in the speckle pattern originated by the scattering of coherent light from a material 
with spatial inhomogeneities.118 XPCS detects dynamics on similar length-scales as SAXS and 
WAXS. The temporal resolution of XPCS experiments is dictated by the instrument/hardware 
capabilities, most specifically the fastest frame rate that spectra can be collected with reasonable 
statistics. There have been significant improvements in the temporal resolution for XPCS through 
the development and implementation of ultra-fast X-ray cameras that allow for detection of 
dynamics at times as fast as 1 microsecond.119  
 
Typically, in XPCS experiments, the dynamics are quantified at a q-vector that is identified by a 
speckle on the 2d scattering pattern. The speckle pattern is related to the spatial arrangement of 
the disordered scatterers. The change in intensity of the speckle pattern with respect to time is 
quantified by the autocorrelation function, 𝑔6(𝑞2 , 𝑡). The decay of 𝑔6(𝑞2 , 𝑡) is related to the 
relaxation time of the dynamics in the sample on the length-scale prescribed by 𝑞2. Because XPCS 
relies on taking many spectra on the same sample spot over time, beam damage is large concern 
when conducting XPCS experiments.120 XPCS has been previously used to study the cooperative 
grain dynamics of strongly segregated block copolymer electrolytes on the 10-2 - 102 s time-scale,82 
as well as the relaxation processes in supercooled block copolymers121 and multicomponent 
polymer blends.122 
 
3.3 Neutron Scattering Techniques 
 
Neutron scattering events are quasi-elastic and therefore provide both structural and dynamical 
information.123 Currently, there are only three neutron research facilities in the United States: the 
National Center for Neutron Research at the National Institute of Standards and Technology in 
Gaithersburg, MD and the High Flux Isotope Reactor and Spallation Neutron Source both at Oak 
Ridge National Lab in Oak Ridge, TN.  
 
Neutrons interact with the nuclei of the sample during a scattering event and therefore, the 
attenuation is isotope specific. The scattering intensity can be divided into two contributions, the 
coherent (𝐼0"B) and incoherent (𝐼2@0"B) scattering intensity, and each elemental isotope has a 
specific coherent and incoherent scattering length density. The coherent scattering contributions 
provide information on the collective/pair dynamics and are typically used to provide information 
about structure since 𝐼0"B is q-dependent. In contrast, the incoherent scattering contributions are 
q-independent and therefore, do not provide any information about structure. Instead, 𝐼2@0"B 
describes single-particle dynamics. Conveniently, hydrogen and deuterium have extremely 
different coherent and incoherent scattering length densities, and most often, a blend of 
hydrogenated and deuterated components is used to create neutron contrast. This synthetic scheme 
allows for neutron scattering experiments to be conducted on homogeneous or nearly-
homogeneous systems such as homopolymers124 or blends of polyolefins125 without altering the 
interactions present within the system. In addition, 1H has a large incoherent scattering cross 
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section, which allows for easy tracking of the dynamics of polymer chains. In this section we will 
cover three neutron scattering techniques, small angle neutron scattering, quasi-elastic neutron 
scattering, and neutron spin echo spectroscopy.  
 
3.3.1 Small Angle Neutron Scattering (SANS). Small angle neutron scattering (SANS) is 
completely analogous to SAXS although it uses an incident neutron beam. In SANS experiments, 
the energy-exchange between the neutrons and the sample is ignored such that 
𝑆(𝑞) = 	 ∫ 𝑆(𝑞, 	𝜔)𝑑𝜔E

9E  is measured, which allows for detection of structure only. In the late 
1980s, the introduction of pre-calibrated strongly scattering standards allowed for easy calibration 
of SANS instruments to absolute scattering.126 This advancement, along with the development of 
easy-to-use data analysis software,127,128 made SANS an extremely powerful tool to detect the 
thermodynamics of polymeric systems due to the ease of application of fundamental theories, such 
as RPA,92,129 to scattering data. SANS has been used to measure the interaction parameters, 𝜒, in 
multi-component polymer systems130–133 as well as the statistical segment length of homopolymers 
in solutions134,135 and the melt-phase.136 In Chapter 7, SANS is used to determine the effect of salt 
concentration on the statistical segment length of homopolymer/salt mixtures.137 
 
3.3.2 Quasi-Elastic Neutron Scattering (QENS). Quasi-elastic neutron scattering (QENS) 
measures the probability of a neutron scattering event as a function of space and energy, allowing 
for the detection of dynamics at specific length-scales.138,139 The spatial and temporal range of 
QENS is dictated by the specific instrument, typically time-of-flight spectrometers or 
backscattering spectrometers. Time-of-flight spectrometers detect molecular vibrations at shorter 
times and therefore, do not cover relevant time-scales to study polymer dynamics. Backscattering 
spectrometers are used to study polymer dynamics and can detect dynamics at times as high as 2 
ns. In backscattering experiments, the motions of the sample are probed by varying the energy of 
the incident neutrons and measuring their change in energy after interacting with the sample. The 
output function is therefore the dynamic structure factor in the energy domain, 𝑆(𝑞, 𝜔), which can 
be converted to the intermediate structure factor in the time domain, 𝑆(𝑞, 𝑡), through a Fourier 
transform.  
 
QENS is sensitive to the incoherent scattering intensity and is, therefore, very useful in measuring 
the dynamics of hydrogen atoms. This allows for direct measurement of the dynamics of most 
polymer backbones without synthetic modification. QENS typically measures the segmental 
dynamics in polymers, which correlates to length-scales between 5 and 50 Å and time-scales 
between 0.1 and 2 ns.140–142 The mean squared displacement, < 𝑟6(𝑡) >, of the hydrogen atoms 
can be readily calculated from the QENS data as given by71 
 
 𝑆2@0(𝑞, 𝑡) = exp q− F"

G
< 𝑟6(𝑡) >r    (3.5) 

 
The relationship between < 𝑟6(𝑡) > and 𝑡 provides insight into the mechanisms of the segmental 
dynamics, such as through the calculation of the monomeric friction coefficient, 𝜁, in the Rouse 
regime.66 QENS has been used to study the dynamics in multicomponent polymer blends140,143 and 
disordered block copolymer systems.142 In polymer electrolytes, QENS has been used to measure 
𝜁 as a function of salt concentration. It has been shown that as salt concentration increases, the 
monomeric friction coefficient also increases.15,80,144 Although QENS was not directly used in the 
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research presented in this dissertation, the aforementioned studies were instrumental in building a 
foundation for understanding polymer dynamics in the presence of ions.  
 
3.3.3 Neutron Spin Echo (NSE) Spectroscopy. Neutron spin echo (NSE) spectroscopy is the 
newest technique discussed in this chapter.  Instead of measuring the change in energy of the 
neutron beam before and after the scattering event, NSE measures the change in velocity of the 
neutrons through use of polarized neutrons. NSE takes advantage of the Larmor procession of the 
neutron’s spin, which serves as an “internal clock” and stores information about the velocity of the 
neutron.145 This strategy allows NSE to have the highest energy resolution among neutron 
spectrometers. In addition, NSE directly measures the intermediate scattering function in the time 
domain, 𝑆(𝑞, 𝑡), instead of the dynamic structure factor, 𝑆(𝑞, 𝜔). This makes NSE best suited to 
measure relaxation versus excitation processes.71 In short, NSE covers the smallest q and E scales, 
which correspond to the longest length- and time-scales, making NSE extremely useful to measure 
polymer chain dynamics in both the Rouse and reptation regimes. For example, the two NSE 
instruments in the United States can measure dynamics up to 100 ns, and the best NSE 
spectrometer in the world can measure dynamics up to 500 ns.146 
 
NSE probes single chain dynamics, which is related to 𝐼0"B(𝑞). Therefore, it is important to 
minimize the incoherent scattering intensity in NSE experiments. This is typically achieved 
through blends of hydrogenated and deuterated polymers in homogeneous systems or through 
selective deuteration of specific components in heterogeneous systems similar to the synthetic 
strategies used in designing SANS experiments. However, NSE includes contributions from both 
𝐼0"B(𝑞) and 𝐼2@0"B(𝑞) and, therefore, easy calculation of < 𝑟6(𝑡) >, according to Eq. 3.5, is not 
possible with NSE data. NSE samples typically require longer exposure times and the 
aforementioned synthetic modifications compared to QENS samples, which can limit the 
applicability of NSE experiments. NSE has been used extensively to study polymer dynamics in 
homopolymer77,140,147–149 and nanocomposite150,151 systems in both the Rouse and reptation 
regimes. There have only been a few studies using NSE on block copolymer systems, and these 
studies were limited to the Rouse regime (𝑡 ≤ 10  ns).152 In Chapter 8, NSE is used to probe the 
effect of salt concentration on the polymer chain dynamics of the salt-containing microphase of a 
model block copolymer electrolyte system.153 This is the first study of the dynamics of ion-
containing polymers in the reptation regime.  
 
3.4 Conclusions  
 
The goal of this chapter is to provide a basic background to scattering experiments and outline the 
most commonly used scattering techniques in polymer science, with a focus on X-ray and neutron 
techniques. Scattering experiments have emerged as powerful tools to gain insight on the structure 
and dynamics of polymer materials on the sub-micron length-scale. Through the advancement of 
particle physics instrumentation at synchrotron lightsources and neutron sources, the spatial and 
temporal ranges reached by scattering experiments have been significantly improved. Each 
scattering technique can answer a specific question, typically either structure or dynamics, at 
prescribed length- and time-scales, and thus, the use of a combination of scattering techniques is 
necessary to provide information on polymer behavior from the monomer to macroscopic length-
scales.  
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3.5 Nomenclature 
 
3.5.1 Abbreviations: 
NEXAFS Near Edge X-Ray Absorption Fine Structure 
NSE neutron spin echo 
QENS quasi-elastic neutron scattering 
RSoXS resonant soft X-ray scattering 
RPA random phase approximation 
SANS small angle neutron scattering 
SAXS small angle X-ray scattering 
WAXS wide angle X-ray scattering 
XPCS X-ray photon correlation spectroscopy 

 
3.5.2 Symbols: 
𝐵2  scattering length density of species i 
E energy of incident beam 
E’ energy of scattered beam 
𝑔6(𝑞2 , 𝑡)  autocorrelation function 
ℏ  reduced Planck’s constant 
𝐼0"B  coherent scattering intensity 
𝐼2@0"B  incoherent scattering intensity 
k momentum of incident beam 
k' momentum of scattered beam 
mn mass of scattered neutrons 
𝑃(𝑞)  form factor 
q scattering vector 
q* primary scattering peak 
< 𝑟$(𝑡) >  mean squared displacement 
𝑆(𝑞)  structure factor 
𝑆(𝑞, 𝑡)  intermediate scattering function 
𝑆(𝑞, 𝜔)  dynamic structure factor 
t time 

 
3.5.3 Greek Symbols: 
𝜃  scattering angle 
𝜆  wavelength of the incident beam 
𝜁  monomeric friction coefficient 
𝜈1./  reference volume 
𝜒	  Flory-Huggins interaction parameter 
𝜔  angular frequency 
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4. Reentrant phase behavior and coexistence in asymmetric block 
copolymer electrolytes† 
 
 

ABSTRACT 
 

It is known that the addition of salts to symmetric block copolymers leads to 
stabilization of ordered phases and an increase in domain spacing; both trends are 
consistent with an increase in the effective Flory-Huggins interaction parameter 
between the blocks, χ.  In this work, we show that the addition of salt to a disordered 
asymmetric block copolymer first leads to the formation of coexisting ordered 
phases which give way to a reentrant disordered phase at a higher salt 
concentration.  The coexisting phases are both body centered cubic (BCC) with 
different domain spacings, stabilized by partitioning of the salt.  Further increase in 
salt concentration results in yet another disorder-to-order transition; hexagonally 
packed cylinders are obtained in the high salt concentration limit.  The coexisting 
phases formed at intermediate salt concentration, elucidated by electron 
tomography, showed the absence of macroscopic regions with distinct BCC 
lattices.  This coexistence was further probed with resonant soft X-ray scattering to 
determine the relative salt concentration of each BCC lattice. A different 
asymmetric block copolymer with composition in the vicinity of the sample 
described above only showed only a single disorder-to-order transition.  However, 
the dependence of domain spacing on salt concentration was distinctly non-
monotonic, and similar to that of the sample with the reentrant phase behavior.   
This dependence appears to be an announcement of reentrant phase transitions in 
asymmetric block copolymer electrolytes.  These results cannot be mapped on to 
the traditional theory of block copolymer electrolyte self-assembly based on an 
effective χ. 

 
4.1 Introduction 
 
Polystyrene-block-poly(ethylene oxide) (SEO) mixed with lithium bis(trifluoromethanesulfonyl) 
imide salt, SEO/LiTFSI, is a commonly studied block copolymer electrolyte system.  The 
thermodynamic interactions in SEO/LiTFSI are often expressed in terms of an effective Flory-
Huggins interaction parameter between the blocks, χ. Current work suggests that χ increases with 
increasing salt concentration.53–55,58,154,155   The addition of salt to disordered block copolymers 
generally results in the formation of ordered phases.57,156,157 Experimental work thus far focuses 
on symmetric (or nearly symmetric) block copolymers.54,158,159 The purpose of this study is to 
describe the thermodynamic properties of a series of asymmetric block copolymer electrolytes 
with a majority polystyrene phase. Our work builds on previous studies on neat asymmetric block 
copolymers.160–162  Particularly relevant is the limited long-range order observed in some 
asymmetric systems.163–165 We report on disorder-order and order-order phase transitions that are 
very different from those reported in previous studies. In particular, we show that reentrant phase 

 
† This chapter was reported in Soft Matter, 2018, 14, 2789 – 2795. 
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transitions are possible in these systems. The addition of salt to a disordered block copolymer first 
leads to the formation of ordered phases which give way to a reentrant disordered phase upon 
further salt addition. In the ordered state, we find two coexisting phases with the same geometry 
but different lattice constants.  
 
4.2 Experimental Methods 
 
4.2.1 Synthesis and preparation of the block copolymer electrolytes. The SEO copolymers 
were synthesized using methods described in ref. 83 and purified using methods described in ref. 
58. The electrolytes were prepared according to methods described in ref. 166 using argon 
gloveboxes. SAXS samples were prepared by pressing/melting the polymer into a 1/8 in. diameter 
spacer made of 1/32 in. thick Aflas rubber and annealing them at 120 °C overnight followed by a 
24 hour period of controlled cooling under vacuum to room temperature. The samples were sealed 
with Kapton windows.  
 
4.2.2 Small Angle X-ray Scattering (SAXS). SAXS measurements were performed at beamline 
7.3.3. at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory167 and 
beamline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National 
Accelerator Laboratory. 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 scattering vector, q.168   Measurements were taken in a 
custom-built 8-sample heating stage, starting at 132 °C and cooling in steps of about 10 °C to 75 
°C. Samples were annealed for about 30 min at each temperature before taking measurements. A 
typical temperature scan takes about six hours (including time required to cool the sample stage). 
To a good approximation, the SAXS profiles of all our samples were independent of temperature 
in the range studied. We thus only discuss data obtained at the highest temperature in the main 
text. The temperature range of our SAXS experiments is well above the melting temperature of 
the crystallizable poly(ethylene oxide) (PEO) block. Data obtained at the lowest temperature, 75 
°C, is shown in the Supporting Information.   
 
4.2.3 Electron Tomography. A bulk sample, annealed using the same protocol used to prepare 
the SAXS samples, was sectioned at -120 °C using cryo-microtome (Leica Ultracut 6) to obtain an 
ultrathin film (~100nm). The ultrathin film was transferred to C-flat grid with ultrathin continuous 
carbon supporting film and stored in a glove box immediately after cryo-microtoming to minimize 
the effect of humidity. PEO domains were stained to increase contrast and stability under electron 
beam by exposing the ultrathin film to RuO4 vapor for 10 minutes at room temperature. 5 nm gold 
colloid nanoparticles were deposited on the backside of the grid as fiducial markers. Dual-axis 
tomography was performed using Philps CM200 transmission electron microscope at 200 KV at 
the Donner Lab Electron Microscopy Facility at Lawrence Berkeley National Lab. The tilt series 
were collected with 1.5 degrees step from -65 to 65 degrees. Tomograms were reconstructed and 
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filtered (nonlinear anisotropic diffusion filter) in IMOD. The tomogram of a small area was 
binarized for segmentation by adjusting threshold.169–171 
 
4.2.4 Resonant soft X-ray Scattering (RSoXS). RSoXS experiments were conducted on solvent-
casted thin films of SEO/LiTFSI on 100 nm thick silicon nitride windows. Solutions of 5 mg/mL 
of SEO/LiTFSI were dissolved in n-methyl-2-pyrrolidone. The windows were heated to 120 °C 
and 4 𝜇𝐿 of solution was dropped on to the heated window. The solvent was evaporated in the 
glovebox for 15 minutes before being transferred to a glovebox antechamber at 130 °C for 24 h 
under active vacuum. The antechamber was allowed to cool slowly to room temperature over 12 
hr under active vacuum.  
 
The RSoXS experiments were performed at beamline 11.0.1.2 at the Advanced Light Source.111 
Samples were measured using energies of 275-290 eV for C, 520-550 eV for O and 685-705 eV 
for F at a sample-to-detector distance of ~50 mm. Data were analyzed using a modified version of 
the same Nika program used in SAXS experiments. Data were normalized by incident beam 
intensity, blank window transmission and by subtracting out a dark image.   
 
4.3 Phase Behavior 
 
Table 4.1 Characteristics of polymers synthesized and used in this study 

Polymer MPS  

(kg mol-1) 

MPEO  

(kg mol-1) 

fEO 
 

PDI NPS 
 

NEO 

 

N 
 

SEO(17.4-3.9) 17.4 3.9 0.18 1.04 287 63 350 

SEO(9.4-2.4) 9.4 2.4 0.20 1.04 155 39 194 

SEO(9.4-4.0) 9.4 4.0 0.29 1.04 155 65 220 

Parameters fEO, NPS, NEO were evaluated at 140 °C 
 
The properties of the polymers used in this study are given in Table 1. We refer to each copolymer 
by its molecular weight, for example, in SEO(9.4-4.0) the molecular weights of the polystyrene 
(PS) and PEO blocks are  9.4 kg mol-1 and 4.0 kg mol-1. Figure 4.1 shows the scattering profiles 
of the block copolymer electrolytes at 132 °C at selected salt concentrations. LiTFSI 
concentrations are reported as the molar ratio of lithium ions to ethylene oxide moieties: 𝑟 = [I2]

[%&]
. 

For SEO(9.4-4.0), Figure 4.1a, we see that the addition of salt drives microphase separation, as 
previously reported.55,58,172 The broad scattering peak obtained in the neat sample becomes sharper 
at r = 0.005. The scattering profiles obtained in this salt concentration regime (0 ≤ r ≤ 0.005) are 
consistent with a disordered state. Further increase of salt concentration to r = 0.01 results in 
dramatic sharpening of the primary scattering peak and the emergence of higher order scattering 
reflections at F

F∗
= √3	and √4 where q* is the location of the primary scattering peak, consistent 

with a hexagonally packed cylindrical phase (HEX). These reflections persist at all remaining salt 
concentrations, and at higher salt concentrations,	𝑟 ≥ 0.025, higher order reflections at  F

F∗
= √7 

and √9 appear. For SEO(17.4-3.9), Figure 4.1b, the neat sample is also disordered, and the addition 
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of salt induces microphase separation at all measured salt concentrations (0.005 ≤ r ≤ 0.075). The 
higher order scattering reflections in this sample are located at  F

F∗
= √2,√3, and √6 indicative of 

a body center cubic spherical phase (BCC). The F
F∗
= √2 peak is not detected for r = 0.01, 0.05, 

and 0.075 due to the broadening of the primary q* peak.  
 

 
 
Figure 4.1. Salt Concentration Dependence of SAXS Profiles: SAXS profiles at 132 °C for (a) SEO(9.4-4.0), (b) 
SEO(17.4-3.9) and (c) SEO(9.4-2.4) at varying salt concentrations. The    , ,  represent primary and higher 
ordering scattering peaks for morphologies DIS, HEX, BCC respectively. The presence of both filled and open 
symbols indicates coexistence between ordered phases. 
 
More complex phase transformations are seen with SEO(9.4-2.4), Figure 4.1c. The neat polymer 
is disordered as is the mixture with r = 0.005. However, we see the emergence of two coexisting 
BCC phases at r = 0.01. The scattering signatures of the larger BCC lattice are indicated by open 
symbols while those of the smaller BCC lattice are indicated by filled symbols. Reflections at F

F∗
=

√2 and √3 corresponding to both lattices are seen in Figure 4.1c. To our knowledge, two coexisting 
lattices with the same symmetry have been neither observed nor predicted in block copolymer 
systems.  The domain spacing, given by 𝑑 = 6K

F∗
, of the two coexisting BCC lattices are 12.8 and 

14.8 nm.  It is apparent that the two BCC phases must have different salt concentrations; if this 
were not the case, it is impossible to rationalize the presence of two coexisting morphologies.99 
Further increase in overall salt concentration to r = 0.025 results in the formation of a reentrant 
disordered phase. Finally, at r = 0.05 and r = 0.075, a single HEX phase is obtained with higher 
order scattering reflections at F

F∗
= √3,√4, √7	and √9. SEO(9.4-2.4) exhibits phase behavior that 

appears to be a combination of behaviors observed in SEO(9.4-4.0) and SEO(17.4-3.9). While 
SEO(9.4-4.0) and SEO(17.4-3.9) electrolytes exhibit HEX and BCC phases in the ordered state, 
SEO(9.4-2.4) electrolytes exhibit both ordered phases. For all three block copolymers, the addition 
of salt results in broadening of SAXS peaks associated with the ordered phase, suggesting a 
decrease in long-range order. In previous studies, we have used TEM to establish this effect, which 
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arises due to the formation of temporary crosslinks created by the coordination of PEO chains and 
Li+ ions that impede chain motion.173 
 

 
 
 
Figure 4.2. Phase Diagrams of SEO/LiTFSI: a) Phase behavior of SEO/salt mixtures on a plot of salt 
concentration versus volume fraction of the PEO-rich conducting microphase at 75 °C -132 °C. b) Domain spacing 
of a series of SEO block copolymers at 132 °C as a function of salt concentration. For both diagrams, the yellow, 
blue, green and orange regions correspond to BCC, HEX, DIS, and coexisting BCC phases, respectively.  
 
The disordered and ordered morphologies of the block copolymer electrolytes are shown in Figure 
4.2a on a plot of salt concentration in the PEO domains, r, versus volume fraction of the PEO-rich 
domains, fEO,salt. We calculate fEO,salt based on the assumption that LiTFSI preferentially segregates 
into the PEO domains and from reported densities of LiTFSI/PEO mixtures in ref 19.29,30  The 
phase diagram contains three sets of data points representing the three polymers; as salt is added 
to the copolymer, fEO,salt increases linearly with r for each polymer. SEO(9.4-4.0) and SEO(17.4-
3.9) exhibit one salt-induced phase transformation from DIS to HEX and DIS to BCC respectively. 
SEO(9.4-2.4) exhibits three phase transformations: DIS to coexisting BCC lattices to DIS to HEX. 
The Gibbs phase rule requires coexistence at all phase boundaries. We conclude that the widths of 
all of the coexistence windows in the samples are smaller than our coarse steps in salt 
concentration; for example, the Gibbs phase rule necessitates coexistence of DIS and BCC phases 
at the disorder-order boundary.157 The origin of the two coexisting BCC lattices, which were 
observed throughout the entire temperature window in two independently prepared samples, is 
thus not clear. Figure 4.2a thus applies to the entire temperature window. The fact that the 
morphologies of the copolymers listed in Table 1 can be represented on a simple r versus fEO,salt 
diagram (Figure 4.2a) is non-trivial.  
 
The effect of added salt on block copolymer thermodynamics is due to two competing factors: (1) 
the addition of salt generally increases the effective χ between the blocks and induces ordering, (2) 
the salt molecules partition into and swell the PEO domains, thereby increasing fEO. The fEO of neat 
SEO(9.4-2.4) is 0.20, which is at the border between BCC and HEX phases. (Floudas et al. studied 
the phase behavior of poly(ethylene oxide)-block-polyisoprene block copolymers, where the 
BCC/HEX border was identified at fEO = 0.21.162) Adding salt to SEO(9.4-2.4) at r = 0.01 results 
in the formation of coexisting BCC lattices consistent with (1). The salt concentration at this 
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composition does not result in sufficient swelling of the PEO domain to obtain hexagonally packed 
PEO cylinders. This phase is only formed at r ≥ 0.05. The disordered phase at an intermediate salt 
concentration, r = 0.025, is due to the interplay between the two competing factors.   
 
The dependence of domain spacing, d, on salt concentration, r, is shown in Figure 4.2b. The colors 
in the figure depict the morphology of the electrolytes. The simplest behavior is seen in SEO(9.4-
4.0) wherein d increases monotonically with increasing r with no discontinuity at the DIS to HEX 
transition.53,54,58 The domain spacing of neat SEO(9.4-2.4) is identical to that of neat SEO(9.4-
4.0), but it decreases with increasing salt concentration before increasing at r = 0.01 where two 
coexisting BCC lattices are obtained. It is unusual that a salt-containing sample would have a lower 
d compared to its neat counterpart. Further increase of salt concentration results in a decrease in d 
as the sample disorders. At r ≥ 0.025, d increases monotonically with increasing r with no 
discontinuity at the DIS to HEX transition. The dependence of d on r of SEO(17.4-3.9) is most 
interesting. This sample exhibits a simple DIS to BCC transition, but the dependence of d on r is 
non-monotonic, similar to that of SEO(9.4-2.4). These two copolymers have similar compositions 
but their chains lengths differ by a factor of 1.8. One may thus regard the non-monotonic 
dependence of d on r in SEO(17.4-3.9) as “announcements” of BCC coexistence at lower 
molecular weights in the same composition window.    
 
The chains of SEO(9.4-2.4) at r = 0.01 exhibit different extents of chain stretching, depending on 
the BCC lattice they belong to. The reason for the fact that the coexisting morphology has a lower 
free energy than that of a single BCC phase with intermediate chain stretching remains to be 
determined. Computer simulations suggest that each lithium ion is associated with six coordinating 
oxygen atoms.16,174,175 Perhaps, discrete chain conformations are preferred due to these 
interactions, and the free energy gain from adopting these conformations is large enough to offset 
the entropic penalty of heterogeneous salt distribution.    
 
4.4 Probing Coexistence of Ordered Morphologies 
 
The nature of the coexisting BCC lattices was further studied by transmission electron tomography. 
We are not aware of any prior studies wherein electron tomography has been used to study the 
morphology of weakly ordered block copolymers in the vicinity of order-disorder transitions.  
Three dimensional tomograms were obtained from the r = 0.01 sample of SEO(9.4-2.4)/LiTFSI 
stained with RuO4. Figure 4.3a shows slices of the tomogram obtained from dual-axis 
reconstruction of the data. The dark domains represent the RuO4 stained PEO/LiTFSI spherical 
domains. Electron tomography confirms that the sample contains only spheres, consistent with our 
interpretation of the SAXS profile. It is also evident, however, that our sample does not contain 
easily identifiable macroscopic regions with two different lattice constants. Some regions did, 
however, show evidence of BCC lattices with limited long-range order.  One such region is shown 
in Figure 4.3b.  Quantitative analysis of the entire tomogram is necessary to reveal correlations 
between the spherical domains.  
 
The nature of the coexisting BCC lattices was further studied by transmission electron tomography. 
We are not aware of any prior studies wherein electron tomography has been used to study the 
morphology of weakly ordered block copolymers in the vicinity of order-disorder transitions.  
Three dimensional tomograms were obtained from the r = 0.01 sample of SEO(9.4-2.4)/LiTFSI 
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stained with RuO4. Figure 4.3a shows slices of the tomogram obtained from dual-axis 
reconstruction of the data. The dark domains represent the RuO4 stained PEO/LiTFSI spherical 
domains. Electron tomography confirms that the sample contains only spheres, consistent with our 
interpretation of the SAXS profile. It is also evident, however, that our sample does not contain 
easily identifiable macroscopic regions with two different lattice constants. Some regions did, 
however, show evidence of BCC lattices with limited long-range order.  One such region is shown 
in Figure 4.3b.  Quantitative analysis of the entire tomogram is necessary to reveal correlations 
between the spherical domains.  
 

 
 

Figure 4.3. Electron Tomography of Coexisting Morphologies: (a) Tomogram obtained from dual-axis 
reconstruction of RuO4 stained SEO/LiTFSI r = 0.01 sample. Dark domains represent the RuO4 stained PEO block. 
(b) Region of tomogram with increased long-range order. Scale bar represents 25 nm. 
 

 
 
Figure 4.4. Inverse Space Representation of Tomogram: (a) FFT of single slice of tomogram. Sector average was 
performed along the white arrow. (b) Sector averaged (red triangles) and circular averaged (black line) intensity 
versus scattering vector, q. The black arrows indicate the locations of the observed primary SAXS peaks. 
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Figure 4.4a shows the Fourier transform (FT) of a typical slice obtained by electron tomography; 
e.g. see Figure 4.3a.  The anisotropy of the FT is attributed to distortion due to compression along 
one axis during cryo-sectioning. Figure 4.4b shows a sector-averaged intensity versus scattering 
vector, q, for the FT. The averaging was conducted along the non-compressed axis, indicated by 
the white arrow in Figure 4.4a. The circularly averaged FT of the same slice, shown by a 
continuous black line in Figure 4.4b is qualitatively similar to the sector-averaged FT. The FT 
analysis was repeated for several slices and the results of three slices are given in Section 4.5 
(Figure 4.7).  All of the FTs are very similar to that given in Figure 4.4b.  The arrows in Figure 
4.4b indicate the positions of the primary peaks observed in SAXS; recall that SAXS revealed the 
presence of two BCC lattices. There is reasonable agreement between the FT peak and the SAXS 
data.  The relatively subtle difference in the lattice constants of the coexisting BCC structures 
obtained by SAXS are lost in the FT analysis.  We posit that this is due to complications related to 
the electron tomography experiments such as missing spheres due to incomplete staining and 
distortions during cryo-sectioning.   While our TEM data provide support for our interpretation of 
the SAXS profile of SEO(9.4-2.4) r = 0.01, it also reveals the complexity of coexisting phases that 
are obtained in the vicinity of order-disorder transitions.   
 
A new technique, resonant soft X-ray scattering (RSoXS), can be used to study the spatial 
distribution of salt within the nanostructured block copolymer. RSoXS combines SAXS with Near 
Edge X-Ray Absorption Fine Structure, NEXAFS, spectroscopy to obtain energy-dependent 
scattering profiles. Previous RSoXS studies have been conducted to determine complex 
morphologies in triblock copolymers by taking advantage of block-specific resonant signatures in 
absorption along the carbon K-edge.116 We can view SEO/LiTFSI as a similar three-component 
system and can utilize the different elements in each component to extract structural information.  
 
Our RSoXS experiments have shown that coexistence of ordered morphologies can be seen in 
SEO/LiTFSI thin film samples and the coexistence persists throughout the probed energy spectra. 
Figure 4.4 shows the scattering data for a 400 nm thin film of SEO(9.4-2.4) r = 0.025 at the C (282 
eV), O (533 eV) and F (692 eV) K-edges. There are two peaks corresponding to ordered structures 
with domain spacings of 13 and 13.75 nm. We attribute the higher salt concentration necessary to 
induce coexistence, as compared to hard X-ray bulk experiments, to thin film effects. We also 
assume that this structure has the same ordered morphology as bulk samples and contains two 
coexisting BCC lattices; however, no higher order reflections are seen in the RSoXS profiles, so 
TEM micrographs will be necessary to confirm the thin film morphology. Although the domain 
spacings of the two lattices are consistent throughout the probed energies, the relative intensities 
and shapes of each peak change, suggesting that the local structure and elemental composition of 
the coexisting phases differ.   
 
We can decipher specific structural information about the three-component system from the 
profiles taken at each probed energy. Separate NEXAFS experiments were conducted on pure PS, 
PEO as well as PEO/LiTFSI samples of various salt concentrations to determine the absorption 
spectra of each phase at each range of energies. The cartoons in Figure 4.5 depict what components 
of the BCC lattice are “seen” at each energy: red represents PS, blue PEO, and yellow TFSI. When 
the components are shown in gray, they are “invisible” at the probed energy. Because both PS and 
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PEO contain C, we can extract the size and relative amounts of each lattice from the C K-edge. O 
is only found in PEO and TFSI, and therefore is confined primarily to the spheres of the BCC 
lattice. It can be used to measure the degree of microphase separation within each lattice and the 
distance between spheres.  Finally, the F K-edge is unique to TFSI and reveals how much salt is 
present in each lattice. It is important to note that when the F K-edge was probed for a SEO sample 
without salt, no scattering was observed.  
 

 
Figure 4.5 RSoXS Spectra: RSoXS scattering profiles of SEO(9.4-2.4) r = 0.025 at the C (282 eV, dark blue), O 
(533 eV, green), and F (692 eV, light teal) K-edges. Schematics show which species are “visible” at each energy.  

In order to quantify these observations, we computed the scattering invariant (Qi) of each peak for 
each probed energy:  
 
 𝑄2 =	∫ 𝐼2(𝑞)𝑞6𝑑𝑞 for 𝑖 = 1, 2   (4.1) 

 
where each BCC microphase is represented by one of the two ordered scattering peaks. For a 
heterogeneous system with two distinct phases, the invariant is independent of morphology and 
only depends on the volume of one of the phases.93 It has been previously shown that this quantity 
is bounded and was used to determine the volume fraction of the ordered phase in an SEO/LiTFSI 
system exhibiting coexistence between disordered and lamellar phases near the order-disorder 
transition.157 From the calculated scattering invariants, we can calculate the volume fraction of 
each ordered phase, 𝜙2,A, for each element, j, within the system: 
 
 𝜙2,A =

L&,(
L&,(ML&,(

 for 𝑖 = 1, 2 and 𝑗 = 𝐶, 𝑂, 𝐹   (4.2) 

 
The resulting volume fraction information is provided in Table 4.2.  
 
Based on this information, we can determine the elemental composition of each microphase. From 
the carbon volume fraction, it is clear that a majority of the polymer chains are segregated into the 
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microphase with a larger domain spacing. However, based on the fluorine volume fraction, we 
know that the volume of salt is evenly distributed between the two microphases. Therefore, phase 
2, or that with a smaller domain spacing, must have a higher molar ratio, or r-value, of LiTFSI. 
This finding contradicts our original hypothesis and previous work showing that the domain 
spacing of block copolymer electrolytes scales with salt concentration.53,58 
 
Table 4.2 Volume fractions of each element in each phase determined from RSoXS 

 Phase 1 Phase 2 
Carbon 0.73 0.27 
Oxygen 0.45 0.55 
Fluorine 0.45 0.55 

 
 
It’s important to note that the RSoXS data is preliminary and due to sample fabrication 
inconsistencies, it is also not reproduceable. Low molecular weight SEO copolymers do not form 
homogeneous thin films. It would be, perhaps, instrumental to run analogous RSoXS experiments 
on block copolymer electrolytes that can form homogeneous thin films such as PS-b-POEM.30,31 
 
4.5 Conclusions 
 
In conclusion, we have determined the morphology of mixtures of asymmetric block copolymers 
and a lithium salt by SAXS and electron tomography. SAXS results show that the addition of salt 
to a disordered asymmetric block copolymer first leads to the formation of coexisting BCC lattices, 
which give way to a reentrant disordered phase at a higher salt concentration. Further increase in 
salt concentration results in the formation of hexagonally packed cylinders. Electron tomography 
showed the absence of macroscopic regions with distinct BCC lattices. However, the Fourier 
transforms of tomogram slices were qualitatively consistent with the SAXS results. Doubling the 
chain length at fixed composition (or nearly so) resulted in a single disorder-to-order transition 
with added salt. Reducing the asymmetry at fixed chain length (or nearly so) also resulted in a 
single disorder-to-order transition with added salt. These results cannot be mapped on to any of 
the existing theories of the thermodynamics of block copolymer/salt mixtures.51,59,176,177 
 
4.6 Nomenclature 
 
4.6.1 Abbreviations: 
BCC body center cubic 
DIS disordered 
FT Fourier transform 
HEX hexagonally packed cylinders 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
NEXAFS near edge X-ray absorption fine structure 
PEO poly(ethylene oxide) 
PS polystyrene 
RSoXS resonant soft X-ray scattering 
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SAXS small angle X-ray scattering 
SEO polystyrene-block-poly(ethylene oxide) 
TEM transmission electron microscopy 

 
4.6.2 Symbols: 
d domain spacing (nm) 
fEO,salt volume fraction of the PEO/LiTFSI phase 
fEO volume fraction of PEO phase 
I scattering intensity 
MPEO number-averaged molecular weight of the PEO block (kg mol-1) 
MPS number-averaged molecular weight of PS block (kg mol-1) 
N number-averaged degree of polymerization (sites chain-1) 
q scattering vector (nm-1) 
q* scattering vector at the primary peak (nm-1) 
𝑄2  scattering invariant 
r salt concentration ([Li+] [EO]-1) 

 
4.6.3 Greek Symbols: 
𝜙2,A volume fraction of each ordered lattice, i, for each element, j 
𝜒 Flory-Huggins interaction parameter 
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4.7 Supporting Information  
 
4.7.1 Small Angle X-ray Scattering 

 

Figure 4.6. SAXS Profiles of SEO/LiTFSI at Low Temperature: SAXS profiles at 75 °C for a) SEO (9.4-4.0) b) 
SEO (17.4-3.9) and c) SEO (9.4-2.4) at varying salt concentrations. The symbols marking the primary peaks and 
higher order reflections match those used in the main text.  
 
4.7.2 Electron Tomography 
 

 
Figure 4.7. Inverse Space Representation of Tomogram: Sector-averaged FFT of tomogram slice 10 (red triangles), 
20 (blue circles), and 30 (green squares) showing overall intensity as a function of q. The arrows indicate the primary 
peak positions of each BCC lattice detected in SAXS. There is good agreement in sphere-to-sphere spacing between 
TEM and SAXS throughout the tomogram.  
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5. Phase Behavior of Mixtures of Block Copolymers and a Lithium Salt† 
 
 

ABSTRACT 
 

We present experimental results on the phase behavior of block copolymer/salt 
mixtures over a wide range of copolymer compositions, molecular weights and salt 
concentrations.  The experimental system comprises polystyrene- block -
poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) 
salt.  It is well established that LiTFSI interacts favorably with poly(ethylene oxide) 
relative to polystyrene.  The relationship between chain length and copolymer 
composition at fixed temperature is U-shaped, as seen in experiments on 
conventional block copolymers and as anticipated from the standard self-consistent 
field theory (SCFT) of block copolymer melts.    The phase behavior can be 
explained in terms of an effective Flory-Huggins interaction parameter between the 
polystyrene monomers and poly(ethylene oxide) monomers complexed with the 
salt, 𝜒.//, which increases  linearly with salt concentration. The phase behavior of 
salt-containing block copolymers, plotted on a segregation strength versus 
copolymer composition plot, is similar to that of conventional (uncharged) block 
copolymer melts, when the parameter 𝜒.// replaces 𝜒 in segregation strength.   

 
5.1 Introduction 
 
There is considerable interest in the potential use of microphase-separated block copolymers as 
solid electrolytes for lithium batteries.22,24,178,179 A commonly studied system is polystyrene-block-
poly(ethylene oxide) (SEO) mixed with lithium bis(trifluoromethanesulfonyl) imide salt (LiTFSI), 
SEO/LiTFSI. The transport of lithium ions in poly(ethylene oxide) (PEO) has been fully 
characterized19, and polystyrene (PS) acts as the mechanical reinforcement for the solid electrolyte.   
 
The phase behavior of pure diblock copolymers has been thoroughly investigated.39,41 The 
equilibrium phase behavior is controlled by two parameters: the volume fraction of one polymer 
block, fA, and the segregation strength, χN, where N is the overall degree of polymerization and χ 
is the Flory-Huggins interaction parameter, which measures the thermodynamic compatibility 
between the two blocks. At high temperatures, entropic contributions dominate and the system 
forms a homogeneous disordered phase. As temperature decreases, interactions between the two 
polymer blocks become more important, which leads to microphase separation into ordered 
morphologies. For a given block copolymer, characterized by fA and N, the transition from 
disorder-to-order occurs at a critical value of χ, a parameter that generally increases as temperature 
decreases. The morphologies observed in neat block copolymers include lamellae (LAM), 
bicontinuous gyroid phases (GYR), hexagonally packed cylinders (HEX) and body center cubic 
spheres (BCC), among others.40,180 Self-consistent field theory (SCFT)180 and the Random Phase 
Approximation (RPA)34 have emerged as powerful tools for understanding the relationship 

 
† This chapter was reported in J. Phy. Chem. B, 2018, 122 (33), 8065-8074 and J Poly. Sci. B, 2019, 57, 1177-
1187. 
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between molecular structure, interactions, and phase behavior in conventional (uncharged) block 
copolymers.  
 
In the weak segregation limit (WSL) i.e. in the vicinity of the order-disorder transition (ODT), the 
composition dependence of the periodic length-scale of ordered block copolymer phases, d, was 
calculated numerically by Leibler.34 The length scale of the periodic phase in an ordered block 
copolymer is a reflection of molecular size.  In a  homopolymer, molecular size is often 
characterized by the radius of gyration, 𝑅3 = 𝑁

!
"𝑏/√6, where b is the statistical segment length of 

the chain.32,45 In Leibler’s theory, d is given by the product 𝑅3𝐷(𝑓!) where D is a dimensionless 
parameter that is a function of the composition of the block copolymer, 𝑓!, and is provided in ref 
34.  
 
It has been shown experimentally that the addition of salt affects the phase behavior of block 
copolymers.54,55,91,172,181 Several theoretical groups have worked on the molecular underpinnings 
of these observations.62,155,176,177,182 The thermodynamics of these systems are affected by several 
factors that are not included in theoretical studies of conventional block copolymers. These factors 
include electrostatic interactions, charge dissociation, ion solvation, and physical cross-linking of 
chains due to the presence of ions. In early work, Wang and coworkers determined that ion 
solvation has the largest effect on the energetics of block copolymer/salt systems and added a term 
that they called “Born solvation energy” into a thermodynamic model.50,51,155 This work suggests 
that the phase behavior of block copolymer/salt mixtures is similar to that of conventional block 
copolymers, provided χ is replaced by an effective interaction parameter, 𝜒.//, which accounts for 
the solvation energy contribution. In the simplest case, 𝜒.// increases linearly with salt 
concentration according to: 
 𝜒.// = 𝜒+ +𝑚𝑟   (5.1) 

 
where 𝜒+ is the Flory-Huggins interaction parameter of the neat system, r is the salt concentration 
given by 𝑟 = [I2]

[%&]
 and m is a proportionality constant. This form for 𝜒.// was anticipated nearly 

three decades ago in the pioneering experimental studies by Mayes et al.52 More recent theoretical 
work that accounts for salt-induced physical crosslinking indicates that Equation 5.1 still holds, 
although m must be redefined to account for the coupled and non-additive effects of ion-
crosslinking and solvation energy.183  
 
Theoretical work by de la Cruz and coworkers uses SCFT in conjunction with a hybrid liquid-state 
theory to account for electrostatic interactions in ion-containing copolymers.59,60,184 We refer to 
this theory as Ionic-SCFT. This theory attempts to correct for charge ordering induced by ion 
correlations by explicitly adding an electrostatics term in conjunction with 𝜒+.60 The surprising 
conclusion of this work is that the phase behavior of ion-containing block copolymers is 
qualitatively different from that of conventional block copolymers. In particular, the ordered phase 
window at low values of 𝜒+𝑁	contains a “chimney” at low values of fA (where A is the ionic 
block).61 In polymers with low dielectric constants, such as PS and PEO, ordered phases with 
inverted morphologies (e.g. cylinders of B in a matrix of A) are predicted in the chimney.59 We 
note that the phase diagram of conventional block copolymers is devoid of any chimney-like 
feature. 
 



40 
 

The purpose of this study is to present experimental data on the phase behavior of SEO/LiTFSI 
mixtures in the vicinity of the ODT. The chain lengths of the SEO block copolymers were chosen 
such that the systems were disordered in the neat state. The volume fractions of the PEO blocks in 
our neat copolymers cover the range,  0.18	 ≤ 𝑓%& 	≤ 0.84, and focus on compositionally 
asymmetric systems (𝑓%& ≠ 𝑓, ≠ 0.50) to supplement previous work on symmetric systems.91 The 
ordered morphologies that emerged upon the addition of salt were determined primarily by small 
angle X-ray scattering (SAXS). Our data enables a critical examination of theories described 
above. In addition, this study includes a literature review of previously reported phase behavior on 
SEO copolymers mixed with two different lithium salts. Our objective is to organize literature data 
into a few simple plots where we examine the effect of added salt on the phase behavior and 
domain spacing of block copolymer electrolytes. 
 
5.2 Experimental Methods 
 
5.2.1 Polymer Synthesis and Characterization. The SEO copolymers in this study were 
synthesized, purified and characterized using methods described in ref 83,91.  In this study, the 
polymers are named SEO (xx-yy), where xx and yy are the number-averaged molecular weights of 
PS, MPS, and PEO, MPEO, in kg mol-1.  The volume fractions of each block of the copolymers are 
given by  
 𝑓%& =

𝜈%&

𝜈%& +
𝑀8,𝑀%&
𝑀,𝑀8%&

𝜈,
   (5.2) 

 
where νEO and νS are the molar volumes of ethylene oxide and styrene monomer units, and MEO 

and MS are the molar masses of ethylene oxide (44.05 g mol-1) and styrene (104.15 g mol-1). Molar 
volumes were calculated by 𝜈 = 𝑀/𝜌. In this study, the densities of the PEO and PS blocks were 
given by 𝜌8%& = 1.139 − 7.31 × 109: × 𝑇	and 𝜌8, = 1.08665 − 6.19 × 109: × 𝑇 + 1.36 ×
109; × 𝑇6.91  The overall degree of polymerization, N, was calculated by 𝑁	 = 	𝑁8, 	+ 	𝑁8%&   
where  
 𝑁2 =

𝑀2

𝜌2(𝑇)𝑁!𝜈1./
   (5.3) 

 
and NA is Avogadro’s number and 𝜈1./ was fixed at 0.1 nm3. Table 5.1 contains polymer 
characteristics, including the polydispersity indices, of the block copolymers in this study. The 
neat copolymers are completely transparent and colorless.   
 
5.2.2 Electrolyte Preparation. The salt-containing copolymers were prepared using methods 
described in ref 157.  Due to the hygroscopic nature of the salt, Argon environment gloveboxes 
(Vacuum Atmosphere Company) with low oxygen and water levels were used for all sample 
preparation. The molar ratio of lithium ions to ethylene oxide (EO) moieties, r, is used in this study 
to quantify salt concentration. The number of EO units per polymer chain is calculated from MPEO 
without correcting for end groups. We assume that the all of the salt resides in the PEO domain 29–

31 and determine the volume fraction of the salty PEO domain by 
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 𝑓%&,()*$ =
𝜈%&,()*$

𝜈%&,()*$ + |
𝑀8,𝑀%&
𝑀,𝑀8%&

} 𝜈,
   (5.4) 

 
where 𝜈%&,()*$	is the molar volume of salt-containing PEO calculated by 𝜈%&,()*$ =

N)*+
O*+,,-./(1)

 

where 𝜌%&,()*$(𝑟) is taken from ref 19.  By using the measured density of salty PEO, we have 
accounted for the volume change of mixing within the PEO-rich domains. We assume that the 
monomer volume of PS is unaffected by the addition of salt; measured densities of SEO(5.1-
12.8)/LiTFSI mixtures indicate that this is an excellent assumption. A full list of properties for the 
salt-containing samples used in this study can be found in Table 5.2.  
 
Table 5.1: Characteristics of polymers used in this study.  

Polymer MPS 
(kg mol-1) 

MPEO 
(kg mol-1) 

fEO N 

SEO(17.4-3.9) 17.4 3.9 0.18 350 
SEO(9.4-2.4) 9.4 2.4 0.20 194 
SEO(9.4-4.0) 9.4 4.0 0.29 220 
SEO(3.8-8.2) 3.8 8.2 0.68 195 
SEO(5.1-12.8) 5.1 12.8 0.72 291 
SEO(4.0-22.4) 4.0 22.4 0.85 428 
SEO(1.9-0.8) 1.9 0.8 0.29 47 
SEO(1.4-1.6) 1.4 1.6 0.52 52 
SEO(1.7-1.4) 1.7 1.4 0.44 54 
SEO(2.9-3.3) 2.9 3.3 0.52 108 
SEO(4.9-5.5) 4.9 5.5 0.52 181 
SEO(16-16) 16.0 16.0 0.49 556 

Data for SEO(1.9-0.8), SEO(1.4-1.6), SEO(1.7-1.4), SEO(2.9-3.3), SEO(4.9-5.5) are taken from a previous 
publication (ref 58) and data for SEO(16-16) are taken from ref 185. N and fEO were calculated at 140 °C. 

 
5.2.3 Small Angle X-ray Scattering (SAXS) Measurements. SAXS samples were prepared by 
and thermally pre-treated according to methods described in ref 106. SAXS measurements were 
conducted at the Advanced Light Source beamline 7.3.3 at Lawrence Berkeley National Lab167 
and Stanford Synchrotron Radiation Light Source beamline 1-5 at SLAC National Accelerator 
Laboratory. In order to compare data collected at each beamline, temperature calibrations were 
conducted to measure the absolute temperature of the samples by making separate electrolyte 
samples with a thermocouple running through the sample holder. The data presented in the main 
text reflects the absolute temperatures of the samples. Silver behenate was used to determine the 
beam center and sample-to-detector distance. The scattered intensity was corrected for beam 
transmission, empty cell scattering, as well as for unavoidable air gaps in the system. Two-
dimensional scattering patterns were integrated azimuthally using the Nika program for IGOR Pro 
to produce one-dimensional  scattering profiles.168 Measurements were taken in a custom-built 8-
sample heating stage, starting at 132 °C and cooling in steps of about 10 °C to 75 °C. Samples 
were annealed for about 30 min at each temperature before taking measurements. 
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5.2.4 Depolarized Light Scattering (DPLS). The samples for DPLS were prepared like SAXS 
samples but were sealed between quartz windows in custom-designed airtight aluminum sample 
holders.186 The light source was a continuous-wave diode laser with a wavelength of 633 nm and 
an output power adjustable from 0 to 40 mW.  The sample was placed between crossed polarizers 
in a heating block that was electrically heated by two heating elements, and the temperature of the 
sample was controlled by an Omega Engineering temperature controller (CN9111A).187 In order 
to determine the order-disorder transition temperature (Todt) of the sample, the birefringence 
method was employed.188 In the order-to-disorder experiments, the total depolarized transmitted 
laser power was obtained as the sample was heated in approximately 10 °C increments from 80 °C 
to 110 °C. When the sample temperature is higher than the Todt, the sample is completely 
disordered, and the total power decays to zero. At the end of every temperature step, a DPLS 
scattering pattern was captured with a CCD camera. For the coexistence experiments, the samples 
were heated to 80°C and the scattering patterns were recorded after 40 minutes at 80 °C. All 
scattering patterns were stored as 8-bit, 801 x 801 pixel TIFF image files. The intensity at each 
pixel was represented by a dimensionless number between 0 and 255. The total depolarized 
transmitted power was calculated from the image file by summing the intensities at every pixel, 
after subtracting a background noise image taken with a completely disordered sample. 
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Table 5.2 Characteristics of asymmetric SEO/LiTFSI mixtures used in this study 
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5.3 SAXS Results 
 

 

 

Figure 5.1 SAXS of SEO(5.1-12.8): SAXS profiles at 93 °C for SEO(5.1-12.8) at several salt concentrations. Profiles 
are offset vertically for clarity. The symbols represent the primary and higher order scattering peaks: ∆, □, and ∇ 
represent DIS, GYR, and HEX phases respectively.  

Table 5.2 outlines the polymer characteristics and phase behavior for all salt-containing SEO 
copolymer samples. All six SEO copolymers are disordered in the neat state and SAXS profiles of 
the neat copolymers can be found in the Supporting Information (Figure 5.15).  Figure 5.1 shows 
the SAXS profiles for SEO(5.1-12.8) at 93 °C for salt concentrations ranging from 0.005	 ≤ 𝑟	 ≤
0.300. At the lowest salt concentration, r = 0.005, the electrolyte exhibits a single broad disordered 
peak at q*  = 0.433 nm-1, where q* is the location of the primary peak. At r  = 0.01, the sample 
exhibits a weak signature of order; note the presence of a small, but noticeable, sharp primary peak 
at q* = 0.444 nm-1 superimposed on a broad peak characteristic of a disordered phase. Upon further 
salt addition to r = 0.025, the sample forms a GYR state with higher order reflections at F

F∗
=
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. At all higher salt concentrations, 0.025	 ≤ 𝑟 ≤ 0.30,		 the electrolytes are in the 

HEX state with higher order reflections at F
F∗
= √3, √4, √7	 and √9.  

 
SAXS was also conducted on all salt concentrations of SEO(5.1-12.8) from 75	℃	 ≤ 	𝑇	 ≤ 132	℃ 
in approximately 10 °C increments. Only the sample with r = 0.01 shows temperature-dependent 
phase behavior. SAXS profiles of this sample at selected temperatures are shown in Figure 5.2a. 
At 85 °C, we see the scattering signature of LAM. At 93 °C, we see the scattering signature of 
coexisting LAM and DIS phases. At 113 °C, we see a pure DIS phase. The order-to-disorder 
transition in this sample was also studied by birefringence (Figure 5.2b). At temperatures below 
87 °C, the birefringence signal is more or less independent of temperature. At temperatures 
between 87	℃ ≤ 𝑇 ≤ 101	℃, the birefringence signal decreases smoothly to zero. We therefore 
determined the order-disorder transition temperature, Todt,, to be 101 ℃.188  The smooth decrease 
is consistent with the presence of coexisting LAM and DIS phases in this temperature window, 
which has been seen previously in block copolymer salt mixtures.57,157 Only the LAM phase 
contributes to the birefringence signal and the fraction of the sample occupied by the LAM phase 
decreases with increasing temperature and vanishes at Todt.189  
 
The phase behavior of salty SEO(5.1-12.8) is shown in Figure 5.2c as a function of temperature 
and salt concentration. The dashed lines represent the boundaries between two phases and the 
hatched pattern indicates coexistence between DIS and LAM. Phase boundaries are placed to 
bisect known phases when the coexistence window was not observed. The Gibbs phase rule 
requires coexistence across all phase boundaries,55,57,156,190 however, the step-changes in salt 
concentration and temperature were too large to observe coexistence in most cases. We have 
chosen to omit the individual data points interpreted from SAXS to focus on the overall phase 
behavior. 
 

 

Figure 5.2 Temperature dependence of SEO(5.1-12.8)/LiTFSI: (a) SAXS profiles of SEO(5.1-12.8) r = 
0.01 at different temperatures through the order-disorder transition. (b) Plot of normalized power versus 
temperature from birefringence measurements to determine the Todt of the sample. (c) Phase diagram of 
SEO(5.1-12.8) as a function of temperature and salt concentration. Dashed lines mark phase boundaries 
and the hatched region indicate coexistence between phases. 
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Figure 5.3a shows the SAXS profiles for SEO(4.0-22.4) at 93 °C. SEO(4.0-22.4) is the most 
asymmetric and longest polymer studied with  fEO = 0.84 and N = 428. It remains disordered at r ≤ 
0.01 before forming HEX at 0.025 ≤ r ≤ 0.05 with higher order reflections at F

F∗
= √3 and √4. At 

0.075 ≤ r ≤ 0.10, we see coexistence between HEX (open triangles) and BCC phases (filled 
diamonds). The presence of both filled and open symbols in Figure 5.3a indicates coexistence 
between two ordered phases. At a salt concentration of r = 0.075, the primary peak for the HEX 
phase appears at q* = 0.324 nm-1 and that of the BCC phase at q* = 0.347 nm-1. The HEX phase 
has a larger domain spacing, given by  𝑑 = 6K

F∗
, than the BCC phase: 19.4 nm versus 18.1 nm, 

respectively. The higher order reflections for the BCC phase are seen at F
F∗
= √2, √3, √4, and √6. 

The relative intensities of the peaks associated with HEX and BCC morphologies change with salt 
concentration; for example, at r = 0.075, HEX is the majority component of the system and at r = 
0.10, BCC becomes the majority phase. Since the HEX phase is optically anisotropic and the BCC 
phase is optically isotropic, the gradual transition from HEX to BCC with salt concentration can 
be studied by birefringence.191 The dependence of the birefringence signal on salt concentration at 
80 °C in the HEX/BCC coexistence window is given in the Supporting Information (Figure 5.16). 
The normalized signal decreases smoothly over a wide range of salt concentration to a value of 
0.02 at r = 0.15, where only spheres are seen. The reason for obtaining the small signal from BCC 
remains to be established. It may arise from strain trapped within the sample as it was prepared.  
At the highest salt concentrations, r ≥ 0.15, SEO(4.0-22.4) forms a pure BCC phase. The phase 
behavior of SEO(4.0-22.4) is independent of temperature at all salt concentrations. 
 
Figure 5.3b shows the observed phase behavior of salty SEO(4.0-22.4) as a function of temperature 
and salt concentration. Dashed lines represent phase boundaries between morphologies and the 
hatched region represents coexistence of BCC and HEX phases. In this coexistence window, salt 
must be partitioned between these two phases. Based on the location of the coexistence window, 
we anticipate that the salt concentration is higher in regions where the BCC phase is found.  
 
The phase behavior of SEO(3.8-8.2) is similar to that of SEO(5.1-12.8) and SAXS data obtained 
from this sample is shown in Supporting Information (Figure 5.17). The phase behavior for 
SEO(9.4-2.4), SEO(9.4-4.0) and SEO(17.4-3.9) has been previously reported in ref 106.   
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Figure 5.3 Temperature dependence of SEO(4.0-22.4)/LiTFSI: (a) SAXS profiles at 93 °C for SEO(4.0-22.4) at 
several salt concentrations. Profiles area offset vertically for clarity. The symbols represent the primary and higher 
order scattering peaks: ∆, ◊ and ∇	 represent DIS, BCC, and HEX phases respectively. (b) Phase diagram of SEO (4.0-
22.4)/LiTFSI as a function of salt concentration and temperature. Dashed lines mark phase boundaries and the hatched 
region indicate coexistence.  

 
5.4 Phase Diagrams of SEO/LiTFSI 
 

It is evident from the discussion above that the phase behavior of SEO/LiTFSI mixtures is a 
complex function of chain length, copolymer composition, salt concentration and temperature. Our 
objective is to compare our findings with prevailing theories directly. There are no established 
approaches for accomplishing this. The phase behavior of conventional block copolymers is 
usually reported on a 𝜒𝑁 versus fA plot where 𝜒𝑁 reflects segregation strength. However, there is 
much debate in the literature about the relationship between experimentally determined 𝜒 and that 
demanded by theory.42,192–194 Many more questions arise in the case of salty block copolymers 
wherein 𝜒 must be replaced by 𝜒.//.50 If we assume that 𝜒.// for block copolymer/salt mixtures 
can be approximated by Equation 5.1, then the segregation strength in these mixtures is 
approximated as 
 
 𝜒.//𝑁 = 𝜒+𝑁 +𝑚𝑟𝑁   (5.5) 
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Note that the segregation strength is proportional to the product Nr.  

 

Figure 5.4 Phase diagram as a function of Nr: Morphology data for SEO/LiTFSI copolymers at 100 °C plotted as 
a function of Nr versus volume fraction of the salt containing phase, fEO,salt. Gray symbols indicate a discrete sample 
where morphology was determined through SAXS. Phase boundaries were drawn to bisect known morphologies 
where no window of coexistence was observed. Coexistence is denoted by hatched colored regions. 

 
As a first step, we present the phase behavior of all of the samples described above at 100 °C in 
Figure 5.4, where the product Nr is now used to represent the segregation strength and fEO,salt, the 
volume fraction of the salt-containing PEO-rich microphase, is used to quantify composition. Also 
included in this figure is the phase behavior of nearly-symmetric SEO/LiTFSI mixtures at 100 °C 
found in Table 5.1, previously reported in ref 91,173. In Figure 5.4, phase boundaries are drawn 
to bisect the known morphologies when no coexistence is seen between phases. Regions of 
coexistence are denoted by the hatched pattern of the colors indicative of the two observed 
morphologies.  Due to the broad range of Nr covered in this study, a log scale is used on the y-axis 
in Figure 5.4.  Neat samples (r = 0) are therefore omitted from the phase diagram. Note that the 
dominant morphologies (BCC, HEX, LAM and DIS) are obtained in contiguous regions on the Nr 
vs fEO,salt  plot.  We see the DIS phase across all compositions at low values of Nr. The LAM phase 
is seen in the range of 0.4 < fEO,salt < 0.6, flanked by HEX phases on either side, which are in turn 
flanked by BCC phases. Two separate pockets of the GYR phase are found in the vicinity of 
LAM/HEX border. It is important to recognize that in Figure 5.4 we have succeeded in organizing 
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a large body of morphological data that is dependent on three independent parameters – N, r, fEO 
– using just two parameters. We note that the is no evidence of a chimney region predicted in ref 
61 at low values of 𝑓%&,()*$.  
 

 

 

 

Figure 5.5 SEO/LiTFSI properties at the ODT: Chain lengths, N, at the order-disorder transition at 100 °C versus 
polymer composition, 𝑓01,2345 and critical salt concentration concentration, r, for the SEO/LiTFSI system. 

For a given system characterized by N and fEO, we have determined the critical salt concentration 
beyond which ordered phases are observed at 100 °C.  This information is conveyed in Figure 5.5 
where N is plotted as a function of r and fEO,salt on a three-dimensional plot. The step change in salt 
concentration that leads to order formation is used as the error bar on the 𝑁 = 0 plane. As expected, 
shorter polymers order at higher salt concentrations. However, it is evident that the surface 
demarcating the order-to-disorder transition in N-r-fEO,salt space, the surface obtained by 
connecting the squares in Figure 5.5, is complex.  
 
Cochran and Fredrickson have computed the boundary between ordered and disordered phases in 
neat block copolymers using SCFT.41 They expressed their results on a	𝜒𝑁 vs fA plot. We are 
interested in the relationship between N and fA at a fixed temperature, or 𝜒. Our objective is to 
compare the data presented in Figure 5.5 with the Cochran and Fredrickson predictions. In our 
experiments, the order-to-disorder transition was located over a range of 0.0025 < r < 0.125. Over 
this range, 𝜒.// values reported in the literature range between 0.05 and 0.20.91 In order to make 
connections between the Cochran-Fredrickson SCFT and experiments, we calculate N at the order-
disorder transition as a function of fA using these two values for 𝜒. The results of these calculations 
are the two U-shaped curves in Figure 5.6. The symbols in Figure 5.6 represent the experimental 
SEO/LiTFSI systems in which salt-induced order-disorder transitions have been identified taken 
from Figure 5 at 100 °C. Generally, the experimental data points lie between the two SCFT curves 
and are consistent with SCFT. Figure 5.6 indicates that the phase behavior of salty SEO mixtures 
can be mapped on to the phase behavior of uncharged block copolymers.   
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Figure 5.6 Critical Chain Length: Chain length, N, at the order-disorder transition as a function of volume fraction 
for the ion-containing phases (filled circles are SEO/LiTFSI with 𝑓01,2345 for the x-axis taken at 100 °C) and SCFT for 
conventional block copolymers at 𝜒 = 0.20 and 0.05 (solid curves). 
 
We use the experimentally measured locations of the order-disorder transitions and the Cochran-
Fredrickson (ref 41) SCFT to estimate 𝜒.//. The Cochran-Fredrickson SCFT results for the order-
disorder phase boundary can be recast in the form 
 
 (𝜒𝑁)%&' = 𝑔(𝑓() = 10.495 + 𝐶)(𝑓( − 0.5)$ + 𝐶$(𝑓( − 0.5)* 

+𝐶+(𝑓( − 0.5), + 𝐶*(𝑓( − 0.5)- 
 

  (5.6) 

(The coefficient values are given in the Supporting Information).  For a given SEO/LiTFSI 
mixture, the value of 𝜒 at the order-disorder transition was calculated using Eq. 5.6 with the 
assumption that 𝑓! = 𝑓%&,()*$ , to obtain 
 
 
𝜒677 =

10.495 + 𝐶8/𝑓01,2345 − 0.51
9 + 𝐶9/𝑓01,2345 − 0.51

: + 𝐶;/𝑓01,2345 − 0.51
< + 𝐶:/𝑓01,2345 − 0.51

=

𝑁  
  

(5.7) 
 
This enables taking each data point in Figure 5.5 where N at the ODT is given as a function of 
𝑓%&,()*$ and r, and converting it into 𝜒.// for the given value of r. Our approach for determining 
𝜒.// is similar to the time-honored method of determining phase boundaries in binary polymer 
solutions and blends and mapping these results onto the predictions of the Flory-Huggins theory 
to determine the interaction parameter.42,195,196  The calculated values of 𝜒.// thus obtained are 
plotted versus salt concentration, r, in Figure 5.7.  The estimates for 𝜒.// show a strong linear 
dependence with r, consistent with Equation 5.1. A least-squares fit through the data in Figure 5.7 
gives 𝜒+ = 0.047 and 𝑚 = 1.67.  These values match experimentally determined values of 𝜒+ and 
m in ref 55, where 𝜒.// was determined from RPA fits through SAXS data obtained from the 
disordered state.  It is important to note that the salt concentration, r¸ is not explicitly used when 
determining 𝜒.//. The applicability of a linear relationship between 𝜒.// and r over a wide salt 
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concentration (0.0025 ≤ 𝑟 ≤ 0.125) and EO volume fractions (0.18 ≤ 𝑓%& ≤ 0.84) is 
noteworthy. 	In spite of these complexities, our work indicates that most of the important features 
of the SEO/LiTFSI phase diagram can be reproduced by combining the linear relationship in Fig. 
5.7 with conventional block copolymer SCFT.  
 

 

Figure 5.7 Salt Concentration Dependence of the Interaction Parameter: Calculated	𝜒677 from SCFT as a 
function of r for the salty SEO copolymers using the composition dependence of the order-disorder transition 
(Equation 5.7) at 100 oC. The data are consistent with 𝜒677 = 𝜒> +𝑚𝑟 with 𝜒> = 0.047 and 𝑚 = 1.67. The error 
bars represent the step change in salt concentration that leads to order formation. 
 
We use our results for 𝜒+ and m from Figure 5.7 to calculate segregation strength according to 
Equation 5.5 such that 
 𝜒.//𝑁 = 0.047𝑁 + 1.67𝑁𝑟   (5.8) 

 
The morphology data for all SEO/LiTFSI mixtures, originally presented in Figure 5.4, is re-cast in 
Figure 5.8, using a semi-log plot with 𝜒.//𝑁 as the y-axis and 𝑓%&,()*$ as the x-axis.  Figures 5.4 
and 5.8 use the same color scheme. We have chosen to omit the discrete samples to focus on the 
phase boundaries. Phase boundaries were drawn to bisect known morphologies, when no window 
of coexistence was observed.   
 
While Figures 5.4 and 5.8 appear similar, there are important differences. The jagged phase 
boundaries in Figure 5.4 are replaced by smooth lines in Figure 5.8. The boundaries between 
different morphologies in SEO/LiTFSI are straight but tilted to the right when plotted on a semi-
log 𝜒.//𝑁 versus 𝑓%&,()*$ plot.  A particularly satisfying aspect of using 𝜒.//𝑁 is that the two 
separate pockets of GRY seen in Figure 5.4 are merged in Figure 5.8. The appearance of small 
coexistence windows at the bottom of the BCC phases at both low and high 𝑓%&,()*$ values is 
clearly due to the presence of salt; they are not observed in conventional block copolymers.  Aside 
from these differences, the phase behavior of SEO/LiTFSI is similar to that of conventional block 
copolymers. 



52 
 

 

Figure 5.8 SEO/LiTFSI Phase Diagram: Morphology data for SEO/LiTFSI copolymers at 100 °C plotted as a 
function of 𝜒677𝑁 versus volume fraction of the salt containing phase, fEO/salt. Phase boundaries were drawn to bisect 
known morphologies where no window of coexistence was observed. Coexistence is denoted by hatched colored 
regions.   
 
We can use the calculated segregation strength to compare the phase behavior of our salt-
containing copolymers to that of conventional neat block copolymers.  Figure 5.9 shows the phase 
diagram of a neat conventional block copolymer, polystyrene-block-polyisoprene (SIP), taken 
from ref 197. We have colored all of the ordered phases that are relevant to the present study 
(LAM, HEX, BCC and GYR) using the same color scheme as Figure 5.8. The x-axis in Figure 5. 
9 is the volume fraction of the polyisoprene (PI) block and the y-axis is 𝜒𝑁 for SIP. Also shown 
in Figure 5.9 are five colored horizontal bars evenly spaced between 20 ≤ 𝜒.//𝑁 ≤ 40. These 
bars present the phase behavior of SEO/LiTFSI mixtures (Figure 5.8). We set 𝜒.//𝑁 = 𝜒𝑁 and 
𝑓T = 𝑓%&,()*$ in order to overlap the individual phase diagrams. Within each bar, the color 
represents the ordered phase using the same color scheme as Figure 5.8.   
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Figure 5.9 Comparisons to Literature: Phase behavior diagram of SIP reproduced from Khandpur et al (ref 197). 
The five colored bars represent the phase behavior of SEO/LiTFSI taken from Figure 5.8 at 100 °C. The colors match 
the morphologies labeled in Figure 5.8 with the DIS phase left unlabeled in white. 
 
It is clear from Figure 5.9 that the phase behavior of salty block copolymers closely resembles that 
of conventional block copolymers. It does not contain a chimney-like feature that was predicted 
by Ionic SCFT.61  The BCC phase is found at low values of segregation strength (25) for styrene-
rich (S-rich) block copolymers in both SIP and SEO/LiTFSI.  In both IP-rich and EO-rich systems, 
the BCC phase is absent at values of segregation strength as high as 40. This similarity is 
noteworthy given the chemical differences between PI and PEO/LiTFSI. The widths of the HEX 
phases in SEO/LiTFSI mixtures are similar in both S-rich and EO-rich systems, consistent with all 
of the theories on neat block copolymer self-assembly.39 There is reasonable agreement between 
the widths of the LAM phases found in SIP and SEO/LiTFSI. The GYR pockets in SEO/LiTFSI 
are only found in the EO-rich side of the phase diagram. It is evident that the underlying simplicity 
of the phase behavior of SEO/LiTFSI mixtures is revealed by simple rescaling χ to account for the 
additional interactions due to the presence of salt in block copolymer/salt mixtures. 
 
In order to verify our approach to organizing morphology data of SEO/LiTFSI on a plot of 
segregation strength versus copolymer composition using Eq. 5.8, we expanded our analysis to 
other SEO block copolymer electrolytes available in the literature. The copolymer properties are 
provided in Table 5.3. These systems include two different salts: LiTFSI and lithium 
trifluoromethanesulfonate (LiTf). 
 
The discrete data points in Figure 5.10 represent morphologies determined by small angle X-ray 
scattering (SAXS) experiments for a given SEO electrolyte, characterized by N, 𝑓%&,()*$ and r. 
𝜒.//𝑁 for a given SEO electrolyte is then calculated by Equation 5.8. The symbols for each 
electrolyte correspond to their morphology: BCC is given as circles, HEX as hexagons, GYR as 
plus signs, LAM as squares, and DIS as triangles. Due to the sparseness of data at 𝜒.//𝑁 > 100, 
the figure is broken up into two panels. We assume that the phase boundaries are vertical when 
𝜒.//𝑁 > 100 in accordance with strong segregation theory.41,46,47  
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Table 5.3 Characteristics of polymers compiled. 

Polymer MPS 

(kg mol-1) 

MPEO 

(kg mol-1) 

fEO N Salt 
Species 

Ref 

SEO(2.3-4.6)  2.3 4.6 0.65 104 LiTFSI Wanakule33 
SEO(3.1-5.1)  3.1 5.1 0.60 124 LiTFSI Wanakule33 
SEO(4.6-3.7)  4.6 3.7 0.43 127 LiTFSI Wanakule33 
SEO(5.3-3.0)  5.3 3.0 0.35 128 LiTFSI Wanakule33 
SEO(5.3-3.6)  5.3 3.6 0.39 137 LiTFSI Wanakule33 
SEO(6.4-7.2) 6.4 7.2 0.51 207 LiTFSI Teran32 
SEO(6.4-7.3) 6.4 7.3 0.52 210 LiTFSI Teran32 
SEO(10.0-4.5) 10 4.5 0.30 224 LiTf Young36 
SEO(9.5-8.0) 9.5 8.0 0.44 268 LiTf Gunkel35 
SEO(9.7-10.4) 9.7 10.4 0.50 307 LiTf Zardalidis37 
SEO(48.6-41.4)  48.6 41.4 0.44 1379 LiTf Zardalidis37 

 
 
Overall, there is agreement between SCFT calculations and the experimental data. The 
experimentally determined location of the order-disorder boundary is shown by a black curve in 
Figure 5.10. It was determined by locating the order-disorder transition at 𝑓%&,()*$ =
0.18, 0.29, 0.72,	and 0.86 and joining these data points by lines. A large majority of the open 
triangles (but not all of them), corresponding to the DIS phase, in Figure 5.10 are located below 
the order-disorder curve.  Similarly, there are a few ordered phases that fall below the experimental 
order-disorder curve; these samples are typically the highest salt concentration of a given low 
molecular weight SEO.  The agreement is perhaps surprising given the simplicity of Equation 5.8. 
At low 𝑓%&,()*$ values (in the vicinity of 0.2), the experimental boundary between BCC and HEX 
occurs at slightly higher 𝑓%&,()*$ values than those predicted by theory. At 0.3 < 	𝑓%&,()*$ < 0.4, 
the experimentally determined boundary between HEX and LAM also occurs at slightly higher 
𝑓%&,()*$ values than those predicted by theory. In symmetric systems near 𝑓%&,()*$ = 0.5, LAM is 
obtained as predicted by theory, especially when 𝜒.//𝑁 > 50. As 𝑓%&,()*$ values approach 0.6, we 
obtained HEX experimentally, but theory predicts LAM. On the PEO-rich side of the phase 
diagram, there is excellent agreement between experimentally determined HEX phases and 
theoretical predictions between 0.7 < 	𝑓%&,()*$ < 0.8. The data points that are filled with hatched 
patterns represent samples that exhibited coexistence between two ordered morphologies.106,107 
The phase boundary between HEX and BCC at values of 𝜒.//𝑁 > 60 on the 𝑓%&,()*$ > 0.5 side 
aligns extremely well with experiment. Pure BCC phases are seen in this region at 𝜒.//𝑁 > 100, 
as predicted by theory.    
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Figure 5.10 Compiled Phase Diagram from Literature. Phase diagram for salt-containing SEO block copolymers 
blends taken at 100 °C plotted as 𝜒677𝑁 versus 𝑓01,2345. The shapes of the symbols correspond to the morphologies of 
the electrolytes: ∆ for DIS (white), ○ for BCC (orange), □ for LAM (pink),  for HEX (green), and + for GYR 
(blue).  The shaded regions represent phase boundaries calculated by mean-field SCFT for salt-free systems and the 
data points are discrete samples.  
 
5.5 Domain Spacing 
 
We conclude with a discussion on the effect of salt on the domain spacing of the SEO copolymers. 
Figure 5.11 shows selected data from a subset of SEO copolymers included in Tables 5.1 and 5.3. 
Domain spacing, d, is plotted as a function of volume fraction of the salt containing phase, 𝑓%&,()*$, 
and salt concentration, r, at 120 °C. The values of N are given in the legend.  It is obvious from 
Figure 5.11 that the relationship between d, N, r, and 𝑓%&,()*$ is complicated. Figure 5.11 shows 
that 𝑓%&,()*$ increases monotonically as r increases; see the dashed curves in the bottom 𝑓%&,()*$ −
𝑟 plane (i.e. 𝑑 = 0 plane).  The dashed curves in Figure 5.11, which are based on Equation 5.4, 
are slightly non-linear.  It is also evident in Figure 5.11 that d increases with increasing r but the 
relationship between these variables is highly non-linear. It is thus helpful to account for the 
dependence of d on the two relevant variables (𝑓%&,()*$ and r) independently.  
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Figure 5.11 3D Plot of SEO Properties. 3D plot of volume fraction of PEO + salt, fEO,salt, domain spacing, d, and salt 
concentration, r, for a sample of SEO copolymers used in this study at 120 °C. Dashed lines shown are a projection 
to the 𝑑 = 0 plane. 
 
To account for the dependence of d on 𝑓%&,()*$, we normalize d by D defined in the Introduction. 
D, taken from ref 34, can be re-cast into an equation in similar form of Equation 5.6 and the 
coefficients, 𝐶2’s, are provided in the Supporting Information. Figure 5.12 is a plot of normalized 
domain spacing (𝒟 = #

U
) versus salt concentration, r, at 120 °C. (We chose 120 °C because of the 

availability of published data. The plot would be much sparser if we used available data at 100 °C, 
the temperature used in the discussion of phase behavior. We do not expect qualitative differences 
due to this 20 °C discrepancy in temperature.)  The data in Figure 5.12 are color coded with the 
same color scheme used to describe the morphologies of SEO block copolymers in Figure 5.10. 
The symbols for the discrete data points correspond to the morphology of a given electrolyte; they 
also match the symbols used in Figure 5.10. On this plot, the disordered systems (DIS) appear 
towards the lower half, and in this regime, 𝒟 is more-or-less independent of r. In disordered 
systems, the reported value of d corresponds to the characteristic length scale of concentration 
fluctuations.34 In the ordered state, 𝒟 increases with r in a non-linear fashion, increasing more 
rapidly at higher values of r. When coexistence of ordered phases was observed for a single 
electrolyte, domain spacing for each morphology is presented. It is worth noting that in Figure 
5.12, different morphologies are segregated into different pockets on the 𝒟 versus r plot. The LAM 
pocket occurs at the upper right-hand corner of the diagram, GYR and HEX phases appear in the 
middle of the diagram above DIS but below BCC. Interestingly, the BCC pocket runs into the 
LAM pocket in the vicinity of 𝑟 = 0.1. There are two outliers of LAM seen inside the DIS region. 
In these two electrolytes, the DIS phase was transformed into LAM by the addition of salt.  In 



57 
 

contrast, the LAM phases presented in the upper right-hand corner of Figure 5.12 were obtained 
in electrolytes with inaccessible order-disorder transitions.  
 
 

 
 

Figure 5.12 Normalized Domain Spacing. Dependence of normalized domain spacing,	𝒟 = ?
@

, on salt concentration, 
r, for salt-containing SEO block copolymers at 120 °C.  Data from different morphologies cluster into “pockets” that 
are colored differently and match Figure 6: DIS (gray), BCC (orange), LAM (pink), HEX (green), and GYR (blue).  
The symbols indicate the morphology and also match those of Figure 5.10: ∆ for DIS, ○ for BCC, □ for LAM,  for 
HEX, and + for GYR.   Dashed lines are a guide for the eye. 
 
If the change in domain spacing upon salt addition was only due to changes in 𝑓%&,()*$, then within 
our framework, 𝒟 would be independent of salt concentration for each polymer as our 
normalization scheme accounts for this effect.  It is, however, clear from Figure 5.12 that the 
changes in domain spacing upon salt addition are due to additional effects introduced by the 
presence of ions such as increased segregation. In each of the ordered morphologies, the junction 
between PS and PEO chains are located near the domain boundaries. Segregation strength is 
known to affect the area per junction.198,199 It is evident that the addition of salt to ordered 
morphologies results in a decrease in the area per junction.  
 
Figure 5.13 shows the relationship between normalized domain spacing, 𝒟, chain length, N, and 
segregation strength, 𝜒.//𝑁, for the SEO copolymers with and without salt. The ordinate in Figure 
5.13 is a dimensionless quantity:  𝒟

WX
!
"
	; note that 𝒟 has units of nm. The statistical segment length, 

b, was taken to be 0.5 nm, the nominal value that applies to a large number of flexible polymer 
chains.200 All of the data in Figure 5.12 collapses on to two straight lines in Figure 5.13. The solid 
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lines are vertically shifted linear regressions through the dataset cut off at 𝜒.//𝑁 ≤ 10.  The break 
in the data at 𝜒.//𝑁 = 10	 is expected as the systems cross-over from the weak to strong 
segregation limit. 
 
Based on the 𝜒.//𝑁 ≤ 10 data set, we obtain 
 
 𝒟

𝑏𝑁
4
6
	= 0.63   (5.9) 

 
Based on the 𝜒.//𝑁 > 10 data set, we obtain 
 
 𝒟

𝑏𝑁
4
6
= 0.42f𝜒.//𝑁h

+.4;;   (5.10) 

 
 

 
 

Figure 5.13 Crossover Regime of Normalized Domain Spacing. Relationship between normalized domain spacing, 
chain length, and segregation strength for the salt-containing SEO copolymers. In the WSL, 𝜒677𝑁 > 10, the 

normalized domain spacing is independent of segregation strength.  In the SSL, 𝜒677𝑁 > 10, 𝒟	~	𝑁
!
" .  Experimental 

data in the weak and strong segregation regimes are shown in blue and orange circles, respectively.  The solid lines 
represent Equations 5.9 and 5.10, based on linear regressions as described in the text.  The dashed lines represent a 
95% confidence interval. 
 
The constants in each regression were modified slightly to enforce continuity at 𝜒.//𝑁 = 10 (from 
0.656 to 0.63 in Equation 5.9 and from 0.404 to 0.420 in Equation 5.10). The dashed lines around 
each line represent 95% confidence intervals for the modified regressions. At low values of 
segregation strength, 𝜒.//𝑁 ≪ 10, the right side of Equation 5.10 is independent of 𝜒.//𝑁 and 

𝒟	~	𝑁
!
" as predicted by the mean field theory of Leibler.34 At high values of segregation strength 

where ordered phases are obtained, 𝜒.//𝑁 ≫ 10, 𝒟	~	𝑁
"
A as predicted in the strong segregation 
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limit (SSL).46–48 The observed cross-over in Figure 5.13 from weak to strong segregation is 
consistent with the theory of Uneyama and Doi wherein a monotonic increase in the  𝒟 versus N 
exponent is predicted at the cross-over.49 The theory of Matsen and Bates predicts a higher 
exponent for the 𝒟 versus N scaling at intermediate segregation strength (10 < 𝜒.//𝑁 < 100).47 
The data in Figure 5.13 do not agree with this prediction.  It is worth noting that neither theory 
was developed for salt-containing block copolymers. 
In the vicinity of the disordered regime, where 𝜒.//𝑁 ≤ 10, we can re-arrange Equation 5.9 to 
give 
 
 #

U
= 	0.315𝑁

!
" for 𝜒.//𝑁 < 10   (5.11) 

 
Note, in this limit, normalized domain spacing is independent of 𝜒.//. 
 
In the ordered regime, where 𝜒.//𝑁 > 10, we substitute Equation 5.8 into Equation 5.10 and 
arrive at an explicit expression for the dependence of d on 𝑓%&,()*$, N, and r: 
 
 #

U
= 0.21𝑁+.GG;(0.047 + 1.67𝑟)+.4;; for 𝜒.//𝑁 ≥ 10   (5.12) 

 
Note, the right sides of Equations 5.11 and 5.12 are equal at 𝜒.//𝑁 = 10. 
 
Equations 5.11 and 5.12 provide explicit predictions of domain spacing as a function of N, r, and 
𝑓%&,()*$. It is instructive to re-examine the data in Figure 5.12 in light of these expressions. The 
data in Figure 5.12 are replotted in Figure 5.14. The solid lines in Figure 5.14 represent Equations 
5.11 and 5.12. There are three shaded regions that represent different regimes of segregation 
strength:  𝜒.//𝑁 < 10 (green), 10 ≤ 𝜒.//𝑁 < 30 (orange), and 𝜒.//𝑁 ≥ 30 (blue). Note, only 
five SEO copolymers, which lie at the bottom of Figure 5.14, are within the weak segregation limit 
with 𝑁 < 158 (green region); we see good agreement between these data and Equation 5.11. There 
are three black arrows in Figure 5.14; they show the cross-over between Equations 5.11 and 5.12 
for the low molecular weight SEO copolymers. The remaining SEO copolymers are long enough 
to have 𝜒.//𝑁 > 10 for all studied salt concentrations (orange and blue regions). We see good 
agreement between experiment data and Equation 5.12 for some of the systems with 10 ≤
𝜒.//𝑁 < 30 (orange region). At higher segregation strengths (blue region), the predicted increase 
in 𝒟 with r is much stronger than that observed experimentally.  These deviations are not evident 
when the data is presented on a log-log plot (Figure 5.13).  There are thus some unresolved issues 
that arise in the strongly segregated salty block copolymers.   
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Figure 5.14 Predictions of Normalized Domain Spacing. Comparison of predictions and experiment for normalized 
domain spacing, 𝒟, as a function of salt concentration, r, according to Equations 5.11 (WSL) and 5.22 (SSL). The 
squares show data corresponding to the system indicated in the legend.  Curves of the same color indicate theoretical 
predictions for individual systems.  The legend is organized according to the relative magnitude of 𝒟.  For example, 
the topmost curve corresponds to SEO(4.0-22.4), the top entry in the legend.  The shaded regions represent different 
regimes of segregation strength: 𝜒677𝑁 < 10 (green), 10 ≤ 𝜒677𝑁 < 30 (orange), and 𝜒677𝑁 ≥ 30 (blue).  The three 
black arrows denote the cross-over from Equations 5.11 to 5.12 at 𝜒677𝑁 = 10 for the low molecular weight SEO 
copolymers (N < 158).  For cases with N > 158, only Equation 5.12 is used; the cross-over is predicted to occur at r 
that is below 0.001. 
 
A possible explanation for the discrepancy between theory and experiments seen in Figure 5.14 is 
the limited applicability of our expression for 𝜒.//𝑁 (Equation 5.8). The linear relationship 
between 𝜒.// and r presented in that equation is likely to be valid over a limited range of salt 
concentrations. This discrepancy has been seen experimentally in salt-containing symmetric SEO 
copolymers with 𝑓%&,()*$ values in the vicinity of 0.5. Over the limited range of r and N values 
covered in ref 58, the dependence of 𝜒.// on these parameters was given by 
 
 𝜒.// = 𝐴 +

𝐵
𝑁 +

𝐶
𝑁 �1 − exp [−

𝐷𝑟
𝑁 \� 

  (5.13) 

 
This expression suggests that 𝜒.// does not increase linearly over an indefinite range of salt 
concentrations; at concentrations above a certain threshold (e.g. 𝑟 = 0.012 at 𝑁 = 100), 𝜒.// 
levels off.  Based on our analysis thus far, we can assert that this expression does not apply over 
the range of compositions covered in this review.  One may thus view Equations 5.11 and 5.12 as 
a starting point for organizing domain spacing data from salt-containing block copolymers. 
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5.6 Conclusions 
 
There is continued interest in studying the effect of salt on the thermodynamics of block 
copolymers for both fundamental understanding of salt/copolymer mixtures as well as for 
applications such as solid-state battery electrolytes. We present the phase behavior of SEO/LiTFSI 
systems over a wide range of compositions, 0.18	 ≤ 𝑓%&,()*$ 	≤ 0.84.  Data from weakly and 
strongly segregated systems are presented; salt concentration is used to tune segregation strength, 
which is approximated by the product 𝑁𝑟. The relationship between chain length, polymer 
composition, and salt concentration was examined at the order-to-disorder transition. Our 
experiments reveal a distinctly non-monotonic relationship between polymer composition and 
chain length at the order-disorder transition. A linear expression for the dependence of 𝜒.// on salt 
concentration is obtained by mapping the observed order-disorder phase boundary on to SCFT 
predictions for uncharged block copolymers. The phase behavior of SEO/LiTFSI mixtures, when 
plotted on a 𝜒.//𝑁 versus 𝑓%&,()*$ plot is similar to that of a 𝜒𝑁 versus fA plot obtained for 
conventional block copolymers.  The only difference is that the phase boundaries are not vertical; 
they tilt to the right due to the presence of salt swelling of the PEO domain. 
 
These expressions were used to compile phase behavior data from the literature on various SEO/Li 
salt systems. We hope that our work will allow for discrimination of different theoretical 
approaches that have been used to describe the effect of electrostatic interactions on block 
copolymer phase behavior. The dependence of domain spacing, d, on N, r, and 𝑓%&,()*$ for SEO 
block copolymers collapses on to two universal lines for weak and strong segregation, respectively.  
This collapse was only obtained after d was normalized by a function that we call 𝐷(𝑓%&,()*$) that 

was first introduced by Leibler. The dimensionless domain spacing, 𝒟/(𝑏𝑁
!
") is a constant in the 

weak segregation limit and scales with 𝜒.//𝑁 in the strong segregation limit. The same expression 
for 𝜒.//𝑁 is used to organize both phase behavior and domain spacing data of salty block 
copolymers. It is likely, however, that the dependence of 𝜒.// on salt concentration deviates from 
linearity at high salt concentrations. We hope that this effect will be addressed by the community 
in future studies.  
 
5.7 Nomenclature 
 
5.7.1 Abbreviations: 
BCC body center cubic 
DPLS depolarized light scattering 
GYR gyroid 
HEX hexagonally packed cylinders 
LAM lamellar 
LiTf lithium trifluoromethanesulfonate salt 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
NA Avogadro’s number 
ODT order-disorder transition 
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PEO poly(ethylene oxide) 
PI polyisoprene 
PS polystyrene 
RPA Random Phase Approximation 
SAXS small angle X-ray scattering 
SCFT Self-Consistent Field Theory 
SEO polystyrene-block-poly(ethylene oxide) 
SIP polystyrene -block-polyisoprene 
SSL strong segregation limit 
Todt order-disorder temperature 
WSL weak segregation limit 

 
5.7.2 Symbols: 
b statistical segment length (nm) 
d domain spacing (nm) 
D periodicity 
Dnorm normalized periodicity 
𝒟  normalized domain spacing (nm) 
fEO,salt volume fraction of the PEO/LiTFSI phase 
fA volume fraction of species A 
fEO volume fraction of PEO phase 
fS volume fraction of PS phase 
MPEO number-averaged molecular weight of the PEO block (kg mol-1) 
MPS number-averaged molecular weight of PS block (kg mol-1) 
N number-averaged degree of polymerization (sites chain-1) 
q scattering vector (nm-1) 
q* scattering vector at the primary peak (nm-1) 
r salt concentration ([Li+] [EO]-1) 
Rg radius of gyration (nm) 

 
5.7.3 Greek Symbols: 
𝜈2 molar volume of species I i (cm3 mol-1) 
𝜈1./ reference volume (nm3 site-1) 
𝜌2 density of spcies species I i (g cm-3) 
𝜒 Flory-Huggins interaction parameter 
𝜒+  Flory-Huggins parameter of salt-free system 
𝜒.// effective Flory-Huggins interaction parameter 
𝜒𝑁  segregation strength 
(𝜒𝑁)@"1>  normalized segregation strength 
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5.8 Supporting Information 
 

 

Figure 5.15 Disordered scattering of neat SEO. Disordered scattering from the neat SEO block copolymers at 80 
°C for a) SEO(9.4-2.4), b) SEO(9.4-4.0), c) SEO(17.4-3.9), d) SEO(5.1-12.8), e) SEO(4.0-22.4) and f) SEO(3.8-8.2). 
All six copolymers were disordered as temperatures ranging from 75	℃ ≤ 𝑇 ≤ 	140	℃. 
 
 
 
 

 

Figure 5.16. Normalized DPLS power: Normalized power from birefringence experiments as a function of salt 
concentration for SEO(4.0-22.4) at 80 °C 
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Figure 5.17 SAXS of SEO(3.8-8.2)/LiTFSI: Scattering profiles for electrolytes of SEO(3.8-8.2) from 0.005 ≤ 𝑟 ≤
0.30 at 93 °C. Profiles were offset vertically for clarity. Morphologies are indicated by ∆, □, and ∇ for DIS, GYR, and 
HEX respectively.   
 
Table 5.4 Coefficients for polynomial fits to Equation 5.6 for (𝜒𝑁)B?5 and D  

  Binary 
blends 

Block 
copolymers 

Periodicity 
(D) 

C0 2  10.495 3.2292 
C1 0.88073 47.896 -2.3226 
C2 98.693 782.17 -7.6529 
C3 -868.58 -3566.7 33.981 
C4 2631.4 24074 -211.21 
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6. Composition Dependence of the Flory-Huggins Interaction 
Parameters and the Isotaksis Point† 
 
 

ABSTRACT 
 

The thermodynamics of block copolymer/salt mixtures were quantified through the 
application of Leibler’s Random Phase Approximation to disordered small angle 
X-ray scattering profiles. The experimental system comprises of polystyrene-block-
poly(ethylene oxide) (SEO) mixed with lithium bis(trifluoromethanesulfonyl) 
imide salt (LiTFSI), SEO/LiTFSI. The Flory-Huggins interaction parameter 
determined from scattering experiments, 𝜒,- , was found to be a function of block 
copolymer composition, chain length, and temperature for both salt-free and salty 
systems. In the absence of salt, 𝜒+,,-  is a linear function of (𝑁𝑓%&)94; in the 
presence of salt, a linear approximation is used to describe the effect of salt on 
𝜒.//,,-  for a given copolymer composition and chain length. The theory of Sanchez 
was used to determine 𝜒.// from 𝜒.//,,-  in order to predict the boundary between 
order and disorder as a function of chain length, block copolymer composition, salt 
concentration, and temperature.  At fixed temperature (100 oC), 𝑁012$, the chain 
length of SEO at the order-disorder transition in SEO/LiTFSI mixtures, was 
predicted as a function of the volume fraction of the salt-containing poly(ethylene 
oxide)-rich microphase, 𝑓%&,()*$, and salt concentration. At 𝑓%&,()*$ > 0.27, the 
addition of salt stabilizes the ordered phase; at 𝑓%&,()*$ < 0.27, the addition of salt 
stabilizes the disordered phase. We propose a simple theoretical model to predict 
the block copolymer composition at which phase behavior is independent of salt 
concentration (𝑓%&,()*$ = 0.27).  We refer to this composition as the “isotaksis 
point”. 

 
6.1 Introduction 
 
There is continued interest in understanding the thermodynamics of polymer/salt mixtures due to 
their applications as solid electrolytes in rechargeable batteries.22,24,179,201–204 It is well known that 
the addition of salt to diblock copolymers greatly affects their thermodynamics and there have 
been many theoretical and experimental studies on quantifying these effects. A model system is 
polystyrene-block-poly(ethylene oxide) (SEO) mixed with lithium bis(trifluoromethanesulfonyl) 
imide salt (LiTFSI), SEO/LiTFSI. The transport of Li+ ions in poly(ethylene oxide) (PEO) has 
been fully characterized19 and the addition of polystyrene (PS) introduces mechanical support for 
the electrolyte.178  
 
The phase behavior of pure diblock copolymers has been thoroughly studied, both experimentally 
and theoretically.39,41 The equilibrium phase behavior is dictated by two parameters: the volume 
fraction of one polymer block, 𝑓!, and the segregation strength, 𝜒𝑁, where N is the overall degree 
of polymerization and 𝜒 is the Flory-Huggins interaction parameter, a measurement of the 

 
† This chapter was reported in Macromolecules, 2019, 52 (15), 5590-5601. 
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thermodynamic compatibility between the two polymer constituents. The temperature (T) 
dependence of 𝜒 is often given by 
 
 𝜒 =

𝐴
𝑇 + 𝐵   (6.1) 

 
where A and B are empirically determined constants.39,42 At high temperatures, entropy dominates 
leading to the formation of a disordered phase. As temperature decreases, the importance of the 
energy of interactions between the two polymer blocks increases, and leads to microphase 
separation and the formation of ordered morphologies. For a given block copolymer, characterized 
by 𝑓! and N, the transition from disorder-to-order occurs at a critical value of 𝜒. Self-consistent 
field theory (SCFT) is a powerful tool that can predict the phase behavior of neat block 
copolymers.180 At the order-disorder transition (ODT), the product 𝜒𝑁 may be given by  
 
 (𝜒𝑁)%&' = 𝑔(𝑓() = 10.495 + 𝐶)(𝑓( − 0.5)$ + 𝐶$(𝑓( − 0.5)* 

+𝐶+(𝑓( − 0.5), + 𝐶*(𝑓( − 0.5)- 
 

  (6.2) 

where the coefficients, Ci, are obtained by fitting Equation 6.2 to the SCFT results of Cochran et 
al.41: 𝐶+ = 10.5, 𝐶4 = 47.9, 𝐶6 = 782, 𝐶R = −3567 and 𝐶: = 24700. In this theory, 𝜒 is an 
implicit property of the chemical structure of the constituent monomers in the block copolymer 
and does not depend on N or 𝑓!. For a given block copolymer system at a particular temperature, 
T, Equation 6.2 can be used to calculate a critical chain length, 𝑁012$ , as a function of fA:  
 
 

𝑁012$ =
𝑔(𝑓!)
𝜒(𝑇)  

  (6.3) 

 
Block copolymers of a given composition, fA, will be ordered if 𝑁 ≥ 𝑁012$. A common way to 
measure 𝜒 is through the application of Leibler’s Random Phase Approximation (RPA)34, where 
small angle X-ray (SAXS) experiments can be used to measure concentration fluctuations by 
fitting the structure factor, 𝑆(𝑞), to disordered scattering profiles. The interaction parameters 
derived from scattering are called 𝜒,- . There has been considerable debate about how the measured 
𝜒,-  relates to the value of 𝜒 that should be used in the SCFT calculations.36,205–209 An attractive 
feature of Ncrit is that it can be measured directly and interpreted without any debate.  
 
The addition of salt is known to alter the thermodynamics of block copolymers due to the 
introduction of new interactions between the polymer chains and ions, e.g., electrostatic 
interactions, charge dissociation, ion solvation, ion translational entropy and physical cross-linking 
between the ions and polymer chains.59–63,183,210–212 Ions tends to segregate in the phase with higher 
permittivity, which increases segregation strength between the salt-free and the salt-containing 
blocks. This was captured in models developed by Wang and coworkers using the concept of Born 
solvation energy.50,51,56,213 In these models, 𝜒 is replaced with an effective interaction parameter, 
𝜒.//, to account for the interactions introduced by salt. In the simplest case 
 
 𝜒.// = 𝜒+ +𝑚𝑟   (6.4) 
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where 𝜒+ is the Flory-Huggins parameter for the salt-free system, r is a suitable measure of salt 
concentration and m is a system-dependent proportionality constant. This form for 𝜒.// in salty 
systems was first proposed in the pioneering work of Mayes and coworkers.52  
 
In this paper, which builds on our previous study of the phase behavior of block copolymer 
electrolytes107, we use the standard RPA-based analysis to determine the effective interaction 
parameter,  𝜒.//,,- , from SAXS profiles of a series of disordered SEO/LiTFSI mixtures. Our 
experiments cover a wide range of block copolymer compositions, 0.18 ≤ 	𝑓%& ≤ 	0.84, and chain 
lengths, 49 ≤ 	𝑁 ≤ 	414. We also determine Ncrit as a function of block copolymer composition. 
It is generally observed that adding salt stabilizes the ordered phase, i.e., m in Equation 6.4 is 
positive. This would imply that Ncrit must decrease with added salt. We show that this is only true 
over a finite range of copolymer compositions, 0.27 ≤ 	𝑓%& ≤ 	0.90. In the range 0.15 ≤ 	𝑓%& <
	0.27, Ncrit increases with added salt and m is negative. We find that m is a smooth function of fEO. 
For reasons that we clarify below, we propose using the term isotaksis composition to refer to the 
point where m = 0. For SEO/LiTFSI systems, the isotaksis composition is fEO = 0.27. 
 
6.2 Experimental Methods 
 
6.2.1 Polymer Synthesis and Characterization. The polystyrene-block-poly(ethylene oxide) 
(SEO) copolymers in this study were synthesized via anionic living polymerization83 and purified 
according to ref 58.  The copolymers used in this study are called SEO(xx-yy), where xx and yy are 
the number-averaged molecular weights of the PS, MPS, and PEO, MPEO, in kg mol-1, respectively. 
Chain length, N, was calculated by N = NPS + NPEO where  
 
 𝑁2 =

N&
O&(Z)XC[DEF

 (i = PS or PEO)   (6.5) 

 
and NA is Avogadro’s number and νref was fixed at 0.1 nm3. The volume fractions of each block of 
the copolymers were calculated by 
 
 𝑓%& =

𝜈%&

𝜈%& +
𝑀8,𝑀%&
𝑀,𝑀8%&

𝜈,
   (6.6) 

 
where νEO and νS are the molar volumes of ethylene oxide and styrene monomer units, respectively, 
and MEO and MS are the molar masses of ethylene oxide (44.05 g mol-1) and styrene (104.15 g mol-

1), respectively. Molar volumes were calculated by 𝜈 = 𝑀/𝜌. In this study, the densities (g cm-3) 
of the PEO and PS blocks were given by  𝜌8%& = 1.13 and 𝜌8, = 1.05,	measured values at 90 °C. 
The neat copolymers are completely transparent and colorless. Table 6.1 gives the properties of 
the 8 SEO copolymers used in this study.  
 
6.2.2 Electrolyte Preparation. The block copolymer electrolytes used in this study were prepared 
according to ref 214. The copolymers were dried at 90 °C under vacuum in a glovebox 
antechamber for at least 12 hours and then immediately brought into an argon environment. 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt (Novolyte) was transferred from its air-
free packaging into a vial inside of a glovebox, and then dried at 120 °C under vacuum in a 
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glovebox antechamber for three days. Due to the hydroscopic nature of the salt, Argon 
environment gloveboxes (Vacuum Atmosphere Company) with low oxygen and water levels were 
used for all sample preparation. The salt containing samples were prepared by blending 
SEO/benzene solutions with the required amount of a 75 wt% solution of LiTFSI/tetrahydrofuran 
(THF) solution to achieve the calculated salt concentrations.  
 

Table 6.1: Properties of copolymers in the study. 

polymer MPS MPEO N fEO 

SEO(17.4-3.9) 17.4 3.9 342 0.18 

SEO(9.4-2.4) 9.4 2.4 189 0.20 

SEO(9.4-4.0) 9.4 4.0 214 0.29 

SEO(1.7-1.4) 1.7 1.4 49 0.44 

SEO(2.9-3.3) 2.9 3.3 99 0.52 

SEO(3.8-8.2) 3.8 8.2 189 0.68 

SEO(5.1-12.8) 5.1 12.8 281 0.71 

SEO(4.0-22.4) 4.0 22.4 414 0.84 
 
For the salty samples, we assume that all of the salt resides in the PEO domain.29–31 Block 
copolymers containing salt are considered to be pseudo-binary systems where the volume fraction 
of the salt + PEO component is given by 
 
 
 

𝑓%&,()*$ =
𝜈%&,I2Z\,T(𝑟)

𝜈%&,I2Z\,T(𝑟) + |
𝑀8,𝑀%&
𝑀,𝑀8%&

𝜈,}
 

  (6.7) 

 
where r is the molar ratio of Li to ethylene oxide (EO) moieties (𝑟 = [I2]

[%&]
) and 𝜈%&,I2Z\,T is the 

molar volume of the salt-containing PEO phase calculated by  
 
 𝜈%&,I2Z\,T(𝑟) =

𝑀%& + 𝑟𝑀I2Z\,T

𝜌%&,I2Z\,T
   (6.8) 

 
where  
 
 𝜌%&,I2Z\,T(𝑟) = 2.008𝑟 + 1.13   (6.9) 

 
is derived from measured density values at 90 °C taken from ref 19. 
 
6.2.3 Small Angle X-ray Scattering (SAXS) Measurements. Source beamline 7.3.3 at Lawrence 
Berkeley National Lab167 and Stanford Synchrotron Radiation Light Source beamline 1-5 at SLAC 
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National Accelerator Laboratory. Scattering was performed using 10-12 keV X-rays. Silver 
behenate was used to determine the beam center and sample-to-detector distance. The scattered 
intensity was corrected for beam transmission, empty cell scattering, as well as for unavoidable air 
gaps in the system. Glassy carbon (NIST) was used to determine the scaling calibration to obtain 
absolute intensity scattering. Two-dimensional scattering patterns were integrated azimuthally 
using the Nika program for IGOR Pro to produce one-dimensional (1D) scattering profiles.168 In 
order to compare data collected at each beamline, temperature calibrations were conducted to 
measure the absolute temperature of the samples by making separate electrolyte samples with a 
thermocouple running through the sample holder. The data presented in the main text reflects the 
absolute temperatures of the samples.  
 
6.3 Results 
 
 

 
 

Figure 6.1 Absolute scattering of neat SEO: Absolute scattering for asymmetric copolymers in the neat state (𝑟 =
0) at 90 °C for (a) SEO(9.4-2.4), (b) SEO(9.4-4.0), (c) SEO(17.4-3.9), (d) SEO(1.7-1.4), (e) SEO(5.1-12.8), (f) 
SEO(4.0-22.4), (g) SEO(3.8-8.2), and (h) SEO(2.9-3.3).  
 
Figure 6.1 shows the measured absolute scattering intensity (I) as a function of scattering vector, 
q, of the eight SEO copolymers in the salt-free state at 90 °C. All eight copolymers are disordered, 
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indicated by a single broad scattering peak, at all accessible temperatures. As the molecular weight 
of the copolymer increases, the location of the primary scattering peak, 𝑞∗, moves to a lower value 
of q, indicative of an increase in chain dimensions. However, the overall intensity of the scattering 
is not proportional to N. For example, SEO(4.0-22.4) has the lowest scattering intensity, but is the 
longest copolymer in the study.  
 
The scattering theory of monodisperse disordered diblock copolymers was developed by Leibler.34 
The scattering function 𝐼(𝑞) proposed by this theory for a perfectly monodisperse AB diblock 
copolymer with degree of polymerization N can be written as  
 
 

𝐼#2((𝑞) = 𝐶 �
𝑆(𝑞)
𝑊(𝑞) − 2𝜒�

94

 
  (6.10) 

 
where C is the electron contrast calculated by 
 
 𝐶 = 𝜈1./(𝐵! − 𝐵])6   (6.11) 

 
where 𝜈1./ is the reference volume, Bi is the X-ray scattering length density of block i given by 
𝐵2 =

	W&
[&

, and 𝜈2 and 𝑏2 are the monomer volumes and X-ray scattering lengths of block i, 
respectively; 𝑊(𝑞) and 𝑆(𝑞) are the determinant and sum of the elements of the structure factor 
matrix �𝑆2A�. The expressions for 𝑊(𝑞) and 𝑆(𝑞) are given by  
 
 𝑊(𝑞) = 𝑆!!°𝑆]]° − (𝑆!]°)6   (6.12) 

 
 𝑆(𝑞) = 𝑆!!° + 𝑆]]° + 2𝑆!]°   (6.13) 

 
where  
 
 𝑆22° = 𝑓2𝑁2𝑃2(𝑞)   (6.14) 

 
 𝑆!]° = 𝑆]!° = (𝑁!𝑓!𝑁]𝑓])

4
6𝐹!(𝑞)𝐹](𝑞) 

  (6.15) 

 
and  
 
 

𝑃2(𝑞) = 2 �
exp(−𝑥2) − 1 + 𝑥2

𝑥26
� 

  (6.16) 

 
 

𝐹2 =
1 − exp(−𝑥2)

𝑥2
 

  (6.17) 

 
with 𝑥2 = 𝑞6𝑅3,26 . Both blocks are modeled as flexible Gaussian chains and 
 
 𝑅3,26 = X&(_)&)"

G
 (𝑖 = 𝑃𝑆, 𝑃𝐸𝑂)   (6.18) 
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where ai is the statistical segment length of block i. In order to account for the conformational 
asymmetry between PS and PEO, we set 𝑎8, = 0.50 nm and 𝑎8%& = 0.72 nm (conformational 
asymmetry parameter, 𝜖 = )*+

)G
= 1.44).172,200,215 In Equation 6.18, a chain stretching parameter, 

𝛼, is introduced to match experimental and theoretical values of 𝑅3,2. Ni in Equations 6.14-6.18 is 
the number-average degree of polymerization for block i based on 𝜈1./, and the calculated values 
are provided in Table 1. Equations 6.10-6.18 are used to analyze the scattering profiles from 
disordered block copolymer/salt mixtures. We ignore the fact that these equations were only 
developed for pure disordered block copolymers.58,110,216,217  
 
Figure 6.2 shows a typical SAXS profile obtained from salt-free SEO(9.4-4.0) at 75 °C. The open 
symbols show the data and the solid green line represents a fit to the equation 
 
 𝐼$"$(𝑞) = 𝐼#2((𝑞) + 𝐼W`31#(𝑞)   (6.19) 

 
where Idis(q) (shown in blue) is Equation 6.10 with 𝜒, 𝛼 and C as adjustable parameters and 
𝐼W`31#(𝑞) (shown in red) is an exponential function to compensate for imperfect background 
subtraction. We find excellent agreement between the fitted function and the data. 
 

 
 

Figure 6.2 Example RPA fit: Example of RPA fit on neat SEO(9.4-4.0) at 75 °C. The open circles show the raw 
data and the green, blue, and red dashed curves show the fits for the total scattering, RPA fit, and background 
correction.  
 
We begin with a discussion of the fitted parameter, C. If we assume that the salt molecules remain 
strongly correlated with the EO segments in the disordered state, then we can consider our mixtures 
to comprise of two “components”: PS and PEO + salt. The density of homopolymer PEO/LiTFSI 
mixtures, 𝜌%&,()*$, as a function of r has been measured experimentally and is provided in Equation 
6.9.19 This can be used to calculate the theoretical scattering length density of these mixtures, 
BEO,salt. If we assume that BS is given by the known value obtained from homopolymer PS, then 
the only unknown in Equation 6.11 is BEO,salt. The measurements of C thus provide a measurement 
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of BEO,salt, which we refer to as 𝐵%&,()*$
/2$ . This parameter can be used to calculate the effective 

density of the PEO/LiTFSI component, 𝜌%&,()*$
/2$  using the following equations 

 
 𝜌%&,()*$

/2$ = 𝐵%&,()*$
/2$ (

𝜌%&,()*$
𝐵%&,()*$

)   (6.20) 

 
and  
 
 𝐵%&,()*$ = 𝑌I2Z\,T𝐵I2Z\,T + (1 − 𝑌I2Z\,T)𝐵%&   (6.21) 

 
where 𝑌I2Z\,T is the volume fraction of LiTFSI in the PEO+salt phase calculated by 
 
 𝑌I2Z\,T =

𝑟𝜈I2Z\,T
(1 + 𝑟)𝜈%&,I2Z\,T

   (6.22) 

 
where 𝜈I2Z\,T was calculated from 𝜌I2Z\,T = 2.023 g cm-3. These calculations were performed at 
90 °C, the applicable temperature for Equation 6.9.  
 
 

 
 
Figure 6.3 Contrast of SEO/LiTFSI: Results from fitting contrast during RPA fits: averaged values for (a) calculated 

salty PEO density, 𝜌01,2345
7H5 , and (b) ratio of fitted density to actual density, 

I#$,&'()
*+)

I#$,&'()
, as a function of salt concentration, 

r, taken at 90 °C. Error bars show the standard deviations for the data sets. Lines are used to guide the eye. 
 
Figure 6.3a shows the averaged values of 𝜌%&,()*$

/2$  for all eight copolymers as a function of salt 
concentration at 90 °C. The error bars represent the standard deviation of the averaged data set. 
First, it is important to note that the individual values for 𝜌%&,()*$

/2$  for all SEO copolymers collapse 
on to a single point for each salt concentration. This provides justification for our assumption that 
SEO/LiTFSI mixtures can be approximated as two-component systems. In other words, the change 
in density of PEO from homopolymer values is dependent only on salt concentration and not on 
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copolymer properties, N and 𝑓%&. The fitted density of PEO/LiTFSI is a weak function of salt 
concentration, decreasing by < 1% over the experimental salt concentration window (Figure 6.3a). 
This decrease is opposite to what has been observed in homopolymer PEO/LiTFSI mixtures.19 

Figure 6.3b is a plot of 
O*+,,-./
F&/

O*+,,-./
 versus salt concentration. The fitted density values are consistently 

lower than the homopolymer values. It is important to note that even in the absence of salt, 𝑟 = 0, 
O*+,,-./
F&/

O*+,,-./
= 0.95 indicating that the density of PEO is affected by the presence of the PS block. The 

deviations between the fitted density and that of homopolymer/salt mixtures is less than 10% over 
the entire salt concentration window. These seemingly insignificant deviations in 𝜌%&,()*$ are 
important during the calculation of the scattering contrast because the electron density of the two 
phases (PS and PEO/LiTFSI) are similar: a 7% decrease in 𝜌%&,()*$ results in a 100% increase in 
f𝐵%&,()*$ − 𝐵,h

6when 𝑟 = 0.01.  
 

 
 

Figure 6.4 Temperature Dependence of 𝜒>,JK: Temperature dependence for the Flory-Huggins interaction parameter 
for the neat SEO copolymers, 𝜒>,JK. Dashed lines are fits to Equation 6.1. 
 
The main parameter of interest is 𝜒,- , obtained by the fitting procedure depicted in Figure 6.2. 
Figure 6.4 shows the temperature dependence of 𝜒+,,- ,	the Flory-Huggins interaction parameter 
determined from scattering for the salt-free block copolymers. The dashed lines are fits of the 
extracted 𝜒+,,-  values presented in Figure 6.4 to Equation 6.1. The temperature dependence of 
𝜒+,,-  is consistent throughout the copolymers studied: 𝜒+,,-  decreases with increasing temperature. 
However, the values of A and B obtained vary significantly between the copolymers. In other 
words, 𝜒+,,-  depends on fEO and N. There are no universally accepted functions for the dependence 
of 𝜒+,,-  on composition and chain length. A simple function that is consistent with our data is 
shown in Figure 6.5 where we plot 𝜒+,,-  obtained at 100 °C versus (𝑓%&𝑁)94. When data was not 
taken at exactly 100 °C, the fits to Equation 6.1 were used to interpolate 𝜒+,,-  to 100 °C. The 
squares represent the data and the dashed line is a linear regression fit through the data, 
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 𝜒+,,- = 𝐾4 +

𝐾6
𝑁𝑓%&

   (6.23) 

 
The regression analysis gives 𝐾4 = 0.038 and 𝐾6 = 2.85.  
 
The functional form given in Equation 6.23 is motivated by the theory of Fredrickson and Helfand 
who theoretically examined the effect of concentration fluctuations on the phase behavior of block 
copolymers.218 In this theory, the product 𝜒𝑁 at the ODT, (𝜒𝑁)&UZ , decreases with increasing N. 
For example, in symmetric systems with 𝑓! = 0.50, (𝜒𝑁)&UZ = 10.495 + 41.002𝑁9!A. The 
mean-field value of (𝜒𝑁)&UZ is only obtained in the limit of infinite chain length.34 Equation 6.23 
is similar in spirit and for finite fEO, a composition- and chain-length-independent 𝜒 is obtained in 
the limit of infinite chain length. The product 𝑁𝑓%& is equal to 𝑁%&, the degree of polymerization 
of the PEO block. Equation 6.23 implies an implicit asymmetry in the thermodynamics between 
PS and PEO: a longer PEO block reduces the thermodynamic incompatibility between the two 
polymer blocks. 
 

 
 

Figure 6.5 Dependence of 𝜒>,JK on copolymer properties: Chain length, N, and composition, 𝑓01, dependence on 
the Flory-Huggins interaction parameter of the neat copolymers, 𝜒>,JK, at 100 °C. The dashed line is a linear regression 
through the data:  𝜒>,JK =

9.=M
N7#$

+ 0.038. 
 
We now move to a discussion of the thermodynamics of the salt-containing SEO copolymers. 
Figure 6.6 shows the temperature dependence of 𝜒.//,,- , the interaction parameter of the salt-
containing species derived from scattering, for three SEO copolymers of similar chain lengths 
(𝑁	~	200) with varying PEO compositions. Solid squares represent experimental measurements 
and the dashed lines are a fit through the data according to Equation 6.1. The temperature 
dependence of 𝜒.//,,-  matches what was seen in the salt-free copolymers; A in Equation 6.1 
remains positive. Figure 6.6a shows the temperature dependence of 𝜒.//,,-  of SEO(9.4-2.4) with 
𝑓%& = 0.20. As salt is added to the system, 𝜒.//,,-  steadily decreases from 0.145 at 𝑟 = 0 to 0.140 
at 𝑟 = 0.005 and finally to 0.13 at 𝑟 = 0.025 at 93 °C. In most cases reported in the literature, 
𝜒.//,,-  increases with increasing salt concentration.53–55,219,220  Although the behavior of SEO(9.4-
2.4) is unexpected, this trend has been previously reported in ref 58 for a  SEO copolymer of a 
similar composition (SEO(1.9-0.8) with 𝑁 = 42 and 𝑓%& = 0.29). Figure 6.6b shows the 
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temperature dependence of 𝜒.//,,-  of SEO(9.4-4.0) with 𝑓%& = 0.29. Here, we do not see a 
significant change in 𝜒.//,,-  upon salt addition to 𝑟 = 0.005 indicating that at this copolymer 
composition, 𝜒.//,,-  is not a strong function of r. Figure 6.6c shows the temperature dependence 
of 𝜒.//,,-  of SEO(3.8-8.2) with 𝑓%& = 0.67. This copolymer shows a significant increase in 
𝜒.//,,-  upon salt addition (almost a 30% increase, from 0.50 at 𝑟 = 0 to 0.62 at 𝑟 = 0.005 at 100 
°C). Figure 6.6 shows that the effect of salt addition on 𝜒.//,,-  is highly dependent on copolymer 
composition. 

 

 
Figure 6.6 Temperature dependence of 𝜒677,JK: Temperature dependence of effective Flory-Huggins interaction 
parameter, 𝜒677,JK, for neat and salty samples of (a) SEO(9.4-2.4), (b) SEO(9.4-4.0), and (c) SEO(3.8-8.2). All 
copolymers have chain lengths around 𝑁 = 200. Symbols represent the data and dashed lines are fits to Equation 6.1. 
 

 
 

Figure 6.7 Salt concentration dependence of 𝜒677: Salt concentration dependence for the effective Flory-Huggins 
interaction parameter, 𝜒677,JK, at 100 °C for the SEO/LiTFSI mixtures in the study. Lines are drawn to connect data 
points as a guide for the eye. 
 
Figure 6.7 shows the salt concentration dependence of 𝜒.//,,-  for the eight SEO copolymers taken 
at 100 °C. Solid lines are used to connect the data points and serve to guide the eye. In general, 
𝜒.//,,-  increases with r, except for SEO(9.4-2.4) as described above (shown in orange). For the 
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low molecular weight SEO copolymers, SEO(1.7-1.4) (cyan) and SEO(2.9-3.3) (green), the effect 
of salt on 𝜒.//,,-  seems to level-off at a given salt concentration as reported in ref 58, while for 
the copolymer with the highest PEO composition, SEO(4.0-22.4) (pink), 𝜒.//,,-  increases linearly 
with salt concentration over the observed salt concentration window. It is obvious from Figure 6.7 
that the effect of salt on 𝜒.//,,-  is dependent on both N and fEO.  
 
As a first approximation, each of the datasets presented in Figure 6.7 were fit to Equation 6.4, 
where m is a copolymer dependent proportionality constant. Figure 6.8 shows the composition 
dependence of m taken at 100 °C weighted by the interaction parameters of the salt-free systems, 
𝜒+,,- . The dashed line is a linear regression through the data according to  
 
 >

aO,GP
= 𝐾R𝑓%& + 𝐾:    (6.24) 

 
where 𝐾R = 68.3 and 𝐾: = −18.6. Note, only seven data points are presented in Figure 6.8 
because there is no salt containing data for SEO(17.4-3.9), which orders immediately upon salt 
addition (𝑟 ≥ 0.005). Equation 6.24 quantifies the dependence of rate of change in 𝜒.//,,-  upon 
salt addition, given by m, on copolymer composition. We see excellent agreement between the 
data in Figure 6.8 and Equation 6.24. As the volume fraction of PEO increases, >

aO,GP
 increases.  It 

is important to note that at the lowest value of 𝑓%&, the ordinate of Figure 6.8 becomes negative, 
characterized by 𝐾:.  
 
 

 
 
Figure 6.8 Composition dependence of m: Composition, 𝑓01, dependence on the weighted slope of Equation 6.4, 
Q

R,,-.	
, taken at 100 °C. Dashed line is a fit to Q

R,,-.
= 68.2𝑓01 − 18.6.   

 
Combining Equations 6.4, 6.23 and 6.24, we arrive at 
 
 𝜒.//,,- =	 �𝐾4 +

b"
X/*+,,-./

� �1 + 𝐾R𝑓%&,()*$𝑟 + 𝐾:𝑟�  
  (6.25) 

 
The comparison between Equation 6.25 and the data are presented in Figure 6.9 on a three-
dimensional plot where 𝜒.//,,-  is shown as a function of 𝑓%&,()*$ and r. The solid squares represent 
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the extracted 𝜒.//,,-  replicated from Figure 6.7, and the dashed lines represent fits to Equation 
6.25 in the range of 0	 ≤ 𝑟 ≤ 0.03. Overall, we see good agreement between the measured values 
of  𝜒.//,,-  and Equation 6.25. 

 
 
 

Figure 6.9 Predictions of 𝜒677,JK: Model predictions for effective Flory-Huggins interaction, 𝜒677,JK, as a function 

of salt concentration taken at 100 °C. Dashed lines are the fits to Equation 25, 𝜒677,JK = F𝐾8 +
S!

N7#$,&'()
H I1 +

𝐾;𝑓01,2345𝑟 + 𝐾:𝑟J. Data points are replicated from Figure 6.7. The slopes of the lines are negative for the block 
copolymers with 𝑓01,2345 < 0.25. 
 
The final parameter extracted from the RPA fits is the chain-stretching parameter, 𝛼. In most cases, 
𝛼 > 1 implying that chains are stretched.  In the neat copolymers, as temperature increases, 𝛼 
decreases (Figure 6.13).  At fixed tempeature, 𝛼 for neat copolymers decreases with increasing 
fEO. Figure 6.14 shows data at 100 °C. At the highest fEO, 𝛼 is less than one. The addition of salt 
generally leads to an increase in 𝛼 as shown in Figure 6.15. The dependence of 𝛼 on r, shown in 
Figure 6.15, is very similar to the dependence of  𝜒.//,,-  on r shown in Figure 6.7. In general, the 
increase in effective repulsion between the blocks, quantified by 𝜒.//,,- , leads to a larger value of 
𝛼.  
 
6.4 Order-Disorder Transition 

 
The discussion thus far has focused on scattering from disordered SEO/LiTFSI mixtures. Whether 
or not a particular mixture is ordered depends on four variables: N, 𝑓%&,()*$, r, and T. Our discussion 
below is restricted to a fixed temperature of 100 °C. At fixed values of 𝑓%&,()*$ and r, one can, in 
principle, access a transition from disorder to order by increasing N. We define Ncrit as the chain 
length at that transition.  If 𝜒 is known, then Equation 6.3 can be used to determine Ncrit.  
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 As a first approximation, we assume that the Flory-Huggins interaction parameter extracted from 
scattering is equivalent to the theoretical parameter, 𝜒.//,,- = 𝜒, and then use Equation 6.25 in 
conjunction with Equation 6.2 to calculate Ncrit: 
 
 

(𝜒𝑁)"#$ =	 �𝐾4𝑁012$ +
𝐾6

𝑓%&,()*$
� �1 + 𝐾R𝑓%&,()*$𝑟 + 𝐾:𝑟� = 𝑔(𝑓%&,()*$) 

  (6.26) 

 
 Equation 6.26 can be solved to obtain Ncrit as a function of 𝑓%&,()*$ and r.  
 
The solid curve in Figure 6.10a shows the calculated values  of Ncrit as a function of fEO in the neat 
state, 𝑟 = 0. The model prediction is asymmetric with respect to copolymer composition, unlike 
predictions from mean-field theory for conventional block copolymer systems34, with a minimum 
at 𝑓%& = 0.37. The Ncrit versus fEO curve may be considered a phase boundary: systems below the 
curve are predicted to be disordered while those above the curve are predicted to be ordered. The 
squares in Figure 6.10a represent the SEO copolymers considered in this study, characterized by 
N and fEO.  All of the SEO copolymers are disordered in the neat state; however, several of the 
squares lie above the 𝑁012$(𝑓%&) curve in Figure 6.10a. Therefore, it is evident that our assumption 
that 𝜒,- = 𝜒 leads to an inconsistency in the model.  
 
There are no published results for relating 𝜒,-  to 𝜒 in block copolymers. However, for the case of 
polymer blends, Sanchez205 presented a simple expression relating these two parameters by 
recognizing that : 
 
 

𝜒,- =	−
1
2�
𝜕6(𝑓!(1 − 𝑓!)𝜒)

𝜕𝑓!6
� 

  (6.27) 

 
The solution for Equation 6.27, which was first proposed by de Gennes36, with appropriate 
boundary conditions is 
 
 

𝜒 =
2

1 − 𝑓!
� (1 − 𝑓!<)𝜒,-(𝑓!<)𝑑(1 − 𝑓!<)
49/C

+
+
2
𝑓!
� (𝑓!<)𝜒,-(𝑓!<)𝑑𝑓!<
/C

+
 

  (6.28) 

 
 
  
When Equation 6.25 for 𝜒.//,,-(𝑓%&,()*$)	is substituted into Equation 6.28 for 𝜒,-(𝑓!), we arrive 
at the following result 
 
 

𝜒.// =
f𝐾6 + 𝐾4𝑁𝑓%&,()*$hf1 − 2𝑓%& + 2𝑓%&,()*$6 hf1 + 𝐾R𝑓%&,()*$𝑟 + 𝐾:𝑟h

𝑁𝑓%&,()*$
 

  (6.29) 

 
Equation 6.29 in conjunction with Equation 6.2 is used to calculate Ncrit: 
 
 (𝜒𝑁)B?5 =	

/𝐾9 +𝐾8𝑁TUH5𝑓01,23451/1 − 2𝑓01 + 2𝑓01,23459 1/1 + 𝐾;𝑓01,2345𝑟 + 𝐾:𝑟1
𝑓01,2345

= 𝑔(𝑓01,2345) 
  

(6.30) 
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Equation 6.30 can be solved to obtain  Ncrit as a function of 𝑓%&,()*$ and r.  Figure 6.10b shows the 
results of these calculations for the salt-free case. The predicted phase boundary remains 
asymmetric with respect to composition, but it moves to higher values of Ncrit for all values of 𝑓%& 
relative to Figure 6.10a. In Figure 6.10b, all of the data points lie underneath the 𝑁012$(𝑓%&) curve 
indicating that all of the copolymers are predicted to be disordered in the absence of salt, consistent 
with our experiments. It is evident that accounting for the difference between 𝜒.//,,-  and 𝜒.// is 
essential for quantifying the thermodynamic interactions in SEO/LiTFSI mixtures.  
 

 
 

Figure 6.10 Critical chain length predictions: A plot of 𝑁 versus fEO for neat SEO copolymers (𝑟 = 0).  The curve 
represents 𝑁TUH5 versus fEO  using a) Equation 6.25 or b) Equation 6.29 as 𝜒677.  Squares represent the values of N and 
fEO of the SEO copolymers covered in this study.  All of the copolymers are disordered in the neat state and thus we 
expect the data to lie below the 𝑁TUH5 versus fEO curve.  This is only the case when Equation 6.29 is used (b). 
 
Based on the findings of Figure 6.10, we take Equation 6.29 to represent the Flory-Huggins 
interaction parameter in our system and use it to determine the effect of salt on critical chain length. 
The curves in Figure 6.11 show the composition dependence of Ncrit for the salt concentrations of 
interest: r = 0 (black), r = 0.005 (red), r = 0.01 (green) and r = 0.025 (blue). The solid squares in 
Figure 6.11 represent the values of N and 𝑓%&,()*$ for the SEO/LiTFSI mixtures that order at 𝑟 ≤
0.025. In these mixtures, the addition of salt leads to a transition from disorder to order. The color 
of each square in Figure 6.11 indicates the salt concentration at which the SEO/LiTFSI mixture 
first forms an ordered morphology and matches the color of the Ncrit curves. There is excellent 
quantitative agreement between theory and experiment on the high 𝑓%&,()*$ side. For 𝑓%&,()*$ ≤
	0.58, the experimental data lie well below the theoretical curves. There is, however, some 
correspondence between the theoretical curves and experimental data. The curve for r = 0.025 
(blue) dips to the lowest value of Ncrit, consistent with the data at	𝑓%&,()*$ = 0.58. At 𝑓%&,()*$ =
0.29, the curve for r = 0.01 (green) is above the r = 0.025 curve (blue), consistent with the data.  
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Figure 6.11 Salt concentration dependence of critical chain length: Critical chain length for ordering, 𝑁TUH5, as a 
function of composition, 𝑓01,2345, for SEO/LiTFSI mixtures at 100 °C for different salt concentrations: 𝑟 = 0 (black), 
𝑟 = 0.005 (red), 𝑟 = 0.01 (green), and 𝑟 = 0.025 (blue). The lines represent the theoretical curves and the squares 
represent the SEO copolymers discussed in this study. The color of the squares denotes the salt concentration needed 
to achieve an ordered phase.  
 
We see the emergence of two regimes of salt-dependent phase behavior on either side of  𝑓%&,()*$ =
0.27, which we refer to as the isotaksis point. At this composition,  Ncrit is independent of salt 
concentration (all curves for Ncrit intersect at 𝑓%&,()*$ = 0.27), i.e., the addition of salt does not 
affect order in the SEO/LiTFSI mixtures of this composition. We chose the term “isotaksis point” 
because the word “taksis” means order (spelled τάξις in Greek). At 𝑓%&,()*$ > 0.27, the addition 
of salt stabilizes the ordered phases and the order-disorder boundary drops to lower values of Ncrit. 
At 𝑓%&,()*$ < 0.27, the addition of salt stabilizes the disordered phase and the order-disorder 
boundary moves to higher values of Ncrit.  
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Figure 6.12 Schematic of degree of segregation: Schematic depicting effect of salt on the degree of segregation, 
Δ𝑁, of microphase separated of SEO/LiTFSI mixtures with increasing 𝑓01,2345 at a constant salt concentration, 𝑟 =
0.025, and total chain length, 𝑁 = 400. The curve represents Ncrit versus 𝑓01,2345 taken from Figure 6.11.  Δ𝑁 is 
defined as the difference between the chosen N and the curve, and the vertical line segments indicate its value at 
selected values of 𝑓01,2345.  The salt is assumed to lie in the PEO-rich microphase, but the degree of mixing between 
the PS and PEO blocks, governed by the magnitude of Δ𝑁, is indicated by the color contrast and interfacial width in 
each schematic. 
 
The segregation strength in pure block copolymers is characterized by Δ(𝜒𝑁) defined as Δ𝜒𝑁 =
𝜒𝑁 − (𝜒𝑁)"#$. At a given temperature and chain length, Δ(𝜒𝑁) is maximum at fA = 0.50. 
However, this is only valid if 𝜒 is independent on composition and chain length. This simplifcation 
is not valid for SEO/LiTFSI mixtures, and the effect of composition on segregation strength is, 
perhaps, non-intuitive. We consider copolymers of different compositions at a single chain length 
and salt concentration. Such systems are represented by a horizontal line at the chosen value of 𝑁 
in Figure 6.11. For concreteness, we choose N = 400 and r = 0.025. In Figure 6.12, we re-plot the 
𝑁012$(𝑓%&,()*$) curve for r = 0.025. Note that the salt concentration under these constraints is 
proportional to the product 𝑟𝑓%&,()*$. The degree of segregation at 100 °C in systems with different 
𝑓%&,()*$ can be quantified by Δ𝑁 = 𝑁 − 𝑁012$. We show values of Δ𝑁 at selected 𝑓%&,()*$ values in 
Figure 6.12. Also shown in Figure 6.12, are schematics that illustrate the degree of segregation at 
each 𝑓%&,()*$ value. For simplicity, we focus on the compositions of the salt-rich and salt-poor 
microphases. The salt is assumed to lie in the PEO-rich microphase, but the degree of mixing 
between the PS and PEO blocks, governed by Δ𝑁, is indicated by the color contrast and interfacial 
width in each schematic. At 𝑓%&,()*$ = 0.28	(Figure 6.12a), the SEO/LiTFSI mixture is barely 
microphase separated as Δ𝑁 = 42. Here we see a microphase separated morphology with a broad 
interfacial region. The interface sharpens and the compositional contrast between the microphases 
increases when 𝑓%&,()*$ is increased to 0.50 (Figure 6.12b); Δ𝑁 = 151 at this composition. 
Increasing 𝑓%&,()*$ further to 0.62 results in the highest degree of segregation possible in systems 
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with N = 400 and r = 0.025 (Figure 6.12c); Δ𝑁 = 165 at this composition. This is in contrast with 
conventional block copolymer melts, where the highest degree of segregation occurs at fA = 0.50.34 
Finally, at 𝑓%&,()*$ = 0.84 (Figure 6.12d), the degree of segregation decreases and Δ𝑁 = 10. 
Outside of 0.28 ≤ 𝑓%&,()*$ ≤ 0.84, the SEO/LiTFSI mixtures at 𝑟 = 0.025 and 𝑁 = 400 form 
disordered phases. Qualtitatively different behavior would be obtained at other values of N and r. 
It is evident from Figures 6.11 and 6.12 that the relationship between segregation strength and 
copolymer composition in SEO/LiTFSI is complex. 
 

6.6 Model for the Isotaksis Point 
 

As mentioned in the Introduction, the thermodynamic properties of block copolymer/salt mixtures 
are complex and governed by many effects including electrostatics, ion solvation, ion-ion and ion-
polymer correlations.  Constructing a quantitative theory that is consistent with our data is outside 
the scope of this paper.  In fact, the origin of the composition dependence of 𝜒+,,- , the interaction 
parameter in SEO without salt, is unclear.  Nevertheless, it seems important to present a plausible 
explanation for the existance of the isotaksis composition. 
 
We assume that the ions are distributed uniformly in the disordered state, but they are confined 
to the PEO microphase in the ordered state, similar in spirit to the original work of Marko and 
Rabin.221  If we assume that the salt ions are ideal, then the ion entropy change due to order 
formation, Δ𝑆"1#.1, is given by 
 
 Δ𝑆"1#.1 = 𝑛𝑘] ln 𝑓%&   (6.31) 

 
where n is the number of independent ions and kB is the Boltzmann constant.  For simplicity we 
ignore the difference between fEO and 𝑓%&,()*$ in this analysis which is a reasonable 
approximation for 𝑟 ≤ 0.025, the range of salt concentrations covered in Figure 6.11.  If we 
assume a lattice model wherein nt is the total number of lattice sites, nEO is the number of lattice 
sites occupied by EO and each lattice site is either occupied by a polymer segment or a salt ion, 
then  
 
 Δ𝑆"1#.1

𝑛$𝑘]
= 𝑟

𝑛%&
𝑛$

ln(𝑓%&) = 𝑟𝑓%& ln(𝑓%&) 
  (6.32) 

 
Note that the entropic contribution is a linear function of r. 
 
We assume that this tendency to disorder is balanced by the solvation energy51,52 that induces 
ordering, and is quantified by Equation 6.4. We thus define a theoretical 𝜒, 𝜒$B, that is the sum of 
the two contributions:  
 
 𝜒$B = 𝜒+ +𝑚@𝑟 +

1/*+ cd(/*+)
/*+(49/*+)

    (6.33) 
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where mn is a nominal value of m that is assumed to be independent of composition.  In many 
previous studies on mixtures of salt and SEO copolymers55,107,220, mn has been shown to be about 
1.7.  At the isotaksis point (m = mit),  
 
 𝑑𝜒$B

𝑑𝑟 = 0 = 𝑚@ +
𝑓%&,2$ ln(𝑓%&,2$)
𝑓%&,2$(1 − 𝑓%&,2$)

 
  (6.34) 

 
and 
 
 

𝑚@ =	−	
𝑓%&,2$ ln(𝑓%&,2$)
𝑓%&,2$(1 − 𝑓%&,2$)

 
  (6.35) 

 
For a system with 𝑚2$ = 1.7, the isotakis point according to Equation 6.35 is predicted to occur at 
𝑓%& = 0.31. The quantitative agreement between experiments and the model is probably 
fortuitious, as the model is highly simplified. For example, one could envision placing a prefactor 
of 2 on the right hand side of Equation 6.32 to account for salt dissociation. However, the extent 
to which positively and negatively charged ions are independent in low dielectric media like PEO 
remains unclear. In addition to this, a complete theory for mit would require inclusion of 
electrostatic interactions, ion correlations, and physical crosslinking due to interactions between 
ions and polymer backbones. 
 

6.7 Conclusions 
 

We have characterized thermodynamics of SEO/LiTFSI mixtures by analyzing SAXS scattering 
patterns from disordered systems. RPA was used to determine 𝜒,- , as a function of block 
copolymer composition, chain length, temperature and salt concentration. In the neat copolymers, 
𝜒+,,-  is a linear function of (𝑁𝑓%&)94. At a given temperature, block copolymer composition and 
chain length, 𝜒.//,,-  increases linearly with added salt. The data are only weak functions of 
temperature as shown in Figures 6.4 and 6.6, and therefore these conclusions apply across the 
entire temperature window studied (75 < 𝑇	(℃) < 130). The framework of Sanchez205 was used 
to determine 𝜒.// from 𝜒.//,,-  in both salty and salt-free systems. We use the term 𝜒.// as it 
represents interactions between PEO/LiTFSI and PS. SCFT results on pure block copolymers41 
are used to determine the relationship between 𝜒.//𝑁 and composition, 𝑓%&,()*$, at the order-
disorder transition. We refer to the value of N at the order-disorder transition as Ncrit. All of the 
SEO copolymers used in this study were disordered in the neat state and order upon salt addition. 
This enables a direct comparison between experimentally determined values of Ncrit with 
theoretical predictions. At 𝑓%&,()*$	values greater than 0.27, the addition of salt decreases Ncrit, i.e., 
the ordered phase is stabilized. At 𝑓%&,()*$ values less than 0.27, the addition of salt increases Ncrit, 
i.e., the disordered phase is stabilized. We propose calling 𝑓%&,()*$ = 0.27 the isotaksis point. A 
simple theoretical model is proposed to predict the existence of this point. The use of 𝜒 to describe 
the phase behavior of neat block copolymers is strictly valid in the limit of infinite chain length. 
Fluctuation effects become important at finite chain lengths and this leads to non-trivial changes 
in phase behavior.159,192,218 Strictly speaking, the implication of the isotaksis point is that the phase 
behavior of SEO/LiTFSI mixtures at this composition should be independent of salt concentration. 
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Instead, experiments show anamalous phase behavior in the vicinity of this composition. In 
particular the addition of salt to a disordered phase in the vicinity of the isotaksis point gives rise 
to two coexisting body centered cubic lattices which then disorder before finally ordering into the 
expected hexagonnally packed cylinder morphology.106 While further work is required to 
determine the underpinnings of such observations, the present framework provides a platform to 
do so.   
 
6.8 Nomenclature 
6.8.1 Abbreviations 
EO ethylene oxide 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
NA Avogadro’s number 
ODT order-disorder transition 
PEO poly(ethylene oxide) 
PS polystyrene 
RPA Random Phase Approximation 
S styrene 
SAXS small angle X-ray scattering 
SCFT Self-Consistent Field Theory 
SEO polystyrene-block-poly(ethylene oxide) 

 
6.8.2 Symbols 
ai  statistical segment length of species i (nm) 
bi  X-ray scattering length of species i (nm mer-1) 
Bi  scattering length density of species i (nm-2 mer-1) 
Ci  Self consistent field theory fitting parameters 
C  electron density contrast (cm-1) 
d  domain size (nm) 
fA  volume fraction of species A 
fEO  volume fraction of PEO block 
I(q)  scattering intensity (cm-1) 
Idis(q)  disordered copolymer scattering intensity (cm-1) 
kB  Boltzmann constant 
m  proportionality constant 
mit  proportionality constant at isotaksis composition 
Mi  number-averaged molecular weight of species i (kg mol-1) 
Ni  number-averaged degree of polymerization of species i (sites chain-1) 
NA  Avogadro’s number 
𝑁012$   critical chain length for ordering 
n  number of independent ions 
nEO  number of EO sites 
nt  total number of lattice sites 
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q  scattering vector (nm-1) 
q*  primary peak of scattering vector (nm-1) 
r  salt concentration ([Li+] [EO]-1) 
Rg,i  radius of gyration of species i (nm) 
𝑆(𝑞)   scattering structure factor 
T  temperature (K) 
YLiTFSI  volume fraction of salt in PEO/LiTFSI microphase 

 
6.8.3 Greek Symbols 
𝛼  chain-stretching parameter 
Δ𝑆"1#.1  change in entropy due to ordering 
Δ𝑁  degree of segregation 
𝜖  conformational asymmetry parameter 
𝜈2 molar volume of species i (cm3 mol-1) 
𝜈1./ reference volume (nm3 site-1) 
𝜌2 density of species i (g cm-3) 
𝜒 Flory-Huggins interaction parameter 
𝜒,-   Flory-Huggins interaction parameter from scattering 
𝜒+ Flory-Huggins interaction parameter of salt free system 
𝜒$B  theoretical Flory-Huggins interaction parameter 
𝜒.// effective Flory-Huggins interaction parameter 
𝜒𝑁 segregation strength 
(𝜒𝑁)"#$  segregation strength at the ODT 
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6.9 Supporting Information 
 

 
 

Figure 6.13 Chain stretching parameter for neat SEO: Temperature dependence for the chain-stretching 
parameter for the neat SEO copolymers, 𝛼. Dashed lines are linear regressions through the data.  
 
Figure 6.13 shows the temperature dependence for the chain-stretching parameter, 𝛼, for the neat 
SEO copolymers. The dashed lines are linear regressions through the data. In general, 𝛼 > 1 for 
the SEO copolymers and 𝛼 increases with decreasing temperature. Only SEO(4.0-22.4)  does not 
follow this trend, where 𝛼 < 1 and increases with increasing temperature. At fixed tempeature, 𝛼 
for neat copolymers decreases with increasing fEO. 
 

 

 
 

Figure 6.14 Composition dependence of chain stretching parameter: Dependence of the chain-stretching 
parameter, 𝛼, on composition, 𝑓01, of the neat copolymers at 100 °C. 
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Figure 6.14 shows the composition dependence of the chain-stretching parameter, 𝛼, of the neat 
copolymers at 100 °C. In general, 𝛼 decreases with increasing 𝑓%&. At the highest fEO, 𝛼 is less 
than one. This trend mimics the composition dependence of 𝜒+,,- , where copolymers of higher 
PEO content exhibit weaker degrees of thermodynamic repulsion.  
 
 

 
 
  
Figure 6.15 Salt concentration dependence of chain stretching parameter: Salt concentration dependence for the 
chain stretching parameter, 𝛼, at 100 °C for the SEO/LiTFSI in the study. Lines are drawn to connect data points as a 
guide for the eye. 
 
Figure 6.15 shows the salt concentration dependence for the chain-stretching parameter, 𝛼, at 100 
°C for the SEO/LiTFSI mixtures. Lines are drawn to connect the data points and serve to guide the 
eye. The trends in Figure 6.15 mimic those seen in Figure 6.7 in the main text. In general, the 
increase in effective repulsion between the blocks, quantified by 𝜒.//,,- , leads to a larger value of 
𝛼. 
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7. The Effect of Salt Concentration on the Chain Dimensions of 
Poly(ethylene oxide)† 
 
 

ABSTRACT 
 

We have measured the effect of added salt on the chain dimensions of mixtures of 
poly(ethylene oxide) (PEO) and lithium bis(trifluoromethanesulfonyl)imide salt 
(LiTFSI) in the melt state through small angle neutron scattering (SANS) 
experiments. Scattering profiles from blends of hydrogenated and deuterated PEO 
mixed with LiTFSI were measured as a function of salt concentration. Scattering 
profiles from pure deuterated PEO/LiTFSI mixtures were used for background 
subtraction purposes. The densities of PEO/LiTFSI mixtures of varying salt 
concentrations were measured to calculate partial molar monomer volumes of PEO 
and LiTFSI to account for non-ideal mixing. Kratky plots of the scattering profiles 
were used to calculate the salt concentration dependence of statistical segment 
length. At low salt concentrations, segment length decreases with increasing salt 
concentration, before increasing with increasing salt concentration in the high salt 
concentration regime. The Random Phase Approximation was used to predict 
theoretical scattering profiles from the calculated segment lengths and partial molar 
volumes; there is excellent agreement between the theoretical and measured 
scattering profiles at all salt concentrations. There appears to be a correlation 
between chain dimensions and coordination between lithium ions and EO 
monomers. The scattering profiles of the pure deuterated PEO/LiTFSI mixtures 
suggested the presence of ion clusters of characteristic size of 0.6 nm at high salt 
concentrations.  

 
7.1 Introduction 
 
Solid polymer electrolytes are of significant current interest due to their potential use in 
rechargeable lithium metal batteries.6,179,203 The most widely studied polymer electrolyte system 
is poly(ethylene oxide) (PEO) mixed with lithium bis(trifluoromethanesulfonyl)imide salt 
(LiTFSI), PEO/LiTFSI.   It is well known that the ether oxygens of the PEO backbone solvate Li 
ions, which leads to high ionic conductivity.7,17,222 The electrochemical and transport properties of 
PEO/LiTFSI have been fully characterized at temperatures above the meting temperature of PEO, 
e.g. 90 °C.19,20 Ion conduction in amorphous polymer electrolytes takes place through two 
mechanisms: ion hopping between the polymer chains as well as diffusion of the entire polymer 
chain, which is coordinated with the ions.175 It has been previously shown that at high polymer 
molecular weights (MPEO ≥ 4 kg mol-1), ion conduction is attributed only to the ion hopping 
mechanism and the conductivity reaches a plateau as a function of molecular weight.67,68 It is well 
known that the ionic conductivity of PEO/LiTFSI increases with increasing salt concentration due 
to an increase in charge carriers, until it reaches a maximum at moderate salt concentrations.17 
From there, the conductivity decreases with increasing salt concentration, which has been 
attributed to the decrease in segmental dynamics of the PEO chains.73,175 As salt concentration 

 
† This chapter was reported in Macromolecules, 2019, 52 (22), 8724-8732. 
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increases, the monomeric friction coefficient of the PEO chain increases, which decreases the 
segmental motion of the polymer chains. The non-monotonic relationship between salt 
concentration and ionic conductivity can be attributed to the exponential increase in the friction 
coefficient experienced by the PEO monomers.74  
 
While there have been many theoretical and experimental studies conducted on the ion transport 
mechanisms in PEO/LiTFSI, very few studies have focused on the effect of added salt on the size 
of the PEO chains. Annis and co-workers studied the effect lithium iodide (LiI) salt on the radius 
of gyration, Rg, of PEO in the amorphous state.223 They showed through small angle neutron 
scattering (SANS) experiments that at a salt concentration of r = 0.067, where r is the molar ratio 
of Li to ethylene oxide (EO) repeat units (𝑟 = [I2]

[%&]
), there is a 10% decrease in Rg compared to the 

salt free state at 90 °C. These results were qualitatively confirmed with accompanying molecular 
dynamics (MD) simulations.  MD simulations have shown that the preferred conformation is the 
coordination of one Li ion to six EO and each Li ion is solvated by at most two PEO chains.14–16 
This increases the population of gauche conformers thereby reducing Rg.14,174,223  Accurate 
measurements of Rg, and therefore the statistical segment length, 𝑙 (𝑙6 = G7V"

X
), in salt-containing 

systems are important because they provide insight into the effect of salt on the polymer chain 
conformations. Unfortunately, the experimental data on this important subject is restricted to a 
single salt (LiI) and a single salt concentration (r = 0.067).  
 
The purpose of this study is to systematically measure the effect of salt on the chain dimensions 
of PEO/LiTFSI in the melt state through SANS experiments. Our work covers salt concentrations 
in the range of 0 ≤ 𝑟 ≤ 0.30. In the low salt concentration regime, 𝑟 < 0.125, 𝑙 decreases 
monotonically with increasing salt concentration. However, in the high salt concentration regime, 
𝑟 ≥ 0.125, 𝑙 increases with increasing salt concentration. The SANS data suggest the presence of 
ion aggregates with characteristic dimensions of about 0.57 nm at high salt concentrations, 𝑟 ≥
0.25. 
 
7.2 Experimental Methods 
 
7.2.1 Electrolyte Preparation and Density Measurements. Electrolytes were prepared 
according to ref. 19. The hPEO and dPEO (Polymer Source) used in this study have a molecular 
weight of 35 kg mol-1 and polydispersity of 1.08 and 1.09, respectively. All electrolytes are 
homogeneous mixtures of hPEO, dPEO, and LiTFSI (Sigma Aldrich). Both isotopes of PEO as 
well as the LiTFSI were dried in a glovebox antechamber under vacuum at 90 °C and 130 °C for 
1 and 3 days, respectively. Electrolytes were prepared by dissolving PEO and LiTFSI in anhydrous 
tetrahydrofuran (Sigma Aldrich) and stirring at 60 °C until completely dissolved. The composition 
of the polymer blends was 10% dPEO : 90% hPEO by volume (densities of dPEO and hPEO were 
assumed to be equivalent). The amount of salt was varied such that the r value ranged from values 
of 0.03 to 0.30. All polymer/salt solutions were transparent. The solvated electrolytes were 
subsequently stirred on a hotplate at 60 °C until dry and placed in a glovebox antechamber under 
vacuum for 24 hours at 90 °C to remove any trace solvent. All dried electrolytes are transparent 
above 70 °C. Density measurements were conducted according to ref. 19 and conducted at 90 °C 
on pure hPEO/LiTFSI mixtures for 0.18 ≤ 𝑟 ≤ 0.28 in 0.02 increments. Three measurements 
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were taken and the average measurement is reported. No measurements were taken for electrolytes 
with r ≥ 0.30 because the system phase segregates. 
 
7.2.2 SANS Sample Preparation and Experiments. SANS sample preparation was conducted in 
inert Argon gloveboxes due to the hygroscopic nature of the Li salt. PEO/LiTFSI mixtures were 
melted into 1 in. inner diameter, 1 mm thick stainless-steel spacers placed on top of 1.5 mm thick, 
25.4 mm outer diameter quartz windows (Esco Optics). Samples were degassed in the glovebox 
antechamber for 15 minutes at 90 °C before placing the second quartz window on top of the 
polymer. Quartz-polymer-quartz sandwiches were then sealed in custom built air-free titanium 
holders.  
 
SANS experiments were conducted on the NG7 and NGB 30m beamlines at the National Institute 
of Standards and Technology Center for Neutron Research in Gaithersburg, MD. On both 
instruments, measurements were performed with a neutron wavelength of 6 Å and three sample-
to-detector distances of 13, 4, and 1 m were used. Neutron lenses were also used with a neutron 
wavelength of 8.4 Å on the NGB and 8.09 Å on the NG7, which allowed for access to a scattering 
wave-vector magnitude, 𝑞 = |:K

C
} sin e

6
, ranging from 0.03 to 4 nm-1.224 A 0.5” aperture was used 

for all measurements. All measurements were conducted at 90 °C. On the NGB a 9 position Peltier 
cooling/heating block was used and on the NG7 a 10-position heating block with a circulating fluid 
was used to maintain constant sample temperature. Samples of thickness of 1 mm were employed. 
The total scattering intensity was corrected for detector sensitivity, background, and empty cell 
contributions as well as sample transmission and thickness.128,225 
 
7.3 Small Angle Neutron Scattering (SANS) 
 

 
 
Figure 7.1 Absolute SANS intensities: Measured absolute SANS intensity, 𝐼(𝑞), vs q (nm-1) at 90 °C for the (a) 
blends of hPEO/dPEO/LiTFSI and (b) pure dPEO/LiTFSI samples at varying salt concentrations, r. Error bars 
represent one standard deviation. 
 



91 
 

The measured absolute SANS intensity, 𝐼(𝑞), for the 10% dPEO/90% hPEO/LiTFSI (referred to 
as blends) is shown in Figure 7.1a, as a function of the scattering vector, q (nm-1). All of the data 
in this paper were taken at 90 °C and error bars represent one standard deviation.128,225 The 
scattering profiles from all of the blends are similar. Adding salt mainly shifts the curves 
downward. At high q (𝑞 > 2	nm-1), the scattering profiles approach a plateau due mainly to 
incoherent scattering. In the range 0.2 < 𝑞	(nm-1) ≤ 0.9, 𝐼(𝑞) is proportional to 𝑞96. The scattering 
intensity is a much weaker function of q at 𝑞	 < 	0.2 nm-1. All of these features are generally 
consistent with scattering from blends of hydrogenous and deuterated polymers obeying random 
walk statistics.  
 
The measured absolute SANS intensity for the dPEO/LiTFSI mixtures, 𝐼#8%&(𝑞), are shown in 
Figure 7.1b. We mainly use these data for background correction following ref. 226. Note, that the 
magnitude of the scattering intensity from the dPEO/LiTFSI samples at low q (𝑞 < 0.1 nm-1) is 
much larger than that of the blends. While high scattering from pure deuterated samples has been 
seen previously125, the reason for this observation has not been fully established. We believe that 
the scattering intensity of the pure deuterated sample is higher than that of the salt-containing 
samples due to its higher concentration of dPEO, the main contributor to high intensity scattering.  
At high q in Figure 7.1b, we see a plateau that is independent of salt concentration when 	𝑟 < 0.10. 
The plateau rises at higher salt concentrations.   
 

 
 

Figure 7.2 Coherent SANS intensity: Coherent SANS intensity, 𝐼TBW(𝑞), for the blends after dPEO background 
subtraction taken at 90 °C for varying salt concentrations, r, as function of the scattering vector, q (nm-1). Error bars 
represent the standard deviation of the scattering data. 
 
Following the analysis in ref. 226, the data in Figure 7.1b were used to subtract the scattering from 
the fully deuterated chains from the scattering intensity of the blends (Figure 7.1a) to obtain the 
coherent scattering intensity,   
 
 𝐼0"B(𝑞, 𝑟) = 𝐼(𝑞, 𝑟) − 𝑓𝐼#8%&(𝑞, 𝑟) − 𝐼2@0(𝑞, 𝑟)   (7.1) 
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where f is the volume fraction of dPEO (𝑓 = 	0.1) and 𝐼2@0(𝑞) is the estimated incoherent scattering 
from hydrogen atoms in our samples calculated using software provided by NIST.128 Note that the 
coherent scattering intensity at a given value of r is obtained after subtracting 𝐼#8%&(𝑞, 𝑟) at the 
same r-value. When 𝐼#8%&(𝑞, 𝑟) was not measured for specific values of r, the interpolated 
scattering profiles obtained using the weighted average between the appropriate salt concentrations 
was used. The interpolated scattering profiles for all of the salt concentrations are provided in the 
Supporting Information. 
 
Figure 7.2 shows the coherent SANS intensities, 𝐼0"B(𝑞), for all salt concentrations. The 
relationship between scattering intensity and salt concentration seen in the raw data (Figure 7.1a) 
persists for 𝐼0"B(𝑞): mixtures with lower salt concentrations have a higher scattering intensity. 
Error bars represent the standard deviation of the scattering data.  
 
7.4 Effect of Salt on Chain Dimensions 
 

The coherent scattering intensity for a homogeneous polymer blend can be calculated using the 
Random Phase Approximation (RPA).36,43,129,227,228 We assume that the isotopic interaction 
parameter,  𝜒#8%&/B8%&, as well as the interaction parameter between PEO and LiTFSI, 
𝜒8%&/I2Z\,T, is negligible and that the salt is randomly distributed throughout the solution. Under 
these approximations the coherent scattering intensity is given by 
 
  

𝐼0"B(𝑞) = (𝐵4 − 𝐵6)6 �
𝑆44° 𝑆66°

𝑆44° + 𝑆66°
� 

  (7.2) 

 
where component 1 is hPEO, component 2 is dPEO, Bi is the neutron scattering length density of 
component i given by 𝐵2 =

	W&
[g&

, and 𝜈̅2 and 𝑏2 are the partial molar monomer volumes and neutron 
scattering lengths of component i, respectively. The neutron scattering lengths of hPEO and dPEO 
are 4.13 x 10-13 cm and 4.58 x 10-12 cm, respectively. Partial molar monomer volumes, 𝜈̅2, were 
used to account for the non-ideal mixing between PEO and LiTFSI if it exists.19 We note in passing 
that mixtures of salts and low molecular weight liquids exhibit large volume change of mixing.229 
The structure factor, 𝑆22° , is given by 
 
  𝑆22° = 𝜙2𝑁2𝜈̅2𝑃(𝑞) (𝑖 = 1,2)   (7.3) 

 
where 𝜙2 is the volume fraction of component i, Ni is the degree of polymerization of component 
i, and  
 
 

𝑃(𝑞) = 2 �
exp(−𝑥) − 1 + 𝑥

𝑥6 � 
  (7.4) 

 
with 𝑥 = 𝑞6𝑅36. We assume that the monomer volume and degree of polymerization are the same 
between the hydrogenated and deuterated PEO samples (e.g. 𝑁B8%& = 𝑁#8%& = 𝑁 = 795). Both 
components are modeled as flexible Gaussian chains and 
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𝑅36 =

𝑁𝑙6

6  
  (7.5) 

 
where 𝑙 is the statistical segment length of both hPEO and dPEO. Note that the reference volume 
was taken to be the monomer volume for PEO, 𝜈̅%&. The polymer volume fractions are given by  
 
 𝜙4 = (1 − 𝑓)𝜙h   (7.6) 

 
and  
 
 𝜙6 = 𝑓𝜙h   (7.7) 

 
where 𝜙h is the volume fraction of polymer in the PEO/LiTFSI mixture calculated from 𝜙h = 1 −
𝜙I2Z\,T and  
 
 𝜙I2Z\,T = 𝑥I2Z\,T

𝜈̅I2Z\,T
𝜈%&,()*$

   (7.8) 

 
where 𝜈%&,()*$ is defined as the volume occupied by a mole of a given PEO/LiTFSI mixture divided 
by Avogadro’s number, 𝑥I2Z\,T is the mole fraction of salt given by 
 
 𝑥I2Z\,T =

1
4M1

     (7.9) 
 
 and 𝜈%&,()*$ was calculated according to  
 
 𝜈%&,()*$ =

(49iX&YZG[)N*+MiX&YZG[NX&YZG[
O(iX&YZG[)X-\

     
 

  (7.10) 

where 𝑀%& and 𝑀I2Z\,T are the molar masses of EO and LiTFSI, 44.05 g mol-1 and 287.09 g mol-

1, respectively, and 𝑁)j is Avogadro’s number.  
 
Figure 7.3a shows 𝜌(𝑥I2Z\,T), the density of a given PEO/LiTFSI mixture, measured at 90 °C as a 
function of salt mole fraction, 𝑥I2Z\,T. Some of the data in Figure 7.3a were taken from ref. 19.  It 
is evident that 𝜌(𝑥I2Z\,T) is approximately a linear function of 𝑥I2Z\,T: the dashed line in Figure 
7.3a is a linear fit through the data  
 
 𝜌(𝑥I2Z\,T) = 𝐴𝑥I2Z\,T + 𝐵       (7.11) 

 
The fit in Figure 7.3a gives A = 2635 g L-1 and B = 1114 g L-1.  Equations 7.10 and 7.11 were used 
to calculate 𝜈%&,()*$, and this parameter is plotted as a function of 𝑥I2Z\,T in Figure 7.3b. The solid 
curve in Figure 7.3b represents a continuous function obtained by combining eq. 7.10 and 7.11. 
The values of partial molar volumes, 𝜈̅%& and 𝜈̅I2Z\,T, at a given salt concentration are calculated 
by constructing tangents to the solid curve in Figure 7.3b at that salt concentration and noting the 
intercepts at xLiTFSI = 0 and 1, respectively.230 The slope of tangent is given by the analytical 
expression 



94 
 

 
 #[*+,,-./

#iX&YZG[
= ][NX&YZG[9N*+]9!N*+

X-\(!iX&YZG[M])"
       (7.12) 

 
 

 
 
 
Figure 7.3 Volume Properties of PEO/LiTFSI: (a) Dependence of density, 𝜌(𝑥]H^_J`), on salt mole fraction, 𝑥]H^_J`. 
Error bars represent the standard deviation of measured samples.  Molar properties are calculated on the basis of EO 
monomers (not PEO chains).  (b) The volume occupied by a mole of a given PEO/LiTFSI mixture divided by 
Avogadro’s number, 𝜈01,2345, as a function of salt mole fraction, 𝑥]H^_J`.  Solid curve represents eq. 7.10 and the 
dashed line is an example of a tangent, constructed at 𝑟 = 0.20 using eq. 7.12.  (c) Partial molar volumes of EO 
monomer (circles), LiTFSI (squares) divided by Avogadro’s number as a function of salt mole fraction, 𝑥]H^_J`.  These 
volumes are used to compute the scattering length densities and volume fractions of the two components in our 
mixture. 
 
An example of a tangent is shown for 𝑟 = 0.20 as a dashed line in Figure 7.3b. The partial molar 
volumes thus obtained are plotted as a function of xLiTFSI in Figure 7.3c. The partial molar volumes 
of both components are monotonic functions of salt concentration. We found that 𝜈̅%& increases 
with increasing salt concentration from 𝜈̅%& = 0.064 to 0.076 nm3 mon-1 from r = 0 to 0.30. In 
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contrast, 𝜈̅I2Z\,T 	exhibits a more pronounced dependence on salt concentration, decreasing with 
increasing salt concentration from 0.26 to 0.16 nm3 mon-1 in the same salt concentration window. 
In a previous study, where volume change of mixing was ignored, the values of volumes used were 
𝜈%& = 0.069	nm3 mon-1 and 𝜈I2Z\,T = 0.24 nm3 mon-1.58  To our knowledge, the data presented in 
Figure 7.3 represents the most exhaustive measurement of density as a function of salt 
concentration in PEO/LiTFSI mixtures.  
 
Based on equations 7.2-7.10, eq. 7.2 can be rewritten as 
 
 𝐼0"B(𝑞) = (𝐵4 − 𝐵6)6𝜙h𝑓(1 − 𝑓)𝑣̅%&𝑁𝑃(𝑞)	        (7.13) 

 
Note that the all of the parameters on the right side of eq. 7.13 have been determined independently 
except for 𝑙, which is found in 𝑃(𝑞). We do not expect the LiTFSI to have any preference for 
dPEO relative to hPEO. Thus, the scattering length density of LiTFSI is irrelevant. In addition, 
𝐼0"B(𝑞) is directly proportional to 𝜙h, which monotonically decreases with salt concentration. 
Equation 7.13 explains the trend in low-q SANS intensity seen in Figures 7.1 and 7.2, where 𝐼(𝑞 =
0) decreases with increasing salt concentration due to the decrease in polymer concentration, 
which is the main contributor to scattering in these systems.231 It is convenient to define the 
structure factor, 𝑆(𝑞) as  
 
 𝑆(𝑞) = Tabc(F)

(]!9]")"
	        (7.14) 

 
In the limit of large q, 𝑆(𝑞) is proportional to 𝑞96 and thus the product 𝑞6𝑆(𝑞) is given by126,132  
 
 𝑞6𝑆(𝑞)

𝜈̅%&
=
12𝜙h𝑓(1 − 𝑓)

𝑙6  

 

  (7.15) 

Figure 7.4a shows a plot of F
",(F)
[g*+

 versus q, for different salt concentrations. Such plots are referred 
to as Kratky plots.232 The Kratky plots in Figure 7.4a are typical of polymeric samples. They begin 
at the origin, level off to a give a plateau at intermediate q, and at large q values (𝑞	 > 	2 nm-1), we 
see deviations from the plateau. All of the features except the high-q deviations are consistent with 
eq. 7.13. On monomeric length-scales, deviations from random-walk statistics become evident due 
to correlations between neighboring bonds within a repeat unit.135  
 
The height of the intermediate-q plateau of a Kratky plot can be used to determine 𝑙	as all other 
parameters in eq. 7.14 have been independently determined.233 It is important to note that the height 
of the plateau does not decrease monotonically with salt concentration like the scattering profiles 
seen in Figures 7.1 and 7.2. For example, the Kratky plateau for r = 0 is not that different from 
that of r = 0.15 (Figure 7.4a). To focus on this fact, Figure 7.4b shows normalized Kratky plots 
where  F",(F)

[g*+kd/(49/)
 is plotted versus q for selected salt concentrations in the q range where the 

Kratky plateau is observed (0.6 ≤ 𝑞	(𝑛𝑚94) ≤ 1.6). Normalized Kratky plots for the remaining 
salt concentrations are provided in the Supporting Information (Figure 7.9). The circles in Figure 
7.4b represent the SANS data and the solid horizontal lines show the averaged value of  
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F",(F)
[g*+kd/(49/)

 in the range of 0.6 < 𝑞	(nm-1 )< 1.6. This value is then used to determine 𝑙 using eq. 

7.15.  
 

 
Figure 7.4 Kratky plots: a) Kratky plots, e

!J(e)
hi#$

 , and b) normalized Kratky plots, e!J(e)
hi#$j07(8k7)

, vs q (nm-1), for the 

blends at different salt concentrations. Error bars represent the standard deviation of the scattering data and are smaller 
than the symbols. 
 
In a related study, Hayashi et al.134 studied mixtures of deuterated and hydrogenated 
polyisobutylene as a function of composition. They used an expression to similar to eq. 7.15 to 
analyze their data and found that the plateau in the normalized Kratky plot was independent of 
composition indicating that the statistical segment length of that system was also independent of 
composition. This is clearly not the case in the present study (Figure 7.4b).   
 
Figure 7.5 shows the results for the salt concentration dependence of the statistical segment length, 
𝑙 (left axis), calculated using eq. 7.15 and the normalized Kratky plateau (Figure 7.4b). The right 
axis of Figure 7.5 shows the salt concentration dependence of the radius of gyration, Rg (right 
axis), calculated with eq. 7.5. Error bars represent the standard deviation between the data and the 
fit in Figure 7.4b. The PEO statistical segment length decreases linearly upon salt addition in the 
range 0 < 	𝑟 < 0.125, before linearly increasing with increasing salt concentration. The dashed 
lines in Figure 7.5 represent two linear regressions through the data at 𝑟 ≤ 0.125 and 𝑟 ≥ 0.125. 
The magnitude of the slope of these lines is approximately equal and it appears that the maximum 
reduction in 𝑙	might occur at r = 0.125 where the two dashed lines intersect. The statistical segment 
length at this salt concentration is 19% lower than that of neat PEO. At r = 0.067, there is a 10% 
decrease in segment length relative to the neat state, which is in excellent agreement with refs. 14 
and 15 where the decrease in segment length relative to the neat state in PEO/LiI mixtures at r = 
0.067 is also 10%.  
 
The top y-axis in Figure 7.5 plots selected values of 1/𝑟, which quantifies the number of EO 
present per Li atom. MD simulations of dilute mixtures of Li salts in PEO show that the Li ions 
are each coordinated with six ether oxygens.17 In other words, when 1/𝑟 = 6, all of the oxygen 
atoms in the mixture are coordinated with Li ions. It is difficult to pinpoint the exact location of 
the crossover from chain contraction to chain expansion using the data in Figure 7.5, however, we 



97 
 

believe it is close to 𝑟 = 0.125 as denoted by the dashed lines in Figure 7.5, which intersect at 1/𝑟 
= 8. There appears to be a correlation between chain dimensions and coordination between lithium 
ions and EO monomers.  
 

 
Figure 7.5 Statistical segment length: Statistical segment length, 𝑙 (nm) (left axis), and radius of gyration, Rg (nm) 
(right axis), of PEO/LiTFSI blends at 90 °C as a function of salt concentration. 𝑙 was calculated according to eq. 7.15 
from the Kratky plateau values and Rg was calculated according to eq. 7.5. Error bars represent the standard deviation 
between the data and the fit in Figure 7.4b. The top y-axis shows selected values of 1/𝑟, which quantifies the ratio of 
Li ions to EOs. 
 
 
7.5 Comparison between Theory and Experiment 
 
 

 
 
Figure 7.6 Comparisons of theory vs experiment: Comparisons between theoretical and experimental scattering 
profiles for (a) r = 0, (b) r = 0.08, and (c) r = 0.15. Circles represent the coherent SANS intensity reproduced from 
Figure 7.2 and the solid lines represent the Dilution model, eq. 7.13, when 𝑙	was calculated according to eq. 7.15. 
Error bars represent one standard deviation. 
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Figure 7.6 shows the comparison between theory and experimental data for the PEO/LiTFSI 
mixtures at selected salt concentrations: (a) r = 0, (b) r = 0.08, and (c) r = 0.15 (the remaining salt 
concentrations are presented in the Supporting Information). The circles represent the coherent 
scattering data, 𝐼0"B(𝑞), reproduced from Figure 7.2, and the solid curves represent eq. 7.13 where 
𝑙 is obtained from the Kratky analysis (Figure 7.5) and all other parameters are determined 
independently. We will refer to this expression as the “dilution model”. The agreement between 
theory and experiment is remarkable. The experimental data exhibit two regimes, a high-q Kratky 
regime where 𝐼0"B(𝑞) scales with 𝑞96 and a low-q Zimm regime where 𝐼0"B(𝑞) is a weak function 
of q. The crossover between the Zimm and Kratky regimes is accurately predicted by eq. 7.13. At 
r = 0.08, the measured 𝐼0"B(𝑞) at low q is very close to theoretical predictions. At r = 0 and r = 
0.15, however, we see significant upturns in the scattering data that is inconsistent with eq. 7.13. 
We attribute this to imperfect background subtraction. It is clear that the dPEO sample contains 
some impurity that gives rise to significant scattering at low-q, which in turn complicates 
background subtraction.  
 
In addition to the dilution model (eq. 7.13), a second model using multicomponent RPA was 
developed following Hammouda et. al234 wherein the scattering from the salt, which was treated 
as a common solvent, was explicitly accounted for. The random walk statistics for a homogeneous 
blend of two polymers, (1) dPEO and (2) hPEO, and one solvent, (3) LiTFSI, with 𝜒2A = 0 for all 
i and j was calculated. The properties of the two polymers were identical except for their scattering 
lengths, 𝑏2, and volume fractions, 𝜙2. The bare structure factors, 𝑆22° , for components 1 and 2 follow 
eq. 7.11 and 𝑆RR°  can be written as  
 
 𝑆RR° (𝑞) = 𝜙R𝜈̅I2Z\,T 	    

   
  (7.16) 

because the form factor, 𝑃(𝑞), and the degree of polymerization, N, of a small molecule is 1. 𝑆2A°  
was taken to be zero for all 𝑖	 ≠ 𝑗. Although the interaction parameters, 𝜒2,A, between the 
components are neglected, the volume occupied by the salt molecules is included in the excluded 
volume matrix as given by  
 
 𝑉 = 4

kX&YZG[[gX&YZG[	
		     	   (7.17) 

 
Following the procedure outlined in section 6 of ref. 234, 𝐼0"B(𝑞) can be calculated according to 
 
 𝐼0"B(𝑞) = 𝐵Z(𝑆°94 + 𝑉)94𝐵		     	   (7.18) 

  
where 𝑆° is the bare structure factor matrix (given by eq. 7.3 and is zero for the cross terms where 
𝑖	 ≠ 𝑗), 𝑉 is the excluded volume matrix (where all elements are given by eq. 7.17) and 𝐵	is the 
contrast matrix. The product inside the parenthesis on the right hand side of eq. 7.18 is known as 
the interacting structure factor matrix or S. The contrast matrix was calculated according to  
 
 𝐵2 = |W&

[g&
} − |WX&YZG[

[gX&YZG[
}	for	𝑖 = 1,2		     	   (7.19) 
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to directly account for the scattering contributions of the salt species. The elements of the 
interacting structure factor matrix, 𝑆, are calculated as 
  
 𝑆2A =

8&l4Mm8(n
4Mml8&M8(n

	for	𝑖 = 𝑗		     	   (7.20) 

and  
 
 𝑆2A = − m8&8(

4Mml8&M8(n
	for	𝑖	 ≠ 𝑗		     	   (7.21) 

 
where  
 
 𝑃2 = 𝑁𝜈̅%&𝜙2𝑃(𝑄)	for	𝑖 = 1,2		     	   (7.22) 

 
The resulting expression for 𝐼0"B(𝑞), calculated according to eq. 7.18, is given by  
 
 

𝐼0"B(𝑞) =
(]!9]")",!!° ,""° M

!
ml]!

",!!° M]"",""° n

,!!° M,""° M
!
m

		

	

  (7.23) 

We will refer to this model as “multicomponent-RPA”. In the neat state, this model reduces to the 
dilution model as 4

m
= 0 when 𝜙I2Z\,T = 	0.  

 
Finally, a third model was taken from ref. 234, the “high concentration model”, which describes a 
polymer solution consisting of protonated and deuterated polymers with the same degree of 
polymerization, N. In this model, the structure factors are explicitly split into single-chain, 𝑃2,(𝑄), 
and interchain, 𝑃2AT (𝑄), parts such that 
 
 [&

",&&(L)
m

= 𝑁2𝜙2𝜈2[𝑃2,(𝑄) + 𝜙2𝑃22T (𝑄)]	for	𝑖 = 1,2			
	

  (7.24) 

and  
 
 [![",!"(L)

m
= (𝑁4𝜙4𝜈4𝑁6𝜙6𝜈6)

!
"(𝜙4𝜙6)

!
"𝑃46T (𝑄)			

	

  (7.25) 

It was assumed that deuteration does not affect chain conformations and interactions, and therefore 
𝑃).(𝑄) = 𝑃$.(𝑄) = 𝑃.(𝑄) and 𝑃44T (𝑄) = 𝑃66T (𝑄) = 𝑃46T (𝑄) = 𝑃T(𝑄). A “total” polymer-polymer 
structure factor is defined according to 

 𝑃Z(𝑄) = 𝑃,(𝑄) + 𝜙h𝑃T(𝑄)				   (7.26) 
 
The resulting expression for the scattering intensity is given by 
 
 𝐼0"B(𝑄) =

(]!9]")"k!k"X[g*+8G(L)
kd

+ �𝐵66𝜙6𝜙h + 𝐵46𝜙4𝜙h�
6𝑁𝜙h𝜈̅%&𝑃Z(𝑄)		   (7.27) 
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where the contrast is defined according to eq. 7.19. Typically, one would design SANS 
experiments to determine the analytical expressions for 𝑃((𝑄) and 𝑃Z(𝑄) by changing the ratio of 
𝜙4/𝜙6 and keeping 𝜙h constant.234 Instead, we used our multicomponent-RPA model (eq. 7.23) 
to solve for 𝑃((𝑄) and 𝑃Z(𝑄) explicitly. Based on the equations provided in ref. 234, 𝑃((𝑄) and 
𝑃Z(𝑄) can be solved for from the elements in the interacting structure factor matrix, given by eq. 
7.20 and 7.21. The expressions for 𝑃((𝑄) and 𝑃T(𝑄) are therefore given by 
 
 𝑃T(𝑄) = − [g*+X8(L)"

4Mm(8!M8")
		   (7.28) 

 
and  
 
 

𝑃,(𝑄) =
𝑃(𝑄)

1 + 𝑉(𝑃4 + 𝑃6)
	   (7.29) 

 
where 𝑃2 is given by eq. 7.22. These expressions are plugged into eq. 7.27 for 𝐼0"B(𝑄) to predict 
the SANS profiles. The resulting expression is referred to as the “high concentration model”.  
 

 
 

Figure 7.7 Comparison of RPA-based theories: Comparisons between the three RPA models, dilution (eq. 7.13), 
multicomponent-RPA (eq. 23) and the high concentration (eq. 7.27) models, and the experimental data for (a) r = 0, 
(b) r = 0.08, and (c) r = 0.15. Circles represent the coherent SANS intensity reproduced from Figure 7.2 and the solid 
lines represent the dilution model, the dashed lines represent the multicomponent-RPA model, and the dotted lines 
represent the high concentration model. 𝑙	calculated according to eq. 7.15 (Figure 7.5) was used in all equations.  
 
Figure 7.7 shows comparisons of the three models based on RPA, (eq. 7.13, 7.23 and 7.27), as 
well as the experimental data at selected salt concentrations: (a) r = 0, (b) r = 0.08, and (c) r = 
0.15. Similar to the theoretical predictions shown in Figure 7.6, 𝑙 used in the multicomponent-RPA 
and high concentration models was taken from Figure 7.5, and all other parameters were 
determined independently. In the absence of salt, the three theories are identical for all q and 
overlap well with the experimental data (Figure 7.7a). As salt concentration increases, only the 
dilution model matches the experimental data over the entire q-range. The multicomponent RPA 
model matches well with the experimental data at in the low-q Zimm region as well as the 
intermediate-q regimes (𝑞 < 2 nm-1). At higher q values, the multicomponent RPA model deviates 
from the classical 𝑞96 scaling of a random walk and the two curves separate. This deviation 
manifests as a “kink” in the tail of eq 7.23. The slope of eq. 7.23 resumes the 𝑞96 scaling shortly 
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after the kink. As salt concentration increases, the q-value at which the kink occurs decreases and 
the deviations between the multicomponent RPA model and the experimental data increase. In 
contrast, the high concentration model obeys the expected 𝑞96 scaling throughout the entire q-
range. However, there are significant deviations between the experimental data and high 
concentration model for 𝑟 > 	0 at all q-values. In the low-q Zimm region, the high concentration 
model consistently overestimates the scattering intensity and the deviations between experiment 
and theory increase with increasing salt concentration. Interestingly, the high concentration model 
and the multicomponent RPA model overlap at high q-values after the observed kink in the 
multicomponent RPA model. Therefore, the multicomponent RPA is essentially a combination of 
the random-walk statistics described in both the dilution and high concentration model. We 
hypothesize that the discrepancies between the models arise from the definitions of the contrast 
terms and whether the scattering lengths of the salt species were accounted more (use of eq. 7.19). 
However, more work is needed to understand the implications of these results. 
 
7.6 Ion Clusters 
 
Returning to Figure 7.1b, it is clear that the scattering profiles of dPEO/LiTFSI at 𝑟 ≥ 	0.20 
contain features at high q (𝑞	 > 0.2 nm-1) that are absent in the samples with lower salt 
concentrations. We posit that these features arise due to the presence of ionic clusters. In order to 
investigate the nature of these clusters, the scattering from the neat dPEO was subtracted from the 
salt containing samples: 
 
 𝐼0*o($.1((𝑞) = 𝐼#8%&(𝑞, 𝑟) − 𝜙8𝐼#8%&(𝑞, 𝑟 = 0)		        (7.30) 

 
 

 
 
Figure 7.8 Ion Clusters: Scattering data from ion clusters, 𝐼T4n256U2(𝑞) = 𝐼(𝑞, 𝑟) − 𝜙o𝐼(𝑞, 𝑟 = 0), for the pure 
dPEO/LiTFSI mixtures at high salt concentrations. Circles represent the data and lines represent a fit to eq. 7.31. Only 
salt concentrations 𝑟 ≥ 0.25 could be fit to eq. 7.31. Error bars represent the standard deviation of the scattering data 
and are smaller than the symbols. 
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In Figure 7.8 we plot 𝐼0*o($.1((𝑞) versus q at different salt concentrations as circles. For 𝑟 ≤ 0.20, 
𝐼0*o($.1( is independent of q. The solid curves through the high salt concentration data (𝑟 ≥ 0.25) 
are fits to 
 
 𝐼0*o($.1((𝑞) = 𝑦+ + 𝐼+ exp(−𝑅6𝑞6)				        (7.31) 

 
which represents the Guinier equation for scattering from random irregular objects with 
characteristic size R.95,235 The origin of the background term, y0, is not clear. The data in Figure 
7.8 indicate that y0 increases monotonically with salt concentration, suggesting that the additional 
scattering in the dPEO/LiTFSI mixtures arises from the presence of salt. The fact that 𝐼0*o($.1((𝑞) 
is q-independent for 𝑟 ≤ 0.20 may be an indication that the salt is uniformly distributed in the 
samples. The Guinier equation has been used to account for deviations from eq. 7.13 at high q for 
systems where structure overlaps with Debeye scattering.236 The fitted parameters, y0 and R, are 
similar for r = 0.25 and r = 0.30 (with y0  = 0.090 ± 0.0004 and 0.097 ± 0.0007 and R = 0.58 ± 0.01 
nm and 0.56 ± 0.01 nm for r = 0.25 and r = 0.30, respectively, where the error represents one 
standard deviation from the fits). However, 𝐼+ is approximately twice as high for the r = 0.30 
sample versus the r = 0.25 sample (0.04 ± 0.0006 vs 0.08 ± 0.0010 cm-1, respectively where the 
error represents one standard deviation from the fits). In theory, 𝐼+ is proportional to the product 
of the volume fraction of aggregates and average aggregation number.236,237 The volume fraction 
of salt increases by 8% when r is increased from 0.25 to 0.30 (from 0.36 to 0.38). The measured 
value of 𝐼+ suggests that the average aggregation number at r = 0.30 is a factor of 1.9 larger than 
that of r = 0.25; the average aggregate size remains constant at 0.57 nm between these two salt 
concentrations. These results are supported by MD simulations, which have shown that the number 
of ion clusters increases at these salt concentrations.14,15  Further characterization of ion clusters in 
PEO/LiTFSI using techniques such as X-ray scattering and Raman spectroscopy seem warranted.  
 
 
7.7 Conclusions 
 
We have determined the effect of added salt on the chain dimensions of PEO/LiTFSI mixtures 
through SANS experiments on ternary mixtures comprising hPEO, dPEO and LiTFSI salt, 
conducted at 90 °C, above the melting transition of the mixtures. Scattering profiles were corrected 
for impurities present in the dPEO through background subtraction as described in ref. 226. Partial 
molar monomer volumes of EO and LiTFSI were calculated from measured density values in order 
to account for non-ideal mixing between PEO and LiTFSI salt. The partial molar volume of EO 
increases with increasing salt concentration while the partial molar volume of LiTFSI decreases 
with increasing salt concentration. The salt concentration dependence of statistical segment length 
was calculated through the Kratky analysis of the intermediate-q scattering plateaus, which were 
normalized by polymer volume fraction. At low salt concentrations, 𝑟 < 0.125, 𝑙 linearly 
decreases with increasing salt concentration; in the high salt concentration region, 𝑟 ≥ 0.125, 
𝑙	increases with increasing salt concentration. When the calculated value of 𝑙 is used in the Random 
Phase Approximation, along with the independently determined partial molar monomer volumes 
and chain length, we see good agreement between theory and experiment. The SANS data 
suggested the presence of ion clusters of characteristics size of 0.57 nm in electrolytes with 𝑟 ≥
0.25.  
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7.8 Nomenclature 
7.8.1 Abbreviations 
EO ethylene oxide 
LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
MD molecular dynamics 
NA Avogadro’s number 
PEO poly(ethylene oxide) 
RPA random phase approximation 
SANS small angle neutron scattering 

 
7.8.2 Symbols 
bi  neutron scattering length of species i cm mon-1) 
Bi  scattering length density of species i (cm-2 mon-1) 
C  electron density contrast (cm-1) 
f  volume fraction of deuterated species 
I(q)  scattering intensity (cm-1) 
Icoh(q)  coherent scattering intensity (cm-1) 
Iinc(q)  incoherent scattering intensity (cm-1) 
Iclusters(q)  ionic cluster scattering intensity (cm-1) 
𝑙   statistical segment length (nm) 
Mi  number-averaged molecular weight of species i (kg mol-1) 
Ni  number-averaged degree of polymerization of species i (sites chain-1) 
NA  Avogadro’s number 
𝑃(𝑞)   scattering form factor 
𝑃.(𝑄)   single-chain structure factor 
𝑃T(𝑄).  inter-chain structure factor 
𝑃Z(𝑄)   total polymer structure factor 
q  scattering vector (nm-1) 
r  salt concentration ([Li] [EO]-1) 
Rg  radius of gyration (nm) 
𝑆(𝑞)   scattering structure factor 
𝑆°   bare structure factor matrix 
S  interacting structure factor matrix 
T  temperature (K) 
𝑉   excluded volume matrix 
xi  mole fraction of species i 

 
7.8.3 Greek Symbols 

𝜈2 
molar volume of species i divided by Avogadro’s number 
(nm3 mon-1) 
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𝜈p�  partial molar volume of species i divided by Avogadro’s 
number (nm3 mon-1) 

𝜌2 density of species i (g cm-3) 
𝜙2  volume fraction of component i 
𝜒2A Flory-Huggins interaction parameter 

 

7.9 Supporting Information  
 
7.9.1 Interpolated SANS Curves 
 
In order to remove the low-q upturn from the blends SANS intensity, pure dPEO SANS profiles 
were generated at each of the salt concentrations of interest. Pure dPEO SANS was collected at 
𝑟 = 0, 0.10, 0.20 and 0.30 at 90 °C. Each of these scattering profiles were fit to two power law 
functions (𝐼(𝑞) = 𝑦+ + 𝐴𝑞]) in the regions of 𝑞(𝑛𝑚94) < 0.005 and 0.005 ≤ 𝑞(𝑛𝑚94) < 0.02. 
Data for 𝑞(𝑛𝑚94) ≥ 0.02 was fit to an exponential equation (𝐼(𝑞) = 𝑦+ + 𝐴 exp(−𝜏𝑞)). The 
constants for the fits are provided in Table 7.1. Curves for each salt concentration shown in Figure 
7.8 were generated by taking the weighted averaged of the fitted SANS profiles at known salt 
concentrations for 0.002 < 𝑞	(𝑛𝑚94) < 4 for 0 ≤ 𝑟 ≤ 0.30. 
 

 

Figure 7.12 Interpolated SANS intensities: Interpolated SANS intensity for pure dPEO/LiTFSI mixtures at varying 
salt concentrations, r, at 90 °C. These curves were used to background subtract the scattering from pure dPEO from 
the blends data. Error bars represent the standard deviations based on the fits. 

 

Table 7.1. Fitting constants for dPEO SANS: Constants for fitted pure dPEO SANS profiles at 𝑟 = 0, 0.10, 0.20 
and 0.30. Error bars represent standard deviations from the fits. 
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 r = 0 r = 0.10 r = 0.20 r = 0.30 
 𝑞(𝑛𝑚k8) < 0.005 
𝑦>  -8.08 ± 1.9 5.56 ± 12.4 -9.08 ± 11.5 -1.35 ± 12.8 
A 2.4 x 10-7        ± 

1.0 x 10-8 
7.00 x 10-9   ± 
3.4 x 10-7  

1.07 x 10-6        

± 1.3 x 10-9 
1.68 x 10-7 ± 
1.3 x 10-10 

B -3.64 ± 0.01 -3.98 ± 
0.23 

-3.10 ± 
0.009 

-3.42 ± 
0.001 

 0.005 ≤ 𝑞(𝑛𝑚k8) < 0.02 
𝑦>  -0.038 ± .12 0.16 ± .04 0.20 ± 0.05 0.24 ± 0.01 
A 2.59 x 10-7 

± 5.2 x 10-8 
4.35 x 10-8 
± 8.4x 10-9 

7.19 x 10-8 
± 2.2 x 10-7 

2.83 x 10-9 ± 
2.2 x 10-10 

B -3.61 ± 0.04 -3.71 ± 
0.09 

-3.49 ± 0.10 -4.15 ± 0.02 

 𝑞(𝑛𝑚k8) ≥ 0.02 
𝑦>  0.11 ± 

0.007 
0.11 ± 
0.001 

0.15 ± 
0.0009 

0.15 ± 0.01 

A 2.95 ± 0.26 0.61 ± 0.06 0.32 ± 0.04 0.14 ± 0.009 
𝜏  125.38 ± 

3.9 
68.07 ± 4.2 72.381 ± 

6.0 
6.07 ± 0.78 

 
7.9.2 RPA at additional salt concentrations 
 

 

Figure 7.13 Normalized Kratky plots: Normalized Kratky plots,	 e!J(e)
hi#$j07(8k7)

 vs q (nm-1), for the PEO/LiTFSI 

mixtures at different salt concentrations. Error bars represent the standard deviation of the scattering data and are 
smaller than the symbols. 
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Figure 7.14 Comparison theory vs experiment: Comparison between theoretical predictions and scattering data for 
the blends of PEO/LiTFSI at 90 °C for (a) r = 0.03, (b) r = 0.05, (c) r = 0.10, (d) r = 0.15, (e) r = 0.20 and (f) r = 0.30. 
The circles represent 𝐼TBW(𝑞) replicated from Figure 2 and the solid lines represent eq. 7.14 when segment length, 𝑙, 
is taken from Figure 7.5. Error bars represent one standard deviation. 
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8. Polymer Dynamics in Block Copolymer Electrolytes Detected by 
Neutron Spin Echo† 
 
 

ABSTRACT 
 

Polymer chain dynamics of a nanostructured block copolymer electrolyte, 
polystyrene-block-poly(ethylene oxide) (SEO) mixed with lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, are investigated by neutron spin-
echo spectroscopy on the 0.1-100 ns timescale and analyzed using the Rouse model 
at short times (𝑡 ≤ 10 ns) and the reptation tube model at long times (𝑡 ≥ 50 ns). 
In the Rouse regime, the monomeric friction coefficient increases with increasing 
salt concentration as seen previously in homopolymer electrolytes. In the reptation 
regime, the tube diameters, which represent entanglement constraints, decrease 
with increasing salt concentration. The normalized longest molecular relaxation 
time, calculated from the NSE results, increases with increasing salt concentration. 
We argue that quantifying chain motion in the presence of ions is essential for 
predicting the behavior of polymer-electrolyte-based batteries operating at large 
currents. 

 
8.1 Introduction 
 
It is becoming increasingly clear that the next generation of rechargeable batteries for the emerging 
clean energy landscape will require electrolytes that are fundamentally different from those used 
in today’s lithium-ion batteries. Current electrolytes in lithium ion batteries are comprised of 
mixtures of cyclic and linear carbonates and a lithium salt. Polymer electrolytes, i.e., mixtures of 
polymers and a lithium salt, have the potential to improve battery safety as they are less flammable 
than the organic solvents used currently.2  
 
Efforts to characterize polymer electrolytes have focused on quiescent systems or systems under 
very small applied potentials (e.g. 10 mV).17,238 Under these conditions, it is reasonable to focus 
on the motion of ions; the motion of polymer chains on larger length scales can be safely neglected. 
However, in electrolytic applications such as batteries in electric vehicles, ion transport occurs 
under large applied dc potentials (e.g. 4 V). Under these conditions, significant salt concentration 
gradients develop due to the well-established competition between diffusion and migration.18 
Since the salt concentration in the electrolyte must be uniform before the polymer-electrolyte-
based battery is turned on, the polymer chains must diffuse away from regions of high salt 
concentration toward regions of low salt concentration during battery operation. We aim to 
elucidate the molecular underpinnings of this process. We present the first study of polymer 
electrolytes using neutron spin echo (NSE) spectroscopy.  
 
A popular approach for characterizing ion transport in electrolytes is ac impedance spectroscopy, 
which reflects the oscillation of ions in response to a small ac potential.17,68,239 Another popular 
approach is pulse-field gradient NMR wherein the Brownian motion of ions is quantified in the 

 
† This chapter was reported in ACS Macro Lett. 2020, 9, 639-645. 
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absence of an applied potential.67,238,240–242 In these cases, the translation of ions can be 
accommodated by segmental relaxation of the polymer chains.15,65,72–79 Thus, ionic conductivity 
of a well-studied polymer electrolyte, a mixture of poly(ethylene oxide) (PEO) and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt measured by ac impedance spectroscopy, can be 
explained entirely by the segmental relaxation quantified by quasi-elastic neutron scattering 
(QENS).74 To our knowledge, no attempt has been made to study the relaxation processes that 
govern polymer electrolytes under large applied potentials.  
 
One advantage of polymer electrolytes over liquid electrolytes is their ability to exert stress on the 
electrodes. This is believed to be the key to enabling rechargeable batteries with lithium metal 
anodes,21 which is a promising approach to significantly increase the energy density of 
rechargeable batteries.10,11 Linear polymers are viscoelastic liquids and thus are unable to 
withstand stress in the long-time limit. Crosslinking can increase their mechanical properties but 
slows down segmental relaxation, which in turn slows down ion transport.243 A better approach 
for creating solid polymer electrolytes is through the self-assembly of block copolymers, which 
can microphase separate into ionically conductive and mechanically rigid domains.22–25 
  
Here, we quantify segmental motion and polymer dynamics in a series of block copolymer 
electrolytes using NSE. The time-scales covered by our experiments range from 0.1-100 ns, which 
correspond to polymer dynamics on the Angstrom to nanometer length-scales. At short times (0.1-
10 ns), polymer chains obey Rouse dynamics and their segmental motion is quantified by an 
effective friction coefficient, 𝜁, of the monomer units.66,70 At longer times (10-100 ns), the motion 
of polymer segments of a “test-chain” is constrained by the presence of neighboring chains. In the 
theory of Doi, Edwards, and de Gennes, these constraints are represented by a tube with diameter, 
d, that runs down the primitive path of the “test-chain”.69,70 We are not aware of any prior studies 
on either polymer electrolytes or block copolymers (with or without salt) that cover both regimes. 
Previous studies on these systems using NSE are limited to the Rouse regime (𝑡 ≤ 20 ns).74,77,152 
Previous studies on nanostructured block copolymer electrolytes are limited to studying the 
cooperative grain dynamics on the 10-2-102 s time-scale.82 
 
8.2 Experimental Methods 
 
8.2.1 Synthesis and preparation of the block copolymer electrolytes. The block copolymer 
electrolyte of interest is a well-studied model system: polystyrene-block-poly(ethylene oxide) 
(SEO) mixed with LiTFSI, SEO/LiTFSI. Two SEO copolymers with similar compositions were 
synthesized by living anionic polymerization:83,84,86 deuterated PS-b-deuterated PEO (ddSEO) 
(Mn,dPS = 4.9 kg mol-1, Mn,dPEO = 23.6 kg mol-1, 𝜙%& = 0.82, PDI = 1.05) and deuterated PS-b-
hydrogenated PEO (dhSEO) (Mn,dPS = 5.1 kg mol-1, Mn,hPEO = 14.4 kg mol-1, 𝜙%& = 0.73, PDI = 
1.05). Detailed information on the synthesis is provided in the Supporting Information. The PEO 
blocks of both copolymers are well above the entanglement molecular weight, Me = 2 kg mol-1. 
The preparation of the SEO/LiTFSI electrolytes is described  in ref 108. The samples used were 
blends of 20% dhSEO and 80% ddSEO by volume (the densities of dhSEO and ddSEO are 1.10 
and 1.11 g cm-3, respectively, at 90 °C). LiTFSI was added to the copolymer blends such that the 
final molar salt ratios, 𝑟 = [𝐿𝑖]/[𝐸𝑂], were 0, 0.025, 0.075, and 0.10. The block copolymer system 
was designed such that the NSE data are dominated by relaxation of the PEO segments as they 
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interact with salt ions; in particular, the incoherent background from the PEO chains is minimized 
at the scattering vectors, Q, chosen for NSE.244  
 
8.2.2 Small Angle Neutron Scattering (SANS). Small-angle neutron scattering (SANS) 
experiments were performed at 363 K on the NGB-30m beamline at the NIST Center for Neutron 
Research (NCNR, Gaithersburg, MD). Sample preparation for the SANS experiments is described 
in ref 137. Measurements were performed with a neutron wavelength of 6 Å and three sample-to-
detector distances of 13, 4, and 1 m were used. Measurements were performed such that the Q 
range covered was from 0.003 to 0.4 Å-1.224 A 9 position Peltier cooling/heating block was used. 
Samples of thickness of 1 mm were employed. The total scattering intensity was corrected for 
detector sensitivity, background, and empty cell contributions as well as sample transmission and 
thickness.128,225  
 
8.2.3 Neutron Spin Echo (NSE) Spectroscopy. Single-chain PEO dynamics were obtained using 
the NGA Neutron Spin Echo Spectrometer (NSE) at the NIST Center for Neutron Research 
(NCNR, Gaithersburg, MD). Sample preparation was similar to that of the SANS samples. The 
measurements were performed at 363 and 393 K using wavelengths of 𝜆 = 11 Å for Fourier times 
up to 100 ns and a wave vector range of Q = 0.11 Å-1 to 0.20 Å-1. Additional measurements were 
performed at 𝜆 = 6 Å for Fourier times up to 20 ns for Q = 0.11 Å-1 to 0.20 Å-1. Overlapping NSE 
data taken at	𝜆 = 6 and 11 Å for 0.1 ≤ 𝑡	(ns) ≤ 30 are shown in the Supporting Information. A 
standard carbon sample was used to determine the instrument resolution. Data were corrected for 
background using an empty holder using the software DAVE.245 
 
8.3 Results and Discussion 
 
The SANS profiles for SEO/LiTFSI mixtures after subtracting the incoherent background, 
𝐼0"B(𝑄), at 90 °C for r = 0, 0.025, 0.075 and 0.10 are shown in Figure 8.1.  All profiles contain a 
primary peak at 𝑄 = 𝑄∗ and a higher order peak at 𝑄 = √3𝑄∗. At 𝑟 ≥ 0.075, an additional higher 
order peak at 𝑄 = √7𝑄∗is seen. The SANS data indicate that the SEO/LiTFSI mixtures order into 
hexagonally packed PS cylinders in a salt-containing PEO matrix at all salt concentrations as 
expected based on previous studies of the phase behavior of SEO/LiTFSI.107 As salt concentration 
increases, the scattering intensities of the Bragg scattering peaks increase due to increased 
segregation between the PS and PEO/LiTFSI blocks with increasing salt concentration.55,58,107 The 
domain spacing, given by 𝐷 = 6K

L∗
, increases from 18.5 to 25.5 nm as r increases from 0 to 0.10, as 

expected.56,220 The SANS data show that the ddSEO/dhSEO/LiTFSI blends are macroscopically 
homogeneous at all salt concentrations; at high-Q the scattering intensity scales with 𝑄96 
indicative of scattering from polymer chains obeying random walk statistics (see Supporting 
Information, Section 8.5).36 The bar at high-Q in Fig. 8.1 shows the range of scattering vectors 
covered by the NSE experiments, which corresponds to intra-domain length-scales ensuring that 
the NSE experiments selectively probe the PEO/LiTFSI matrix phase. 
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Figure 8.1 SANS of SEO/LiTFSI: SANS profiles, 𝐼TBW(𝑄), of SEO/LiTFSI mixtures at different salt concentrations, 
0 ≤ 𝑟 ≤ 0.10, at 90 °C. Error bars represent one standard deviation and are smaller than the data points. Curves are 
offset vertically for clarity (scaling factors are given at the high-Q intercept). Diamonds represent the primary 
scattering peak, 𝑄∗, and the higher order scattering peaks at 𝑄 = √3𝑄∗ and √7𝑄∗. The bar at high-Q represents the 
scattering vector range chosen for the NSE experiments, 0.11 ≤ 	𝑄	/Åk81 ≤ 0.20. An example of the scaling for a 
Gaussian chain, 𝑄k9, is shown in the high-Q regime.  
 
 
The dynamic scattering function measured by NSE, ,(L,$)

,(L,+)
, is shown as a function of salt 

concentration and temperature in Figure 8.2. At short times, 𝑡 ≤ 10 ns, the data are consistent with 
the Rouse model,66 which has been shown by Richter and coworkers71 to be approximated by  
 
 𝑆(𝑄, 𝑡)

𝑆(𝑄, 0) =
12
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where the Rouse parameter is given by	𝑊𝑙: (𝑙 is the statistical segment length of the polymer and 
W is the elementary Rouse rate). The curves through the short time data in Fig. 8.2 represent fits 
to Eq. 8.1-8.3 for all Q values simultaneously with 𝑊𝑙: as the only adjustable parameter at both 
temperatures (see Eq. 8.3). A magnified view of the fits of Eq. 8.1-8.3 through the low-t data is 
provided in the Supporting Information, Section 8.5.  
 
 

 
Figure 8.2 Dynamic Scattering Function: Dynamic scattering functions, J(p,5)

J(p,>)
, determined from NSE for 

SEO/LiTFSI mixtures for 𝑄 =	0.11, 0.15 and 0.20 Å-1 at 90 °C (filled symbols) and 120 °C (open symbols) for 
different salt concentrations: (a) r = 0, (b) 0.025, (c) 0.075 and (d) 0.10. The error bars represent one standard deviation 
of the NSE data. At short times, 𝑡 ≤ 10 ns, the curves correspond to the Rouse model (Eq. 8.1-8.3). At long times, 
𝑡 ≥ 50 ns, the curves correspond to the tube model for reptation (Eq. 8.4). Solid lines represent fits to data taken at 
90 °C and dashed lines represent fits to data taken at 120 °C. 
 
The data in Figure 8.2 show deviations from Rouse dynamics at 𝑡 ≥ 20 ns for all salt 
concentrations signaling the slowing down of segmental motion due to constraints imposed by the 
presence of other chains (see Supporting Information, Section 8.5). The tube diameter, d, 
quantifies these constraints. The crossover from Rouse dynamics to local reptation occurs over the 
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window from 20-50 ns. At long times, 𝑡 ≥ 50 ns, the data in Fig. 8.2 were fit to the tube model 
proposed by de Gennes70,246 which gives 
 
 ,(L,$)

,(L,+)
= q1 − exp |− L"#"

RG
}r 𝑆*"0)*(𝑄, 𝑡) + exp |−

L"#"

RG
} 𝑆.(0(𝑄, 𝑡)    (8.4) 

 

where 𝑆*"0)*(𝑄, 𝑡) = exp | $
uO
} efrc [~ $

uO
\ describes local reptation within the tube with 

characteristic time scale 𝜏+ =
RG

v*#L#
. 𝑆.(0(𝑄, 𝑡) is related to the long-time dynamics of the confined 

chain and was neglected in this study (𝑆.(0(𝑄, 𝑡) = 1). The Rouse parameter, 𝑊𝑙:, was taken from 
the fits of Eq. 8.1-8.3 in the low-t regime and used in Eq. 8.4 to determine the tube diameter, d. 
Eq. 8.4 was fit simultaneously for all Q values at a given temperature leaving d as the only free 
parameter. The results and statistics for the fitting of Eq. 8.1-8.4 are provided in the Supporting 
Information. We note that Eq. 8.1-8.4 are derived for salt-free homopolymer systems and that no 
models currently exist for describing segmental dynamics and reptation of salt-containing polymer 
systems.  
 

 
 

Figure 8.3 NSE Results: Results from fitting J(p,5)
J(p,>)

 (Fig. 2) in both the low and high t regions: (a) monomeric friction 
coefficient, 𝜁, (Eq. 8.5), (b) tube diameter (left axis), 𝑑, and normalized tube diameter (right axis), 𝑑/𝑑o01, as a 
function of salt concentration, r, at 90 °C (filled symbols) and 120 °C (open symbols). Error bars represent one 
standard deviation from the fits. The lines in (b) are least-squares fits of the data through the equation, ?

?1#$
= 𝑎𝑟 + 𝑏,  

where 𝑎 = 	−1.63	 ± 0.21	and −0.82	 ± 0.48 and 𝑏 = 0.80	 ± 0.01 and 0.88	 ± 0.02 for 90 °C and 120 °C, 
respectively, and the confidence intervals represent the standard deviations from the fits of ?

?1#$
. 

 
Figure 8.3 shows the results from the fits shown in Figure 2. The monomeric friction coefficient, 
𝜁, is calculated from 𝑊𝑙: using Eq. 8.5,71 
 
 𝜁 = R`qZ

v*#
𝑙6    (8.5) 

 
where 𝑘] is the Boltzmann constant and T is absolute temperature. The dependence of 𝑙 on salt 
concentration for PEO/LiTFSI mixtures is reported in ref 137 at 90 °C. These values of 𝑙 were 
used to calculate 𝜁 according to Eq. 8.5 assuming that 𝑙 is independent of temperature. The 
dependence of 𝜁 on salt concentration is shown in Fig. 8.3a at 90 °C (solid circles) and 120 °C 
(open squares). In the absence of salt (r = 0), 𝜁 decreases with increasing temperature. These results 
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are consistent with literature values for PEO homopolymer.247 The monomeric friction coefficient 
increases with increasing salt concentration at a similar rate for both temperatures. At 90 °C, this 
rate matches that seen in PEO/LiTFSI systems.74 The segmental dynamics on short-time scales, 
𝑡 ≤ 10 ns, in a microphase separated block copolymer electrolyte is indistinguishable from that of 
the homopolymer electrolyte; see Supporting Information for details. In a related study, it has been 
shown that the presence of nanoparticles does not affect the segmental dynamics in polymer 
nanocomposites,150 consistent with our finding that the PS-rich phase does not affect the segmental 
dynamics of the PEO-rich phase.  
 
The dependence of tube diameter, d, on salt concentration is shown in Figure 8.3b. Our measured 
values of d increase with increasing temperature as typically seen in homopolymers due to a 
decrease in the number of entanglement constraints from increased chain mobility.248 The tube 
diameter of PEO homopolymer, 𝑑8%&, in the absence of salt at 125 °C is 52.6 Å.247 The right y-
axis in Fig. 8.3b shows the ratio 𝑑/𝑑8%& as a function of salt concentration, where all data are 
normalized by 𝑑8%& at 125 °C. In the neat state, d for SEO/LiTFSI at 120 °C is lower than that of 
PEO/LiTFSI at 125 °C. This deviation is more pronounced than what can be explained by 
temperature differences.248–250 We attribute the decrease in tube diameter to the geometric 
constraints introduced by the PS microphase. It is thermodynamically unfavorable for portions of 
entangled chains near the interface of the two microphases to undergo reptation; in order to move 
around the entanglement constraints, portions of the PS block will need to enter the PEO/LiTFSI-
rich phase.81,251,252 This is consistent with previous findings that geometric confinement contracts 
tube diameters in polymer mixtures.151 In addition, the tube diameter decreases with increasing 
salt concentration. As salt concentration increases, the coordination between Li+ ions and the ether 
oxygens on the PEO backbone increases. Molecular dynamics simulations indicate that the Li+ 
ions coordinate with either one or two PEO chains.253 It is likely that coordination with two chains, 
which may be regarded as a temporary crosslink, has a more significant effect on chain 
entanglement. The decrease in 𝑑 with r seen in Fig. 8.3b is a reflection of this effect. The effect of 
salt concentration on the tube diameter is more pronounced at 90 °C relative to 120 °C by a factor 
of 2. This suggests that coordination effects are more significant at 90 °C, which is supported by 
MD simulations.14,254 To our knowledge, these results provide the first measurements of the 
entanglement constraints, represented by tube diameters, as well as insight into polymer chain 
conformation in polymer electrolytes as well as block copolymers. 
 
 In a melt of entangled homopolymers with degree of polymerization N, the longest molecular 
relaxation time, 𝜏#, is given by71 
 
 𝜏# =

wXA

K"`qZ
| *

#

#"
}    (8.6) 

 
which quantifies the time needed for a confined chain to escape the tube created by neighboring 
chains. This time-scale also determines the viscosity of the polymer melt.255 Note that 𝜁, 𝑙, and d 
are all functions of r. The fact that both parameters, 𝜁 and 𝑑, obtained from the neat block 
copolymer are similar to that of PEO homopolymer indicates that Equation 8.6 is a reasonable 
starting point to quantify the long-time dynamics of SEO/LiTFSI. In SEO electrolytes, there will 
be additional contributions to 𝜏# due to the presence of the PS microphase. Escape of SEO chains 
from their tubes will involve dragging PS segments through the PEO-rich microphase.81,251,252 This 
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factor is not accounted for in our estimate of 𝜏# .	Due to this limitation, it is best to examine a 
normalized relaxation time, 𝜏#,@, defined as 
 
 𝜏#,@ =	

ur(1)
ur(1x+)

    (8.7) 

 
to quantify the effect of salt concentration on chain dynamics.  At 90 °C, 𝑑6 decreases by 39% 
over the range 0 ≤ 𝑟 ≤ 0.10, while 𝜁 increases by a factor of 2.5 over the same window.  Both 
factors slow down chain diffusion. However, the chain shrinks with added salt, 𝑙: decreases by 
52% over the same window,137 which will speed up chain diffusion.  Therefore, the net effect of 
salt concentration on the polymer chain dynamics is that 𝜏#,@ increases by a factor of 1.7 across 
our salt concentration window at 90 °C, as shown in Figure 8.4.  The effect of salt concentration 
of chain diffusion is less pronounced at 120 °C.  It is important to note that these factors are lower 
bounds on the effect of added salt on the longest relaxation time of block copolymer electrolytes 
as we have neglected contributions arising from the presence of the PS block.   
 

 
 

Figure 8.4 Normalized Relaxation Time: Normalized longest molecular relaxation time, 𝜏?,s = 𝜏?(𝑟)/𝜏?(𝑟 = 0), 
as a function of salt concentration, r, for SEO/LiTFSI at 90 °C (filled circles) and 120 °C (open squares) calculated 
from Eq. 8.6 and 8.7. Error bars are propagations of the standard deviations of the fits of 𝜁 and 𝑑 from Eq. 8.1-8.4.  
 
Let us return to the discussion of a polymer-electrolyte-based battery operating at a large current. 
For completeness, we consider an SEO/LiTFSI electrolyte with r = 0.05 in a battery operating at 
90 °C. The volume fraction of salt in this electrolyte is 0.16.137 When a large enough current is 
applied, the volume fraction of the salt near the cathode will approach zero due to the well-
established concept of concentration polarization.18,256,257  Based on the data in ref 256, for a 
symmetric Li-SEO/LiTFSI-Li cell with a 250 micron-thick electrolyte and a PEO volume fraction 
of 0.80, the current density at which the salt concentration in our SEO electrolyte would be zero 
at the cathode is 0.75 mA cm-2, and the potential drop across the electrolyte would be 125 mV. In 
this case, the 16% of the electrolyte volume that was originally occupied by salt must be replaced 
by polymer due to the incompressibility constraint. Similarly, the salt concentration at the anode 
will increase to about r = 0.10, displacing polymer chains. The data in Fig. 8.4 suggest that 
relaxation processes at the anode will be about 1.7 times slower than those at the cathode. While 
further work is necessary to substantiate this effect, the NSE results presented in Figures 8.3 and 
8.4 provide the first insights into factors that may limit the performance of polymer-electrolyte-
based batteries operating at high currents.     
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8.4 Conclusions 
 
In conclusion, the effect of added salt on the polymer dynamics of a nanostructured block 
copolymer electrolyte are investigated using NSE on the 0.1-100 ns timescale and analyzed using 
the Rouse model at short times (𝑡 ≤ 10 ns) and the reptation model at long times (𝑡 ≥ 50 ns). The 
effect of salt concentration on the segmental dynamics in the Rouse regime matches the results of 
previous experiments on homopolymer electrolytes: monomeric friction increases with increasing 
salt concentration.15,72–75 In the reptation regime, the tube diameter decreases with increasing salt 
concentration. We attribute this trend to temporary crosslinks between neighboring chains arising 
from Li+ ion coordination. The normalized longest molecular relaxation time, 𝜏#,@, was calculated 
from the NSE results, and was found to increase with increasing salt concentration. All of the rich 
literature on polymer electrolytes is narrowly focused on the transport of ions under small applied 
fields or in the absence of applied fields.25,65,76–79,240 We posit that our measurements of dynamics 
at long times (50-100 ns) are relevant to the operation of polymer-electrolyte-containing batteries 
at high currents wherein the diffusion of salt ions in one direction must induce diffusion of polymer 
chains in the opposite direction.  
 
8.5 Nomenclature 
8.5.1 Abbreviations 
ddSEO deuterated polystyrene-b-deuterated poly(ethylene oxide) 

dhSEO deuterated polystyrene-b-hydrogenated poly(ethylene 
oxide) 

LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt 
MD molecular dynamics 
NSE neutron spin echo 
PEO poly(ethylene oxide) 
PS polystyrene 
QENS quasi elastic neutron scattering 
SANS small angle neutron scattering 
SEO polystyrene-b-poly(ethylene oxide) 

 
8.5.2 Symbols 
d  tube diameter (Å) 
D  domain spacing (nm) 
dPEO  tube diameter of PEO homopolymer (Å) 
Icoh(Q)  coherent scattering intensity (cm-1) 
kB  the Boltzmann constant 
𝑙   statistical segment length (Å) 
Me  entanglement molecular weight (kg mol-1) 
Mn,i  number-averaged molecular weight of species i (kg mol-1) 
N  number-averaged degree of polymerization (sites chain-1) 
Q  scattering vector (Å-1) 
r  salt concentration ([Li] [EO]-1) 
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,(L,$)
,(L,+)

    dynamic scattering function 
t  time (ns) 
T  temperature (K) 
W  elementary Rouse rate (ns-1) 
𝑊𝑙:   Rouse parameter (Å4ns-1) 

 
8.5.3 Greek Symbols 
𝜆  neutron wavelength (Å) 
𝜁  monomeric friction coefficient (g s-1) 
𝜏#  longest molecular relaxation time (s) 
𝜏#,@  normalized molecular relaxation time 
𝜏+ characteristic time scale (ns) 

 

8.6 Supporting Information  
 
8.6.1 Electrochemical Characterization. Ion transport properties were determined by performing 
electrochemical measurements on symmetric cells made with blocking electrodes assembled in an 
Ar glovebox. Conductivity samples for the blends of SEO/LiTFSI were prepared by pressing the 
polymer into a 508 μm thick silicone spacer and sandwiching it between two 200 μm thick stainless 
steel electrodes. Nickel tabs were secured to the stainless steel shims to serve as current collectors. 
The assembly was vacuum sealed in laminated pouch material (Showa-Denko) prior to removal 
from the glovebox. Electrochemical impedance spectroscopy was performed within a frequency 
range of 1 MHz to 1 Hz at a sinusoidal amplitude of 60 mV. The final electrolyte thickness was 
determined by subtracting the electrode thickness from the total cell thickness after the 
experiments were completed. Conductivity was then determined according to the equation 
 
 

𝜅 =
𝑙

𝐴 ∙ 𝑅W
		 

  (8.8) 

 
where 𝑙 is the electrolyte thickness, 𝐴 is the sample area, and 𝑅W is the bulk resistance determined 
from the low frequency minimum in the resulting Nyquist impedance plot. 
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8.6.2 NSE and SANS Analysis 

 

Figure 8.5 Overlap of NSE data: Dynamic scattering functions, J(p,5)
J(p,>)

, determined from NSE for SEO/LiTFSI 

mixtures for 𝑄 =	0.11, 0.15, and 0.20 Å-1 at 𝜆 = 6 (filled symbols) and 11 Å (open symbols) for different salt 
concentrations (columns) and temperatures (rows) to show the overlap in data taken at the two wavelengths near 𝑡 =
20 ns.  
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Figure 8.6 Quantitative Analysis of SANS: SANS profiles of SEO/LiTFSI mixtures at different salt concentrations, 
0 ≤ 𝑟 ≤ 0.10, at 90 °C. The data surrounding the structured peaks shown in Figure 8.1 were removed and the data 
were fit to the form factor for a Gaussian coil, the Debeye function. At all salt concentrations, the data are consistent 
with the Debeye function in the Q-range of the NSE experiments. The results for the radius of gyration, 𝑅t, range 
from 4.1-4.3 nm, which are in reasonable agreement with ref 137. 
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Figure 8.7 Magnified Rouse Fits: Dynamic scattering functions, J(p,5)
J(p,>)

, determined from NSE for SEO/LiTFSI 

mixtures for 𝑄 =	0.11, 0.15, and 0.20 Å-1 at 90 °C (filled symbols) and 120 °C (open symbols) for different salt 
concentrations: (a) r = 0, (b) 0.025, (c) 0.075 and (d)  0.10. The error bars represent one standard deviation of the NSE 
data. The curves correspond to the Rouse model (Eq. 8.1-8.3 in main text). Solid lines represent fits to data taken at 
90 °C and dashed lines represent fits to data taken at 120 °C. 
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Figure 8.8 Extrapolated Rouse Fits: Dynamic scattering functions, J(p,5)
J(p,>)

, determined from NSE for SEO/LiTFSI 

mixtures for 𝑄 =	0.11, 0.15, and 0.20 Å-1 at 90 °C (filled symbols) and 120 °C (open symbols) for different salt 
concentrations: (a) r = 0, (b) 0.025, (c) 0.075 and (d)  0.10. The error bars represent one standard deviation of the NSE 
data. The curves correspond to the Rouse model (Eq. 8.1-8.3 in main text) and are reproduced from the main text but 
are extrapolated out to 𝑡 = 100 ns to show the deviations from Rouse dynamics at 𝑡 > 20 ns. Solid lines represent 
fits to data taken at 90 °C and dashed lines represent fits to data taken at 120 °C. 
 
Table 8.1 Fits and statistics for Rouse parameter and tube diameter at 90 °C:  Confidence intervals represent 
one standard deviation from the fits. 
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Table 8.2 Fits and statistics for Rouse parameter and tube diameter at 120 °C: Confidence intervals represent 
one standard deviation from the fits. 

 

 

8.6.3 Comparison between PEO/LiTFSI and SEO/LiTFSI 
 

 

Figure 8.9 Friction for SEO/LiTFSI and PEO/LiTFSI: Monomeric friction coefficients at 90 °C for PEO/LiTFSI 
and SEO/LiTFSI as a function of salt concentration. Values for PEO/LiTFSI were taken from ref 74 and re-calculated 
to account for the effect of salt on the  statistical segment length, 𝑙, from ref 137. 
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Figure 8.10 Normalized Friction: Comparison between normalized friction coefficient, 𝜁(𝑟)/𝜁(0), as a function of 
salt concentration taken at 90 °C for PEO/LiTFSI and SEO/LITFSI (reproduced from Fig. 8.9). Solid line is the 
equation, u(U)

u(>)
= U

>.>=M
, taken from ref 74. Error bars represent one standard deviation. 

 

 

Figure 8.11 Ionic Conductivity Predictions: Ionic conductivity, 𝜅, as a function of salt concentration taken at 90 °C 
for PEO/LiTFSI (blue squares), SEO/LiTFSI from this study (black circles), and a comparable SEO/LiTFSI (white 
circles) (reproduced from ref 25). Error bars represent standard deviations from the ≥	3 measurements taken. The 
solid line is the equation: 𝜅 = 0.043𝑟 dexp h− U

>.>=M
ij taken from ref 74. 
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9. Summary 
 
The purpose of the work presented in this dissertation is to develop a molecular-level 
understanding of the effect of salt on the thermodynamics and dynamics of block copolymer 
electrolytes. Throughout this work, we apply theories developed for salt-free polymer systems to 
experimental data taken on block copolymer/salt mixtures to gain insight on how the presence of 
salt affects polymer behavior such as self-assembly, thermodynamics, and chain motion. Our 
model system is polystyrene-block-poly(ethylene oxide) (SEO) mixed with lithium 
bis(trifluoromethanesulfonyl) imide (LiTFSI) salt, SEO/LiTFSI. In these systems, we quantify the 
salt concentration, r, as the ratio of Li ions to ethylene oxide repeat units: 𝑟 = [𝐿𝑖]/[𝐸𝑂]. In 
Chapter 2, we describe the synthetic procedures used to synthesize the SEO block copolymers 
used in this study.  In Chapter 3, we give a brief review on the variety of X-ray and neutron 
scattering techniques used in the present study and highlight other relevant applications for the 
techniques.  
 
Chapters 4 and 5 focus on the phase behavior of SEO/LiTFSI. The morphologies of SEO/LiTFSI 
were determined using temperature-resolved small angle X-ray scattering (SAXS) experiments. 
All SEO copolymers considered in these studies form disordered morphologies in the salt-free 
state and microphase separate upon the addition of salt. In Chapter 4, we focus on SEO copolymers 
with a majority polystyrene (PS) phase. We find that the addition of salt drives the copolymers to 
form ordered morphologies, which increases the domain spacing of the electrolytes. In one 
copolymer, with a poly(ethylene oxide) (PEO) volume fraction (𝑓%&) equal to 0.20, we find a 
reentrant phase transition where the addition of a small volume of salt first orders the copolymer. 
The ordered phase formed at this salt concentration contains coexistence of the same lattice type 
– two body center cubic lattices with different lattice constants. Upon further salt addition, the 
copolymer disorders before undergoing a final disorder-to-order phase transition at even higher 
salt concentrations. Neither this reentrant phase transition nor the coexistence of the same ordered 
morphology has been previously seen in block copolymers (with or without salt). We use electron 
tomography and resonant soft X-ray scattering (RSoXS) to probe the nature of the coexisting 
spheres. We hypothesize that a difference in salt concentration in the PEO spheres leads to the 
emergence of two dominant domain spacings.  
 
Chapter 5 focuses on the creation of the largest experimental dataset of the phase behavior of block 
copolymer electrolytes. Through SAXS experiments, we determine the morphology of a library of 
SEO/LiTFSI mixtures with copolymer compositions ranging from 0.18 ≤ 𝑓%& ≤ 0.85, chain 
lengths (N) ranging from 50-500 repeat units, and salt concentrations ranging from 0 ≤ 𝑟 ≤ 0.30. 
For simplicity, we focus on the phase behavior at a single temperature of 100 °C. We use a simple 
framework to create phase diagrams of segregation strength versus copolymer composition for 
SEO/LiTFSI and find that the phase behavior of SEO/LiTFSI is qualitatively similar to that of salt-
free block copolymers predicted by mean-field theory. Also included in this chapter is a compiled 
dataset from the literature on the phase behavior of SEO copolymers mixed with a variety of Li 
salts as well as a study on the effect of salt concentration on the domain spacing of SEO-based 
electrolytes. Expressions for the domain spacing as a function of copolymer chain length, 
composition and salt concentration were developed for both the weak and strong segregation 
regimes.  
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In Chapter 6, we focus on the effect of salt concentration and copolymer composition on the 
thermodynamics of SEO/LiTFSI through quantification of the Flory-Huggins interaction 
parameter, 𝜒. The interaction parameters were quantified through application of Leibler’s Random 
Phase Approximation to SAXS profiles of the electrolytes in the disordered phase. In the absence 
of salt, we find that the thermodynamics are dependent on both N and 𝑓%&. The effect of salt on 
𝜒.// is also asymmetric and at a fixed temperature of 100 °C, an expression for 𝜒.// was developed 
for SEO/LiTFSI as a function of chain length, copolymer composition, and salt concentration. This 
expression was used to determine the critical chain length for ordering, 𝑁012$, as a function of 
copolymer composition and salt concentration. At 𝑓%& > 0.27, the addition of salt stabilizes the 
ordered phase; at 𝑓%& < 0.27, the addition of salt stabilizes the disordered phase. We propose a 
simple theoretical model to predict the block copolymer composition at which phase behavior is 
independent of salt concentration (𝑓%& = 0.27).  We refer to this composition as the “isotaksis 
point”. 
 
Chapter 7 is the first section to introduce neutron scattering and is the only section that focuses on 
homopolymer electrolytes, PEO/LiTFSI. We use small angle neuron scattering (SANS) to 
determine the effect of salt concentration on the statistical segment length of PEO in the melt state 
at 90 °C. In the prior sections we used nanostructure to determine the effect of salt on the 
thermodynamics or chain conformation of SEO corresponding to length-scales on the ~10 nm 
length-scale. In Chapter 7, we determine the effect of salt concentration on a significantly smaller 
length-scale (approximately 0.5 nm) to quantify how the effect of salt concentration on the chain 
dimensions. We find that the effect is non-monotonic: for 𝑟 ≤ 0.125, the chain size decreases and 
for 𝑟 > 0.125, the chain size increases. We hypothesize that this relationship is due to the preferred 
coordination environment of Li ions with PEO where each Li ion prefers to be coordinated by six 
ether oxygens. As salt concentration increases, the ether oxygens become saturated with Li ions, 
which we hypothesize leads to the formation of ion clusters, which increase the chain dimensions. 
We use additional SANS studies to probe the nature of the ion clusters and found that they had a 
characteristic size of 0.6 nm.  
 
Chapter 8 expands on the use of neutron scattering techniques. We used neutron spin echo (NSE) 
spectroscopy to probe the effect of salt concentration on the polymer chain dynamics of a 
SEO/LiTFSI electrolyte that microphase separates into cylinders of PS in a salt-containing PEO 
matrix determined by SANS. The main advantage to using NSE is the wide range of timescales it 
can probe: 0.1-100 ns. This allows for examination of segmental dynamics in the Rouse regime at 
𝑡 ≤ 10 ns as well as polymer chain dynamics in the reptation regime at 𝑡 ≥ 50 ns. We find that 
the dynamics in both regimes decreases with increasing salt concentration as quantified by the 
increase in the monomeric friction coefficient in the Rouse regime and decrease in tube diameter 
in the reptation regime. Based on these measurements, we calculate a normalized longest 
molecular relaxation time and find that block copolymers with flow more slowly with increasing 
salt concentration. This is important in a battery operating at high current wherein the diffusion of 
salt ions in one direction must induce diffusion of polymer chains in the opposite direction. 
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Appendix A1. RSoXS Running Manual  
 
Beamline 11.0.1.2 provides an excellent user manual to the beamline, which should be read 
thoroughly before beamtime and consulted frequently during beamtime. These notes serve to 
supply specific details about conducting RSoXS experiments on air-free samples as well as provide 
a few details that are not in the user manual. 
 

A1.1 Sample Preparation 
 
RSoXS samples are typically thin film polymer membranes that have been drop-cast from solution 
on to silicon nitride (Si3N4) windows. A few tips for the most successful sample preparation:  

• If possible, use tweezers with rubber tips when handing Si3N4 windows. They break very 
easily. 

• Purchase Si3N4 windows with smaller windows for easier handling inside of the glovebox 
and create more uniform films. The frame should be 5x5 mm in dimensions and the window 
can be between 1x1 mm and 1.5x1.5 mm in dimensions. The smaller the window, the larger 
the exposed frame area, and the easier the window is to handle.  

• The most uniform films were achieved by pre-treating the Si3N4 windows in an ozone 
chamber for 15 minutes. The ALS chemistry labs have one that can be used. 

• Use double sided carbon tape to stick the window frames to the stage. If using the heat 
stage, secure the windows with double sided copper tape to allow for heat conduction to 
the samples.  

• Pre-load the windows on to the stage outside of the glovebox. The windows can be pre-
treated once attached to the stage as well. This eliminates the need to handle individual 
windows inside of the glovebox. Ensure the windows are far apart enough to drop-cast 
solution, but within the range of usable stage at the beamline. If you need extra space, 
consider getting an extra stage made at the machine shop to use for sample prep.  

• Create a sample map of the stage prior to drop-casting samples. Use the asymmetries of 
the stage to orient the samples. Once the samples are drop-cast, it is impossible to 
distinguish them from one another.  

• NMP wets the Si3N4 windows better than THF. Thin films cast from NMP solutions appear 
more uniform in surface roughness compared to those cast from THF solutions.  

• Films can be as thick as 1-2 microns for scattering experiments. By assuming the film will 
cover the entire window area, one can approximate the thickness of the resulting film based 
on the polymer concentration of the solution and the volume of solution used.  

• At most, 4 𝜇L of solution should be drop-cast on to the Si3N4 window at a time. For best 
results, place the pipette tip in one of the corners of the window and release the solution 
from the pipette only until the first “click”.  Fully expunging the pipette of solution will 
also release Ar from the pipette tip which can disturb the solution.  

• If thicker films are desired that what can be created with 4 𝜇L of solution, repeat the drop-
cast procedure two to three times after allowing all of the visible solution to be evaporated 
from the window (approximately 10-15 min on a hotplate at 120 °C). After sufficient 
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material has been drop-cast to the window, the thin films can go into the glovebox 
antechamber for annealing.   

• Lightly press on the frames of all of the samples before moving into the glovebox 
antechamber for annealing. The initial evacuation is intense, and the samples can move or 
become disconnected from the stage if not secured tightly.  

• Use a beaker to secure the stage inside of the antechamber. Anneal the samples for as long 
as possible, preferably 3-5 days at 160 °C. Make sure there is enough time to do a controlled 
cooling to RT under vacuum, approximately 12 hours.  

• Visibly inspect all of the samples and compare with the sample map immediately after 
removing the stage from the antechamber. 

 
Figure A.1.1 Sample Stages Provided by 11.0.1.2: Example of two sample stages provided by 11.0.1.2 beamline 
scientists with an example PS 300 nm spheres calibration and piece of YAG. 
 
A1.2 Transferring Samples to the Beamline 
 
Unfortunately, the transfer process of the samples from the glovebox to the beamline cannot 
happen in completely air-free environments. Therefore, it is extremely important to be prepared 
while doing the sample transfer: 

• Bring your calibration samples (ordered block copolymers, PS spheres of known size, etc.), 
blank pre-treated Si3N4 window, and a piece of yttrium aluminum garnet (YAG) into the 
glovebox. Place the standards, blank window and YAG on the sample stage and add them 
to the sample map. 

• Bring a large desiccator into the glovebox and place the sample stage inside of it. Secure 
the lid and bring the whole desiccator to the beamline.  

• Vent the sample chamber at the beamline. Do not open the desiccator until the sample 
chamber is vented.  
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• Open the desiccator and quickly transfer the sample stage into the sample chamber. Pump 
down the sample chamber as quickly as possible. If using the heat stage, secure the plug 
into the adaptor present within the sample chamber.  

• Again, the evacuation of the sample chamber is intense. Make sure all of the samples are 
secured to the stage prior to inserting into the desiccator in the glovebox.  

 
A1.3 Running Experiments 
 
There are two types of experiments to run Beamline 11.0.1.2: NEXAFS and scattering 
experiments. NEXAFS experiments can be run in two detection modes: Transmission and Total 
Electron Yield (TEY). Transmission detection is more suited for thicker samples and provides 
information on the sample transmission to determine if the samples are too thick. Scattering 
experiments, called “CCD Scan” in the LabView program, are extremely similar to SAXS 
experiments conducted elsewhere, although there is the option to collect scattering profiles as a 
function of incident beam energy. Some useful tips for data acquisition: 

• NEXAFS experiments are used to determine suitable energies for conducting scattering 
experiments. This means a NEXAFS spectra should typically be taken for each sample 
with a different chemical structure or chemical components. In theory, the NEXAFS 
spectra for a given copolymer of different molecular weights or compositions will have 
the same peaks as these samples contain the same chemical structure. Note, peak intensity 
will change with copolymer composition. 

• NEXAFS experiments are also used to calculate the absolute scattering intensity of the 
sample. At each given energy, NEXAFS spectra should be taken of the blank window and 
the direct beam to calibrate the beam intensity. 

• If running absolute scattering intensity, a NEXAFS scan of each sample is needed in 
addition to calibrate the scattering intensity.  

• CCD Scan collects the scattering data. This should be done for every sample at the energy 
range identified from the NEXAFS scans. Note, the optimal exposure time for a sample 
at a given energy is inversely proportional to the NEXAFS intensity. Run a few test CCD 
scan experiments to make sure the exposure time isn’t too high and will not oversaturate 
the detector.  

• Collect a CCD Scan for dark images (no beam) at all exposure times used. Often times, 
it’s easiest to do this first, for a wide window of exposure times.  

• Conduct all experiments, NEXAFS and CCD Scan, in a given energy range (Carbon K-
edge, for example) before moving to the next energy range (Nitrogen K-edge, for 
example). Often times the beam will “move” if the incident beam energy is change 
drastically and it will be hard to re-gain the exact beam properties (i.e., sharpness, 
intensity, placement).  

• It’s possible to write scripts in Excel (.csv or .txt. formats) to automate the energy scans 
and exposure times for both NEXAFS and CCD Scan experiments. The scripts can be 
saved on the beamline computer and used at all future beamtimes as well. Refer to the 
Beamline User Manual on how to write scripts for each type of experiment.  
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• If one is not familiar with 2D scattering data, it is helpful to process the collected 2D data 
into 1D profiles through Igor at the beamline on the data reduction computer. The most 
time-efficient way of doing this is for two people to be present throughout the beamtime: 
one to run data acquisition and one to process the data.    

 
A1.4 Reducing Scattering Data 
 
The beamline provides an altered version of the Nika program to reduce RSoXS scattering data 
efficiently. They have an excellent data analysis manual that walks through the process of 
reducing scattering data correctly. A few tips: 

• A separate Igor Program Files is provided to reduce RSoXS scattering data. This package 
relies on an older version of Nika. Therefore, it is useful to house two sets of Igor Program 
Files on your computer and only “call upon” the one needed when reducing RSoXS versus 
SAXS or SANS data. 

• If you are not familiar with reducing 2D scattering patterns into 1D profiles in Nika prior 
to running RSoXS, it is prudent to learn on standard SAXS data first. This will help you 
understand what information is really necessary, e.g., absolute intensity, to provide you 
with the data that you need as well as some of the useful keyboard shortcuts in Igor.  

• Use the quick key, “Ctrl+Y” or “Cmd+Y” to highlight the window preferences on a 
selected graph. This will allow you to rename the window of recently reduced data to an 
identifier. Then, when you go to reduce the next set of data, it will open up a new window 
to populate with 1D scattering profiles.   

: 
A1.5 Additional Notes 
 
Here are additional notes that were gathered over the course of many nights on the beamline: 

• Be extremely careful when in “camera mode” while you are viewing the sample stage. It 
is extremely easy to move the beam away from the cursor, and it is a huge pain to re-locate 
the beam. The YAG piece on the sample stage is used to “find” the beam.  

• Often times the filename is not updated while collected NEXAFS data. It is important write 
down the five-digit number associated with each NEXAFS scan or it can become 
impossible to deconvolute the collected data after beamtime. 

• Keep track of the photodiode reading at a given energy range. If it changes significantly 
throughout the course of experiments over a specific energy window, a new direct beam 
and blank NEXAFS scan will be needed to calibrate the scattering intensity.  

• Sometimes the beam intensity changes drastically during beamtime. This is easy to track 
by keeping an eye on the photodiode reading while in the NEXAFS configuration or 
tracking the beamstop intensity while in the CCD Scan configuration. If this happens, 
adjust the mirrors upstream of the sample chamber to re-center and focus the beam. This 
usually requires opening the upstream slits to allow more of the beam into the sample 
chamber. Ask a beamline scientist how to do this before they abandon you for the night.  
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• If you plan to use a wide range of incident beam energies. Make sure the beam can “get” 
to all of the desired energies before the beamline scientist leaves you. Often times, more 
adjustments are needed, such as changing the slits and higher order suppressors, than 
simply changing the incident beam energy on LabView. Record the photodiode or 
beamstop reading that is achieved at these energy levels. When returning to these energies 
later, refer to the beamstop reading to make sure you are achieving the “best” possible 
incident beam profile.  

• The beam physically moves if the incident beam energy changes drastically, say from the 
Carbon to the Fluorine K-edge. Record the position of the beamstop at each configuration. 
This will inform you how far the beam has moved. If you use the same x,y positions for 
CCD Scans at one energy, they will most likely not collect scattering at the same place on 
the sample at the other energy. If your films are uniform in thickness and composition, this 
shouldn’t be an issue unless the beam is now off the sample window. However, this can 
cause problems if your films are rough and non-uniform. The best way to overcome this is 
to take CCD scan calibration images of well-ordered block copolymer to use while 
calibrating beam center and sample-to-detector distance in Igor. Then, create separate Igor 
calibrations for each energy range (i.e., Carbon, Oxygen, Fluorine). The intensities of the 
scattering profiles will change with energy, but the peak positions should remain at 
constant q-values due to the Bragg scattering.  

• Always calculate the transmission of each sample and the blank window when reducing 
the data. It can be easy to miss a change in beam intensity during a long beamtime, and this 
serves as a good “sanity check” when comparing scattering intensities between samples. 

 




