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Abstract 

A central challenge in designing novel polymeric materials is to find a broadly 

applicable strategy to systematically tailor microstructures in order to simultaneously 

optimize two or more orthogonal properties. For example, polymeric materials with high 

ion transport and mechanical stiffness are highly desired in water treatment membranes, 

ion battery electrolytes, fuel cell membranes etc. To achieve this goal, at least two 

components with distinct properties are usually needed, and a co-continuous 

microstructure, where one domain is responsible for ion transport while the other imparts 

mechanical strength, is favored. In this thesis, we propose that the salt-doped A/B/AB 

ternary system that consists of A and B homopolymer and a corresponding AB diblock 

copolymer is an attractive platform in accessing the bicontinuous microemulsion (BμE), 

where the introduction of salt improves the ionic conductivity. To help design such 

materials with desired properties, the influence of salt ions on the thermodynamics of 

mixing and phase behaviors needs to be elucidated. We start with one limit of the salt-

doped ternary system that no copolymer is added. In Chapter 2, we investigated the phase 

behavior of LiTFSI-doped poly(ethylene-alt-propylene)/poly(ethylene oxide) (PEP/PEO) 

and polystyrene/poly(ethylene oxide) (PS/PEO) binary blends and observed a significant 

reduction of miscibility and an asymmetric phase diagram. Chapter 3 details the symmetric 

isopleth phase diagram of LiTFSI-doped PS/PEO/PS-b-PEO ternary blends, where a robust 

and wide BμE channel has been found. Chapter 4 extends the research reported in Chapter 

3 to off-symmetric isopleths, where an unexpected C15 Laves phase has been observed, 

and isothermal phase diagrams have also been mapped out. Finally, Chapter 5 describes 

the influence of salts on the single-chain dimensions of PEO melts by small-angle neutron 

scattering and the difficulties in data analysis. Throughout the whole thesis, the main goal 

is to comprehensively understand salt-polymer interactions and explore the change of 
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phase behavior compared to the salt-free system, which may help to prepare polymer 

electrolytes with tunable structures and properties. 
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Chapter I. 
 

Introduction and Background 

 

1.1 Introduction 

Over the past few decades, multicomponent polymeric systems have been a major 

research interest in both academia and industry, in order to develop novel materials with 

systematically tunable nanostructures. Under the right conditions, by combining polymers 

with disparate chemical, mechanical, or electrical properties, two (or more) orthogonal 

properties can be simultaneously optimized, leading to materials with much broader 

applications including, but not limited to, solid electrolytes in rechargeable batteries, 

selective membranes in fuel cells, flexible displays, actuators, and portable electronics.1-5 

Two well-documented strategies to prepare multicomponent polymeric materials are 

(1) physically mixing polymers together to form polymer blends, and (2) linking distinct 

polymer chains end-to-end by covalent bonds to form block polymers. Such materials may 

inherit the properties of all components, but the optimization of their properties is nontrivial 

due to the incompatibility of the constituents that may lead to heterogeneity and potential 

phase separation. Thus, understanding the thermodynamics of mixing and corresponding 

phase behavior is an essential first step to guide material design. The equilibrium phase 

behavior is determined by the polymer chain architecture, chemical structure of the 

monomer, degree of polymerization, and polymer composition.6 The most commonly 

adopted theory was developed independently by Flory and Huggins,7,8 in which an 

important interaction parameter χ was introduced to account for the incompatibility 

between the constituents segments of the polymers in blends or block polymers, and the 

segregation strength χN, where N is the volumetric degree of polymerization, determines 

the tendency for phase separation. 
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Despite its simplicity, conventional Flory-Huggins theory manages to describe the 

phase behavior of many binary polymer blends quite well but may fall short in systems 

with more complex constituents. For example, ion-containing polymers, where ions can be 

introduced by either doping with salt or functionalizing the polymer chain with charges, 

are good candidates as ionic conducting media or separators in electrochemical devices due 

to the potentially high conductivity and mechanical strength. However, the phase behavior 

is significantly different from the neat polymer systems, and is far from being well 

understood.9-15 The complex interactions in such systems incorporate increased 

translational entropy of ions, solvation energy of ions, and reduced polymer conformational 

entropy.9,10 Changes in these thermodynamic parameters, together with strong ion-ion 

correlations and uneven distribution of ions in different domains, shift the phase boundaries 

dramatically, where both theoretical and experimental analysis are needed to elucidate the 

underlying mechanisms.12,14 

To help design ionically conductive and mechanically robust materials, a co-

continuous nanostructure is often desired, where one domain is responsible for molecular 

or ionic transport, while the other imparts mechanical strength. To this end, at least two 

polymeric components A and B are required, and the molecular architectures and the 

component compositions must be chosen wisely to realize co-continuity. Such a co-

continuous morphology with various domain length scales can be obtained by different 

strategies in different polymer systems. For block polymer melts, chains can self-assemble 

into a bicontinuous double gyroid structure with a 5 to 50 nm periodicity, but only within 

a narrow composition window.16,17 Also, due to fluctuation effects, disordered block 

polymers near the order-disorder transition temperature (TODT) display local structures with 

a characteristic length scale on the order of the coil dimensions,18-21 which can be fixed by 

crosslinking or vitrifying the polymers.22-24 For incompatible A/B homopolymer blends,  

an isotropic bicontinuous structure with an initial size that can reach of the order of 
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“molecular dimensions” can be obtained during spinodal decomposition, but will coarsen 

over time.25-29 Although such bicontinuous phases can be arrested,30 the characteristic 

length scale of each domain is usually on the order of several micrometers, and difficult to 

control precisely.6 To access a wider domain size range with better tunability, a ternary 

system comprising A and B homopolymers and an AB diblock copolymer has been 

proposed, where the AB copolymer acts as a surfactant to stabilize the A/B interface, and 

the amount of A and B homopolymers controls the degree of expansion for each domain.31 

It has been demonstrated that such ternary blends universally exhibit an equilibrium 

bicontinuous microemulsion (BμE) structure when the components are suitably designed, 

and the domain size is continuously tunable over the range from ca. 20 to 200 nm.31,32  

While the BμE structure exists for uncharged A/B/AB ternary blends, the introduction 

of ions in such a system brings in another layer of complexity, and little is known about 

the corresponding phase behavior.33,34 Consequently, exploring the thermodynamics of 

mixing and the phase behavior of charged A/B/AB ternary blends is the primary focus of 

this thesis, where ions are introduced by salt-doping. Due to the relatively high electric 

permittivity of PEO, and the ion-dipole interaction between the cations and ether oxygens 

in PEO, PEO and the salt can be regarded as one effective component and thus we refer to 

the salt-doped system as pseudo ternary blends. Before dealing with the pseudo ternary 

system, the influence of salt ions on the phase behavior in the A/B binary blend and AB 

copolymer limits are quantitatively analyzed. Here we will briefly summarize the current 

research about neutral and ion-containing binary homopolymer blends, copolymers, and 

the combination of both, and discuss the challenges and opportunities in designing such 

ion-containing materials. 

 



4 
 

1.2 A/B Binary Homopolymer Blends and AB Block Copolymers 

For A/B binary homopolymer blends in the melt state, incompatibility between A and 

B chains leads to potential phase separation during which process the increasing interfacial 

tension drives to reduced surface area and eventually results in macrophase separation 

(Figure 1.1a). In the case of AB copolymers, due to the covalent bond between the A and 

B blocks, phase segregation can only take place locally. To balance the interfacial energy 

versus the conformational entropy loss due to the chain stretching upon microphase 

separation, equilibrium microstructures with finite length scales and specific morphologies 

form (Figure 1.1b), which is quite different from phase separation in homopolymer blends.6 

  

 
 
Figure 1.1: Representative (a) macrophase separation for an incompatible A/B 
homopolymer blend and (b) microphase separation for an AB diblock copolymer. The 
domain spacing (D) and the local structure near the interface are shown for both cases.  

1.2.1 Theoretical and Experimental Investigation of Phase Behavior 

Flory and Huggins independently derived the free energy change (ΔGm) per segment 

in a binary mixture based on an incompressible lattice model, assuming that the chains 

have the same configuration in the blend as in the pure component state and accounting for 
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the configurational entropy of mixing and the enthalpy of mixing for distinct segments, as 

shown in eq 1.1: 

 

 m A B
A B A B

B A B

ln lnG
k T N N

φ φφ φ χφ φ∆
= + +  (1.1) 

 

where ϕi and Ni are the volume fraction and volumetric degree of polymerization of chain 

i, respectively, χ represents the Flory-Huggins interaction parameter, kB is the Boltzmann 

constant, and T is the temperature.7,8 

At constant temperature and pressure, the phase diagram for a volumetrically 

symmetric (NA = NB = N) binary blend can be depicted as shown in Figure 1.2. The 

segregation strength χN and the composition of A homopolymer determine the miscibility. 

Upon phase separation, following the standard criteria for equilibrium, the compositions 

of A homopolymer for the two coexisting phases A
αφ  and A

βφ  should satisfy eq 1.2 while 

the chemical potentials of B are the same in both phases, based on which the binodal curve 

(coexistence curve) can be derived. When χN is lower than the binodal curve, a miscible 

one-phase state is obtained, and when χN is higher than the curve, two macrophases form. 

 

 
( ) ( )m A m A

A A

G Gα βφ φ

φ φ

∂∆ ∂∆
=

∂ ∂
  (1.2) 

 

The stability limit can be determined by eq 1.3, based on which the spinodal curve can 

be derived. When χN is above the spinodal curve, the blend is thermodynamically unstable. 
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Between the spinodal and binodal curves, there is a metastable region, where adequate 

composition fluctuations are needed to nucleate phase separation. The metastable window 

narrows as ϕA approaches the critical composition (ϕA,c) which can be determined by eq 

1.4.  

 

 
3

m
3
A

0G
φ

∂ ∆
=

∂
 (1.4) 

 

An increase in χN above the critical point (ϕA,c, (χN)c) induces spinodal decomposition 

(A to A’ in Figure 1.2), which leads to a bicontinuous two-phase structure that coarsens to 

a much larger length scale to reduce the interfacial area. Off the critical composition, as χN 

increases into the metastable region, a minority phase forms as droplets, which then grow 

gradually over time and lead to coalescence and ultimately form two macroscopic phases. 

This process is called nucleation and growth (B to B’ in Figure 1.2). 

 
 
Figure 1.2: Theoretical mean-field phase diagram for a volumetrically symmetric binary 
homopolymer blend. Reprinted with permission from Ref. 6. 
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Experimentally, the phase diagram for binary homopolymer blends is usually plotted 

in the temperature-composition plane. While Flory-Huggins theory assumes 1/ Tχ  , in 

practice nonrandom segment packing and deviations from incompressibility bring in extra 

complexity, and a more general expression of the effective interaction parameter (χeff) 

including the enthalpic part (χh) and the excess entropy of mixing (χs) between distinct 

segments is usually given as eq 1.5. Note that throughout this thesis, χeff is often treated as 

χ to analyze the polymer phase behavior. 

 

 eff h s T
αχ χ χ β= + = +  (1.5) 

 

Different types of phase diagrams are observed in polymer blends and solutions,35-38 of 

which two are most commonly observed for polymer blends. If a blend phase separates on 

cooling and becomes miscible on heating, it demonstrates upper critical solution 

temperature (UCST) behavior, which is the consequence of having α  > 0 (and β small or 

negative). On the contrary, if it is one-phase at low temperature and immiscible at high 

temperature, it exhibits lower critical solution temperature (LCST) behavior, which is the 

consequence of having α < 0 and β  > 0. 

As shown in Figure 1.2, for a volumetrically symmetric binary homopolymer system 

(NA = NB), both the binodal and spinodal curves are symmetric, ϕA,c = 0.5, and (χN)c = 2, 

while in some cases, the χ is composition-dependent, leading to an asymmetric phase 

diagram. This asymmetry is more severe in ion-containing systems, which will be 

discussed in the next section. 

Since living polymerization was first developed in the 1950s, block copolymers with 

well-controlled architectures and low dispersities became accessible. The self-assembly 

and properties of block copolymers have been a major theme of polymer research in order 



8 
 

to design novel materials with high performance in specific applications.39,40 Unlike 

homopolymer blends, block copolymers tend to form microdomains, while the degree of 

polymerization required to form such domains is higher than required for macrophase 

separation of a simple blend of the component blocks.41 In the 1970s, Helfand et al. applied 

the self-consistent field theory (SCFT) to study the block copolymer microdomains and 

found that the morphology is dependent on the composition (fA), and the domain spacing 

(d) scales with N2/3 in the strong segregation limit.42,43 In 1980, Leibler published the 

pioneering paper about block copolymer microphase separation theory using de Gennes’ 

random phase approximation (RPA) approach.44 He predicted that the order-disorder 

transition (ODT) was determined by χN and fA, with a critical point at (χN)c = 10.5 and ϕA,c 

= 0.5. Various morphologies, including lamellae (LAM), hexagonally-packed cylinders 

(HEX), and body-centered cubic spheres (BCC) were predicted, as a function of 

composition. Later, a double gyroid (GYR) phase was predicted and proven to be stable 

between LAM and HEX in a small composition window,16,17,45,46 and close-packed 

spherical (CPS) phases including face-centered cubic (FCC) and hexagonally close-packed 

spheres (HCP) were found to be stable near the ODT curve.47 Based on SCFT calculations, 

a universal phase map can be plotted in the χN versus fA coordinate system (Figure 1.3a). 

Mean-field theory provides an ideal picture of the block copolymer self-assembly, but in 

the real case, multiple factors may shift the phase boundaries and result in a non-universal 

phase diagram. The local composition fluctuations in block copolymers with finite 

molecular weights stabilize the DIS state and shift the ODT boundary up to a higher χN, 

which was confirmed in the phase diagram of polystyrene-block-polyisoprene (PS-b-PI) 

(Figure 1.3b).48 A new hexagonally perforated lamellae (HPL) phase emerged between the 

LAM and HEX phases, which was also observed in other block copolymer systems.49,50 

Other factors influencing the experimental phase diagram include the conformational 

asymmetry,45,47,51-54 dispersity,55-57 and end group effects58-60 of the copolymer. In the past 

two decades, several new phases have been studied theoretically or confirmed 
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experimentally, including an orthorhombic Fddd network (O70) phase,61-64 several Frank-

Kasper phases,54,57,65-70 and a related dodecagonal quasicrystal (DDQC).71 As the phase 

map of block copolymers is enriched and refined, recent research has focused on more 

complex systems, in which ion-containing polymers have gained particular interest due to 

their high ion transport efficiency and potential energy storage applications. 

 

 
 
Figure 1.3: (a) Diblock copolymer phase diagram calculated by SCFT. (b) Experimental 
phase diagram of polystyrene-block-polyisoprene (PS-b-PI). Phases are labeled LAM 
(lamellae), HEX (hexagonally-packed cylinders), GYR (gyroid), BCC (body-centered 
cubic spheres), CPS (close-packed spheres), HPL (hexagonally perforated lamellae) and 
DIS (disorder). The dash-dot curve in (b) is the mean-field prediction for the ODT. 
Reprinted with permission from Refs. 47 and 48. 

1.2.2 Ion-Induced Macro- and Microphase Separation 

Based on the temperature dependence of χ, the free energy for blends and copolymers 

can be tuned by temperature. However, the accessible temperature window for polymer 

systems is often limited between the vitrification or crystallization temperature and the 

degradation temperature of each component, so that the accessible range of χN is limited 

and may not meet the requirements for specific morphology formation. Both theoretical 

analysis and experimental evidence have shown that the introduction of ions by salt-doping, 
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or constructing intrinsically charged polymers, can change the thermodynamics of mixing 

and offers an alternative approach to tune the phase behavior, as summarized below. 

Wang initiated a theoretical attack on the miscibility profile of salt-doped A/B binary 

blends, where A and B have different dielectric constants (ε).9 The Born solvation energy 

of an ion in a matrix with ε can be estimated by:72 

 

 
2

Born
08

qf
aπεε

=  (1.6) 

 

where q is the charge of the ion (for monovalent ions, q = 1.6 × 10−19 C), ε is the relative 

dielectric constant of the matrix, ε0 is the vacuum dielectric constant (8.854 × 10−12 F·m−1), 

and a is the radius of the ion. In a homogeneous mixture, ε is assumed to be uniform and 

can be estimated by the volume-weighted average of ε of the two components, as shown in 

eq 1.7, which results in a composition-dependent fBorn. 

 
 A B (1 )ε ε φ ε φ= + −  (1.7) 

 

In coexisting phases, ions tend to be solvated in a matrix with a higher ε to minimize 

the solvation energy penalty, which drives macrophase separation of the two polymers. In 

the meantime, this enthalpic penalty is countered by the increased translational entropy of 

the ions in a one-phase state, so that the phase behavior becomes more complicated. In 

reality, even in the one-phase state, the polymer component with a higher ε can be enriched 

in the vicinity of the ion, and this local composition variation alleviates the tendency for 

phase separation to some degree. Considering the above three factors, the shift in the 

segregation strength can be estimated by: 

 

 
2
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where c is the number concentration of the ions, v is the monomer volume (vA = vB), a is 

the ion radius (a+ = a−), lB0 is the Bjerrum length in vacuum calculated by 

( )2
B0 0/ 4l e kTπ ε= , λp represents the packing length of the blend, which is defined by 

vref/bav
2 (where bav is the average statistical segment length of A and B homopolymer 

calculated by bAbB/(ϕAbA+ ϕBbB), ∆ε is the dielectric constant difference between A and B, 

and ∆χ is the change of the dimensionless interaction parameter. 

 Eq 1.8 points out that the miscibility, and thus the phase diagram, is closely related to 

the average electric permittivity and the difference between the two individual components, 

the size of the ions and the chain segments, and the blend composition. As shown in Figure 

1.4, Nv∆χ decreases with the volume fraction of the A homopolymer (ϕA) due to the 

decreasing solvation energy barrier. However, the absolute value of Nv∆χ is closely related 

to εA and εB. When both εA and εB are low (which is typical for common polymers), Nv∆χ > 

0 over the whole composition range; for the intermediate level of εA and εB, Nv∆χ > 0 at 

low ϕA, and falls below zero at high ϕA; for even larger εA and εB, Nv∆χ < 0 in the whole 

composition range. Unlike the salt-free system where χ ~ 1/T, the significant composition 

dependence in χ can distort the miscible-immiscible boundary in the phase diagram. Note 

that the salt concentration Nvc = 1 in Figure 1.4 corresponds to two ions per polymer chain, 

and such a small amount of salt is adequate to lead to a substantial increase in the 

segregation strength, which may result in macrophase separation.  
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Figure 1.4: Three different scenarios for the change in NvΔχ as a function of the volume 
fraction of the A homopolymer at fixed ion concentration. (a) εA = 16, εB = 12; (b) εA = 
20, εB = 15; (c) εA = 26, εB = 20. Other parameters are Nvc = 1, λp = 0.25 nm, a = 0.25 
nm, lB0 = 42 nm (corresponding to T = 400 K). Figure reproduced with permission from 
Ref. 9. 

The above theory emphasized that the solvation energy of the ions is one of the key 

effects determining the phase behavior of salt-doped A/B binary blends and AB diblock 

copolymers, but more factors need to be evaluated in order to analyze experimental data. 

One of the most commonly investigated salt-doped systems is lithium 

bis(trifluoromethyl)sulfonimide (LiTFSI)-doped polystyrene-block-poly(ethylene oxide) 

(PS-b-PEO) block copolymers, where lithium ions can bond to the EO groups, and anions 

can either be freely solvated in the polymer matrix or form EO-Li+complexes. Thus, 

Nakamura and Wang modified their theory, treating the PEO-Li+ chain as an effective 

electrolyte, and only considering the solvation energy from the free anion, which suggested 

that  χeff increases linearly with salt concentration (r = [Li+]/[EO]) following eq 1.9, where 

the value of m is larger for the diblocks than for the blends.10,11,73,74 

 

 eff 0 mrχ χ= +  (1.9) 
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Moreover, Sing and coworkers adopted a liquid state (LS) integral equation theory 

coupled with SCFT to evaluate the influence of ion correlations in A/B blends, where A 

has charges attached to the chain.12 The ion correlation strength or normalized Bjerrum 

length (Г) can be quantified by: 

 

 B / (2 )lГ a=  (1.10) 

 

where lB is the Bjerrum length in the polymer matrix and a is the radius of the ion. They 

considered both A and B to have an equivalent dielectric constant to exclude the effect of 

solvation energy, so that influence of the ion correlation could be isolated. The binodal 

curves at different ion correlation strengths are plotted in Figure 1.5a. If only the ideal-gas 

(IG) behavior is considered, macrophase separation is suppressed, and the binodal curves 

shift up to a higher χN due to the entropy gain of the free counter ions distributing the entire 

sample. Weak ion correlation has a subtle effect on the binodal shape compared to the neat 

polymer system, and the miscibility is generally increased. However, at Г = 17 (which 

corresponds to ions of size a = 2.5 Å in a polymer matrix of ε = 6.5), the binodal curve 

becomes asymmetric with a significant decrease in χN at low ϕA. This chimney-like phase 

diagram indicates that ion correlation can trigger phase separation in an otherwise 

compatible A/B blend with χN = 0, and the significant composition dependence is beyond 

the mean-field theory.13 Based on this theory, recently Kwon et al. predicted that the ion 

correlation effect coupled with a dielectric mismatch (εA >> εB) in salt-doped A/B binary 

blends at low salt concentration results in decreased miscibility and a distorted binodal 

curve.75 Similarly, microphase separation happens in an AB copolymer where A is charged, 

and the corresponding phase behavior is governed by the charge density, composition of 

the copolymer, and ion correlation strength, as shown in Figure 1.5b. In particular, the 
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highly asymmetric charge cohesion effects can induce the formation of nanostructures that 

are inaccessible to conventional uncharged block copolymers.14,15 

 

 
 
Figure 1.5: (a) Phase diagram on the χN–ϕA plane for a number of charge-neutral A/B 
polymer blends. The Flory–Huggins result for a symmetric blend (black) has a 
theoretically predicted χcN = 2.0. Above this binodal, there is a coexistence regime where 
phase separation occurs. The inclusion of only the ideal gas (IG) contribution of the 
counterions (μCORR = 0) results in the red curve, which demonstrates strongly suppressed 
phase separation such that χcN ≈ 5–6. Inclusion of correlations with a strength denoted 
by Γ enhances phase separation at large Γ in contrast to the ideal gas result. At Γ ≥ 17 
phase separation is observed even at χN = 0, indicating that charge correlations alone can 
drive phase separation. (b) Effect of increasing the charge fraction of the A-block on the 
phase diagram of a AB block copolymer, with morphologies labeled (H, hexagonal; L, 
lamellae; D, disordered). Γ = 17.1 and N = 40. Even small values of the charge fraction 
significantly change the phase diagram, shifting all morphologies such that nanostructure 
formation is enhanced at low values of fA, but suppressed at higher values of fA. Neutral 
AB copolymer phases (black) are plotted for comparison. Figures reproduced with 
permission from Refs. 12 and 14. 

 

On the other hand, Hou and Qin argued that the ion solvation energy alone might 

capture the thermodynamic effects of ion−polymer interactions. The binding interactions 

between ions and polymers are averaged out in a mean-field treatment, resulting in a “free 

ion model” where ions are not explicitly bound to polymers. Interestingly, by inputting the 

experimentally determined χ0 of the salt-free PS-b-PEO, the chimney-like phase diagram 
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of an ion-containing PS-b-PEO was obtained without considering the ion correlation effect, 

on the basis of which they suggested that dielectric mismatch is the main reason for the 

drastic change in the phase diagram.76,77  

As a brief summary, factors including ion solvation energy,9-11,73,74,76-81 ion 

translational entropy,9,76,77,80,81 ion correlations,12-15,75,82-85 transient binding,10,78,80 and 

asymmetry in the molecular volumes between cations and anions81 have been analyzed 

theoretically and found to impact the thermodynamics of ion-containing polymer systems. 

Although there is no consensus yet on which specific factor(s) leads to the change in the 

phase behavior of such ion-containing blends and copolymers, a well-accepted picture is 

the quite asymmetric phase diagram with decreased compatibility when the charged 

component is in the minority. The asymmetry originates from the coupling of solvation 

energy, or ion correlation strength, to the inverse of the average dielectric constant which 

is composition-dependent, so that a single χeff cannot predict the phase behavior. To test 

the validity of these theories, more systematic experimental studies are warranted. 

On the experimental side, analysis has been mainly focused on the thermodynamics of 

ion-containing AB copolymers, while A/B binary systems have been rarely touched, and 

will be the focus of Chapter 2. Here we briefly summarize experimental work up to date. 

Ruzette et al. found that adding lithium trifluoromethane sulfonate (LiCF3SO3) to a 

disordered symmetric poly(methylmethacrylate)-block-poly(oligo oxyethylene 

methacrylate) (PMMA-b-POEM) copolymer at r = 0.03 to 0.05 resulted in ordering and 

the ODT increased up to 200 °C.86 This work first demonstrated the possibility to tune the 

segregation strength in a small temperature window by adjusting salt concentration. Later, 

Epps et al. reported the phase diagram of lithium perchlorate (LiClO4)-doped poly(styrene-

b-isoprene-b-ethylene oxide) (SIO) triblock copolymers, where four new phases (two-

domain lamellae, a pillared lamellar structure, core-shell cylinders, and three-domain 

lamellae) were observed, and the ODT also increased as salt concentration increased.87,88 
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Similarly, Wang et al. investigated LiCl and CuCl2-doped PS-b-PMMA copolymers and 

confirmed the salt concentration dependence of χeff.89,90 Additionally, ionic liquids (ILs), a 

type of salt with a low melting point due to the lower lattice energy, have been shown to 

impact copolymer phase behavior, either in the form of a polymerized IL block 

copolymer,91-93 or IL/copolymer solution where IL acts as a selective solvent.94-96  

The experimental phase diagram of salt-doped copolymers became clearer in the past 

decade, due to systematic studies of LiTFSI-doped PS-b-PEO.97-105 Wanakule et al. 

initially found that adding LiTFSI or imidazolium TFSI (ImTFSI) to a series of PS-b-PEO 

copolymers induced microphase separation and accessed nanostructures including LAM, 

HEX, and GYR, where χeff was proposed to increase linearly with r following eq 1.9.98 A 

detailed study of χeff in salty PS-b-PEO by Teran et al. however, revealed a non-linear 

relationship with r as shown in eq 1.11: 

 

 eff
( ) ( ) ( )( ) 1 expB T C T D T rA T
N N N

χ  −  = + + −     
 (1.11) 

 

where N is the volumetric degree of polymerization of the copolymer. The value of χeff was 

determined by applying the random phase approximation (RPA) to the SAXS pattern of 

the DIS phase for four nearly symmetric copolymers with molecular weights ranging from 

3.1 kg/mol to 13.7 kg/mol. The values of the four variables were A(T) = 10.2 × T−1, B(T) = 

1.85 × 103 × T−1, C(T) = 1.01× 10−2 × T, D(T) = 22.4 × T.100 Following eq 1.11, χeff increased 

with r in the low salt concentration region and then reached a plateau value with r > 0.02. 

Note that this empirical equation is apparently only applicable to symmetric LiTFSI-doped 

PS-b-PEO. Based on the scattering data collected on LiTFSI-doped PS-b-PEO with various 

compositions, the experimentally determined ODT curve was mapped onto the Cochran-

Fredrickon SCFT model to derive a composition-dependent χeff for a given value of r. 
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Linear fitting of χeff vs. r resulted in χ0 = 0.047 and m = 1.67 (Figure 1.6a), based on which 

a full phase diagram plotted as χeffN versus fEO, salt was constructed (Figure 1.6b). Despite 

the slight tilt to the PEO-rich side due to the salt swelling of the PEO domain, the phase 

diagram largely recovered the features of the conventional salt-free copolymer phase 

diagram.102,104 

 
 
Figure 1.6: (a) Calculated χeff from SCFT as a function of r for the salty PS-b-PEO 
copolymers using the composition dependence of the ODT at 100 °C. The data are 
consistent with eq 1.9 with χ0 = 0.047 and m = 1.67. The error bars represent the step 
change in salt concentration that leads to order formation. (b) Phase diagram for PS-b-
PEO copolymers taken at 100 °C plotted as χeffN versus fEO, salt. 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. The black curve shows the experimentally determined 
ODT boundary. Figures reproduced with permission from Refs. 102 and 104. 

However, the phase behavior of such salt-doped PS-b-PEO is still far from being well 

understood.  Upon crossing an ODT or order-order transition (OOT), phase coexistence 
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took place, where ions were unevenly distributed bewteen different phases. The coarse-

grained model predicted that with a high dielectric mismatch, salt ions preferred to be 

localized in the PEO-rich domain,106 and experimental analysis by energy-filtered 

transmission electron microscopy (EFTEM) suggested that Li+ ions were confined to the 

middle of the PEO domain for a lamellar PS-b-PEO,107 while X-ray photoelectron 

spectroscopy (XPS) depth profiling, and neutron and X-ray reflectometry (NR and XRR) 

experiments suggested that Li+ ions were uniformly distributed in the POEM domain for 

PS-b-POEM.108,109 Additionally, it has been shown that adding salt to a disordered 

asymmetric copolymer first led to microphase separation, but gave way to a reentrant 

disordered phase at a higher concentration.103 Nakamura found a HEX to LAM to HEX 

reentrant behavior with increasing r, which was attributed to the balance between the 

translational entropy and enthalpy of the ions at the microscopic length scale, but the theory 

failed to explain the reentrant DIS, as seen experimentally.81 Loo et al. suggested that eq 

1.9 is still applicable to LiTFSI-doped PS-b-PEO at a specific temperature for a given N 

and fEO, but the parameter χ0 is N-dependent and m is composition-dependent, as shown in 

eq 1.12. It predicted an “isotaksis point” of the block copolymer composition where phase 

behavior is independent of salt concentration. Unfortunately, the physical origin of m(fEO,salt) 

remains unclear.105 

 

 eff 0 EO,salt( ) ( )N m f rχ χ= +  (1.12) 

 

Given these unresolved questions and discrepancies in the results, this simplified 

empirical χeff of eq 1.9 has limitations in accurately predicting the ODT or OOT for a 

copolymer, and fails to explain the reentrant behavior. A universal solution of the salt-

doped copolymer phase diagram is still an open question for the community to consider in 

future studies. 
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 As a parallel system to the salty copolymers, intrinsically charged AB copolymers 

containing a fully or partially charged A block have been of recent interest.110 Park and 

Balsara first demonstrated that nearly symmetric poly(styrenesulfonate-block-

methybutylene) (PSS-PMB) copolymers self-assemble into various morphologies 

including LAM, GYR, HPL, and HEX, depending on the sulfonation level, which indicated 

the impact of ionic species on the phase diagram.111 When the counter ions of the macro 

anions are switched to metal ions, the polymer electrolyte becomes a single-ion conductor 

where the free counterion transport governs the ionic conductivity. Rojas and coworkers 

investigated the phase behavior of poly(ethylene oxide)-block-poly(styrene-4-

sulfonyltrifluoromethylsulfonyl)imide with either lithium or magnesium counterions, 

which differed qualitatively from the salt-doped counterparts.112,113 Yan et al. investigated 

the phase behavior of a series of polyethylene-like sulfonated polymers and found LAM to 

GYR to HEX phase transitions where the OOTs were dependent on the type of the counter 

ion.114 Very recently, Shim et al. discovered that a single-ion conducting AB copolymer 

where A was partially charged, poly[(oligo(ethylene glycol) methyl ether methacrylate-co-

oligo(ethylene glycol) propyl sodium sulfonate methacrylate)]-b-polystyrene 

(POEGMA#-PS) self-assembled to a new superlattice structure with a charge fraction (#) 

of POEGMA between 5 and 25%.115 Given such surprising and promising results and the 

complex theoretical phase diagram, more systematic studies are desired to guide the design 

of single-ion conductors. 

 

1.3 A/B/AB Ternary Polymer Blends 

A/B/AB ternary polymer blends can be considered as high molecular weight analogs of 

water/oil/surfactant mixtures. For a weakly segregated A/B binary blend, the added AB 

copolymers preferentially segregate towards the interfaces between A and B domains, 

reducing the interfacial tension and stabilizing the local structure.31,116,117 By applying 
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Flory-Huggins theory, ΔGm of a disordered A/B/AB ternary blend with chain lengths of 

NA, NB, and NAB, respectively is: 

 

 χφφφφφφφφ
baAB

AB

AB
B

B

B
A

A

Am lnlnln +++=
∆

NNNkT
G

 (1.13) 

 

where the subscripts a and b denote the corresponding monomers. Assuming compositional 

symmetry of the A/B homopolymer and AB copolymer (NA = NB, and fA = 0.5), eq 1.13 

can be reduced to eq 1.14 

 

 ( ) ( ) ( ) ( ) 2m H H
H H H Hln ln 1 ln 1

2 2 4
G N

NkT
φ η φ η χφ η φ η α φ φ η∆ + −

= + + − + − − −  (1.14) 

 

where H A Bφ φ φ= + , AB/N Nα = , and A Bη φ φ= − , based on which the corresponding 

mean-field phase behavior can be predicted.118,119 To demonstrate the phase behavior, a 3D 

phase prism schematically shown in Figure 1.7 is needed. The three corners represent the 

three polymer components, A, B, and AB, and the vertical axis is usually the segregation 

strength, and due to the temperature dependence in χ, experimental phase prisms usually 

have temperature as the vertical axis. To reduce the prism to 2D phase diagrams, with 

specific values of ϕA/ϕB, isopleths can be defined, and at specific temperatures, isothermal 

slices can be defined.  
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Figure 1.7: Schematics of (a) the symmetric isopleth (η = 0) and (b) an isothermal slice 
in the A/B/AB phase prism. 

 

1.3.1 Theoretical Investigation of the Phase Behavior 

As shown in eq 1.13, α, η, ϕH, and χN are critical to the phase behavior. On the 

symmetric isopleth where η = 0, and on the homopolymer-rich side (ϕH close to unity), the 

ternary mixture displays an Ising critical behavior, similar to that of conventional binary 

homopolymer blends. The line of second-order transitions from two coexisting 

macroscopic phases at high χN to a homogeneous one-phase state at low χN is referred to 

as the Scott line.120  On the copolymer-rich side, as χN decreases a Brazovskii class ODT 

is anticipated. In the mean-field framework, Broseta and Fredrickson proposed that the 

Scott line and ODT line (Leibler line) meet at a tricritical point when α > 1, or a Lifshitz 

point (LP) when α < 1. For a particular case when α = 1, a Lifshitz tricritical point (LTP) 

is anticipated, where 2
H,LP 1/ (1 2 )φ α= +  and ( ) ( )2

LP
2 1 2 /Nχ α α= + .119 As shown in 

Figure 1.8, with a sufficiently high χN and increasing ϕH, the system microphase separates 

into LAM with a steady increase in the domain spacing, which finally diverges at the LP 

where macrophase separation begins. Note that similar to the pure diblock copolymer 

where ODT is predicted at χN ≈ 10.5 in the mean-field theory, but shifts up to χN > 10.5 

due to thermal fluctuations for polymers with a finite degree of polymerization, the mean-
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field phase diagram for A/B/AB ternary blends may not capture the phase boundary 

accurately. Düchs et al. conducted Monte Carlo simulations on a symmetric A/B/AB 

ternary blend where α = 0.2, where they found the shift in the ODT at low ϕH and in the 

two-phase region and the disappearance of the LP.121 Interestingly, this deviation from the 

mean-field prediction qualitatively matches experimental data and suggested the existence 

of a special phase between the LAM and 2-phase region. 

 

 
 
Figure 1.8: Symmetric isopleth phase diagram for a symmetric A/B/AB ternary blend where α 
= 0.2. Fine dashed curves are from self-consistent mean-field theory, and coarse dashed 
curves are from Monte Carlo simulations. 2ϕ denotes a region of two-phase coexistence 
between an A-rich and a B-rich phase and 3ϕ one of three-phase coexistence between an 
A-rich, a B-rich, and a lamellar phase. Reproduced with permission from Ref. 121. 

 

1.3.2 Discovery of a Bicontinuous Microemulsion (BμE) 

On the experimental side, Bates et al. first examined the symmetric isopleth of a 

polyethylene (PE) / poly(ethylene-alt-propylene) (PEP)/PE-b-PEP (PEPEP) ternary blend, 

where NPE = NPEP = 0.2NPE-PEP and fPE,diblock = 0.5 (Figure 1.9). In a narrow window of  ϕH 

close to the predicted LP, a globally isotropic phase was observed.  Closer examination by 

transmission electron microscopy (TEM) revealed the bicontinuous local structure of such 
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a phase where the PE and PEP domains were interpenetrated with each other. It was 

proposed that when the bending energy of a swollen LAM structure is comparable to kBT, 

the mean-field LP gives way to such a bicontinuous structure with a preferred interfacial 

curvature due to thermal fluctuations. Due to the composition symmetry and large domain 

size, this structure is referred to as BμE, which was subsequently reported in various ternary 

systems with different molecular weights and chemical structures.32,122-129 

 

 
 
Figure 1.9: Phase behavior of symmetric PE/PEP/PE-PEP blends. Symbols (○) and (●) 
identify first- and second-order transitions, respectively, and the dashed curves delineate 
the associated phase boundaries. Transmission electron micrographs from blends that 
were annealed at 119 °C, then frozen, sectioned, and stained with ϕH = 0.86 (blue), 0.90 
(red), and 0.92 (green) demonstrate the phase evolution from LAM to BμE to 2-phase 
coexistence with increasing ϕH. Reproduced with permission from Ref. 31. 

 

While the above investigations have mainly focused on the symmetric isopleth of the 

phase prism, recent comprehensive investigations of isothermal slices revealed a more 

complex picture of the self-assembly of blends with compositional asymmetry (η ≠ 0). 
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Hashimoto and coworkers’ series of papers on the microstructures of A/AB binary and 

A/B/AB ternary blends suggested that the morphology and periodicity of the 

microstructures were directed by the α value in eq. 1.13.130-133 When α is sufficiently low 

(e.g., α = 0.2), homopolymers uniformly swell the corresponding domain upon microphase 

separation, the morphology of which is mainly determined by the total A and B monomer 

composition (ϕa and ϕb in eq. 1.13).134 Washburn et al. mapped out an isothermal phase 

diagram of poly(ethylene oxide)/squalane/poly(ethylene oxide-b-ethylenepropylene) 

(PEO/PEP/PEO-PEP) ternary blends where the different homopolymer composition 

asymmetry led to asymmetric swelling of the copolymer and the formation of LAM, GYR, 

HEX, and cubic phases.122 These microstructures formed at relatively low ϕH are 

commonly seen in conventional diblock copolymer melts, but at high ϕH, the system either 

entered a DIS state with a large asymmetry in ϕa and ϕb, or formed a BμE with ϕa ≈ ϕb. 

With an even higher ϕH and near the BμE composition, there is a A-rich/B-rich/BμE three-

phase region, as predicted by the early theory.119 Based on these results, it seems that BμE 

evolves along the symmetric isopleth from the LAM structure. Interestingly, however, the 

BμE channel was cut off by a HEX phase in the polyethylene (PE)/poly (ethylene oxide) 

(PEO)/PE-PEO and poly(ethylene-alt-propylene) (PEP)/poly(butylene oxide) (PBO)/PEP-

PBO systems, which brought the effect of conformational asymmetry into light.32,123 

Conformational asymmetry between A and B polymers (κAB) is defined as: 

 

 ( ) ( )2 2
AB A A B B/ / /b v b vκ =  (1.15) 

 

where b is the statistical segment length, and v is the monomer volume. Yadav et al. 

calculated the isothermal phase diagram of a A/B/AB ternary system with κAB < 1. When 

α = 0.2, with a relatively high ϕH, the interfaces prefer to curve towards the more compact 

block (A) due to the greater swelling of the more flexible block (B); with a relatively low 



25 
 

ϕH, however, the interface curves towards the more flexible block (B) since the B block 

stretches more easily, similar to that of conformational asymmetric diblock copolymer 

melts.51 As a result, the phase boundaries shift to the B-rich side with a relatively low ϕH, 

but become more symmetric with a relatively high ϕH (Figure 1.10a) due to the balance 

between the block stretching entropy penalty asymmetry and the domain swelling 

asymmetry.135 The calculated isothermal phase diagram agreed with the experimental 

result by Hickey et al. on the poly(cyclohexylethylene)/poly(ethylene)/poly 

(cyclohexylethylene)-block-poly(ethylene) (PCHE/PE/PCHE-PE) ternary blends.127 

Additionally, the BμE channel along the congruent isopleth of this system is less than 1%, 

narrower than other systems along a specific isopleth.32 It remains an open question why 

cooling a BμE structure formed a HEX phase, as observed by Hillmyer et al. and Zhou, et 

al., but researches mentioned above suggested that conformational asymmetry might tilt 

the phase boundaries and direct the interface curvature near the BμE region. A detailed 

discussion related to the role of conformational asymmetry will be presented in Chapter 4. 
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Figure 1.10: (a) SCFT isothermal phase diagram of a A/B/AB ternary system where fA 
= 1/2, NA = NB, and α = 0.2 at fixed χN = 15, ( ) ( )2 2

B B A A/ / / 4b v b v = . (b) Experimental 
isothermal phase diagram of the PCHE/PE/PCHE-PE ternary system where fC = 1/2, NC 
= NE, and α = 0.2 at fixed T = 120 °C, ( ) ( )2 2

PE PE PCHE PCHE/ / / 3.3b v b v = . The existence of 
LAM (blue), HEX (red), GYR (green), single-phase DIS (orange), and macrophase-
separated (maroon) regions were confirmed by SAXS, TEM and optical transmission. 
The yellow star indicates the critical composition (ϕH,C = 0.63) of the PCHE/PE binary 
blend. Lines separating colored regions are to guide the eye. Figures reproduced with 
permission from Refs. 127 and 135.  

 

1.3.3 Structure, Properties, and Applications of BμE 

As schematically shown in Figure 1.11, a BμE consists of interpenetrating A and B 

domains but is globally disordered. Similar to the sponge phase (L3 phase) in 

water/surfactant systems and bicontinuous microemulsions (μE) in oil/water/surfactant 

systems,136-141 the polymeric BμE has zero mean curvature (H) and negative Gaussian 

curvature (K), as calculated by eqs 1.16 and 1.17. 

 

 ( )1 2 / 2H R R= +  (1.16) 

 

 1 2K R R=  (1.17) 
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Figure 1.11: 3D view of a BμE as computed using the level surfaces of a random wave 
superposition with parameters chosen for illustration purpose only. An ideally structured 
BμE has a zero mean curvature and a negative Gaussian curvature. Figure reproduced 
with permission from Ref. 143. 

 

where R1 and R2 are  the principal curvatures.142,143 Besides real-space microscopy, BμE 

can be characterized by reciprocal-space scattering techniques, especially small-angle X-

ray scattering (SAXS) and small-angle neutron scattering (SANS). Typical features for a 

well-structured BμE are a broad peak due to the local correlations, accompanied by a 
4( ) ~I q q−  decay at high q due to the interfaces, following Porod’s law. Teubner and Strey 

developed a model to fit the scattering patterns of microemulsion based on a Landau 

expansion of the free energy.144  To a good approximation, three parameters are sufficient 

to explain the typical feature of microemulsion scattering patterns 

 

 2 4
2 1 2

1( )I q
a c q c q

=
+ +  (1.18) 

 

where a2 > 0 and c2 > 0, c1 can be positive or negative, and collectively they satisfy the 

stability requirement that 4a2c2 – c1
2 > 0. The coefficient c1 weights the contribution of 

interfaces to the free energy and is therefore negative throughout the samples analyzed here, 

leading to a peak in the structure factor at finite q. Based on this model, three important 

factors can be derived (eqs 1.19-1.21).  
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The domain size (d) characterizes the distance between neighboring A-A or B-B 

domains, and the correlation length (ξ) is a measure of the distance over which this 

structural correlation persists. As c1 becomes more negative, ξ/d increases, which indicates 

a more ordered structure. A more direct assessment is provided by the amphiphilicity factor 

(fa), which lies between –1 and 0 for a well-structured microemulsion. When fa = –1 (when 

1c  is at the upper limit) the system is lamellar, and when fa = 0, the system crosses over 

the Lifshitz line, and spontaneous interfaces cannot be created.145 

Note that the Teubner-Strey (T-S) model cannot distinguish among bicontinuous, 

droplet, or tubular microemulsions, since they all demonstrate similar scattering patterns 

when using “bulk” (A vs. B) contrast. However, Lee and Chen conducted SANS 

experiments on the water/octane/tetraethylene glycol monodecyl ether ternary system and 

confirmed a nearly zero mean curvature (H) and negative Gaussian curvature (K) by 

contrast-matching.146 In this thesis we will describe the contrast variation SANS 

experiment for a salt-doped ternary system and discuss the local structure of the polymeric 

microemulsion (see Appendix). 

The continuity and controllable domain size of the BμE inspired the development of 

functional materials on the ternary blend platform. For example, the BμE structure can be 

permanently fixed by crosslinking, vitrification, or crystallization, and one of the domain 
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components can be removed to prepare porous monoliths that can serve as membranes, or 

as templates for the formation of replica bicontinuous structures in other materials.147-151  

 

1.3.4 Influence of Ions: Opportunities and Challenges 

While the BμE exists for neutral A/B/AB blends, little is known about ion-containing 

systems. The continuity of the conducting domain renders the investigation of intrinsically 

charged or salt-doped A/B/AB ternary blends worthwhile in order to prepare high-

performance membranes or solid electrolytes. However, given the significantly 

asymmetric phase diagrams of ion-containing A/B blends and AB copolymers as 

anticipated by theory, it might be challenging to obtain a zero mean curvature along the 

symmetric isopleth, and it might be difficult to locate the BμE composition in the phase 

diagram. To explore ion-containing ternary systems, Irwin et al. selected LiTFSI-doped PS 

(M = 600 Da)/PEO (M = 400 Da)/PS-b-PEO (M = 4700 Da, fEO = 0.4) (S/O/SO) as the 

model system and investigated the symmetric isopleth. The addition of r = 0.06 generated 

a plethora of ordered phases, including remarkably the desired BμE (Figure 1.12). 

Interestingly, the TODT increased strongly with added homopolymer on the low ϕH side of 

the phase diagram. Additionally, the BμE phase was cut off at lower temperatures by 

LAM/HEX coexisting phases. While the addition of salt increases the degrees of freedom 

and coexisting phases are anticipated at phase boundaries according to the Gibbs phase 

rule, the non-zero mean curvature of the HEX phase is yet to be explained, but certainly 

helps to motivate a thorough study on this system.33 In Chapter 3, we will examine the 

symmetric isopleth of a perfectly symmetric S/O/SO system with NS ≈ NO ≈ 0.2NSO in order 

to confirm the universality of BμE in such a charged system, and compare with the salt-

free systems. 
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Figure 1.12: Experimentally determined symmetric isopleth for LiTFSI-doped 
S/O/SO blends with r = [Li+]/[EO] = 0.06. Open squares represent TODT. The dark red 
data crosses for ϕH = 0 and 0.2 indicate LAM + DIS coexistence. The solid lines 
connecting data points are drawn to guide the eye, while the dashed vertical lines indicate 
approximate phase boundaries. Figure reproduced with permission from Ref. 33. 

 

As a parallel system to the salty A/B/AB blends, intrinsically charged A/B/AB blends 

have recently been examined by Shim et al. Equal amounts of POEGMA# and PS 

homopolymers (M ≈ 2.4 kDa) were blended with POEGMA#-PS (M = 10 kDa, fPEOGMA ≈ 

0.5) where # = 7, 23, and 36 to investigate the phase behavior along the symmetric isopleths. 

Remarkably, all three systems display a wide window of BμE, in the vicinity of the mean-

field-anticipated isotropic Lifshitz point (Figure 1.13).152,153 These promising results 

suggest that not only does the“recipe” for forming the BμE in salt-free systems seem to 

apply in the charged case, but the windows of BμE are also actually wider than is typically 

seen in the former, which may be beneficial in tuning the domain size to meet with the 

requirements for different applications. 
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Figure 1.13: Experimentally determined symmetric isopleths for 
POEGMA#/PS/POEGMA#-PS blends for (a) # = 7 (T7), (b) # = 23 (T23), and (c) # = 
36 (T36). Open triangles (–Δ–) represent the TODT as determined by DMS. Red open 
circles (–○–) represent cloud points. Figure reproduced with permission from Ref. 153. 

 

1.4 Thesis Overview 

This thesis consists of 6 chapters. Chapter 1 serves as the introduction and literature 

review for the phase behavior of salt-free and salt-containing A/B blends, AB copolymers 

and A/B/AB ternary blends. Chapter 2 focuses on the influence of salt ions on a symmetric 

PS/PEO binary system, which reveals a significantly asymmetric phase diagram. The 

experimental results are rationalized by a thermodynamic theory accounting for the 

solvation energy and the transient crosslinking effect of the ions. In Chapter 3, we 

systematically investigate the volumetrically symmetric isopleth of the salty S/O/SO 

system where a robust and wide BμE channel is observed, and the BμE exhibits superior 

ionic transport property compared to both ordered lamellar phase and disordered phase. To 

develop a clearer picture of the 3D phase prism, asymmetric isopleths of the salty S/O/SO 

system are investigated, and isothermal slices are mapped out in Chapter 4, where an 

intriguing C15 Laves phase is observed in homopolymer-rich blends, and the influence of 

homopolymer solubility, compositional asymmetry, and conformational asymmetry on the 

microstructure morphology is discussed. Chapter 5 describes the influence of salt on chain 

dimensions in PEO melts via SANS analysis, and discusses complications in experiments. 

Chapter 6 summarizes this thesis work and suggests several directions for future research.  
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Chapter II. 
 

Phase Behavior of Binary Polymer Blends Doped with Salt 

Adapted with permission from 

Xie, S.; Lodge, T. P. Macromolecules 2017, 51, 266−274.  

Copyright 2017 American Chemical Society. 

 

2.1 Introduction 

 The search for electrolytes that offer strong ion dissociation and enable rapid ion 

transport for, e.g., rechargeable Li-ion batteries, has become intense.154 Safety issues arise 

because of the dendritic growth from the lithium metal anode upon cycling. One effective 

approach is to replace the conventional liquid electrolyte with ion-containing polymer 

materials of higher mechanical robustness, with lower flammability, while retaining good 

ionic conductivity.154-156 However, to optimize the two orthogonal properties, mechanical 

strength and conductivity, a polymeric system containing at least two components, one 

dissolving ions and having rapid segmental dynamics, and the other having a rigid 

architecture, is usually required, and a well-defined co-continuous structure, in particular, 
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is greatly desirable.157-159 To help design a polymeric system with multiple components, 

understanding the phase behavior is an important first step.5 However, relatively little is 

known about the phase behavior of such salt-doped systems, either block polymers or 

homopolymer blends. The phase behavior of neat polymer blends or block polymers can 

be predicted reasonably well on the basis of mean-field theory, in which the binary 

interaction parameter (χ) represents the interactions between two unlike chain segments. 

However, while χ can be derived both experimentally and theoretically,160-163 the 

introduction of ions complicates the system significantly, and a clear picture of the effect 

of ions on the phase behavior has yet to be established.  

 An early theory suggested that increasing the number of charges on a AB diblock 

polymer, where A is neutral and B is a charged block, might suppress the spinodal 

temperature due to the translational entropy of the counter ions.164 Subsequently, the 

stability limit of a charged diblock polymer was calculated using the random phase 

approximation (RPA) and self-consistent-field theory (SCFT), and the critical χ for 

microphase separation was found to be larger than that of an ion-free system.165 In contrast 

to the prediction that ions in block polymers may suppress phase separation, experiments 

on poly(methyl methacrylate)-b-poly(oligo oxyethylene methacrylate) (PMMA-b-POEM) 

doped with lithium trifluoromethane sulfonate showed a higher order-disorder transition 

temperature (TODT).86 Similarly, research on lithium perchlorate-doped PEO-containing 

triblock polymers showed that salt could selectively partition into the PEO domains and 

result in larger segregation strength, thereby increasing the TODT and enlarging the domain 

spacing.88 Russell et al. showed a larger but less temperature dependent effective Flory-

Huggins parameter (χeff) for PS-b-PMMA doped with lithium chloride using small-angle 

neutron scattering (SANS).90 These findings seem to indicate that salt may induce 

microphase separation in block polymers, which inspired new theories in the past decade. 

Wang et al. initiated a systematic theoretical attack on the phase behavior of block 
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polymers and blends in the presence of salt and constructed a preliminary model 

considering the self-energy of ions.9 Then with the special case of PS/PEO blends doped 

with lithium salt, this model was updated considering the tight complexation between Li+ 

and PEO.10 Both theories pointed out that χeff increases with salt concentration, while the 

change in χeff is dependent on polymer composition as well. Similarly, Sing and Olvera de 

la Cruz have shown that charge correlations play a crucial role in the case of partly charged 

polymer blends, an effect that is entirely beyond the reach of mean-field theory.12,13,15,82,83 

They found that for an otherwise volumetrically symmetric A/B blend, the charge 

correlations induce much greater effective segregation and strong asymmetry of the phase 

diagram. Interestingly, although there are several recent published experimental results on 

block polymer plus salt, there is no consensus on the effect of ions in terms of an effective 

interaction parameter χeff. Some found that χeff increases linearly with salt 

concentration,98,166,167 while others observed a much more complex picture.100,105,168,169 On 

the other hand, several experimental studies suggested that polystyrene/polystyrene 

sulfonate (PS/PSS) and polystyrene/poly(styrene-ran-styrenesulfonate) (PS/P(S-SS)) 

blends displayed increasing immicibility with increasing level of sulfonation,170-172 but an 

experimental picture of the phase behavior of salt-containing polymer blends that can be 

used to compare with theoretical predictions quantitatively is not available yet. 

 To understand the phase behavior of salt-doped binary blends, we focus on 

poly(ethylene-alt-propylene)/polyethylene oxide (PEP/PEO) mixtures, in which the ions 

dissolve in PEO while the other component is non-polar and hardly dissolves ions. PEO is 

one of the most commonly used solid polymer electrolytes, and an experimentally 

determined phase diagram may benchmark comparisons between theory and experiment. 

The concentration of salt is defined by the molar ratio of the cation to the ether oxygen, 

e.g., r = [Li+]/[EO]. The introduction of salt dramatically increases the cloud point 

temperature due to the new interactions brought in by the ions. These interactions, which 
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depend on the identity and concentration of the salt, the composition of the blend, and the 

electric permittivity of polymers, are complicated and make the phase diagram quite 

asymmetric. Furthermore, the coexistence curve of PEP/PEO blends doped with LiTFSI (r 

= 0.0040), starting with ϕPEO = 0.6 is determined, but does not coincide with the cloud point 

profile. We hypothesize that with the addition of salt, the system can no longer be treated 

as a pseudo-binary system due to the different partitioning of ions into the two phases. In 

addition, the cloud points, as well as the coexistence curves, are compared quantitatively 

with a recent model developed by Ren, Nakamura, and Wang,80 and the self-energy of ions 

and ion-induced cross-linking effect are systematically analyzed. 

 

2.2 Experimental Section 

2.2.1 Materials 

 Tetraethylene glycol dimethyl ether (PEO) and squalane (PEP) were purchased from 

Sigma-Aldrich and dried under dynamic vacuum for 48 h and then stored under static 

vacuum. LiTFSI was purchased from 3M, NaTFSI, KTFSI, and NaI were purchased from 

Sigma-Aldrich, and all salts were dried under dynamic vacuum for 24 h at 120 °C, and then 

stored in a glove box. The molecular weight distribution of PEO was confirmed by matrix-

assisted laser desorption/ionization mass spectroscopy (MALDI-MS), while the end group 

information was confirmed by 1H NMR spectroscopy (Figures 2.1 and 2.2). The polymer 

and salt properties are summarized in Table 2.1. Unless otherwise stated, the repeat unit is 

defined by the volumetric degree of polymerization, N, based on a reference volume (vref) 

of 0.1 nm3. 

For MALDI-MS investigations, a AB SCIEX 5800 MALDI/TOF mass spectrometer 

was used. Tetrahydrofuran (THF) was used as the solvent and solutions of tetraethylene 

glycol dimethyl ether (PEO) (10 mg/mL), sodium trifluoroacetate (NaTFA) (10 mg/mL) 

and 1,8,9-trihydroxyanthracene (dithranol) (10 mg/mL) were mixed at a volume ratio of 
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10:3:60. The solution was then spotted onto the steel target and allowed to air dry. As can 

be seen in Figure 2.1, the main peak at m/z 245 is the sodium adduct, and the dispersity (Ð) 

is calculated to be less than 1.01. 

 

 
Figure 2.1: MALDI-MS data of PEO (222 g/mol). 

 

A Bruker AX-400 instrument was used to determine the 1H NMR spectrum of PEO 

(Figure 2.2). The methoxy groups at both two ends were confirmed by comparison with 

integrals of methylene groups in the backbone. 

 
Figure 2.2: 1H NMR spectrum of PEO (222 g/mol). 
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Table 2.1: Characteristics of Polymers and Salts. 

Component Mn (g/mol) Nc Đ = Mw/Mn ρ (g/mL) 

PEO 222a,b 3.7 < 1.01a 1.01d 

PEP (squalane) 423b 8.7 1.0 0.810c 

LiTFSI 287 - - 2.02e 

NaTFSI 303 - - 2.11f 

KTFSI 319 - - 2.15f 

NaI 150 - - 3.67d 

LiClO4 106 - - 2.42d 

a) Determined via MALDI-MS; b) Determined via 1H NMR spectroscopy; c) 
Calculated using a reference volume of 0.1 nm3); d) From supplier; e) From Ref. 

33;  f) Estimated by . 

 

2.2.2 Sample Preparation  

 PEP/PEO blends were prepared following previous reports.33 For salt-free blends, the 

desired amounts of PEP and PEO were mixed directly in 1 mL ampules without using any 

solvent.  While being stirred, the samples were dried under dynamic vacuum (< 200 mTorr) 

for at least 24 h. For salt-doped blends, the desired amount of salt was dissolved in PEO 

and used as a stock solution, which was then used to prepare blends using the method 

mentioned above. The amount of salt relative to PEO ranged from r = [Li+]/[EO] = 0.0016 

to 0.0080. Since the molecular weight of PEO is relatively low, the number of EO repeat 

units should be calculated after correcting for end groups, so the methoxy group at the end 

of the chain may also be counted as a repeat unit, i.e., the average number of EO repeat 

units is 5 for PEO of 222 g/mol. Note that it is assumed there is no volume change upon 

( )3 3
salt A cation anion

4/
3

M N R Rρ π = × × +  
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mixing of LiTFSI and PEO over this concentration range, i.e., ρPEO-LiTFSI = ϕPEOρPEO + 

ϕLiTFSIρLiTFSI. Thus, the volume fraction of the PEO-salt component can be determined by 

 

 

PEO LiTFSI

LiTFSI EO
PEO-LiTFSI

PEO LiTFSI

PEO LiTFSI EO

1

1

Mr
M
Mr
M

ρ
ρφ ρ

φ ρ

+
=

+
 (2.1) 

 

where M and ρ are the molecular weight and density of a given species, r is the 

concentration of salt, and ϕPEO is the volume fraction of PEO in the salt-free blend. All 

blends in ampules were dried under dynamic vacuum (~100 mTorr) in an oil bath at 90 °C 

while stirring for at least 1 h before being flame-sealed prior to cloud point measurements. 

2.2.3 Cloud point measurement 

 Cloud points were determined by optical transmission measurements following the 

method used previously.127 The apparatus consists of a 10 mW helium-neon laser (λ = 633 

nm) directed through neutral density filters, followed by the sample ampule in a heating 

stage at a controlled temperature (± 1 °C). The transmitted light then passed through a lens 

that focused the beam onto a photodiode detector. A typical experiment involved heating 

the sample above the anticipated cloud point temperature (Tcp) until a homogeneous 

solution was obtained. The sample was subsequently cooled at a rate of 1 °C /min until a 

sudden drop in the transmitted intensity was recorded. The temperature of the onset of the 

decrease in the transmittance was taken to be Tcp. To assess the effect of hysteresis, in a 

few experiments the sample was then heated back through the Tcp until a homogeneous 

solution was recovered. The cloud points obtained from the cooling processes are 

consistent with the values obtained from heating experiments, to within 2 °C. Below the 

cloud point, PEP/PEO blends undergo macroscopic phase separation, and once the system 

reached two-phase equilibrium, the laser might go through a single phase and not show an 
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obvious decrease in transmittance. To avoid this, samples were stirred throughout the 

experiment to maintain good mixing within the ampule. Typical cloud point curves can be 

found in Figure 2.3. 

 

 
 
Figure 2.3: Cloud point curves of LiTFSI-doped PEP/PEO blends with r = 0.0016. 

 

2.2.4 Coexistence Curve Measurement 

 Compositions of selected phase-separated polymer blends were determined using 1H 

NMR spectroscopy with a Bruker HD-500 instrument. The solvent used was d-chloroform. 

Figure 2.4 shows a typical NMR spectrum for LiTFSI-doped PEP/PEO with ϕPEO = 0.6 and 

r = 0.0040. The structure of the polymers and proton peak assignments are also shown. The 

peaks for the methyl groups in PEP and the methoxy groups in PEO at δ = 0.82 and 3.33 

ppm were chosen for integration, respectively. The mole fractions and volume fractions of 

PEP and PEO were then calculated based on the fractional area under the peak. The 

accuracy of this technique was tested by preparing a blend with known composition using 

a Mettler Toledo MS204S (± 0.1 mg) and analyzed on the NMR spectrometer. When the 

polymer blend is miscible at high enough temperature, a desired amount of sample was 
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withdrawn from the ampule and transferred to a NMR tube. Care was taken to rinse out the 

residual sample with d-chloroform into NMR tubes since phase separation happened 

already during the transfer. To test the composition of blends below the cloud point, 

samples were cooled slowly from above the cloud point to the desired temperature while 

being stirred vigorously; after that, the samples were left for about 12 h to attain the two-

phase equilibrium. Note that PEP remained in the upper layer, so to some degree it inhibited 

PEO from taking up moisture. A glass pipette was used to withdraw samples from both 

layers for 1H NMR measurements. 

 

 
 
Figure 2.4: 1H NMR spectrum of a LiTFSI-doped PEP/PEO with ϕPEO = 0.6 and r = 
0.0040. Sample is obtained at 135 °C. 

 

2.3 Results and Discussion 

2.3.1 Cloud Point Profile of PEP/PEO Blends Doped with LiTFSI 

 The phase diagram (i.e., cloud point profile) of PEP/PEO (with PEO of 222 g/mol) 

blends is shown in Figure 2.5. It is a typical upper critical solution temperature (UCST)-

type system: below the cloud point curve, the blend undergoes macroscopic phase 



41 
 

separation, while being heated above the cloud point (Tcp), the blend enters the one-phase 

state. The cloud point profile is almost symmetric, and the UCST is about 82 °C at a PEO 

volume fraction of 0.55 ± 0.10. To analyze the thermodynamics of mixing of this system 

more quantitatively, we resort to the Flory-Huggins theory.7,8 The Gibbs free energy of 

mixing (ΔGm) of a binary polymer blend can be calculated accounting for the 

conformational entropy of polymer chains and the segmental interactions between 

polymers 

 

 m 1 2
1 2 1 2

B 1 2

ln lnG
k T N N

φ φφ φ χφ φ∆
= + +  (2.2) 

 

where N1 and N2 are the degrees of polymerization based on the reference volume, ϕ1 and 

ϕ2 are the volume fractions of the two polymers, and kB is the Boltzmann constant. The 

interaction parameter (χ) reflects the compatibility of the system and governs the phase 

behavior. The binodal curve is then calculated using χ = 540 / T − 1.15 (vref = 0.1 nm3), 

which results in a critical temperature and composition of 82 °C and ϕPEO,c = 0.61, 

respectively. The predicted binodal curve also agrees well with the cloud point curve. 

Previous work has shown that PEP/PEO (with PEO of 500 g/mol) is a UCST-type system 

with an empirical χ = 472 / T − 0.76.122 However, the critical temperature of that system 

without adding salt is around 192 °C, close to the thermal stability limit of PEO and higher 

than the boiling point of squalane, and therefore a PEO with lower molecular weight was 

used in this work. Figure 2.5 also shows cloud point profiles of PEP/PEO doped with 

LiTFSI. Note that in those ion-containing blends (including those mentioned in the rest of 

this chapter), ϕPEO denotes the volume fraction of PEO plus that of salt using eq 2.1. It is 

clear that Tcp shifts up as the salt concentration increases, for a given polymer composition. 

For example, when doped with LiTFSI at a concentration as low as r = 0.0016 (which 
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means there are about 125 PEO chains per one lithium ion and the volume fraction of ions 

is less than 0.002), Tcp increases from 57 to 159 °C at ϕPEO = 0.2. This drastic increase in 

Tcp indicates that the segregation strength is strongly enhanced by the introduction of ions. 

Also, at the same r, the curve becomes strongly asymmetric, with the addition of salt 

driving up Tcp much more rapidly for smaller amounts of PEO. The observation that the 

introduction of salt not only increases the segregation strength but also breaks the 

symmetry of the phase diagram, is at least qualitatively consistent with predictions for 

polyelectrolyte/neutral polymer blends.12,13,15 

 

 
 
Figure 2.5: Cloud point profiles of salt-free PEP/PEO blends (solid black squares) and 
LiTFSI-doped blends with r ranging from 0.0016 to 0.0080. Lines are drawn to guide 
the eye, and the dashed arrows pointing to the shaded region mean that the Tcp is 
becoming too high to be measured accurately. The solid curve demonstrates the 
calculated binodal curve using the empirical χ (see the main text).  

 

 It is apparent that the unusual phase behavior cannot be explained by traditional two-

component Flory-Huggins theory, because of the extra entropy and enthalpy contributed 

by the ions. A simple strategy to access ΔGm of salt-doped blends is to rescale χ as χeff,98,166 

which was suggested by Wanakule et al. to increase linearly with salt concentration in salt-
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doped PS-b-PEO, as shown in eq 1.9.98 The salt concentration dependence m was 

determined to range from 1.56 (for LiTFSI)97 to 5.7 (for LiAsF6).166 For our system, a direct 

measurement of m is not available but may be estimated by the phase transition temperature 

under the framework of the mean-field theory. Focusing on the ϕPEO = 0.6 samples, Tcp 

increases from 81 through 91 to 135°C (the intrinsic χ at those temperatures thus are 0.375, 

0.334 and 0.174, respectively) when r increases from 0 through 0.0016 to 0.0040. Since 

χeff at different r values should be equal at Tcp, m can be determined at each salt 

concentration. It is found that the salt concentration dependence in χeff is not only non-

linear, but also stronger than that of PS-b-PEO system. Thus, for our system, substituting 

χ by χeff is not sufficient to explain the phase behavior and a more detailed model is required. 

 

2.3.2 Thermodynamics of Salt-Doped A/B Binary Homopolymer Blends 

 Wang et al. have shown the self-energy (fBorn) of anions provides a large driving force 

for phase separation in both block polymers and polymer blends,9,10,73,78 which can be 

estimated by eq 1.6. A binary blend ε can be estimated by the volume-weighted average of 

the two polymers, , where ε1 and ε2 are the dielectric constant of the two 

polymers, respectively. Thus, it requires energy to transfer a free ion from a matrix of 

higher ε to another of lower ε. In the case of PEP/PEO blends doped with LiTFSI, lithium 

ions are assumed to be bound to ether oxygens in PEO chains due to the large binding 

energy.173 The anion, however, tends to be solvated and move freely in the PEO-rich phase 

due to its bulkiness and the delocalization of charge. To mix the anions homogeneously in 

the one-phase state, fBorn becomes quite large due to the lowered ε of the PEP/PEO mixture, 

which is reflected in the elevated Tcp of the blend. Note that when applying this model to a 

real system, especially one with PEO as one of the components, other specific interactions 

may need to be considered. For example, there have been numerous studies on the effect 

of salts in PEO homopolymers showing that the cations may complex with the polymer 

1 1 1 2(1 )ε φ ε φ ε= + −
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chain to form various structures, and the coordination number (cn) between the cation, e.g., 

Li+, and the ether oxygens in PEO chains ranges from 2 to 7.5,174-177 This interaction can 

be regarded as a physical cross-linking effect that confines the movement of polymer 

chains, thereby lowering the chain conformational entropy.80 This conformational 

constraint can be analyzed calorimetrically;178,179 for example, Tg of LiTFSI-doped PEO (8 

× 106 g/mol) increases from −58 to −39 °C with r = 0.05.178 Also, for short chain PEO (Mn 

= 550 g/mol), an increase of Tg with the addition of salt was observed (Figure 2.6). 

 

 
 
Figure 2.6: (a) DSC traces and (b) glass transition temperatures (Tg) of LiTFSI-doped 
PEO (550 g/mol) from r = 0.005 to 0.06. 

 

 Accounting for the cross-linking as well as the self-energy effect, an explicit expression 

of the free energy of PEO-containing binary blends doped with salt was calculated by Ren 

et al.80 

  

  
( ) ( ) ( ) ( )( ) ( )( )

m 1 2
1 2 1 2

B 1 2

B0
ion

ln ln

2 ln 1 ln 1 1 ln 1
2

G
k T N N

lr r cn r cn r cn r r r
a

φ φφ φ χφ φ

φ φ φ φ φ φ φµ
ε

∆
= + +

+ − − − + − − + −
 (2.3) 

 



45 
 

where the μion and r are the chemical potential and concentration of the free ions at 

equilibrium, respectively, a is the radius of the anion, e.g., a(TFSI) = 0.381 nm, lB0 is the 

Bjerrum length calculated by lB0 = e2/(4πkTε0), χ is the interaction parameter of salt-free 

blends, and ions are assumed to have vanishing volume fraction. Note that ε of polymers 

usually ranges from 2 to 10, and in this work εsqualane = 2.3 and εPEO = 7.5. Eq 2.3 enables 

us to calculate the chemical potential of the two polymers, μ1 and μ2 at a given temperature, 

μion, and the composition of the two coexisting phases in the r-ϕ phase diagram (shown in 

Figure 2.7) can then be determined by solving the equation set  and 

.According to the Gibbs phase rule, the two-phase coexistence of an imcompressible 

binary blend should have two degrees of freedom (pressure is taken out as an intensive 

variable); thus, the exact ϕPEO and r for two coexisting phases depend not only on 

temperature but also the total composition ϕPEO,total and concentration rtotal. Therefore, the 

phase coexistence at a given temperature should be a curve, with r as a function of ϕPEO, 

which is constructed by connecting coexistence points at various μion, as illustrated in 

Figure 2.8. Below the coexistence curve, blends are miscible while above the curve, they 

phase separate. Above Tc of the salt-free blends, macroscopic phase separation can only be 

induced by addition of salt, while at a lower temperature, e.g., 73 °C, phase separation may 

happen in the range of ϕPEO = 0.33 to 0.85, while beyond this range, the addition of salt 

may induce phase separation. Note that the theory assumes fairly long Gaussian PEO 

chains while the chain length used in the experiments is quite short. This difference might 

contribute to deviations between experiment and theory. 

 Experimentally, temperature is the independent variable, and thus the calculated r – ϕ 

phase diagram needs to be converted to a T – ϕ phase diagram to compare with 

experimental cloud points. To access the calculated cloud point, first, coexistence curves 

at various temperatures are calculated and plotted in the r – ϕ coordinate system, as in 

α β
1 1=µ µ

α β
2 2=µ µ
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Figure 2.8, but with a temperature interval of 1 K, which enables us to locate r(T) at a given 

ϕPEO. Then Tcp is determined when r(Tcp) = r0, with an uncertainty within 1 K. 

 

 
 
Figure 2.7: Phase diagram of a LiTFSI doped PEP/PEO blend at 101 °C. Parameters: 
εsqualane = 2.3, εPEO = 7.5 and cn = 4. Red dash lines indicate tie lines at various μion. 

 

 
 
Figure 2.8: Calculated coexistence curves of LiTFSI-doped PEP/PEO blends at various 
temperatures. The exact ϕPEO and r for two coexisting phases depend on the total 
composition ϕPEO,total and rtotal. Parameters: εsqualane = 2.3, εPEO = 7.5 and cn = 4. 
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 With cn as an input parameter (4 for r = 0.0016 blends and 5 for r = 0.0040 

blends),177,180 the cloud point profile can be determined and compared with experimental 

results (Figure 2.9). The model successfully captures the increasing Tcp as r increases, and 

ϕPEO,c decreases to less than 0.2 at r = 0.0016. Referring to eqs 1.6 and 2.3, the immiscibility 

should increase as the self-energy penalty grows, while the increase in r or decrease in ϕPEO 

both may contribute to the increase in the self-energy penalty. Figure 2.9 also demonstrates 

that at most compositions, the calculated Tcp matches the experimental value well (within 

10 °C). However, the model significantly overestimates Tcp when ϕPEO ≤ 0.2. This is likely 

due to the failure of the assumption that all anions in the blends are free, which means the 

possible formation of ion pairs or clusters cannot be ignored. Previous workers have shown 

that for NaI-doped PEO at r = 0.033, the fraction of ion pairs ranges from 0.02 to 0.1 in the 

temperature range 60 to 200 °C.181,182 The ion pair fraction is even lower for LiTFSI due 

to the bulkiness and the charge delocalization of the anion, so the free ion assumption might 

be valid in our system when ϕPEO is sufficiently high. However, as ϕPEO decreases, the 

overall ε of the blend in the miscible state would decrease so that it would be harder to 

solvate ions, and more ion pairs should form. The large self-energy penalty is then 

counteracted by the decrease in the “effective” salt concentration, which may lead to the 

deviation from theory. However, the effect of ion pairs on the phase behavior is 

complicated and cannot be addressed via the current theory. On the other hand, cn in 

samples of different ϕPEO may not be a constant, and an overestimated cn would result in 

higher Tcp, as shown in Figure 2.10. Moreover, as ϕPEO decreases intrachain interactions 

dominate the interchain interactions, in which case the thermodynamics of inter- and 

intrachain coordination deserve to be addressed separately.80  
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Figure 2.9: Experimental (solid squares) and calculated (open squares) Tcp of LiTFSI-
doped PEP/PEO blends at r = 0.0016, cn = 4, and experimental (solid triangles) and 
calculated (open triangles) Tcp of LiTFSI-doped PEP/PEO blends at r = 0.0040, cn = 5. 
Lines are drawn to guide the eye. 

 

 
 
Figure 2.10: Cross-linking effect (r = 0.004, εsqualane = 2.3, εPEO = 7.5, cn ranges from 
1 to 5) on the cloud point of LiTFSI doped PEP/PEO blends. Closed symbols represent 
experimental data and lines are drawn to guide the eye. 
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2.3.3 Coexistence Curve of PEP/PEO Blends Doped with LiTFSI 

 The phase diagram can also be depicted by the coexistence curve, but unlike small 

molecules, investigation of coexistence curves for polymer mixtures is relatively rare. The 

introduction of even a tiny amount of salt changes the cloud point profile so drastically, 

that it invites examination of this aspect. As shown in Figure 2.11a, the coexistence curve 

of PEP/PEO doped with LiTFSI at r = 0.0040 has been determined. We start with an overall 

composition ϕPEO = 0.6, and slowly cool down from above the cloud point (135 °C) to 

desired lower temperatures, and perform composition measurements of each phase. It is 

clear that the coexistence curve deviates substantially from the cloud point curve: Tcp is 

much higher than the coexistence temperature at ϕPEO < 0.6, but lower at ϕPEO > 0.6. Note 

that when close to Tcp, the volume of the PEO-rich phase is too low to be determined 

accurately. 

 

 
 
Figure 2.11: (a) Cloud point profile (solid squares), coexisting phase compositions, 
both experimental (solid circles) and calculated (open circles); for PEP/PEO blends doped 
with LiTFSI at r = 0.0040 starting with ϕPEO = 0.6. Parameters: εsqualane = 2.3, εPEO = 7.5 
and cn = 5. Lines are drawn to guide the eye. (b) Salt concentrations in the PEO-rich and 
PEO-lean phases (left y-axis), and the volume fraction of the PEO-rich phase (right y-
axis), at temperatures ranging from 73 to 130 °C. 
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 This result is initially surprising since for an incompressible binary polymer blend, the 

cloud point curve should be identical to the coexistence curve if all components are 

monodisperse, as shown in Figure 2.12.183 The solubility of LiTFSI, NaTFSI, KTFSI, and 

LiClO4 in PEO is r = 0.67,179 0.25,184 0.20179 and 0.16,185 respectively, well beyond the 

highest concentration in this study. So, in this work, these ion-containing blends are 

initially hypothesized to be pseudo-binary, i.e., all the salt remains in each phase in 

proportion to the PEO concentration. However, the deviation here seems to indicate that 

with the addition of salt, the mixture can no longer be regarded as a simple binary system. 

 

 
 
Figure 2.12: Cloud point profile of salt-free PEP/PEO blends (blue squares) and 
coexistence points (red circles) starting with ϕPEO = 0.6 at elevated temperature and 
equilibrated at lower temperatures. Lines are drawn to guide the eye, and the fine dotted 
line indicates the overall ϕPEO = 0.6, while the thick dash lines are tie lines. 

 

 In fact, the model by Ren et al. offers an explanation for this phenomenon.80 As shown 

in Figures 2.7 and Figure 2.8, the salt concentrations in the two coexisting phases differ 

greatly. The EO-rich phase, which has a higher ε, solvates many more ions than the PEO-

lean phase. This uneven redistribution of ions can lead to a profound change in ΔGm. On 
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the basis of eq 2.3, the tendency toward macroscopic phase separation increases as r 

increases, and thus the PEO-rich phase, which has a higher r than the original value, is less 

miscible, while the PEO-lean phase is more likely to maintain the single-phase state. 

Moreover, a quantitative calculation of the compositions of the coexisting phases is 

possible. 

Based on eq. 2.3, the r - ϕ phase diagram could be constructed. Upon phase separation 

at a specific temperature, the compositions (ϕPEO and r) of the coexisting phases closely 

relate to the chemical potential/bulk salt concentration. Based on this temperature – ϕPEO – 

r relationship, once the overall salt concentration has been fixed (e.g. r = 0.0040 in Figure 

2.11a), a specific tie line could be selected, which meets the mass balance requirement of 

polymer composition and salt concentration in each phase. 

 It can be seen that the polymer composition in the two coexisting phases agrees well 

with the experiments, while the concentration of salt in each phase can be found in Figure 

2.11b. At lower temperatures, salts are preferentially solvated in the PEO-rich phase, and 

the r in the PEO-lean phase is negligible. As the temperature approaches the cloud point, 

more and more salt may move to the PEO-lean phase, for example, at 130 °C, r in the PEO-

lean phase is 0.0038, which is almost equal to the overall r (0.0040). It is worth noting that 

although r in the PEO-lean phase increases with temperature, the PEO-rich phase is also 

experiencing an ion accumulation. In the meantime, the volume fraction of the PEO-rich 

phase decreases as temperature increases, so that the total amount of salt is conserved. Note 

that upon phase separation at different temperatures the polymer composition as well as 

the concentration of salt in each phase can be calculated based on the tie lines in the r−ϕ 

phase diagram (shown in Figure 2.7 and Figure 2.8). This composition difference may 

persist even when infinitely close to Tcp, where the minority phase, rich in PEO, is of 

vanishingly small volume, as demonstrated in Figure 2.13. Above Tcp, the concentration 

difference vanishes, which reflects the fact that the blend moves into the single-phase state. 
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This discussion indicates that this salt-doped polymer blend should be treated as a ternary 

system, so that the coexistence curves (showing in Figure 2.11a) are 2-d projections of the 

3-d phase space spanned by those three components.183 Salt, as the third component, 

although only present in tiny amounts, can bring significant changes to the free energy of 

mixing. A related phenomenon occurs in binary polymer mixtures where one component 

is disperse.186 

 

 
 
Figure 2.13: Tie lines in the ternary phase space at temperatures from 73 to 130 °C 
based on the data in Figure 2.11. The red point stands for the overall composition 
(ϕPEO/ϕPEP = 6:4 and r = 0.0040) before phase separation. All tie lines intersect at the red 
point. Coordinates are based on weight fraction of each component.  
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2.3.4 Beyond the LiTFSI-Doped PEP/PEO System 

After mapping out the cloud point and coexistence curve of the LiTFSI-doped 

PEP/PEO blends, it is of interest to vary the identity of the salt (e.g., Li+, Na+, and K+ as 

cations, TFSI, I− and ClO4
− as anions) or the polymer component (e.g., polystyrene or poly 

(ethylene glycol dimethyl ether) (PS/PEO)). 

 First, to systematically explore the role of ion size in this system, four other types of 

salts, NaTFSI, KTFSI, LiClO4 and NaI have been investigated at r = 0.0016 and 0.0040, 

as shown in Figure 2.14. Note that at r = 0.0016, the cloud points of PEO-rich samples 

(ϕPEO > 0.6) are almost identical and close to the salt-free blends, but for PEO-lean samples, 

e.g., ϕPEO = 0.3, the Tcps all increase substantially, and the identity of salt matters; the Tcps 

show a segregation trend as: LiClO4 > LiTFSI > KTFSI ≈ NaTFSI > NaI. Note that there 

are no data for NaI-doped blends with ϕPEO < 0.3, since NaI precipitated during the mixing 

process. 

 

 
 
Figure 2.14: Cloud point profiles of PEP/PEO blends doped with LiTFSI, NaTFSI, 
KTFSI, LiClO4, and NaI with (a) r = 0.0016 and (b) r = 0.0040. Lines are drawn to guide 
the eye, and the dashed arrows pointing to the shaded region indicate that the Tcp is 
becoming too high to be measured accurately. 
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Figure 2.14b demonstrates the cloud point profiles of PEP/PEO blends with salts at r = 

0.0040, in which the cloud points of PEO-rich samples are not sensitive to the salt 

concentration and type, but as ϕPEO decreases, Tcp increases to different degrees for those 5 

salts. For example, with ϕPEO = 0.6, Tcp of LiClO4, LiTFSI, KTFSI, and NaTFSI are 167, 

135, 123, and 126 °C respectively, and the trend is the similar as observed in ϕPEO = 0.3 

samples with r = 0.0016, except for the fact that Tcp of NaI-doped samples is too high to be 

measured. 

 As noted above, both theory9,10 and experiments97,98,166 anticipate a strong dependence 

on ion size. The dominant factors that govern the phase behavior of this system are the 

solvation energy of the anion and the cross-linking effect of the cation. As demonstrated in 

eq 1.6, bulky anions contribute to a lower solvation energy, thus compared with LiClO4 

(anion size 0.240 nm), LiTFSI (anion size 0.381 nm)-doped blends are more miscible under 

the same conditions. This mechanism alone fails to explain the low Tcp of NaI-doped blends 

at r = 0.0016. In fact, NaI (anion size 0.206 nm) has been shown to be more likely to form 

ion pairs,178 and the reduced “effective” salt concentration may result in a lower Tcp 

comparing with other salts. With respect to the cross-linking effect, it is assumed that alkali 

metal ions Li+, Na+ and K+ complex with ether oxygens of PEO in a similar way, so that 

Tcp for all these three cations with TFSI coincide within experimental error for ϕPEO > 0.4. 

As mentioned above, as ϕPEO decreases, the salt may form ion pairs or even precipitate, 

thus accounting for the differences in Tcp at r = 0.0016, ϕPEO < 0.4. 

 More quantitatively, Figure 2.15 demonstrates the difference in Tcp of LiTFSI and 

LiClO4-doped PEP/PEO blends due to the difference in anion size. The calculated Tcp of 

LiClO4-doped blends based on the theory by Ren et al. captures the effect of the smaller 

size of LiClO4, although it overestimates the increase in Tcp. Considering that the Tcp values 

were calculated using the same cn, and under the assumption that all ions are free, the 

discrepancy is understandable. Previous work suggested that ion pairs exist in PEO/LiClO4 
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mixtures, and as temperature increases, there is a greater tendency for the formation of ion 

pairs.181,182 Moreover, simulation results showed that Li+ may coordinate with oxygens 

from both PEO and ClO4
−.187 The lowered “effective” salt concentration may bring down 

the predicted Tcp, while the lower coordination number (cn) of Li+ with PEO oxygens may 

also depress Tcp, as shown in Figure 2.10. It is also worth noting that the PEO tends to be 

enriched in the vicinity of an ion. Thus the volume-average dielectric constant may not be 

strictly applicable around an ion. This effect, which is not considered in the calculation, 

may also suppress the process of phase separation.9 

 

 
 
Figure 2.15: Experimental (solid symbols) and calculated (open symbols) Tcp of LiTFSI 
and LiClO4-doped PEP/PEO blends with r = 0.0040, cn = 5. Lines are drawn to guide the 
eye. 

 

 Besides PEP/PEO blends, the model may be applied to other PEO-containing binary 

systems if the other component is a non-ion-dissolving polymer. A cloud point profile of 

polystyrene (PS) (Mn = 600 g/mol)/poly(ethylene oxide) dimethyl ether (PEO) (Mn = 550 

g/mol) (PS/PEO) blends doped with LiTFSI has been mapped out, as shown in Figure 2.16. 

Note that the cloud points of salt-free blends are not measurable since all blends are 
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miscible even at room temperature. The Flory-Huggins interaction parameter (χ) of 

PS/PEO blends has been determined by SANS before, i.e., for deuterated polystyrene (2.15 

kg/mol)/ polyethylene oxide dimethyl ether (2 kg/mol) blend, χ = 37.5 / T − 0.034 (vref = 

0.1 nm3),188 and χ = 0.09 at room temperature. Since N for PS and PEO involved in this 

work are 10 and 8.7, respectively, this estimated χ justifies the miscibility of the blends at 

room temperature. Similar to PEP/PEO blends, Tcp shifts to much higher temperatures as 

salt is added; for example, Tcp of ϕPEO = 0.6 samples increases in order from 24 through 

104 to 218 °C as the salt concentration increases from 0.01 through 0.02 to 0.04. This trend 

qualitatively agrees with results on PS/hydroxyl-terminated PEO blends doped with 

LiTFSI, except for the fact that the hydroxy groups make the salt-free blend even less 

miscible.33 On the other hand, while the UCST-type phase behavior persists, the phase 

diagram becomes quite asymmetric, which is also observed in PEP/PEO blends. The 

calculated Tcp profile based on the theory by Ren et al. qualitatively agrees with the 

experimental trend, but overestimates the immiscibility of all blends. As discussed before, 

there may be several reasons for the higher calculated Tcp. First, εPS and εPEO may not 

represent the true value of the system, and a mismatch in ε might result in a huge difference 

in the cloud point profile (Figure 2.17). In fact, although εPS ≈ 4 was used in the calculation, 

this is somewhat larger than a commonly accepted value for PS, εPS ≈ 2.6. A higher 

dielectric response is due to the chain connectivity, as demonstrated by both the theoretical 

and computational studies of ion-containing polymer blends.189,190 Second, the fraction of 

ion pairs may not be negligible in the system. In fact, neglecting the influence of ion pairs 

on the phase behavior and only considering free ions at a fraction of 0.5, the discrepancy 

between experimental and theoretical data can be explained, i.e., the experimental Tcp for 

r = 0.01 coincides with the calculated one for r = 0.005.  
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Figure 2.16: Experimental (solid symbols) and calculated (open symbols) cloud point 
profiles of PS/PEO doped with LiTFSI. Lines are drawn to guide the eye. The shaded 
green and red areas are inaccessible temperature regions. Parameters: εPS = 4, εPEO = 7.5 
and cn = 4. 

 

 
 
Figure 2.17: Effect of solvation energy (r = 0.0016, cn = 4, εsqualane = 2.3, εPEO ranges 
from 2.3 to 7.5) on the cloud point of LiTFSI-doped PEP/PEO blends. Closed symbols 
represent experimental data and lines are drawn to guide the eye. 

2.4 Conclusions 

 The phase behavior of LiTFSI-doped PEP/PEO blends has been studied by cloud point 

measurements and the composition of the coexisting phases determined by NMR 
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spectroscopy. The free energy of mixing is modified significantly by the introduction of 

salt, which was reflected by the elevated Tcp and the resulting asymmetry of the cloud point 

profile. In addition, the coexistence curve was found to deviate from the cloud point profile, 

which was mainly due to the uneven distribution of ions between the two coexisting phases. 

The theory of Ren, Nakamura, and Wang,80 which accounts for the self-energy (or 

solvation energy) of the anion and the cation-induced cross-linking effect, successfully 

explains the unusual cloud point profiles as well as the discrepancy between cloud point 

and coexistence curves.  

 This approach has been extended to other salts and to the PS/PEO system. The 

observations are in agreement with the concept that the miscibility is affected by the size 

of the anion, as proposed in both experimental and theoretical studies.9,98 However, while 

the qualitative trend of Tcp in PS/PEO blends could be captured by the model by Ren et al., 

Tcp values are consistently overestimated, which we tentatively attribute to possible ion 

pair formation and the inaccurate dielectric constant of the blend due to the local 

enrichment effect. 

 The phase behavior of ion-containing polymer systems, whether polymer blends or 

block polymers, is far from fully understood since there are so many interactions involved 

which are not easily separated. These interactions include, but are not limited to, those 

between polymer chains (χ), increased translational entropy of anions, solvation penalty of 

ions,10,11,73,74,78 reduced polymer conformational entropy because of cation-polymer 

interactions,10,80 and ion-ion correlations.12-14,83,84 This work may serve as a benchmark for 

both experimental design of polyelectrolyte systems and theoretical research aims to 

systematically incorporate more effects mentioned above.  
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Chapter III. 
 

Structure and Properties of BμE from Symmetric Salt-Doped 
A/B/AB Ternary Polymer Blends* 

Adapted with permission from 

Xie, S.; Meyer, D. J; Wang, E; Bates, F. S.; Lodge, T. P. Macromolecules 2019, 52, 

9693−9702.  

Copyright 2019 American Chemical Society. 

 

3.1 Introduction 

Electrolytes with strong ion dissociation and rapid ion transport are highly desired for 

next-generation rechargeable batteries. Currently, lithium ion batteries are usually 

composed of a graphite anode and metal oxide cathode with a liquid electrolyte made of 

organic solvent (e.g., alkyl carbonates) and a lithium salt.5 However, upon cycling, safety 

issues arise due to the instability and flammability of the organic solvent, which can lead 

to a short circuit and electrolyte combustion.191 One strategy to solve this problem is to 

employ a solid electrolyte; a promising candidate is a polymer with high mechanical 

robustness, low flammability, and relatively good ionic conductivity.2,156,192,193 The most 

commonly investigated polymer electrolyte is poly(ethylene oxide) (PEO), and although 

 
* This work was done in collaboration with Daniel J. Meyer, Dr. En Wang, and Prof. Frank S. Bates. 
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more than 40 years have passed since the first attempt to use it in battery applications,194 

limited success has been obtained in designing a robust PEO-based electrolyte without 

sacrificing too much conductivity. To simultaneously optimize multiple orthogonal 

properties (high mechanical strength and ionic conductivity in this case), a multi-

component system is usually desired, and more specifically, a co-continuous structure in 

which one domain is responsible for ionic transport while the other imparts mechanical 

strength. Block copolymers can self-assemble into periodic structures where ions can be 

transported, and serve as a good platform to design high-performance solid electrolytes. 

To this end, the phase behavior and electrical properties of ion-containing block copolymer 

electrolytes have been extensively studied in the past two decades, which offer significant 

insights into the design of more complex polymer electrolyte systems with tunable 

morphologies.4,86-89,92,94,96,108,109,166,195-202 

Of the myriad possibilities, ternary blends comprising A and B homopolymers, plus an 

AB diblock copolymer surfactant, present a broadly tunable and widely applicable strategy 

to accessing predictable co-continuous structures. In the past two decades, it has been 

demonstrated that A/B/AB ternary blends universally exhibit an equilibrium BμE, when 

the components are suitably designed.31,32,122,124,145,203 In such blends, the copolymer 

stabilizes the incompatible homopolymer mixture and forms a monolayer between the two 

domains, so that the BμE is globally disordered but contains a 3D interpenetrating network 

with the copolymer at the interface. While there are a variety of approaches to obtain co-

continuous morphologies, the BμE has several advantages. For example, although a co-

continuous spinodal-like structure can be obtained by the kinetic arrest of phase separation 

in incompatible binary homopolymer blends, the domain size is typically on the order of 

micrometers.30 A kinetically trapped co-continuous structure with a nanometer 

characteristic length scale can be obtained by polymerization-induced microphase 

separation.22,158,204 Ordered block copolymers can also form co-continuous structures, such 
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as the double gyroid, when the volume fraction of each block is suitably designed, but the 

composition window is usually small and the domain sizes below 20 nm.111 As an 

equilibrium structure, the BμE is both predictable and reproducible, and the domain size 

can be tuned over a relatively wide range from ca. 20 – 200 nm. More importantly, the 

BμE can be permanently fixed by either crosslinking, crystallization, or vitrification, and 

the structure can also be voided by extracting one component to prepare porous monoliths 

that can themselves serve as membranes, or as templates for the formation of replica 

bicontinuous structure in other materials.147-151,205 

While the BμE exists for neutral ternary blends, relatively little is known about polymer 

phase behavior when ions are added. We recently demonstrated that for an otherwise 

disordered A/B/AB ternary system, in which A = PS and B = PEO, the addition of lithium 

LiTFSI largely recapitulates the phase behavior of neutral ternary polymer blends with high 

segregation strength. Various nanostructures including lamellae (LAM), hexagonally-

packed cylinders (HEX), and a BμE were observed.33 Similarly, a BμE has very recently 

been reported in a ternary system where one polymer is ionic.152 These encouraging results 

motivate a better understanding of the phase behavior and the self-assembly of such salt-

doped ternary blends. In this work, we selected model polymers with well-controlled molar 

masses, dispersities, chain ends, polymer compositions, and salt concentrations to construct 

the LiTFSI-doped PS/PEO/PS-b-PEO (S/O/SO) system, where the salt concentration is 

denoted as r = [Li+]/[EO]. Balsara and coworkers have demonstrated that through the 

addition of LiTFSI into SO diblocks, the effective Flory-Huggins interaction parameter χeff 

is increased, and thus leads to microscopic phase separation and formation of different 

ordered phases.97-103,206-208 The other limit, that of a binary homopolymer blend doped with 

salt, has also been experimentally investigated recently, and a considerable increase in 

immiscibility was observed with added salt (see preceding chapter in this thesis).209 

Theoretical studies also suggest that the introduction of ions (either salt ions or ions on the 
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polymer backbone) to a homopolymer mixture or diblock copolymer can lead to phase 

separation and may result in a quite asymmetric phase diagram.9,80 However, due to the 

complexity of the system, the many interactions involved are hard to isolate: for example, 

Nakamura, et al. account for the preferential solvation energy, the translational entropy of 

the anions in the polymer matrix, transient crosslinking of lithium ions with ether oxygens 

in the polymer, and ion pair formation,10,11,74 while Sing, et al. also consider asymmetric 

charge cohesion effects.12-15,210  

In this chapter, we systematically investigate the phase behavior of a LiTFSI-doped 

S/O/SO pseudo-ternary system along the volumetrically symmetric isopleth of the phase 

prism, and confirm a clear LAM to BμE transition as the diblock copolymer is swelled by 

short homopolymer chains near the Lifshitz point composition anticipated by mean-field 

theory. The BμE morphology is investigated by a combination of small-angle neutron 

scattering (SANS) and small-angle X-ray scattering (SAXS). Unlike neutral ternary blends, 

where the BμE is confined to a small homopolymer composition range (i.e., ϕH varying by 

1 – 3%), the BμE in this system extends over a wider range of total homopolymer 

composition (ca. ϕH ≈ 80 – 86%) and is tunable not only by temperature, but also by salt 

loading and total homopolymer composition. Furthermore, impedance measurements 

reveal superior ionic transport compared to unstructured disordered polymer blends and 

polycrystalline systems with long-range order. 

 

3.2 Experimental Section 

3.2.1 Materials 

 LiTFSI was purchased from 3M, dried under dynamic vacuum for 24 h at 120 °C, and 

then stored in a glove box under argon. Polyethylene glycol dimethyl ether (PEO) and 

polystyrene (PS) were purchased from Sigma-Aldrich and Scientific Polymer Products, 

respectively. The PEO was dried under dynamic vacuum for 48 h and then stored under 



63 
 

static vacuum. The polystyrene-b-poly(ethylene oxide) diblock copolymer (SO) was 

synthesized by anionic polymerization. A hydroxyl-terminated PS was prepared with 

purified styrene monomer (Sigma-Aldrich) from a sec-butyllithium initiator in 

cyclohexane at 40 °C for 24 h, and then functionalized with purified ethylene oxide (Sigma-

Aldrich) and terminated with purified methanol. The PS-OH was then purified and dried 

before being reinitiated with potassium naphthalenide. The chain was extended by reacting 

with purified ethylene oxide in THF at 45 °C for 24 h and then terminated by purified 

methanol (Figure 3.1).211 The polymer was then precipitated in hexanes at −30 °C, re-

dissolved in benzene, passed through a neutral alumina column and filtered through a 0.22 

μm PTFE membrane (Millipore, FGLP09050) to remove excess potassium salt. The 

resulting polymer was freeze-dried in benzene, and the residual potassium and lithium were 

measured at 131 and 0.7 ppm, respectively, by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). For the SANS experiments, either the PS homopolymer or the 

PS block in SO was perdeuterated, which was achieved by polymerizing d8-styrene 

(Polymer Source) via anionic polymerization. The polymers were characterized by 

multiple methods, including 1H NMR spectroscopy, matrix-assisted laser 

desorption/ionization mass spectroscopy (MALDI-MS) and size-exclusion 

chromatography (SEC), as summarized in Table 3.1. 

 

 
 
Figure 3.1: Reaction scheme for the anionic polymerization of PS-b-PEO (SO). 
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MALDI-MS measurements were done on an AB SCIEX 5800 MALDI/TOF mass 

spectrometer. In the case of PEO, THF was used as the solvent and solutions of PEO (10 

mg/mL), sodium trifluoroacetate (NaTFA) (10 mg/mL) and 1,8,9-trihydroxyanthracene 

(dithranol) (10 mg/mL) were mixed at a volume ratio of 10:3:60. In the case of PS and SO, 

THF was used as the solvent and solutions of PS or SO (10 mg/mL), silver trifluoroacetate 

(AgTFA) (10 mg/mL), and dithranol (20 mg/mL) were mixed at a volume ratio of 

20:10:100. The solutions were then spotted onto the steel targets and allowed to air dry. 

 

 
Figure 3.2: MALDI-MS spectra and the number-averaged molecular weights of (a) PEO 
homopolymer, (b) PS homopolymer, and (c) dPS homopolymer. 

 

 
Figure 3.3: MALDI-MS spectra and the number-averaged molecular weights of (a) PS-
OH precursor, (b) dPS-OH precursor, (c) PS-b-PEO (SO) diblock copolymer and (d) dPS-
b-PEO (dSO) diblock copolymer. 
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The molecular weight distributions of the synthesized PS precursors and SO 

copolymers were determined to be narrow by size-exclusion chromatography (SEC) 

performed in THF at 25 °C on an Agilent 1260 Infinity system (Figure 3.4). The eluents 

were monitored by a Wyatt Optilab rEX refractive index detector, and the corresponding 

molecular weights and distributions were determined by using Zimm plots obtained from 

a Wyatt Dawn DSP multiangle light scattering (MALS) detector. 

 

 
 
Figure 3.4: RI traces of PS-OH, dPS-OH, SO, and dSO by SEC. 

 

A Bruker HD-500 instrument was used to determine the 1H NMR spectrum of the SO 

(Figure 3.5). The fPEO was determined to be 0.5, which agrees well with the value 

determined by MALDI-TOF. 
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Figure 3.5: The chemical structure and the 1H NMR spectrum of the SO. 

 

Table 3.1: Characteristics of Polymers and Salt. 

Component Mn (g/mol) Nc fPEO Đ = Mw/Mn ρ (g/mL) 

PEO 1000a 16 - 1.03a 1.037e 

PS 1100a 18 - 1.08a 1.002e 

dPS 1200a 18 - 1.09a 1.079e 

SOh 5250a,b 86 0.50a,b 1.02a,d 1.019f 

dSO 5200a 82 0.50a 1.02a,d 1.058f 

LiTFSI 287 - - - 2.023g 

 
a Determined via MALDI-TOF; b Determined via 1H NMR spectroscopy; c Calculated 
using a reference volume of 0.1 nm3; d Determined using SEC; e Calculated at 140 °C 
from Ref. 212. ; f The volume-weighted density of each component; g From Ref.100 
; h The SO used in all the SAXS measurements had 5400 g/mol with fPEO = 0.49 and 
Đ = 1.03. 
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3.2.2 Sample Preparation 

 To prepare S/O/SO blends, the desired amounts of LiTFSI, PEO, PS, and SO were 

dissolved in THF as stock solutions. After mixing the components and evaporating THF, 

each blend was re-dissolved in benzene to form a homogeneous solution, which was then 

freeze-dried for at least 72 h to ensure no residual solvent remained (verified by 1H NMR). 

The salt concentration r was defined as the molar ratio of lithium ions to the ethylene oxide 

repeat units in PEO (homopolymer and diblock), i.e., r = [Li+]/[EO]. The lithium ion is 

assumed to be well-solvated in either the PEO homopolymer or the PEO block. Assuming 

additivity of volumes, the volume fractions of the PEO-LiTFSI complex and the PS 

homopolymer were kept equal (i.e., ϕPEO-LiTFSI/ϕPS = 1), while the homopolymer 

composition (ϕH = ϕPEO-LiTFSI + ϕPS) was varied from 0 to 1. All the samples were kept in a 

glove box before use. 

3.2.3 Small-Angle Neutron Scattering (SANS) 

 Samples (~0.5 g) were loaded into quartz banjo cells (Hellma) with 1 mm path length 

and dried under vacuum at 90 °C for at least 24 h to remove air bubbles. All experiments 

were conducted at the National Institute of Standards and Technology (NIST), 

Gaithersburg, Maryland, on the NG7 30 m beamline (University of 

Minnesota/ExxonMobil/NIST). The neutron wavelength was λ = 6 Å with spread Δλ/λ = 

0.14. Three configurations with sample-to-detector distances of 1 m, 4 m, and 13 m were 

used to cover the q range 0.003 – 0.4 Å–1. Prior to moving to the beamline, all samples 

were annealed in a vacuum oven at 70 °C, and the heating block on the beamline was 

preheated to the same temperature. During measurement, all samples were protected by 

nitrogen gas, and the temperature was maintained to within ± 1°C. The scattering was 

corrected for empty cell scattering, sample transmission, thickness, and detector sensitivity. 

The azimuthally isotropic 2D scattering patterns were then reduced to 1D intensity as a 

function of q. All scattering profiles were then corrected for the volume-weighted average 
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of the scattering from the three pure components. Data were reduced using the NCNR 

software package for Igor Pro.213 

3.2.4 Small-Angle X-ray Scattering (SAXS) 

 Samples (~20 mg) were loaded into TZero DSC pans (TA instruments) and 

hermetically sealed in a glove box. All samples were annealed at 70 °C for at least 4 h prior 

to the SAXS measurements. All experiments were conducted at the DND-CAT Sector 5-

ID-D beamline of the Advanced Photon Source at Argonne National Laboratory. The 

isotropic scattering patterns detected by a Rayonix CCD detector were reduced to give 1D 

scattering intensity as a function of the wavevector q = 4πsin(θ/2)/λ, where θ is the 

scattering angle and λ is the wavelength. At the beamline, the sample stage was preheated 

to 70 °C, and the samples were heated incrementally followed by an equilibration time of 

about 10 min at each temperature and then the scattering intensity was collected for 2 s. 

All scattering patterns were corrected for empty DSC pan scattering. 

3.2.5 Electrochemical Impedance Spectroscopy (EIS) 

 Samples were hot-pressed in PTFE washers with a thickness (l) of 0.07 cm and cross-

sectional area (A) of 0.4 cm2 in a glove box and then sandwiched between stainless steel 

electrodes (MTI Corporation) and crimped following the standard CR2032 coin cell 

geometry. Experiments were conducted using a Metrohm Autolab PGSTAT 128N 

potentiostat/galvanostat instrument. The AC impedance (Z’ and Z’’) was measured as a 

function of frequency between 1 Hz and 1 MHz with a peak voltage of 50 mV. The high-

frequency plateau value of Z’ was taken as the bulk resistance R, and thus the ionic 

conductivity can be calculated by eq 3.1, where R(T) is the resistance at a specific 

temperature. Figure 3.6 is an example of raw AC impedance data for an assembled coin 

cell containing LiTFSI-doped S/O/SO with ϕH = 0.86 and r = 0.027 at 156 °C. 

 

 ( ) ( )( )/T l R T Aσ = ×  (3.1) 
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 The fabricated coin cells were heated in a home-made heating block with a temperature 

controller (OMEGA) to 155 °C (above the TODT of all the samples) to erase the thermal 

history, and then slowly cooled in steps of 5 or 10 °C to 50 °C. At each temperature, the 

samples were equilibrated for 1 h, and for the sake of repeatability, all samples were heated 

back to 155 °C, with no discrepancy in conductivity being observed on the cooling or the 

heating process. 

 

 
 
Figure 3.6: Representative raw AC impedance data (squares are Z’, circles are Z”) for a 
LiTFSI-doped S/O/SO ternary electrolyte with ϕH = 0.86 and r = 0.027 at 156 °C. The 
arrow denotes the bulk resistance (R). 

 

3.3 Results and Discussion 

3.3.1 Phase Diagram Along the Symmetric Isopleth 

Our recent work showed a significant increase in the effective segregation strength 

(χN)eff of S/O/SO ternary blends when doped with salt, as well as the various morphologies 

that can be accessed simply by changing ϕH in the blends.33 Here we examine a similar 
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“pseudo” ternary blend system, in which salt ions are distributed within the PEO 

homopolymer or PEO block in SO, so that the three effective components are PS, PEO-

LiTFSI, and SO-LiTFSI. All blends contain the same volume fraction ratio of the two 

homopolymers (ϕPEO-LiTFSI/ϕPS = 1) with r = 0.03, but different total amounts of 

homopolymer (ϕH). The morphologies along this volumetrically symmetric isopleth were 

mapped out as a function of temperature by SAXS, as shown in Figure 3.7. 

 

 
 
Figure 3.7: Experimentally determined isopleth phase diagram for blends with r = 0.03, 
ϕPEO-LiTFSI/ϕPS = 1. Open squares denote TODT determined by SAXS. The crosses represent 
homopolymer compositions and corresponding temperatures at which morphologies were 
determined by SAXS. The DIS/BμE states were determined by a either SAXS or SANS. 
The shaded area indicates the multiphase region, and the solid line is drawn to guide the 
eye. 

 

Note that the salt-free S/O/SO ternary blends are fully disordered, including both the 

S/O binary blends and SO copolymer itself, due to the low molar masses of the 

components.214 With r = 0.03, the SO forms the lamellar (LAM) structure at low 

temperature and experiences a first-order order-disorder transition (ODT) at around 125 °C. 

As shown in Figure 3.8, a broad peak coexists with a sharp Bragg peak at 123 °C. This 

coexistence window of LAM and disorder (DIS) was previously observed by Thelen, et al., 
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and justified by Nakamura, et al., due to an uneven distribution of ions between the 

disordered and ordered phases.74,101 Note that the three components used in this study are 

quite symmetric: fPEO in SO is 0.5, NPS ≈ NPEO ≈ 1/5 NSO, so that if χeff in S/O and SO were 

the same, it would be reasonable to anticipate a similar phase transition temperature in both 

S/O and SO, since in the mean-field framework, the ODT of a symmetric diblock 

copolymer (χN)ODT = 10.5 whereas for a binary blend the critical point occurs at (χN)c = 2. 

However, when doped with salt, the S/O binary blends undergo macroscopic phase 

separation even at very high temperatures, due to the high ion solvation penalty and 

transient crosslinking effect. This is qualitatively consistent with the results in the revious 

chapter,209 and the prediction by Ren, et al.80 Interestingly, samples with ϕH = 0.2 – 0.8 all 

have a ca. 5 °C coexistence window, and the ODT temperatures (TODT) all lie between 95 

and 115 °C, which is quite different from the trend observed by Irwin, et al., where TODT 

increased significantly with ϕH.33 This difference, which is possibly surprising at first 

glance, can be explained in part by the PEO endgroup effect. In the previous work, the PEO 

was hydroxyl-terminated (Mn = 400 g/mol), so one out of ten oxygens are exposed to the 

chain end, which may significantly change the cohesive energy of the polymer chain, 

making it easier to form a transient crosslinking network in the presence of salt ions, 

resulting in a much larger χeff.215 In this work, poly(ethylene glycol) dimethyl ether was 

used to minimize the endgroup effect, so that the TODT curve more resembles that of salt-

free ternary blends. 
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Figure 3.8: SAXS patterns for LiTFSI-doped SO with r = 0.03. The scattering patterns 
have been background subtracted and vertically shifted for clarity.The shaded area 
indicates the multiphase region, and the solid line is drawn to guide the eye. 

 

As ϕH increases, all samples below the ODT display the lamellar structure while the 

primary peak shifts to lower q; this is replaced by a broad peak when the ϕH reaches 0.83, 

and the BμE is accessed (Figure 3.9a). This evolution in the SAXS traces indicates an 

increase in domain size (d = 2π/q*, where q* is the primary peak position) as well as the 

vanishing of long-range order when the diblock copolymer is swelled by homopolymer. 

By calculating d of the ordered phase as a function of ϕH, as shown in Figure 3.9b, it is 

clear that d diverges near ϕH ≈ 0.8, similar to the trend observed in salt-free systems when 

ϕH approaches the nominal Lifshitz point.122 In the mean-field theory, the Lifshitz point 

happens at PS PEO
H,LP 2

SO

1/ 1 2 0.93N N
N

φ
 

= + = 
 

. Combined with the fact that the Lifshitz point 

gives way to the BμE due to thermal fluctuations, we conclude that the blends with ϕH ≥ 

0.83 demonstrate the BμE morphology. 
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Figure 3.9: (a) SAXS patterns for blends with r = 0.03, ϕPEO-LiTFSI/ϕPS = 1, at 70 °C. The 
scattering patterns have been background subtracted and vertically shifted for clarity. (b) 
Domain spacing for LAM and the BμE samples along the volumetrically symmetric 
isopleth at 70 °C. The calculated domain spacing is from the primary peak in the 
corresponding SAXS patterns for LAM samples and from the best fits of the T-S model 
to the SAXS data for the BμE. 

 

It is worth noting that although the BμE feature persists up to ϕH = 0.95 (Figure 3.11), 

the blends are likely not homogeneous. As shown in Figure 3.10, optical transparency 

decreases as ϕH increases from 0.86 to 0.88. For ϕH > 0.86, the blends are cloudy up to 

200 °C even under vigorous stirring, which indicates a two- or even multi-phase state. 

Presumably, the BμE is one of two or three coexisting phases in this regime. With ϕH > 

0.96, no specific structure can be obtained by SAXS and a two-phase state is observed after 

equilibrating the samples at 120 °C for several hours. 

 

 
Figure 3.10: Photographs of LiTFSI-doped S/O/SO with r = 0.03, (a) ϕH = 0.86 and (b) 
ϕH = 0.88 at 120 °C. 
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3.3.2 Structure of the BμE 

Selected samples were investigated between 49 and 167 °C using SANS (some samples 

were also investigated using SAXS, see Figure 3.11). The PS homopolymer and PS block 

in SO were labeled to generate enough contrast in the dS/O/dSO blends. As shown in 

Figure 3.12, the sample with ϕH = 0.86 demonstrates a broad but prominent peak at ca. 0.15 

nm–1. The Teubner and Strey (T-S) model (eq 1.18) was then used to fit the scattering 

pattern to derive the domain size (d), correlation length (ξ), and amphiphilicity factor (fa) 

(eqs. 1.19 −1.21). 
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Figure 3.11: SAXS patterns (top) and domain spacing (d), correlation length (ξ), and 
amphiphilicity factor (fa) (bottom) as a function of temperature associated with the best 
fits of the T-S model for blends in the BμE channel with r = 0.03. (a) – (l) ϕH = 0.80, 0.81, 
0.82, 0.83, 0.84, 0.85, 0.86, 0.88, 0.90, 0.92, 0.95, 0.96, respectively. 

 

 

 



76 
 

As shown in Figure 3.12a, the T-S model gives good fits to the SANS data with r = 

0.03 over the q range 0.05 – 0.5 nm–1, but fails to describe the high q coherent scattering, 

where coil scattering and other local structural details become important. Interfacial 

analysis (see Appendix A.3 for details) shows that the interfacial area per block copolymer 

lies between 1.3 – 1.7 nm2, which is larger than the typical value of 0.5 nm2 for a surfactant 

molecule but smaller than the value for a polymeric system with longer polymer chains.145 

It is worth noting that the T-S fitting to SAXS and SANS curves of the sample with ϕH = 

0.86 and r = 0.03 give parameters that are comparable but not exactly equal (see Figure 

3.12a and Figure 3.11g). This is primarily attributable to the greater inaccuracy in the 

background subtraction in the SAXS, and especially with respect to the low q upturn in the 

SAXS traces. In the case of the SANS experiment, the background is subtracted by the 

volume-weighted average of the incoherent scattering of the three components, thus 

leading to a more accurate absolute intensity. We thus emphasize the fits based on SANS 

for more quantitative analysis. 

 

 
 
Figure 3.12: SANS intensity in absolute units acquired as a function of temperature for 
the BμE of dS/O/dSO with ϕH = 0.86 and (a) r = 0.03 and (b) r = 0.06. The solids curves 
are the optimized T-S fits, which are indications of a good BμE structure. All the 
scattering patterns have been vertically shifted successively by factors of 10. 



77 
 

 On the other hand, when the salt concentration is doubled to r = 0.06 in the blends 

(Figure 3.12b), a more prominent peak appears at nearly the same q value. The T-S fit was 

over the q range 0.08 – 1 nm–1, and captured the peak, but does not capture the low q upturn 

and again underestimates the high q scattering intensity. Since χeff increases sharply with r, 

it is possible that macroscopic phase separation begins and results in coexistence with the 

BμE, which gives the extra low q intensity. A broad shoulder at 2q* is apparent, which gets 

weaker as temperature increases. It could be due to Bragg scattering from some ordered 

structure but smeared due to the limited resolution of SANS. However, the broad shoulder 

also appears in SAXS traces of a blend with ϕH = 0.88, and systematic investigations are 

warranted (see Chapter 4 for more details). In fact, the presence of the shoulder at 2q* is 

well established in strongly segregated bicontinuous systems and is the result of more well-

defined and uniform interfaces.19,29 Thus, the high q feature is likely a nascent second-order 

Bragg peak, which indicates that the structure is close to LAM. 

Based on the T-S model, d, ξ, and fa of samples with r = 0.03 and 0.06 were calculated 

as a function of temperature. As shown in Figure 3.13, in both cases, d ≈ 35 nm almost 

independent of temperature, while ξ decreases significantly as temperature increases. Also, 

ξ with r = 0.06 is more than two times higher than that with r = 0.03. This implies that the 

average domain size does not change, but the interface is softened at a higher temperature 

in both cases, and in the case of a higher salt concentration, the interface is stiffer due to 

the higher segregation strength. Note that the domain size of the salt-free polymeric BμE 

usually decreases monotonically as temperature increases, due to relaxation of chain 

stretching of the diblock copolymer, in response to decreasing interfacial tension.126,145 The 

most significant distinction between r = 0.03 and 0.06 lies in the trend of fa. As temperature 

increases from 49 to 167 °C, for blends with r = 0.03, fa increases significantly from –0.8 

to –0.3, but for those with r = 0.06, fa displays no significant change, remaining around –
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0.9. These results indicate that although the BμE structures are maintained with higher r, 

the system becomes more segregated and is close to a highly swollen LAM.  

 

 
 
Figure 3.13: Domain size (d) (black symbols), correlation length (ξ) (red symbols) and 
amphiphilicity factor (fa) (blue symbols) of ternary blends dS/O/dSO with r = 0.03 and 
0.06 as a function of temperature associated with the best fits of the T-S model to the 
SANS data of dS/O/dSO shown in Figure 3.11. 

 

3.3.3 Location of the BμE Channel 

 As shown in Figure 1, the single-phase BμE channel extends over the range ϕH ≈ 80 – 

86%, which is noticeably wider than that of neutral ternary blends, where a 1 – 3% window 

is typical.32,122,127,216 Furthermore, the BμE persists as a component phase up to 0.95. 

Further SANS measurement and T-S fits on dS/O/dSO with ϕH = 0.60, 0.75, and 0.86 

(Figure 3.14) confirm the BμE morphology. Note that the chain length of the dSO is 

slightly shorter than that of the SO used in the SAXS measurements, so the exact location 

of the BμE could shift slightly to a lower ϕH. With the exception of the blend with ϕH = 

0.60, which experiences an order-to-BμE transition at around 70 °C, the other two blends 

are BμE over the experimental temperature range. As ϕH decreases, the d decreases due to 

lower swelling of each block, and fa becomes more negative and approaches the LAM limit 
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(Figure 3.15). The lamellar ordering does not occur for these samples even at a lower 

temperature, which might reflect the smaller diblock copolymer molecular weight and 

stronger fluctuation effects; however, the formation mechanism of the wide BμE channel 

is yet to be fully elucidated. We speculate that ion-ion correlations and/or transient 

crosslinking could increase the inhomogeneity for an otherwise fully disordered state and 

thus stabilize the interface to form the BμE. 

 

 
 
Figure 3.14: SANS intensity in absolute units acquired as a function of temperature for 
dS/O/dSO, (a) ϕH = 0.60, and (b) ϕH = 0.75 with r = 0.03. The solids curves are the 
optimized T-S fits, which are indications of good BμE structures. At low temperature, 
scattering profiles shown in (a) demonstrate the LAM morphology. All the scattering 
patterns have been vertically shifted successively by factors of 10. 
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Figure 3.15: Domain size (d) (black symbols), correlation length (ξ) (red symbols) and 
amphiphilicity factor (fa) (blue symbols) of ternary blends dS/O/dSO with r = 0.03 and 
ϕH = 0.60 (solid circles), 0.75 (solid triangles) and 0.86 (solid squares) as a function of 
temperature associated with the best fits of the T-S model to the SANS data. 

 

3.3.4 Transport Properties of the BμE 

The ionic conductivity of a series of ternary blends with r = 0.027 along the 

volumetrically symmetric isopleth was investigated, as summarized in Figure 3.16. All 

samples were processed following strict methods to exclude moisture and solvent, and 

replicates were performed without noticeable discrepancy. The conductivity (σ) of salt-

doped SO increases with temperature and experiences a jump at ca. 115 °C, which 

corresponds to the ODT where long-range order vanishes. The 10 °C difference from the 

TODT shown in Figure 3.8 is due to the small difference in r. For comparison, the 

conductivity profile of SO with r = 0.03 was also measured (Figure 3.17) and a 

discontinuous increase at ca. 125 °C was confirmed. As ϕH increases, σ(T) increases 

slightly, and the discontinuity in the σ-T curves shifts to ca. 100 °C, which agrees with the 

trend in TODT observed in Figure 3.7. When the LAM to BμE transition occurs, a significant 

increase in σ(T) is consistently observed, especially at low temperature where the σ-T curve 

becomes smooth. Moreover, at a higher r = 0.054, with ϕH = 0.86, where the BμE should 
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persist, the conductivity increases even further without a discontinuous jump. Data of the 

DIS and BμE blends were fit with the Vogel-Fulcher-Tammann (VFT) equation, given by 

  

 ( ) ( )
a

0
0

E
R T TT eσ σ

−
−=  (3.2) 

 

where σ0 is the theoretical conductivity at infinite temperature, Ea is the effective activation 

energy for ion transport and T0 is a reference temperature (Vogel temperature) usually ca. 

50 °C lower than the glass transition temperature (Tg) of the material.217-220 All fitting 

parameters can be found in Table 3.2. Note that all these blends have the same total amount 

of PEO and salt, but the conductivity profiles differ significantly. This result suggests a 

robust morphology-conductivity relationship in such blends and offers the possibility to 

optimize the conductivity by tuning the morphology. 

 

 
 
Figure 3.16: Representative ionic conductivity for various blends along the symmetric 
isopleth with different total homopolymer composition ϕH. The salt concentration is r = 
0.027 and the solid lines are VFT fits. 
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Figure 3.17: The conductivity profile of SO copolymer with r = 0.03. Lines are drawn 
to guide the eye. 

 

Table 3.2: VFT Fitting Parameters Used for Fitting the DIS and BμE State Conductivity 
Data in Figure 3.16. 

Sample Ea (J mol-1) σ0 (mS cm–1) T0 (°C) 

ϕH = 0 7611 18.3 − 105 ± 39 

ϕH = 0.18 3469 6.13 − 33 ± 18 

ϕH = 0.4 2587 3.79 − 17 ± 33 

ϕH = 0.5 2470 3.10 − 18 ± 13 

ϕH = 0.6 3259 4.88 − 44 ± 20 

ϕH = 0.7 3694 5.19 − 43 ± 21 

ϕH = 0.8 1747 2.90 − 10 ± 4 

ϕH = 0.86 2446 5.68 − 33 ± 5 

PEO (r = 0.027) 4465 43.7 − 78 ± 5 
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Ideally, in a multi-component system with a well-defined microstructure such as a 

microscopic phase-separated diblock copolymer, ions will diffuse in one domain, so the 

measured conductivity can be normalized by the conductivity of ions in the pure domain 

(σcond) and the volume of that domain (ϕcond): 

 

 ( ) ( ) ( )( )n cond cond/T T Tσ σ σ φ=  (3.3) 

 

It is conceivable that the topology of the microstructure and the grain orientation 

influence the net conductivity. Balsara, et al. defined a morphology factor 

( )cond cond/f σ σ φ= , such that ideally f(LAM) = 2/3, and f(HEX) = 1/3, since in randomly 

oriented LAM (i.e., in our case, samples with ϕH = 0 – 0.7 at low temperature), 2 out of 3 

directions allow ion transport; for hexagonally-packed cylinders where the minority phase 

is the conducting phase, only one direction allows ion diffusion.3 The tortuosity (τ = 1/f) is 

also used to describe the increased distance a charge needs to travel in a micro-structured 

material.221 The prediction by f works well in some cases, especially when the 

microstructure is well-defined and randomly distributed in space, i.e., long polymer chains 

with high salt loading.206 However, other factors may also hinder ion transport to varying 

degrees. First, in an ordered diblock copolymer (i.e., SO), the insulating domain near the 

conducting domain will retard the segment movement due to the high Tg of the insulating 

block. Second, as the grain size increases, the non-conducting grain boundary effect gets 

stronger and the “dead ends” in the conducting channels can impede ion transport 

considerably. Third, the intermixing of blocks near the interface, which can be a 

dominating factor in weakly segregated SO, also retards ion transport. Fourth, the ions may 

not be uniformly distributed within the conducting domains.107 The net result is that σn can 

be much lower than expected based on f. Fortunately, thanks to the previous work on the 
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SO/LiTFSI system, the four factors can be deconvoluted for a specific condition (salt 

concentration, molar mass, etc.), which allows us to rationalize our experimental data. 

The σ(T) profile of the PEO homopolymer with the same r was measured and used as 

the σcond to calculate σn. We select two typical temperatures, 60 °C and 140 °C, at which 

the blends with low ϕH are LAM and DIS, respectively, to study the impact of phase 

transition on the σn. As shown in Figure 3.18, all the LAM samples have σn much lower 

than 2/3. We then analyze the mechanism considering the above factors. (1) Based on the 

work by Yuan, et al. and Panday, et al., the Tg’s of PEO (1000 g/mol) and PS (1100 g/mol) 

homopolymers are about −40 °C and 20 °C, respectively, and the PS block in the SO (ca. 

5 kg/mol) is about 30 °C.206,222 The small σn could, therefore, be partly due to the PEO 

chains tethered by the PS block, but this is unlikely to be the main reason. (2) Due to the 

low molar mass of the system, well-developed LAM grains can be easily accessed in the 

equilibrium state. Large grain size/domain size ratios lead to more dead ends near the grain 

boundaries. As suggested by Yuan, et al., σn < 0.1 is anticipated for a SO with a molar mass 

of about 5 kg/mol.206 (3) Interfacial mixing could be of importance in the low molar mass 

SO. However, as ϕH increases, the PEO domain swells and the conducting channel gets 

wider, so the PEO segments may be able to stay closer to the middle of the domain and 

might not be strongly influenced by the PS block. In this case, we would anticipate an 

increase in σn as ϕH increases, but this trend is not observed in Figure 3.18. 

Ideally, if the diffusion of ions in the DIS state is the same as the pure PEO, σn should 

be unity, but in the current system, when the LAM samples are heated above the TODT, σn 

only increases to about 0.25. Teran, et al. observed a similar phenomenon and suggested 

that this increase was due to the combination of the increase in the PEO segment mobility 

and the morphology factor.99 Irwin, et al. suggested that a more important factor that 

governs the conductivity jump is the removal of the dead ends, consistent with our analysis 

above.159 
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Figure 3.18: Normalized conductivity σn profiles of S/O/SO ternary blends with r = 
0.027 with various ϕH at 60 °C (squares) and 140 °C (triangles). The dashed line indicates 
the crossover of LAM into BμE. 

 

We will now focus on the LAM to BμE transition with increasing ϕH at 60 °C. There 

is an order-of-magnitude increase in σn as ϕH increases from 0.7 to 0.8. Although a higher 

σn is anticipated since the average molar mass of the system is decreasing, this significant 

jump in σn is more related to the co-continuous microstructure and the globally disordered 

nature of the BμE. Although there is still discussion on σn for materials with co-continuous 

structures, considerable evidence shows better conductivity profiles than 1D or 2D 

continuous morphologies. For the gyroid structure, Cho, et al. observed a jump in σ for 

salt-doped amphiphilic dendrons when the morphology changes from a HEX phase to 

continuous cubic (gyroid) phase;223 Wanakule, et al. found that the σn of a gyroid SO is 

0.35,97 while Hamersky, et al. suggested the σn of a gyroid PEE-b-PEO is 0.66;224 

simulation work suggested σn is 0.47 to 0.80 depending on the volume fraction of the 

conducting phase.225 In special cases, the σn of bicontinuous networks can be even higher: 

Choi, et al. discovered a strongly microphase separated polymerized ionic liquid diblock 

copolymer for which σn can be nearly unity when the network morphology is obtained,93 
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and Villaluenga, et al. prepared a hybrid bicontinuous material of copolymers and 

nanoparticles with σn = 0.94.226 

In our system, when ϕH increases from 0.80 to 0.86, σn increases from 0.34 to 0.54. 

Since the overall morphology does not change significantly, this increase must be related 

to the local structure. As shown in Figure 3.11, the d of blends with ϕH = 0.86 is almost 

double compared to the value with ϕH = 0.80, which suggests that a much wider conducting 

channel can benefit ion transport. At 140 °C, all our samples are disordered. Nevertheless, 

there is still a jump when DIS converts to the BμE, which suggests that a globally 

disordered but locally inhomogeneous structure is better than a fully structureless state for 

ions to transport. 

 

3.4 Conclusions 

The phase behavior of a symmetric LiTFSI-doped S/O/SO ternary blend system has 

been thoroughly investigated by a combination of SANS and SAXS. Along the 

volumetrically symmetric isopleth where ϕPEO-LiTFSI/ϕPS = 1, a wide and robust single-phase 

BμE channel exists at a total homopolymer loading ϕH ≈ 80 – 86%. Furthermore, the BμE 

persists as a component phase up to 95% homopolymer. The domain size of the BμE can 

increase up to four-fold above that of the diblock copolymer due to domain swelling prior 

to macroscopic phase separation. The domain size and the degree of ordering can also be 

tuned over a relatively wide range by temperature and salt concentration. Ionic conductivity 

measurements were performed to study the ion transport properties and the underlying 

transport mechanism of the ternary blends, especially the BμE. The globally disordered but 

locally structured co-continuous morphology increases the ion transport capability of the 

BμE compared to that of the LAM, where domain boundaries hinder the ion transport, and 

DIS, where the insulating components retard ion transport. Predictable, reproducible, and 

thermodynamically stable BμEs in the current system can be tuned via multiple parameters 
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for different applications. These results provide a general strategy for preparing 

mechanically stiff and ionically conducting BμEs from other combinations of salt-doped 

and neutral combinations of homopolymers and block copolymers. 

  



88 
 

Chapter IV. 
 

3D Phase Prism of Salt-Doped A/B/AB Ternary Polymer 
Blends* 

 

4.1 Introduction 

 A/B/AB ternary blends occupy a phase space that can be effectively described by a 3D 

phase prism with the vertices locating the three pure components and the vertical axis 

representing the temperature, as shown in Figure 1.7 (constant pressure is assumed). 

Assuming salt ions are evenly distributed in the PEO homopolymer or block, the LiTFSI-

doped S/O/SO can be regarded as a pseudo-ternary system where the EO-Li+ complex with 

r = [Li+]/[EO] can be regarded as an effective component. In Chapter 3 of this thesis, we 

have described the phase behavior along the volumetrically symmetric isopleth, where low 

molecular weight homopolymers tend to swell the corresponding copolymer domain due 

to a higher translational entropy until the LAM morphology evolved into the BμE structure 

at a high homopolymer composition. This phase behavior resembles that of salt-free ternary 

blends, except the fact that the BμE channel is wider in the former case. However, it has 

 
* This work was done in collaboration with Aaron P. Lindsay and Prof. Frank S. Bates. 
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been shown theoretically that ion-containing diblock copolymers or polymer blends have 

asymmetric phase diagrams, with a significant reduction of compatibility when the ion-

containing component is in the minority. In Chapter 2 of this thesis, we also demonstrated 

the asymmetric phase diagram of LiTFSI-doped S/O homopolymer blends with a 

significant increase of the cloud point as ϕPEO-salt decreases. Sing et al. predicted that a 

volumetrically symmetric charged-neutral AB diblock copolymer could form non-zero 

interfacial curvature as the charge concentration increases,14 which is challenging for the 

formation of the BμE. A key advantage of the ternary approach to construct microstructures 

with tunable morphologies is to vary the relative amounts of A and B homopolymers, 

thereby playing off preferential curvature due to charge against volumetric asymmetry. 

Thus, it is interesting to map out the overall topology of the phase prism, including 

isopleths with various A/B ratios and isothermal slices at various temperatures, and 

investigate the influence of ions in the salt-doped system. 

In the early work by Janert and Schick, a symmetric AB diblock copolymer (fA = 0.5, 

NAB = N) was blended with symmetric A and B homopolymers (NA = NB) with α = 0.3 and 

the isothermal phase diagram with χN = 11 was investigated by the mean-field theory 

(Figure 4.1),227 which agrees well with the result of extensive Monte Carlo simulations by 

Larson.228 Along the symmetric isopleth, the lamellar structure swells until the total 

homopolymer composition (ϕH) reaches the macrophase separation limit, where three 

coexisting phases form. On the binary side of the diagram, as homopolymer A is added to 

the AB copolymer, the A-rich domain swells until a transition to a HEX phase. As ϕH 

increases further, the volumetric asymmetry between A and B domain induces the 

formation of a BCC phase, which disorders when ϕH > 0.5. Note that the ϕH thresholds for 

the phase transitions increase as the third component is added, and the HEX and BCC 

regions in the phase diagram can extend to a high ϕH of 0.8 as the volumetric asymmetry 

decreases, which is likely due to the relief of the interfacial stress by the homopolymer in 
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the minority. Although this mean-field approach did not consider the existence of the BμE, 

the plethora of ordered phases and the three-phase triangle located at the end of the LAM 

region where the BμE emerges motivates us to investigate the morphologies of salt-doped 

blends with a high ϕH and ϕA/ϕB ≠ 1. 

 

 
 
Figure 4.1: Isothermal phase diagram by mean-field theory for a symmetric AB diblock 
copolymer of length NAB with an A-homopolymer and a B-homopolymer of length NA = 
NB = 0.3 N. The value of the effective incompatibility parameter χN is 11.0. Regions of 
three-phase coexistence are shaded; biphasic regions are unlabeled. Figure reproduced 
from Ref. 227. 

 

In this chapter, we will study the LiTFSI-doped S/O/SO phase diagrams obtained by 

varying ϕH and temperature at fixed ϕA/ϕB ratios (referred to as isopleths). Also, isothermal 

phase diagrams at fixed temperatures will be depicted and compared with the conventional 

salt-free ternary blends. The general features of the phase prism are similar to those of salt-

free systems, as there is a wide region of LAM, bracketed by small zones of GYR and wide 

regions of HEX. However, instead of the BCC phase, there are several compositions where 

a clear C15 Laves phase emerges, briefly introduced below, which will also be discussed 

extensively in this chapter. 
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 The C15 Laves phase is one of the Frank-Kasper (FK) phases, a series of tetrahedrally 

close-packed structures first discovered in transition metal alloys.229-233 Over the past 

decade, FK phases have been increasingly reported in soft materials including 

surfactants,234-238 liquid crystals,239-241 dendrimers,242-244 giant molecular tetrahedra,245-247 

and block copolymers.40,54,57,65,66,68-71,248-254 Their emergence is best rationalized as a 

consequence of the tendency of FK phases to minimize interfacial area relative to more 

classical particle packings, such as body-centered or face-centered cubic.66,68,69 However, 

the multiple particle sizes and geometries required by these structures often negate this 

enthalpic gain, making their occurrence rare. Of these FK packings, the Laves phases 

represent an extreme in particle size asymmetry. Composed of two different particles with 

12- and 16-fold coordination, the ratio of the particle volumes is approximately 1.2. 69 

Nonetheless, the C15 Laves phase is well-established in binary surfactant/water mixtures 

and ternary surfactant/water/oil mixtures with normal (type I, oil-in-water)238,241 and 

inverse (type II, water-in-oil)235,249,255-257 micellar structures, wherein redistribution of 

solvent reduces the energetic penalties (e.g., differential chain stretching) associated with 

the large volume asymmetry required by the packing. Beyond providing profound 

challenges to our understanding of the subtle free energy balance governing self-assembly 

processes, FK phases offer exciting opportunities in photonics. The C15 phase in particular, 

is known to have a promising photonic bandgap,258 but realizing these properties requires 

significantly larger unit cells than are commonly obtained. 

Only recently has the C15 phase been observed in higher molecular weight diblock 

copolymers or their blends. A/AB or A/B/AB polymer blends, where A and B represent 

two incompatible homopolymers and AB represents the corresponding diblock copolymer, 

are analogous to binary or ternary surfactant systems and are attractive platforms for 

investigation of self-assembly on larger length scales. In binary A/AB blends with a small 

A homopolymer chain length (NA,homo) relative to the analogous A block of the diblock 
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copolymer (α = NA,homo/NA,block << 1), the homopolymer is uniformly solubilized in the A 

domain (“wet brush” limit), swelling the block and driving interfacial curvature towards 

the B domain. For a symmetric diblock, this leads to morphological evolution from LAM 

to HEX and finally to spherical packings with increasing homopolymer loading.130,131,259,260 

In contrast, when α ≥ 1, the A block behaves as a “dry brush”, and A homopolymer chains 

are excluded from the interface, driving an increase in the domain spacing and favoring the 

native curvature of the diblock copolymer. With increased homopolymer loading, this 

eventually leads to vesicle formation and/or macrophase separation.133 However, recently, 

Zhao and Li predicted using SCFT that swelling the core of an asymmetric AB4 miktoarm 

star copolymer with A homopolymer could drive the emergence of large Laves phase 

windows for γ = NH,A/NAB4 > 0.2, and speculated that similar trends might be observed in 

less conformationally asymmetric copolymers.261 Mueller et al. verified this conjecture 

experimentally, discovering that, on swelling an asymmetric poly(styrene-b-1,4-butadiene) 

(SB) diblock copolymer ( fB = 0.18) with a large poly(1,4-butadiene) homopolymer (α = 

1.08), the FK σ, C14, and C15 phases could be accessed.254 In these AB/A blends, the 

preferred curvature of the asymmetric diblock copolymer prevents a transition to cylinders 

as the interfacial area per micelle increases concurrent with increasing homopolymer 

content. As a result, C14 and C15 emerge, both of which minimize interblock contact 

area.69 Notably, for α < 1, these blends were found to bypass any FK phases and transition 

directly to HEX. In contrast, the surprising discovery of a C15 Laves phase in low α 

( PS,homo PEO,homo PS,block PEO,block/ 0.39N N N Nα = = ), homopolymer-rich (ϕH ≥ 0.8) pseudo 

ternary salt-doped S/O/SO blends with a volumetrically symmetric diblock copolymer 

provides another approach by which these fascinating packings can be accessed. 

Furthermore, the unit cell dimension achieved here (ca. 120 nm) is substantially larger than 

for any other C15 phase reported in soft materials. In our system, two further layers of 

tunability are introduced: B homopolymer and ions. In Chapter 3, we have shown that the 

LiTFSI-doped low-molar-mass S/O/SO blends display a highly conductive BμE with a 
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large domain size (ca. 40 nm) when the total homopolymer volume fraction ϕH exceeds 0.8 

along the volumetrically symmetric isopleth (ϕPEO,homo-LiTFSI/ϕH ≈ 0.5), making the 

observation of a C15 Laves phase at similar compositions even more surprising. 

 

4.2 Experimental Section 

4.2.1 Materials 

 The polymers and salt used in this chapter are identical to Chapter 3. LiTFSI was 

purchased from 3M, dried under dynamic vacuum for 24 h at 120 °C and then stored in a 

glove box under argon. Homopolymers PEO and PS were purchased from Sigma-Aldrich 

and Scientific Polymer Products, respectively. The PEO was dried under dynamic vacuum 

for 48 h and then stored in a glove box. The polystyrene-b-poly(ethylene oxide) diblock 

copolymer (SO) was synthesized by anionic polymerization and purified using established 

procedures.211,262 The polymers were characterized by multiple methods, including 1H 

NMR spectroscopy, MALDI-MS, and SEC equipped with a MALS detector, as 

summarized in Table 4.1. 

 

Table 4.1: Characteristics of Polymers and Salt. 

Component Mn (g/mol) Nc fPEO Đ = Mw/Mn ρ (g/mL) 

PEO 1000a 16 - 1.03a 1.037e 

PS 1100a 18 - 1.08a 1.002e 

SO 5250a,b 86 0.50a,b 1.02a,d 1.019f 

LiTFSI 287 - - - 2.023g 

a Determined via MALDI-MS; b Determined via 1H NMR spectroscopy; c Calculated 
using a reference volume of 0.1 nm3; d Determined using SEC; e Calculated at 140 °C 
from Ref. 211; f The volume-weighted density of each component; g From Ref.100. 
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 Details of MALDI-MS measurements can be found in Section 3.2.1 and the results can 

be found in Figures 3.2 and 3.3. Quantitative 1H NMR spectra were acquired using a Bruker 

HD-500 spectrometer under ambient conditions in CDCl3, employing a 10 s pulse 

repetition delay. Spectra were referenced to the solvent peak (δ = 7.26 ppm), and peak 

assignments are shown in Figure 4.2. 1H NMR spectroscopy was also used to determine 

the compositions of PEO, PS, and SO in the salt-doped ternary mixtures. We use the 

nomenclature HxxEOyy to describe the blend composition, where xx and yy are the 

volume percentage of homopolymer (100⋅ϕH) and ϕPEO,homo-LiTFSI/ϕH, respectively. These 

two quantities correspond to two axes of an isothermal phase triangle. For example, the 

sample designated H80EO60 contains 80% homopolymer, of which 60% is PEO+salt. 

Note that the volume fractions of LiTFSI associated with PEO homopolymer and the block 

in SO have been calculated using eq 2.1. Spectra for a macrophase separated sample 

(H86EO40) and a pure C15 phase (H80EO60) are shown in Figure 4.2. 

The molecular weight distribution of the synthesized SO copolymer was determined to 

be narrow by size-exclusion chromatography (SEC) performed in THF at 25 °C on an 

Agilent 1260 Infinity system (see Figure 4.3). The eluent was monitored by a Wyatt 

Optilab rEX refractive index detector, and the corresponding molecular weight and 

dispersity were determined using Zimm plots obtained from a Wyatt DAWN DSP MALS 

detector. A refractive index increment (dn/dc) of 0.0128 mL/g was used for SO, and the 

calculated Mn = 5200 g/mol agrees with the MALDI-MS result. 
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Figure 4.2: Chemical structures of SO, PS, and PEO, and the 1H NMR analysis of (from 
top to bottom) the PEO, PS, SO, the top and bottom phases for H86EO40, and the pure 
C15 phase for H80EO60. 

 

 
 
Figure 4.3: Refractive index trace of the SO copolymer by SEC-MALS. 
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4.2.2 Sample Preparation 

LiTFSI-doped PS/PEO/SO blends were prepared by mixing the desired amounts of 

LiTFSI, PS, PEO, and SO in THF. Most of the solvent was removed in a rotary evaporator, 

after which blends were re-dissolved in benzene and freeze-dried for at least 72 h to ensure 

no residual solvent remained (verified by 1H NMR spectroscopy). The salt concentration r 

= [Li+]/[EO] = 0.06. At this concentration, the lithium ion is well-solvated in the PEO 

matrix, and the PEO-LiTFSI can be approximated as one species assuming additivity of 

volumes. We consider the system to be “pseudo-ternary”, comprising PS homopolymer, 

PEO homopolymer+salt, and SO copolymer+salt. In this picture, the diblock copolymer 

has composition ƒPEO+salt = 0.55. Samples were hermetically sealed in aluminum DSC pans 

in a glove box filled with argon and preheated at 120 °C for at least 18 h before SAXS 

analyses. 

4.2.3 Small-Angle X-ray Scattering (SAXS) 

 Freeze-dried samples (~20 mg) were loaded into TZero DSC pans (TA instruments) 

and were further dried in a vacuum oven at 70 °C for at least 24 h before being hermetically 

sealed in a glove box under argon. All experiments were conducted at the DND-CAT 

Sector 5-ID-D beamline of the Advanced Photon Source at Argonne National Laboratory. 

Samples were preheated on a hotplate at 120 °C for at least 18 h before being transferred 

to the beamline. The isotropic scattering patterns detected by a Rayonix CCD detector were 

reduced to give 1D scattering intensity as a function of the wavevector q = 4πsin(θ/2)/λ, 

where θ is the scattering angle and λ = 0.7293 Å is the wavelength. The experimental 

sample-to-detector distance was calibrated using an Au-coated Si grating with 7200 

lines/mm. 

 In temperature-dependent SAXS experiments, samples were annealed on a hot plate at 

120 °C for 18 h before being transferred to the beamline, followed by cooling in steps until 

70 °C, and then heating in steps until 170 °C. The equilibration time at each temperature 
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on the ramp was about 10 min, and SAXS patterns were collected during the heating ramp. 

Note that for the sample demonstrating the C15 morphology, SAXS patterns between 70 °C 

and 120 °C were collected during the cooling ramp, and the sample was also annealed at 

135 °C for 24 h before heating in steps until 170 °C to collect SAXS patterns between 

135 °C and 170 °C. 

4.2.4 Electrochemical Impedance Spectroscopy (EIS) 

 Details of EIS measurements can be found in Section 3.2.5. Typically, samples were 

hot-pressed and then sandwiched between stainless steel electrodes and crimped following 

the standard CR2032 coin cell geometry. The AC impedance was measured using a 

Metrohm Autolab PGSTAT 128N potentiostat/galvanostat instrument as a function of 

frequency.  The bulk resistance as a function of temperature R(T) was determined and used 

to calculate the ionic conductivity using eq 3.1. The fabricated coin cells were heated to 

155 °C and then slowly cooled in steps of 5 or 10 °C to 50 °C. At each temperature, the 

samples were equilibrated for 1 h, and for the sake of repeatability, all samples were heated 

back to 155 °C, with no discrepancy in conductivity being observed on the cooling or the 

heating process. The C15 sample was annealed at 120 °C for 36 h, while a constant 

conductivity was obtained before and after heating and cooling. 

4.3 Results and Discussion 

4.3.1 SAXS Patterns along the Isopleths 

The SAXS pattern of the LiTFSI-doped SO copolymer with r = 0.06 at 120 °C is shown 

in Figure 4.4. Two scattering peaks were observed at 1q* and 3q*, where the scattering 

vector of the first order peak q* = 0.060 Å−1. This scattering pattern is associated with a 

LAM microstructure, while the suppression of the second-order peak is likely due to the 

minimum in the form factor of a symmetric LAM with alternating layers of equal volumes. 

The domain period can be calculated as d = 2π/ q* = 10.5 nm, slightly larger than the value 

for the SO with r = 0.03 (d = 10.1 nm, as shown in Figure 3.9), which is likely due to the 



98 
 

PEO domain swelling by the salt. However, the TODT increases from ca. 125 °C to more 

than 250 °C as r increases from 0.03 to 0.06, which is due to the increase of the effective 

interaction parameter χeff.97,100,102 

 

 
 
Figure 4.4: SAXS pattern of the LiTFSI-doped SO copolymer with r = 0.06. 

 

To study the phase behavior of the blends at different homopolymer ratios and explore 

microstructures with different volume asymmetries, SAXS patterns for blends with various 

ϕH (i.e., H0 to H86) along eight isopleths of the LiTFSI-doped S/O/SO system at 120 °C 

and fixed ϕPEO,homo-LiTFSI/ϕH ratios ranging from 0 to 1 (i.e., EO0 to EO100) are shown in 

parts a−h of Figure 4.5, and the morphologies were determined by the high order reflections. 
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Figure 4.5: SAXS patterns for the LiTFSI-doped S/O/SO blends with r = 0.06 and at 120 
°C along the (a) EO0, (b) EO20, (c) EO40, (d) EO50, (e) EO60, (f) EO70, (g) EO80, and 
(h) EO100 isopleths, and with different ϕH. The relative peak positions of LAM phase at 
q/q* = 1, 2, 3… are marked by inverse triangles; HEX phase at q/q* = 1, 3 , 4 , 7 , 

9 … are marked by diamonds, where q* is the primary peak; GYR phase at relative q 
positions of 6 , 8 , 14 , 16 , 20 , 22 … are marked by four pointed stars.  

 

 Along the EO0 isopleth, as PS homopolymer is added to the SO copolymer, the PS 

domain swells and the LAM domain size increases until a GYR phase appears as a 

coexisting phase at ϕH = 0.3 (H30EO0). Due to the increase of the asymmetry of the total 

PS and PEO-LiTFSI volume, higher curvature phases are favored and at ϕH ≥ 0.4, HEX 

phases are observed. According to the mean-field prediction in Figure 4.1, a further 
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increase in ϕH should induce BCC ordering, however, at ϕH ≥ 0.7, only a broad peak can 

be seen, which corresponds to the disordering of hexagonal or spherical phases. Along the 

EO20 isopleth, only LAM phases are observed until ϕH = 0.75, while in the mean-field 

picture, the HEX phase should enter at ϕH ≥ 0.3. The significant extension of the LAM 

phase region to a high ϕH indicates that the volume asymmetry is balanced to some extent, 

and thus a near-zero curvature interface can be preserved. At ϕH = 0.8, the main peak 

becomes broader, but the lack of high order peaks makes it challenging to identify the 

morphology, and here we classify it as LAM due to the similarity to H75EO20 and 

difference from H86EO20. At ϕH = 0.86, sharp peaks positioned at q/q* = 1, 3 , 4  

appear, accompanying a broad peak at a low q value, which indicates a HEX phase 

coexisted with a disorder phase. Note that the blends with ϕH ≥ 0.8 are optically cloudy, 

indicating that macroscopic phase separation is triggered. Along the EO40 isopleth, a HEX 

phase first emerges at ϕH = 0.75 as a coexisting phase with LAM, and at ϕH = 0.80 a pure 

HEX phase is observed. At ϕH = 0.83 and 0.86, however, complex SAXS patterns that have 

not been observed in any salt-free ternary polymer blends and cannot be assigned to LAM, 

HEX or BCC are observed. Along the EO50 isopleth, the LAM to HEX transition happens 

at ϕH = 0.75, and a liquid-like packing (LLP) state is observed at ϕH = 0.8, evidenced by a 

broad principal peak with a shoulder at higher q. At ϕH ≥ 0.83 complex patterns analogues 

to those observed in H40EO83 and H40EO86 are observed. Along the EO60 isopleth, the 

LAM to HEX transition happens at ϕH = 0.70, and at ϕH ≥ 0.80 the complex patterns are 

observed before a LLP phase emerges at ϕH = 0.86. Along the EO70 isopleth, HEX phases 

are observed at ϕH = 0.6 – 0.75, and disorder at ϕH ≥ 0.80. Along the EO80 isopleth, HEX 

phases are observed at ϕH = 0.5 – 0.6, and disorder at ϕH ≥ 0.7. Along the EO100 isopleth, 

LAM/GYR is observed at ϕH = 0.2, above which HEX phases are observed at ϕH = 0.3 – 

0.4, and disorder at ϕH ≥ 0.5. Based on these data, there are multiple interesting questions 

to be answered in this chapter: (1) what is the morphology associated with the complex 

scattering patterns? (2) what is the driving force for the formation of the high curvature 
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phases in volumetrically symmetric blends? (3) what is the influence of salt on the phase 

boundaries on the isothermal phase diagram of the phase prism? 

4.3.2 Structural Analysis of the C15 Laves Phase in H80EO60 

A closer examination of the unclassified complex phases in Figure 4.5 suggests the C15 

Laves phase with F 3d m space group symmetry. Six blends demonstrate the C15 scattering 

feature and with almost identical unit cell size (Figure 4.6), while only H80EO60 is a pure 

C15 phase that is optically transparent. We thus focus on the EO60 isopleth and other 

blends where the C15 persists as a component phase. The composition and morphology of 

these blends are indicated in an isothermal phase diagram at 120 °C, as shown in Figure 

4.7. 

 

 
 
Figure 4.6: 1D and 2D SAXS patterns for six blends exhibiting the C15 morphology. 
From top to bottom are H80EO60, H83EO60, H83EO50, H85EO50, H83EO40, 
H86EO40, respectively. 
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Figure 4.7: Isothermal slice of the ternary phase prism at 120 °C for the LiTFSI-doped 
S/O/SO with selected samples on the EO60 isopleth and others demonstrating the C15 
scattering feature. The colors of the symbols correspond to the morphologies: LAM 
(blue), HEX (red), C15 (magenta), and LLP (orange). 

Along the EO60 isopleth, the C15 packing first emerges at ϕH = 0.80 (H80EO60), while 

further increase in ϕH induces macroscopic phase separation, but the C15 packing persists 

to ϕH = 0.83 before a LLP state emerges at ϕH = 0.86. The blend H83EO60, together with 

other blends shown in Figure 4.6, suggest that, outside of a narrow composition window, 

the C15 packing coexists with another phase(s). There are three notable features to 

emphasize here. First, assuming additivity of volumes, the total PEO-LiTFSI volume 

fraction in H80EO60 is fPEO-LiTFSI = 0.59, far from the typical value for a sphere-forming 

copolymer, even after accounting for conformational asymmetry.51 Second, the amount of 

amphiphile required (≤ 20%) is lower than any other C15-forming system in soft matter. 

More typical values are 30 – 40% for surfactants with oil and water, and ≥ 70% for block 

copolymers blended with homopolymer or other copolymers.248,254,263 Third, the range of 

mixture compositions over which C15 is found is substantial. 

 Figure 4.8 displays the 1D SAXS profile of H80EO60 after annealing at 135 °C for 24 

h. More than 10 reflections characteristic of F 3d m  space group symmetry are observed, 

indicative of a C15 Laves phase with a remarkably large a = 121 nm. Note that there might 
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be some stacking fault peaks corresponding to other Laves phases (arrows in Figure 4.8a), 

but full grains for those phases are lacking. 

 
 
Figure 4.8: (a) SAXS profile for the pure C15 sample H80EO60 after being annealed at 
135 °C for 24 h. Indexing lines and matching Miller indices correspond to a cubic C15 
Laves phase ( F 3d m  symmetry) with unit cell parameter a = 121 nm. Red arrows indicate 
possible stacking fault peaks of a C14 Laves phase. Inset represents the 2D-SAXS pattern. 
(b) Electron density reconstruction (90% isosurface) generated from the 1D-SAXS profile 
using a charge flipping algorithm (see text for details). (c) Electron density map looking 
down the [100] direction. 

Expected peak positions for the cubic C15 phase were calculated by eq 4.1. 

 

 2 2 2

C15 22 h k lq
a

π + +
=

 (4.1) 

 

where a is the unit cell size, and h, k, and l are the Miller indices of the allowed planes. The 

experimentally determined a is obtained by plotting the observed reflections qobs as a 
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function of the expected  2 2 2h k l+ + (Figure 4.9). Observed and calculated peak 

positions (qobs and qcal) and the residuals are listed in Table 4.2.  

 

 
 

Figure 4.9: The positions of the observed reflections in Figure 4.8a versus  2 2 2h k l+ + . 
The linearity and the zero intercept indicate a valid crystallographic space group 
assignment. The cubic cell lattice parameter obtained from the slope is a = 120.7 nm. 

 

Table 4.2: Observed and Calculated Peak Positions for the C15 Laves Phase of H80EO60 
at 135 °C Using a = 1207 Å. 

Miller index 
(h k l) qobs (Å−1) qcal (Å−1) Residual (%) 

∆q/qcal × 100 
(1 1 1) 0.00901 0.00901 0.04 
(2 2 0) 0.01475 0.01471 0.29 
(3 1 1) 0.01727 0.01725 0.14 
(2 2 2) 0.01799 0.01801 –0.13 
(4 0 0) 0.02086 0.02080 0.29 
(3 3 1) 0.02257 0.02267 –0.42 
(4 2 2) 0.02545 0.02547 –0.10 

(5 1 1), (3 3 3) 0.02697 0.02702 –0.19 
(4 4 0) 0.02940 0.02942 –0.05 
(5 3 1) - 0.03076 - 
(4 4 2) - 0.03120 - 
(6 2 0) - 0.03289 - 
(5 3 3) - 0.03410 - 
(6 2 2) 0.03443 0.03449 –0.18 
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Following established procedures,237,264 structure factor intensities were derived via a 

Le Bail refinement and then used to generate an electron density map (Figures 4.8b and 

4.8c) with the SUPERFLIP charge flipping algorithm (see Appendix A.4 for details).265 

Two types of aspherical micelles of different sizes occupying the Wyckoff 8a and 16d 

positions are indicated as gold (larger micelles) and orange (smaller micelles), respectively, 

whose spatial arrangements are consistent with conventional C15 phases. Given the 

volume variation about the number-averaged volume between constituent micelles, the 

radii (core+corona) for the larger and smaller micelles are ca. 27.1 and 25.3 nm, 

respectively.68 In comparison, the mean end-to-end distances for the PS and PEO blocks in 

SO are 3.3 and 4.9 nm, respectively, in the melt state. Note that H80EO60 remains optically 

transparent over the temperature range 70 – 170 °C and the C15 morphology undergoes an 

order-disorder transition above 135 °C (Figure 4.10). When cooling down from the 

disorder state, the nucleation and growth of the C15 phase is a relatively slow process. 

 

 
 
Figure 4.10: Temperature-dependent SAXS profiles of the C15 phase for H80EO60. 
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Focusing on the unit cell dimensions, Figure 4.11 provides a summary of the reported 

values for Frank-Kasper phases (C15, σ, A15) in surfactant and block polymer materials, 

as a function of amphiphile molecular weight.57,235,241,248-250,254,263,266,267 It is immediately 

striking to see that the material reported here has a unit cell dimension that is a factor of 2 

– 3 larger than for any other system of comparable molecular weight. Furthermore, it is 

significantly larger than any other system, even those with over an order of magnitude 

larger molecular weights. The value of 121 nm is approximately within a factor of two of 

the photonic crystal regime, suggesting a possible strategy for accessing such promising 

materials. Note that by virtue of the low molar mass, potential obstacles to processing due 

to high viscosity are also eliminated. 

 

 
 
Figure 4.11: Unit cell size for various Frank-Kasper phases reported in soft matter, as a 
function of amphiphile molar mass: C15 (circles), σ (diamonds), and A15 (squares). Data 
are taken from Refs. 57, 235, 241, 248-250, 254, 263, 266, 267. 
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Although the electron density reconstruction yields insight into the morphology, due to 

the Babinet principle it provides no information on the composition of the micelle cores, 

which is not immediately clear given that the blend is roughly compositionally symmetric. 

To determine which phase constitutes the core and the corona, ionic conductivity 

measurements were performed on a series of blends along the EO60 isopleth. Figure 4.12 

shows an example of raw impedance data for LiTFSI-doped PEO homopolymer (Mn = 

1000 g/mol), H80EO60 (C15), H75EO60 (HEX), and H70EO60 (LAM/HEX) at 125 ± 

1 °C. The corresponding conductivity as a function of temperature was calculated per eq 

3.1 and shown in Figure 4.13. Notably, the pure C15 phase demonstrates superior ionic 

transport properties compared to the HEX and HEX/LAM phases. Further, the normalized 

conductivity relative to a PEO homopolymer at the same salt concentration σn(120 °C) = σ 

(120 °C) / [σPEO-LiTFSI (120 °C) fPEO-LiTFSI] = 0.62, which is comparable to the BμE phase 

reported in Chapter 3. In contrast, in this system σn is much smaller in macroscopically 

isotropic lamellar phases (≤ 0.3). Given that the ion-solvating PEO domain is responsible 

for ionic transport, this result establishes that the PEO-LiTFSI phase is continuous, forming 

the micelle coronas, and PS makes up the micelle cores. This observation also raises the 

possibility that the interfacial curvature is being driven towards the block with the smaller 

statistical segment length (b) per monomer volume (v), contrary to what is typically 

observed in conformationally asymmetric single-component diblock copolymer melts, but 

in agreement with recent experimental and theoretical results on ternary blends.127,135 
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Figure 4.12: Representative raw impedance data (squares are Z’, circles are Z”) for (a) 
PEO homopolymer (Mn = 1000 g/mol) at 124 °C, (b) H80EO60 (C15) at 125 °C, (c) 
H75EO60 (HEX) at 126 °C, and (d) H70EO60 (LAM/HEX) at 124 °C. The arrow denotes 
the bulk resistance (R). For all samples r = 0.06. 

 

 
 
Figure 4.13: Ionic conductivity profiles for blends with ϕPEO,homo-LiTFSI/ϕH = 0.6 and 
with different ϕH. 
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4.3.3 Unraveling the Formation Mechanism of the C15 Laves Phase 

Yadav et al. rationalized a similar shift in the phase boundaries of salt-free A/B/AB 

ternary blends with bB /vB > bA/vA and α < 0.5, as a consequence of asymmetry in the extent 

to which each block swells, wherein the more flexible B block is more easily swollen and 

thus extends further from the interface.135 As a result, the swollen system now favors 

curvature in the direction of the less flexible A block. The statistical segment lengths for 

PEO and PS are 6.2 Å and 6.7 Å, respectively,268,269 yielding a conformational asymmetry 

κ = (bPEO
2/vPEO)/( bPS

2/vPS) = 2.3. However, the addition of LiTFSI with r = 0.06 leads to a 

roughly 10% decrease in bPEO,268 suggesting that the conformational asymmetry of this 

system lies between about 1.6 and 2.3. In any case, even this upper estimate falls well 

below the conformational asymmetry anticipated by theory to drive the formation of 

cylinders along the EO60 isopleth (κ > 4),51,67 much less particles, suggesting that the 

assumption that all homopolymer remains within the brush across the blend series is 

incorrect. 

 Hashimoto et al. proposed a uniform solubilization model for wet brush A/B/AB 

ternary blends, assuming that the homopolymers remained evenly distributed in the 

corresponding domain with increasing ϕH.130 As both the A and B blocks are swelled by 

homopolymer, the average nearest neighbor distance between the chemical junctions along 

the interface (aJ) increases and each block stretches normal to the interface, increasing the 

interfacial area per diblock chain. The lamellar domain size is predicted by this model to 

increase as 1/3
0 J J0 H/ / (1 )D D a a φ −= = − . In the current system, however, we observe a 

stronger scaling (D / D0 = (1 − ϕH)–0.5) up to ϕH = 0.60, potentially a consequence of 

homopolymer composition gradients perpendicular to the interface, after which we begin 

to observe a dramatic increase in the characteristic domain size ⟨R⟩ at ϕH ≈ 0.70, where ⟨R⟩ 

is half the distance from the center of one PS domain to the center of the next. The 

characteristic domain sizes of LAM, HEX, and C15 phases are calculated by eqs 4.2−4.4. 
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Note that 
C15

R is the number averaged micelle radius (core+corona) calculated from the 

unit cell volume. 
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This abrupt increase from a characteristic size of ⟨R⟩ = 8.2 nm for H60EO60 (LAM) to 

⟨R⟩ = 26 nm for H80EO60 (C15) is only possible if homopolymer is no longer tethered to 

the brush (Figure 4.14). The respective domain dimensions are illustrated in Figures 4.15a-

c, using the largest value for each nanostructure. There is a sharp increase (by ca. 10 nm) 

accompanying the HEX to C15 transition, but similar to observations by Mueller et al.,254 

further increase in ϕH has no effect on the C15 mean particle size. 
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Figure 4.14: Characteristic size ⟨R⟩ for LAM, HEX, and C15 phases as a function of 
ϕH. The solid curve is the scaling ⟨R⟩ / ⟨R⟩0 = (1 − ϕH)–0.5. Two dashed lines indicate the 
thresholds of ϕH for the PS and PEO-LiTFSI blocks to reach their self-concentrations. 

 

At some homopolymer concentration, the swollen copolymer brush will become 

saturated and begin to exclude homopolymer. If we consider a single chain in a 

homopolymer melt, when the sum of the chain occupied volume and the volume occupied 

by other chains exceeds the coil pervaded volume, the coil is saturated, and addition of 

more homopolymer to the coil would require it to expand, which comes with an entropic 

cost due to a deviation from melt chain statistics. Analogously, when the total volume 

occupied by A homopolymer and the A block exceeds the coil volume of the copolymer 

brush A, the coil will either have to expand or expel homopolymer. As such, we anticipate 

a transition in the swelling behavior of the brush to occur near or slightly beyond the point 

at which the homopolymer concentration exceeds the maximum “interchain” fraction of 

the block coil volume cinter = 1 – cself, where cself is the self-concentration, defined as the 

fraction occupied by the A block, can be calculated per eq 4.5  
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where M is the molecular weight, ρ is the density, Na is Avogadro’s number, and N is the 

degree of polymerization of the block. In the current system, cself is calculated as 0.41 and 

0.19 for the PS and PEO-LiTFSI block (bPEO-LiTFSI here is taken as 5.5 Å, following Loo et 

al.268), respectively, suggesting that the concentration at which homopolymer begins to be 

excluded from the brush should be much lower for PS than it is for PEO. Along the EO60 

isopleth, ϕH,PEO-LiTFSI exceeds the interchain concentration of the PEO-LiTFSI block when 

ϕH ≈ 0.80, while, for the PS block, this occurs at ϕH ≈ 0.62. These compositions are 

indicated in Figure 4.14, where it can be seen that somewhat above ϕH ≈ 0.62 (1) the system 

begins favoring higher curvature phases, and (2) there is a dramatic increase in the 

characteristic domain size. As such, we speculate that above ϕH ≈ 0.62, the PS block of the 

copolymer becomes saturated, leading to the expulsion of PS homopolymer from the brush 

and an increase in the domain size. However, the PEO-LiTFSI block continues to swell, 

driving interfacial curvature. We note that, in highly swollen blends, the entropic loss 

associated with expelling homopolymer from the brush allows for some stretching and that 

the composition at which homopolymer is excluded from the brush will be impacted by α, 

both of which are not accounted for here. Nevertheless, this model is largely in agreement 

with more detailed calculations by Whitmore and Smith,270 and, as will be discussed, at 

least qualitatively explains our results.  
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Figure 4.15: Illustration of the (a) lamellar structure for H60EO60, (b) hexagonally 
packed cylinders for H75EO60, (c) cross section of a polyhedral Wigner-Seitz (WS) cell 
of the C15 phase for H80EO60, and (d) the localization of homopolymer and the influence 
of homopolymer on the block chain conformation and interfacial curvature with 
increasing ϕH. r = 0.06 for all the samples. Black dots denote the chemical junctions of 
SO copolymers, PS and PEO chains are shown in red and blue, respectively, and the 
darker red area in (b) and (c) represents the excluded PS homopolymer. 

 

For ϕH ≤ 0.60, both blocks are swollen by their respective homopolymer (Figure 4.15a), 

and the LAM domain size increases only modestly with ϕH. When ϕH ≥ 0.70, additional PS 

homopolymer is excluded from the brush. This leads to a dramatic increase in the domain 

size as it is no longer constrained solely by the dimensions of the brush.133 Concurrently, 

continued swelling of the PEO-LiTFSI block of the copolymer leads to an asymmetry in 

the copolymer block volumes, which drives interfacial curvature and favors the emergence 

of HEX cylinders (Figure 4.15b) and then particles (Figure 4.15c). The influence of 

homopolymer on the block chain conformation and interfacial curvature is depicted in 

Figure 4.15d. Notably, these particles have a substantial core volume (fcore = fPS = 0.41 for 

H80EO60) and, consequently, a large interfacial area. As such, to afford a maximal 

reduction in unfavorable contacts, the system favors the emergence of the C15 Laves phase, 

wherein PS homopolymer, untethered from the brush, allows for the required particle size 
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asymmetry. On swelling further, the system begins to macrophase separate, yet intriguingly 

the C15 particle size remains relatively constant both on and off the EO60 isopleth, with 

⟨R⟩ =26.0 ± 0.3 nm. 

To rationalize the macrophase separated state and the consistency of the C15 particle 

size across blend compositions that is clearly evident in Figures 4.6 and 4.7, we studied 

H86EO40, which, of the C15 forming blends, has the highest ϕPS,homo and is farthest away 

from the pure C15 phase observed for H80EO60. The sample was annealed at 120 °C in 

an ampule under vacuum for 7 days until a clear interface formed between a minority phase 

at the bottom and a majority phase at the top. The sample was then quenched in liquid 

nitrogen, and each phase was separated and analyzed by SAXS and 1H NMR spectroscopy. 

As shown in Figure 4.16a, the bottom phase yielded a scattering pattern identical to the 

pure C15 phase observed for H80EO40, while the top phase is disordered. Note that the 

top phase is still turbid and may be composed of one or more homopolymer-rich domains, 

possibly even a bicontinuous microemulsion, but there is no evidence for any ordered 

structure. As shown in Figures 4.2 and 4.16b, 1H NMR spectroscopy revealed that the 

composition of the bottom phase is close to that of H80EO40 and constitutes about 11% of 

the sample volume, as determined via the lever rule using the SO-LiTFSI compositions, 

while for the top phase, the composition is closer to that of the initial blend. This suggests 

that this polymer-rich C15 phase is only stable for a narrow range of compositions similar 

to metals and alloys, wherein C15 is typically observed as a line compound.271 Starting 

from a pure C15 phase, addition of more homopolymer to the core results in an increased 

micelle size, favoring a flatter interface. However, the asymmetrically swollen brush favors 

the opposite, ultimately driving the system to macrophase separate into a phase with a 

composition that is compatible with the C15 phase and another with a composition that is 

not. 
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Figure 4.16: (a) SAXS profiles of the top and bottom phases of H86EO40 after phase 
separation, and the pure C15 phase. (b) The volume fractions of SO-LiTFSI, PS, and 
PEO-LiTFSI for the corresponding sample determined by 1H NMR. The arrows 
demonstrate the macroscopic sample compositions, i.e., the composition of the as-
prepared blends; the error bars denote the range of replicate measurements. 

 

Last, we examine the impact of salt loading on the observed phase behavior via SAXS 

investigation of a series of H80EO60 blends with varying r (Figure 4.17). Addition of salt 

impacts the segregation strength, driving an increase in χ with increasing r.9-11,73,74,80,98,100-

102,209 For the neutral blend, χNblock ≈ 7 and χNhomo ≈ 1, respectively, using previously 

reported values for χ at 120 °C,100,188 and thus we observe disorder. At r = 0.03, a principal 

peak at 0.02 Å−1 is accompanied by a shoulder at 0.04 Å−1, which we speculate corresponds 

to a LLP state. At r = 0.06, we observe C15. On increasing r further past 0.10, blends begin 

to macrophase separate, as indicated by an increase in sample turbidity, due to the high 

χNblock > 11. By r = 0.20, however, the principal peak shifts to a higher q, indicating a 

smaller particle size. It is possible the PS homopolymers are expelled from the PS block at 

a smaller ϕH due to the higher χNblock,270 leading to a smaller ultimate micelle size than 

observed in the pure C15 phase at r = 0.06. However, a quantitative assessment is not 

feasible due to the macrophase separation. Apparently, r = 0.06 represents a judicious 
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balance where the C15 phase can persist as a pure phase, where sufficient block swelling 

can occur at a high ϕH without inducing disorder or macrophase separation. 

 

 
 
Figure 4.17: SAXS profiles of H80EO60 at 120 °C with different r. 

 

The discussion so far has rationalized the appearance of C15 in terms of salt-free 

polymer considerations, i.e., the asymmetry in accessing the wet-brush to dry-brush 

transition between PS and PEO, and the role of added salt is primarily to tune the effective 

interaction parameter between the blocks. An interesting question therefore arises: does the 

addition of salt play any role beyond increasing χ? One possible answer is “no”. Consistent 

with this view, the phase behavior of a wide range of PS-b-PEO diblocks with added salt 

can be mapped closely onto the neutral diblock phase portrait, with the bare χ replaced by 

χeff = χ0+mr, where m is a system-specific parameter.105 However, it is not at all obvious 

how simply renormalizing χ can lead to a C15 phase with twice or three times the expected 

unit cell dimensions. Such an effect might implicate a non-uniform distribution of ions in 
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the PEO domains, an interesting possibility to consider. Even in the current interpretation, 

the role of salt is central. A large interfacial energy favors the C15 phase, due to its reduced 

net surface area. However, a relatively small molar mass diblock copolymer is required to 

access the wet-brush to dry-brush transition, and thus salt provides a direct route to adjust 

the effective interaction parameter over a wide range. The presence of charge has been 

shown to significantly perturb the choice of ordered phase in block copolymer materials, 

for a given volume fraction of the ion-containing domains. For example, Park and Balsara 

showed that in nearly symmetric poly(styrene sulfonate)-b-poly(methyl butene) (PSS-

PMB), the system adopted a gyroid structure with PSS struts at low degrees of sulfonation, 

but a perforated layer phase with PSS major domains at higher degrees of sulfonation.111 

Shim et al. discovered a new superlattice structure in symmetric diblocks, when one block 

had the highest amount of charge.115 In both of these cases the charges are tethered to the 

backbone, whereas in our system, and the extensive prior work on PS-b-PEO plus 

salt,74,97,100-102 the charges are free to move within the PEO domains.  

On the theoretical side, factors including ion solvation energy,9-11,73,74,76-81 ion 

translational entropy,9,76,77,80,81 ion correlations,12-15,75,82-85 transient binding,10,78,80 and 

asymmetry in the molecular volumes between cations and anions81 have been shown to 

impact the thermodynamics of ion-containing polymer systems and result in a quite 

asymmetric phase diagram with decreased compatibility when the charged (or salt-doped) 

component is in the minority. However, in the system considered here, the ion-containg 

component is in the majority. 

4.3.4 Phase Diagrams Along Other Isopleths 

 After examining the C15 Laves phase on the EO60 isopleth, now we investigate the 

morphology evolution along other isopleths. In Chapter 3 we systematically studied the 

EO50 isopleth with r = 0.03 and at 70 °C, where the lamellar structure persists until ca. ϕH 

= 0.8, and then the BμE appears. With r = 0.06 and at 120 °C, however, a HEX phase first 
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appears at ϕH = 0.75, and macroscopic phase separation happens at ϕH ≥ 0.8, while the C15 

packing emerges as a component phase at ϕH = 0.83 and 0.86, indicating the interfacial 

curvature is increased as ϕH increases. To understand the different phase behavior and the 

absence of the BμE in the case of r = 0.06, we plot the domain size, d (distance from the 

center of one PS domain to the center of the next) as a function of ϕH for both cases in 

Figure 4.18. With r = 0.03, d increases following the power law d ~ (1− ϕH) −1/3 until ϕH = 

0.6, before a more abrupt increase at higher ϕH. A similar result was observed in the 

PCHE/PE/PCHE-PE ternary blends.127 The power law with a power of −1/3 indicates 

uniform solubilization of homopolymers, while the deviation from it suggests the 

copolymer becomes less “wet”, which results in nonuniform localization of 

homopolymers.133 We thus speculate that the homopolymers swell the corresponding 

domain uniformly and nearly symmetrically until reaching the maximum “interchain” 

fraction of the block coil volume. The excess homopolymers are then excluded from the 

interface and localized in the middle of the domain, leading to a more substantial increase 

in d, and eventually the BμE forms. With r = 0.06, d increases following the power law d 

~ (1− ϕH) −0.55 until ϕH = 0.7, similar to that observed in the EO60 isopleth (Figure 4.14). 

The more negative power suggests the existence of homopolymer composition gradients 

perpendicular to the interface (a power of −1 indicates the “dry brush” limit133), which is 

likely due to the increase of the segregation strength as r increases. Following the 

discussion in Section 4.3.3 related to the C15 phase formation, the solubility asymmetry of 

the two homopolymers in the corresponding block, as well as the conformational 

asymmetry, drive the interfacial curvature towards the PS domain, and the high curvature 

phases form. Note that the solubility asymmetry can be qualitatively evaluated by eq 4.5, 

while for salt-doped systems with different r, the picture is more complicated. First, the 

increase of χeffN drives the system towards the “dry brush” limit, and thus invalidates the 

uniform dissociation assumption. Second, the non-uniform distribution of ions in the PEO 

domains that has been suggested in both S/O homopolymer blends209 and SO 



119 
 

copolymers107 can influence the solubility of PEO homopolymers in the block. 

Nevertheless, with r = 0.06, given the fact that the blends are volumetrically symmetric 

and more conformationally symmetric than that with r = 0.03, the more severe 

homopolymer solubility asymmetry is likely to be the driving force for the formation of 

the high curvature phases. 

 

 
 
Figure 4.18: Domain size (d) for LAM (blue) and HEX (red) phases as a function of ϕH 
for LiTFSI-doped S/O/SO blend with r = 0.03 (open symbols) and r = 0.06 (closed 
symbols). The solid curve and the dashed curve are the power law d ~ (1− ϕH) −0.55 and d 
~ (1− ϕH) −1/3, respectively. 

 

 To evaluate the ionic transport property in relation to the morphology, ionic 

conductivity profiles for blends on the EO50 isopleth were obtained, as shown in Figure 

4.19. Notably, blends with ϕH ≥ 0.75, including a HEX phase and two macrophase 

separated samples, demonstrate much higher conductivity compared to that with ϕH = 0.7, 

which again indicates the matrix for the hexagonal and spherical phases consists of the 

conducting PEO-LiTFSI.  
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Figure 4.19: Ionic conductivity profiles for blends with ϕPEO,homo-LiTFSI/ϕH = 0.5 and 
with different ϕH. 

 

While the amount of salt governs the phase behavior of the salt-doped system by tuning 

χeff over a wide range, it is still interesting to explore the potential phase transitions with 

temperature. Phase diagrams along eight isopleths with fixed ϕPEO,homo-LiTFSI/ϕH ratios 

ranging from 0 to 1 (i.e. EO0 to EO100) are shown in Figure 4.20. In general, as ϕH 

increases, LAM evolves to GYR, HEX or even C15 phases, and eventually, disorders or 

macrophase separates. According to the Gibbs phase rule, coexisting phases are anticipated 

at phase boundaries, for example, the LAM/GYR (H30EO0) and LAM/HEX (H75EO40, 

H70EO50, and H70EO60). While most ordered structures in blends with relatively low ϕH 

persist up to 170 °C, the rest disorder at high temperature, including the HEX and C15 

phases with high ϕH close to the macroscopic phase separation limit. For the blends where 

LAM/HEX coexistence is observed, the portion of the HEX phase relative to the LAM 

phase decreases (evidenced by the reduced relative peak intensity for HEX compared to 

LAM) and finally disappears at elevated temperatures, as shown in Figure 4.21, indicating 

that HEX disorders at a higher χeffN compared to LAM. 

 



121 
 

 

 
 
Figure 4.20: Phase diagrams along the isopleths with (a) EO0, (b) EO20, (c) EO40, 
(d) EO50, (e) EO60, (f) EO70, (g) EO80, and (h) EO100. The shapes of the symbols 
correspond to the morphologies of the blends: □ for LAM (blue), ▽ for GYR (green), 
△ for HEX (red), ☆ for C15 (magenta), ◇ for LLP (yellow), ✕ for DIS (yellow), ⬠ for 
LAM/GYR and ○ for LAM/HEX. The shaded regions represent phases with specific 
morphologies indicated by the color, and phase boundaries are estimated based on 
compositions for different morphologies. The dashed vertical lines indicate the 
miscibility limit above which macroscopic phase separation happens.  
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Figure 4.21: SAXS patterns for the LiTFSI-doped S/O/SO blends with r = 0.06 as a 
function of temperature for (a) H75EO40, (b) H70EO50, and (c) H70EO60. The relative 
peak positions of LAM phase at q/q* = 1, 2, 3… are marked by inverse triangles, and 
HEX phase at q/q* = 1, 3 , 4 , 7 , 9 … are marked by diamonds, where q* is the 
primary peak. 

 

4.3.5 Isothermal Phase Diagrams 

Based on the phase diagrams along various isopleths, the isothermal phase triangles 

can be mapped out at 70 °C, 120 °C, and 170 °C, as shown in Figure 4.22. The shape of 

the phase boundaries remains almost identical except that the HEX and GYR phase regions 

gradually shrink, and that the C15 phase region disappears as disordering happens at 

elevated temperatures. A noticeable feature, however, is the extension of the LAM region 

to the side with high ϕH and low ϕPEO,homo-LiTFSI (the bottom left corner of the triangle), 

which is not predicted in the symmetric mean-field phase diagram (Figure 4.1). 

Experimentally, in the salt-free PEP/PEO/PEP-PEO system, the isothermal phase diagram 

is symmetric,122 while in the PEP/PBO/PEP-PBO system, a PBO-cylindered phase was 

observed even in an isopleth with relatively more PBO than PEP, i.e. ϕPEP: ϕPBO = 40:60.123 

Similarly, in the PCHE/PE/PCHE-PE system, the LAM region also shifts to the PCHE-
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rich side with high ϕH,127 and in the PE/PEO/PE-PEO system, a HEX phase was observed 

along the symmetric isopleth at low temperature.32 These results altogether suggest that the 

near-zero mean curvature along the symmetric isopleth can be broken, although the ternary 

system is compositionally symmetric (NA = NB = αNAB). Accordingly, the isopleth where 

only the lamellar phase persists can also be volumetrically asymmetric. One source of 

asymmetry that can play off preferential curvature against volumetric asymmetry is the 

conformational asymmetry (κ, calculated per eq 1.15), as verified by SCFT.135 In the highly 

swollen state, the more flexible block is more easily swollen and thus creates a pressure to 

bend the interface toward the other block. Thus, for the systems mentioned above 

(PEP/PEO/PEP-PEO, κ ≈ 1.3, PEP/PBO/PEP-PBO, κ ≈ 1.6, PCHE/PE/PCHE-PE, κ ≈ 3.3, 

PE/PEO/PE-PEO, κ ≈ 1.1),269,272 the asymmetry of the swelling ability of the 

homopolymers stabilizes the morphology where the interfaces curve toward the block with 

smaller statistical segment length per monomer volume, namely the PEO, PBO, PCHE, 

and PEO blocks, respectively. To reverse the curvature back to near-zero, relatively more 

homopolymers with smaller coil size are desired, which shifts the isopleth with only 

lamellar phases to the side where the less flexible component is in the majority. 

Experimental results support the above argument, except the PEP/PEO/PEP-PEO system 

for which the phase diagram is rather symmetric. Moreover, in this chapter, we suggested 

the de-swelling behavior with high ϕH and the solubility limit asymmetry of the two 

homopolymers in the corresponding block act concurrently with the conformational 

asymmetry on shifting the phase boundary toward the side where the component in the 

majority is less flexible and also less soluble in the block (e.g., PS in the S/O/SO system). 

Interestingly, according to the prediction by Sing et al., AB copolymers where the A block 

is charged display a significantly asymmetric phase diagram and can self-assemble into 

BCC, HEX, LAM, and inverse HEX at fA = 0.25, with an increase of charge fraction,14 but 

in the current system, the most commonly observed morphology is LAM on the EO20 

isopleth. 
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Figure 4.22: Isothermal phase diagrams of the LiTFSI-doped S/O/SO blends with r = 
0.06 at (a) 70 °C, (b) 120 °C, and (c) 170 °C. The existence of LAM (blue), GYR (green), 
HEX (red), C15 (magenta), and LLP/DIS (orange) regions were determined by SAXS, 
and the macroscopic phase separated (maroon) region was determined by optical 
appearance. Phase boundaries are estimated based on compositions for different 
morphologies. 

 

Additionally, the macroscopic phase separation region extends to blends with more 

copolymer (i.e. lower ϕH) than salt-free ternary systems with similar α value, and various 

microstructures remain as components phases in such blends. As discussed in Chapter 2, 

the addition of salt to S/O homopolymer blends results in a dramatic decrease of miscibility, 

especially in samples where the PEO-LiTFSI is in the minority (Figure 2.16). As the 

copolymer composition increases, the incompatibility between PS and PEO decreases, and 

eventually, a homogeneous one-phase state can be obtained, while for those PEO-TFSI-

lean samples, relatively more copolymer is needed.  

Another important topic in ternary systems is the existence of the BμE. Unfortunately, 

no BμE has yet been identified in the current system. Along the symmetric isopleth, the 

breakup of the flat interface due to the conformational asymmetry and homopolymer 

solubility asymmetry makes the BμE formation challenging. We speculate the BμE might 

be located near the EO20 isopleth, where a near-zero mean curvature can be obtained with 

relatively high ϕH. However, all the blends on this isopleth are either strongly segregated 
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or macrophase separated. Reduction in the segregation strength by decreasing r or 

increasing temperature might help access the BμE, and could be a future research direction. 

 

4.4 Conclusions 

 In summary, we have studied the microstructures of LiTFSI-doped S/O/SO ternary 

blends with r = 0.06 with various homopolymer ratios ϕPEO,homo-LiTFSI/ϕH, and total 

homopolymer compositions ϕH. First, we have observed an unanticipated C15 Laves phase. 

The remarkable results include the observations that (i) the C15 phase can form in a 

pseudo-ternary blend with many degrees of freedom; (ii) the unit cell is huge (> 120 nm), 

roughly fifteen times the size of the diblock copolymer chain; (iii) the overall copolymer 

composition is low (ϕC ≤ 0.2), and the micelle core is highly swollen with a high-volume 

fraction ƒPS = 0.41; and (iv) with a judiciously selected r, the C15 phase persists over a 

large area of the isothermal phase diagram with near-constant lattice dimensions. Along 

the EO60 isopleth, a LAM to HEX to C15 phase evolution was observed and rationalized 

as a consequence of asymmetry in the composition at which both blocks of the copolymer 

brush become saturated and begin to exclude homopolymer. This ultimately drives 

interfacial curvature as the PEO block of the copolymer continues to swell well past the 

point at which the PS copolymer brush is saturated. This favors cylinders and, with 

increasing ϕH, C15, a structure that minimizes the interfacial area. We note that while this 

mechanism is limited to low N ternary blends, wherein the block swelling threshold is 

accessible for an ordered state, similar phenomena might well be observed in ternary blends 

with αA > 1 and αB < 1, extending the length scales over which C15 could be accessed. 

This work also provides a relatively flexible approach to construct ion-conducting Laves 

phase at large length scales using low molar mass block copolymer and homopolymers and 

provides interesting insights into the thermodynamics of multicomponent polymer 

electrolyte blends.  
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Isothermal phase diagrams at various temperatures have also been studied, enabling us 

to visualize the 3D phase prism. Generally, a wide region of LAM is observed, which is 

bracketed by small zones of GYR and wide regions of HEX that connect with the C15 

phase region. The LAM morphology persists over the whole temperature range while some 

of the GYR, HEX, and C15 phases disorder at 170 °C. On the homopolymer-rich side, the 

LAM region extends in the direction with relatively more PS homopolymer, and along the 

EO20 isopleth, the lamellar morphology persists until ϕH = 0.75 before entering a 

macroscopic phase separation state. We propose that the interfacial curvature for the blends 

on this isopleth remains near-zero due to the balance of the volumetric asymmetry and the 

asymmetric swelling ability of the homopolymers in the corresponding block. 
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Chapter V. 
 

Chain Conformations in Salt-Doped Poly(ethylene oxide) Melts*

Adapted with permission from 

Xie, S.; Zhang, B.; Mao, Y.; He L.; Hong K.; Bates, F. S.; Lodge, T. P. Macromolecules 

[Online early access] https://doi.org/10.1021/acs.macromol.0c01194.  

Copyright 2020 American Chemical Society. 

 

 

5.1 Introduction 

Ion-containing polymers are gaining increasing research interest for many applications, 

including fuel cells, lithium ion batteries, and water treatment membranes.1  The most 

commonly investigated systems are electrolytes based on poly(ethylene oxide) (PEO), due 

to the strong ion dissociation and rapid segmental motion in the amorphous state. Ions can 

be introduced by adding ionic species directly (e.g., salts or ionic liquids (ILs)) or 

functionalizing the polymer backbone with charged groups.156,179,194,273,274 In this way ion-

conducting polymers can be engineered to enhance both the ionic conductivity and the ion 

transport selectivity. Moreover, as discussed in preceding chapters in this thesis, the added 

 
* This work was done in collaboration with Bo Zhang, Dr. Yimin Mao, Dr. Lilin He, Dr. Kunlun Hong and 
Prof. Frank S. Bates 
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charges may induce micro- or macro-phase separation in block copolymer or polymer 

blends, respectively, by increasing the segregation strength, which can result in the 

formation of novel nanostructures.12,14,98,100,111,275 To understand phase behavior for such 

systems, and ultimately to optimize ion transport, any effect of added ions on polymer 

conformations, and possible “crosslinking” of chains by association with specific ions, 

needs to be better understood. However, the picture is still not clear, even in the apparently 

simple case where the PEO homopolymer is solvated by ILs or doped with salt. For 

example, PEO in imidazolium-based ILs exhibits a LCST-type phase separation, partly due 

to the hydrogen bonding between the acidic proton of the imidazolium and the ether oxygen 

in PEO.276,277 This hydrogen bonding effect contributes to the relatively good solubility of 

PEO in ILs. Small-angle neutron scattering (SANS) experiments show that in multiple ILs, 

the excluded volume exponent ν lies between 0.55 and 0.6, and the infinite dilution radius 

of gyration (Rg) is moderately larger than in the PEO melts.278,279 Interestingly, hydrogen 

bonds with PEO are not always necessary to solvate PEO; for example, lithium tetraglyme 

bis(trifluoromethane) sulfonimide ([Li(G4)]TFSI) can solvate PEO due to Li+/PEO 

coordination.280,281 This coordination, sometimes considered as a transient cross-linking 

effect, is more apparent in PEO/salt mixtures. A crown ether-like conformation of PEO has 

been proposed, as evidenced by infrared and Raman spectroscopy and molecular dynamics 

(MD) simulations, which results in a decreased coil size.282,283 More specifically, Rg values 

of neat and salt-doped PEO melts have been studied both by simulations and experiments. 

By adding LiI at a salt concentration r = [Li+]/[EO] = 0.067, Borodin and Smith found that 

Rg decreases by ca. 15%,187 while Annis et al. found the decrease to be ca. 13% using MD 

simulations (M = 530 Da).284 For the same system, Triolo, et al. only observed a slight 

decrease (ca. 3%) in Rg for LiI-doped PEO by SANS (M = 25,000 Da).285 In comparison, 

Annis et al. observed a ca. 9% decrease by SANS for M ≈ 25,000 Da.284 Recently, Loo et 

al. conducted a more systematic study of LiTFSI-doped PEO with M = 35,000 Da, and 

found that Rg decreases linearly with salt addition in the range 0 < r < 0.125, but then the 
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trend reverses, and Rg increases linearly at higher salt concentrations.268  At r = 0.067, the 

decrease is 10%, which agrees well with the results from Annis, et al.284 Kamiyama et al. 

studied the PEO conformation (M = 600 Da) when solvated in LiTFSI/IL and also observed 

an apparent decrease in Rg.286 Collectively, it appears that the addition of salt induces a 

contraction of the PEO random coil, but to different degrees, depending on the type of the 

salt, salt concentration, and research method. 

 In this chapter, we report a systematic experimental study of the chain conformation 

of PEO of two different molecular weights (20 kDa and 40 kDa) doped with two different 

salts (LiTFSI and LiClO4) at various concentrations. The statistical segment length, l = 

(6/N)1/2Rg, is determined by SANS using a Kratky analysis. At the highest salt 

concentration (r = 0.125), a roughly 10% decrease in statistical segment length was 

observed in both LiTFSI and LiClO4-doped PEOs, for both molecular weights. Where 

concentrations overlap, there is a reasonable qualitative agreement with Loo, et al.,268 and 

Annis, et al.,284 but the net effect of salt on PEO chain contraction appears to be slightly 

weaker. We also report a single measurement for LiI, to compare with the literature. We 

also report and discuss difficulties in data analysis, due to both unexplained upturns at low 

scattering wavevector q ( 4 sin /q π θ λ= , with θ being the scattering angle and λ the 

wavelength) in pure polymers and in certain blends, and to uncertainties in the incoherent 

contribution at high q. A Kratky analysis is chosen to minimize these effects. 

 

5.2 Experimental Section 

5.2.1 Materials 

LiTFSI (3M) and LiClO4 (Sigma-Aldrich) were dried under dynamic vacuum for 24 h 

at 120 °C and then stored in a glove box under argon. Two sets of hydrogenous PEO (hPEO) 

and deuterated PEO (dPEO) of two different molecular weights (20 kDa and 40 kDa) were 

synthesized via living anionic polymerization of hydrogenated and deuterated ethylene 
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oxide (Sigma-Aldrich), respectively, using established air-free techniques by Dr. Kunlun 

Hong.287 Potassium tert-butoxide was used as the initiator, and the reaction was terminated 

with methanol. All PEO samples were precipitated in hexanes and redissolved in 

acetonitrile and filtered through a PVDF membrane with a pore size of 0.22 μm. After 

evaporating the solvent, samples were dissolved in HPLC water and dialyzed for 72 h 

before being freeze-dried. The molecular weights and dispersities (Đ) of the synthesized 

polymers (Table 5.1) were determined by size-exclusion chromatography (SEC) equipped 

with a Wyatt Optilab rEX refractive index detector and a Wyatt DAWN DSP multiangle 

laser light scattering (MALS) detector in tetrahydrofuran (THF) at 25 °C (Figure 5.1). 

Refractive index increment (dn/dc) values of 0.068 and 0.057 mL/g was used for hPEO 

and dPEO, respectively.278,288 

 

Table 5.1: Polymer Characteristics. 

Component 
Mn 

(kg/mol)a 

Đ = 

Mw/Mna 
Nb 

Deuteration 

Conv. (%)c 
ρ (g/mL)d 

hPEO (20 kDa) 20.5 1.03 465 - 1.114 

hPEO (40 kDa) 39.2 1.01 890 - 1.114 

dPEO (20 kDa) 22.3 1.03 470 99.7 1.215 

dPEO (40 kDa) 39.3 1.01 826 99.0 1.215 

a) Determined via SEC with MALS 
b) Degree of polymerization based on a reference volume of vEO 
c) Determined via 1H NMR spectroscopy and SEC with MALS 
d) From Ref. 268 at 90 °C and neglecting any molar volume change for 

deuterated polymer. 
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Figure 5.1: Refractive index traces of hPEO and dPEO of different molecular weights. 

 

5.2.2 Sample Preparation 

 To prepare dPEO/hPEO/salt blends, stock solutions of polymer and salt were prepared 

separately in acetonitrile and combined in the desired volume ratios to obtain specific salt 

concentrations. A rotary evaporator removed most of the solvent, and the samples were 

dried in a vacuum oven at 40 °C for 72 h and 90 °C for 24 h. All the samples were kept in 

a glovebox before use. 

 

5.2.3 Small-Angle Neutron Scattering (SANS) 

 Samples were loaded into appropriate sample cells for SANS measurement on the GP-

SANS CG-2 beamline at the High Flux Isotope Reactor (HFIR), Oak Ridge National 

Laboratory (ORNL) in Oak Ridge, Tennessee, or the NG-B and NG-7 30m beamlines at 

the National Institute of Standards and Technology (NIST) in Gaithersburg, Maryland.289 

Portions of the experiments were conducted on the USANS instrument at NIST.290 At 

ORNL, samples were melted into 19 mm inner diameter, 0.81 mm thick stainless-steel 

spacers on top of 1-in diameter quartz plates (Esco Optics) at 70 °C. The spacers were 
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clamped on the quartz plates to avoid polymer leakage. Samples were annealed at 70 °C in 

a vacuum oven for 12 h before being taken out and putting another quartz plate on top of 

the polymer quickly. Before SANS measurement, the sample cells were sealed with o-rings 

and loaded into copper sample holders and preheated at 90 °C for at least 12 h in a vacuum 

oven. At NIST, samples were slowly melted into quartz banjo cells (Hellma) with 1 mm 

path length and degassed under vacuum at 90 °C for at least 48 h. Before measurements, 

the sample cells were loaded into titanium holders and preheated at 90 °C for at least 12 h 

in a vacuum oven. At ORNL, the neutron wavelength was λ = 4.75 Å with spread Δλ/λ = 

0.13, and three configurations with sample-to-detector distances of 1.8, 8.8, and 19.2 m 

were used to cover the scattering wavevector q range 0.003 − 0.4 Å−1. At NIST, λ = 6.0 Å 

with spread Δλ/λ = 0.14, and three configurations with sample-to-detector distances of 1, 

4, and 13 m were used to cover the same q range. All measurements were conducted at 

90 °C in a N2 atmosphere, and the total scattering cross sections were calibrated by either 

water (ORNL) or the attenuated incident beam (NIST), and corrected for empty cell 

scattering, sample transmission, thickness, and detector sensitivity. The azimuthally 

isotropic two-dimensional (2D) scattering patterns were then reduced to one-dimensional 

(1D) intensity I as a function of q.213 The incoherent background scattering from hPEO-

salt and dPEO-salt blends was measured separately. 

 

5.3 Results and Discussion 

Determining the single-chain conformation of a polymer melt by SANS is 

straightforward in principle, when a matched pair of “normal” (h) and perdeuterated (d) 

polymers are available. However, adding salt to h/d polymer blends can introduce 

complications that interfere with the analysis, mainly due to uncertainties introduced in 

both the low q and high q scattering intensities. There are three main ways to analyze the 

SANS data, which differ in the emphasized q range and the reliance on assumptions.291 
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(1) Guinier analysis: The initial slope of a plot of ln I(q) vs. q2 is –Rg
2/3. This has the distinct 

advantage that Rg can be determined in a model-independent way, but the desirable range 

of a typical Guinier plot is approximately qRg ≤ 1. This requires the low q scattering 

intensity to be accurate, and any extra coherent scattering, for example, a commonly 

observed low q upturn, can interfere with the analysis.  

(2) Random Phase Approximation (RPA) analysis: This approach utilizes data over the 

entire q range, but can, therefore, be sensitive to problems at either high or low q. It also 

makes the assumption that the chains are Gaussian over the entire fitting range. 

(3) Kratky analysis: This approach focuses on the intermediate q range, and in particular, 

the fractal regime.  By plotting q2I vs. q (Kratky plot), the conformation of polymer chains 

can be determined: Gaussian coils saturate to a plateau value, while rigid rods increase 

linearly. Note that for random coils, this analysis should focus on the range ql ≤ 1, where l 

is the statistical segment length, as the derivation of the Debye function (i.e., scattering 

function for a Gaussian coil) invokes this constraint.292,293 This approach reduces any 

potential problems in determining the scattering intensity at extremely low and high q 

regions. 

In the remainder of the chapter, we will derive conformational information using 

Kratky analysis, and then further examine problems with SANS measurements of both salt-

free and salt-doped PEO blends. 

5.3.1 SANS Profiles of Salt-Free dPEO/hPEO Blends 

Three different dPEO/hPEO blends with volume ratios 25/75, 50/50, and 75/25 were 

prepared, and the measured absolute scattering profiles are shown in Figures 5.2a and 5.2c 

(blends with 20 kDa and 40 kDa PEO, respectively). The scattering profiles for the pure 

component polymers are also shown. All the blend scattering profiles have the expected 

Debye-type shape but flatten out at high q, mainly due to the incoherent contribution. The 

20 kDa blends demonstrate a significant upturn in the range q < 0.01 Å−1, while those for 
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40 kDa do not. The pure deuterated polymers show a strong coherent scattering at low q; 

the hPEO samples do as well but to a much smaller extent. This phenomenon remains 

unexplained but has been noted by several authors in several different systems.285,294-296 It 

is also conceivable that it has been seen in many other systems, but not reported or noted 

in the associated publications. It is not due to isotope distribution along the chain,297 as 

these polymers are fully deuterated, and it is not due to chemical contaminants (see 

subsequent discussion). Clearly, this contribution can interfere with reliable low q fitting 

of the blends. Note that absent a clear explanation, it is not justified to subtract this coherent 

contribution from the blend scattering, as the effect may well not be additive. In fact, 

Figures 5.2a and 5.2c suggest this; while the dPEO scattering at low q is actually stronger 

for 40 kDa than 20 kDa, the 40 kDa blends show no obvious upturn. Similarly, the 

magnitude of the upturn in the 20 kDa blends varies with composition, but not 

systematically with dPEO content. 

 Considering now the high q region of the scattering, the background (attributed mainly 

to the incoherent scattering of the hPEO) becomes substantial, exceeding the coherent 

scattering from the blends themselves around q ≈ 0.2 – 0.3 Å–1. Thus, uncertainty in the 

value of the incoherent contribution can play a significant role, as is well known. In this 

work, we will consider three different ways to estimate this contribution, especially in the 

presence of added salt. A standard approach is to subtract the composition-weighted 

measured high q plateau values obtained for the pure components. These values are 

collected in Table 5.2, as meas
bI .  A second, empirical approach is to use a single Debye 

function (or other appropriate function, depending on the system) with addition of a 

constant baseline (eq 5.1) to fit the measured intensity. In eq 5.1, the first term is the 

coherent scattering of a Gaussian coil where x = q2Rg
2. The baseline term B accounts for 

the background scattering of various origins; in neutron scattering, it is mainly due to the 
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incoherent contribution from the polymers (both hPEO and dPEO), but also includes a 

diffuse coherent contribution. 

 

 2

2( , ) ( 1 exp( ))I q r x x B
x

= − + − +  (5.1) 

 

 
 
Figure 5.2: Absolute SANS profiles at 90 °C for salt-free dPEO/hPEO blends before (a, 
c) and after (b, d) incoherent background subtraction of 20 kDa and 40 kDa at varying 
volume ratios. The scattering profiles of pure hPEO and dPEO were demonstrated as × 
and＋, respectively. 

 

The values of B thus determined agree with meas
bI for the salt-free blends to within about 

10% (see Table 5.2), which is probably about the best that can be expected. Note that this 

agreement does not hold in the presence of salt, as will be discussed subsequently. An 

alternative approach to estimate the high q-independent background is from the asymptotic 

slope of a Porod plot I(q)q4 vs. q4, which is described in Appendix A.5. After subtracting 

the B term from the measured intensity, the coherent scattering profiles are shown in 
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Figures 5.2b and 5.2d. The error bars are estimated from an assumed ±10% inaccuracy of 

B. We then analyze the coherent scattering from the blends. 

From the RPA model, the structure factor of a binary blend with no interactions is given 

by 

 

 ( ) ( ) ( )
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D D D D H H1 2

1 2

( ) 1 1( )
1
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v v

φ φ

−
 

= = +  −   − 
 

 (5.2) 

 

where ϕD = fϕp, ϕH = (1−f)ϕp, and f and ϕp are the volume fraction of dPEO in the polymer 

and the total volume fraction of polymer in the blends, respectively. Neutron scattering 

contrast is derived from the difference in the scattering length density bi/vi between the 

deuterated and protonated components. When analyzing blends with salt subsequently, the 

reference volume 0 PEOv ν=  represents the partial molar volume of PEO repeat units in the 

polymer/salt blends. In the case of LiTFSI-doped PEO, PEOν   as a function of r was 

determined by Loo, et al.268 accounting for non-ideal mixing, and in the case of LiClO4-

doped PEO, v
0 is taken to be PEOν  , assuming ideal mixing. Ni is the degree of 

polymerization of polymer, and g(xi) is the Debye function of the polymer chain. The Rg 

for protonated and deuterated PEO follows eq 5.3. 
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=  

 
 (5.3) 

 

Note that in eq 5.2, the contribution of salts can be neglected since salt ions are evenly 

distributed in hPEO and dPEO. The Flory-Huggins interaction parameter between PEO 

and salts is also neglected. At 90 °C, the isotopic interaction parameter between hPEO and 
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dPEO is estimated to be 5 × 10−4 based on the monomer reference volume, with bond 

polarizabilities taken from the literature.294,298,299 Even for the 40 kDa blends, the isotropic 

interaction parameter can, therefore, be neglected. To simplify the calculation, we further 

assume ( ) ( ) 1/2
D H n n hEO dEO   hPEO dPEO  /N N M M M M  = =  . Thus, the structure factor 

can be determined as shown in eq 5.4, and in the limit of large q, while maintaining ql < 1, 

the product of q2S(q) (the Kratky form) can be calculated via eq 5.5, which is q-independent 

for random coils. This is reflected in the Kratky plots of q2S(q) vs. q, where high q plateaus 

are observed (Figures 5.3a and 5.3c). The Kratky intensity can be normalized accounting 

for the volume fractions of hPEO and dPEO, and then the plateau value is determined only 

by the statistical segment length (l) (eq 5.6). 

 

 
 
Figure 5.3: (a, c) Kratky plots and (b, d) normalized Kratky plots for salt-free dPEO/hPEO 
blends of 20 kDa and 40 kDa at varying volume ratios. The arrows demonstrate the 
selected q ranges that used to determine l. The error bars reflect an assumed 10% 
uncertainty in the background subtraction. 
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For the salt-free PEO blends, the normalized Kratky intensities are shown in Figures 

5.3b and 5.3d. They reach a plateau with almost constant values, which were determined 

over the range of 0.10 Å−1 < q < 0.17 Å−1 (20 kDa) and 0.07 Å−1 < q < 0.17 Å−1 (40 kDa), 

respectively. The statistical segment lengths can be derived from the fits of the Kratky 

asymptotes as a function of dPEO fraction (f) (Figure 5.4).300 The resulting statistical 

segment lengths are l = 6.25 ± 0.10 Å (20 kDa) and 6.07 ± 0.02 Å (40 kDa). These values 

agree well with recent literature,268,269,284,301,302 as will be discussed subsequently. The 

increasing uncertainty in the background subtraction at higher q is also clearly evident in 

these plots, but it is important to reiterate that there is no a priori reason to expect the 

Kratky plateau to persist for ql > 1. 
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Table 5.2: Background Scattering of Polymer Blends with and without Salt. 

Salt r ϕsalt B (cm–1)a 
meas
bI   

(cm–1)b 

cal
incohI  (cm–1)c cal

diffI  (cm–1)d 

Neat 

d/h 25/75   0.540 0.580 0.314 0.050 

d/h 50/50 0 0 0.358 0.407 0.213 0.066 

d/h 75/25   0.213 0.234 0.111 0.050 

LiTFSI 

1/64 0.0579 0.354 0.389 0.201 0.067 

1/32 0.104 0.349 0.373 0.191 0.068 

1/24 0.130 0.323 0.363 0.186 0.069 

1/15 0.182 0.265 0.345 0.175 0.072 

1/8 0.264 0.164 0.313 0.158 0.078 

LiClO4 

1/64 0.0173 0.364 0.397 0.210 0.065 

1/15 0.0700 0.276 0.378 0.199 0.062 

1/8 0.124 0.255 0.359 0.189 0.058 

LiI 1/15 0.0524 0.278 - 0.202 0.067 

a) The term B in eq 5.1. 
b) Determined from Figure 5.14 and eq 5.7. 
c) Calculated using eq 5.8. 
d) Calculated using eq 5.9. 
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Figure 5.4: Kratky asymptotes as a function of dPEO fraction (f) for dPEO/hPEO blends 
for (a) 20 kDa and (b) 40 kDa. The dashed curves correspond to the fits to 

2 2
EO p( ) / 12 / (1 )q S q v f f lφ  = −  , resulting in statistical segment lengths l = 6.25 ± 0.10 

Å (20 kDa) and 6.07 ± 0.02 Å (40 kDa). 

 

5.3.2 SANS Profiles of Salt-Doped dPEO/hPEO Blends 

Having established a reasonable and consistent analysis of the salt-free blends, we now 

turn to the influence of salt. LiTFSI-doped blends (r = 1/64, 1/32, 1/24, 1/15, 1/8) and 

LiClO4-doped blends (r = 1/64, 1/15, 1/8) were prepared with a dPEO/hPEO ratio of 50/50. 

The total scattering profiles are shown in Figure 5.5, while the coherent scattering was 

determined by the same empirical method as above, as shown in Figure 5.6. A low q upturn 

is apparent in many blends and is particularly severe in LiClO4-doped blends with r = 1/64, 

for both molecular weights. One might even attribute this strange behavior to a problem 

with the sample, but as it holds for both molecular weights, this seems improbable. A 

candidate explanation could invoke inhomogeneity of the distribution of LiClO4, but then 

it would be hard to explain why adding more salt makes the upturn much less pronounced. 

In any case, the low q upturn in salty blends makes it challenging to derive the chain 

conformation information by either Guinier analysis or by fitting to the RPA, both of which 

rely on the low q signal. In comparison, Kratky analysis, which only requires information 

at intermediate q, can still be applied to determine the statistical segment length (l). 
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Figure 5.5: Measured SANS intensity at 90 °C for dPEO/hPEO blends doped with (a, c) 
LiTFSI and (b, d) LiClO4 for (a, b) 20 kDa and (c, d) 40 kDa. 

 

 
 
Figure 5.6: Coherent SANS intensity at 90 °C for dPEO/hPEO blends (50/50) doped with 
(a, c) LiTFSI and (b, d) LiClO4 for (a, b) 20 kDa and (c, d) 40 kDa. 
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When the blends are doped with salt, the normalized Kratky plateau intensity varies. 

For the LiTFSI-doped blends, the intensity increases even at the lowest salt doping (r = 

1/64), while further increases in salt concentration do not result in an evident change in the 

intensity (Figures 5.7a and 5.7c). For the LiClO4-doped blends, the plateau intensity 

decreases slightly at the lowest salt doping but increases at higher salt concentrations 

(Figures 5.7b and 5.7d). Since the plateau intensity is inversely proportional to l2, the 

statistical segment length decreases and then stays almost constant with r when doped with 

LiTFSI but increases slightly and then decreases with r when doped with LiClO4.  

 

 
 
Figure 5.7: Normalized Kratky plots for dPEO/hPEO blends (50/50) doped with (a, c) 
LiTFSI and (b, d) LiClO4 for (a, b) 20 kDa and (c, d) 40 kDa. The arrows indicate the q 
ranges used to determine l. The error bars reflect an assumed 10% uncertainty in the 
background subtraction. 

 

5.3.3 Comparison with Results from the Literature 

The calculated l values are plotted and compared with results from the literature in 

Figure 5.8a. Investigations of PEO chain conformations date back to the 1980s when 
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Kugler et al. first studied dPEO/hPEO blends with different compositions by SANS, and l 

was determined to be 6.7 Å at 80 °C.301 Subsequently, Smith et al. studied the same system, 

and found 5.9 Å,302 while Fetters et al. report a value of  6.0 Å at 140 °C.269 More recently, 

Annis et al. reported l to be 5.9 Å,284 while Loo et al. reported 6.3 Å at 90 °C (data shown 

in Figure 5.8a).268 Although PEO melts may exhibit a negative temperature coefficient of 

chain dimensions,302 the differences in l are likely within the uncertainty of SANS 

experiments. By taking the average of all the data from literature and the current study, l = 

6.2 ± 0.3 Å (5% error in a SANS experiment), shown as the arrow in Figure 5.8a. In the 

current system, LiTFSI-doped blends demonstrate a ca. 9% decrease in l even at the lowest 

r = 1/64, and then l stays at an almost constant value of 5.6 Å up to r = 1/8, and the 40 kDa 

blends show a slightly larger l at higher r. In comparison, Loo et al. reported that in the 

range of r < 0.1, l decreases linearly with r, and r needs to exceed 0.03 to reach a 10% 

decrease, and a maximum reduction of ca. 19% in l occurs at r = 0.125 if the trend 

continues.268 All these results support the idea that the strong interaction between ether 

oxygens and lithium cations leads to a contraction in the PEO chain conformation, but the 

magnitude differs. Our system demonstrates a slightly weaker effect than Loo et al., except 

at the lowest concentration.  
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Figure 5.8: (a) Statistical segment length (l) of salt-doped dPEO/hPEO blends at 90 °C as 
a function of salt concentration. The black arrow illustrates the estimated uncertainty of l 
for salt-free PEO. (b) The ratio of l of salt-doped to the salt-free blends (l/l0). l was 
calculated according to eq 5.6 from the normalized Kratky plateau values. The data 
reported by Annis et al. (Ref. 284) (green diamonds) and Loo et al. (Ref. 268) (green 
stars) are included for comparison. 

 

It is also worth noting that Annis et al. observed a decrease of ca. 9% in l for LiI-doped 

blends at r = 1/15, similar to the effect of LiTFSI at the same salt concentration. However, 

the absolute l values of the neat and salt-doped blends are lower than the current system. 

For comparison, we also studied a LiI-doped blend (20 kDa, r = 1/15), and the normalized 

Kratky plot is plotted in Figure 5.9, but l only decreases by 5% to 5.95 Å. We speculate 

that the weaker effect of LiI is related to the ion-pair formation mechanism. It is known 

that metal halides tend to bond strongly in a polymer matrix, and less than 1% of NaI is in 

the form of free ions in PEO at r = 1/250.182  
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Figure 5.9: Normalized Kratky plot for dPEO/hPEO blends (20 kDa) doped with LiI at r 
= 1/15. The arrow indicates the q range used to determine l. 

 

The trend of LiClO4-doped blends in the current system is a little surprising. At r = 

1/15 and 1/8, the decrease is somewhat similar to that of LiTFSI-doped blends, but at r = 

1/64, a 5% increase is observed for both molecular weights. We are not aware of any 

mechanism that leads to an increase of l with the addition of salt. Note that at this salt 

concentration, the measured scattering profiles demonstrate the most substantial upturn at 

low q (Figures 5.6b and 5.6d), the origin of which is also uncertain. Further studies with 

low concentrations of LiClO4 may be warranted. 

 

5.3.4 Low q Upturn in Perdeuterated Polymers 

Since SANS became popular in polymer science in the 1980s, one persistent problem 

is unwanted coherent scattering at low q, which potentially causes inaccuracy in data 

analysis. For example, Bates et al. found that perdeuterated and protonated 

poly(vinylethylene) and poly(ethylethylene) have low q coherent scattering at q < 0.015 

Å−1, which was tentatively ascribed to the residual catalyst.294 Similarly, Zeng, et al. 

observed an upturn in both deuterated and protonated saturated polybutadienes, where the 
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deuterated polymer has a more substantial upturn.296 Fullerton-Shirey and Maranas 

observed this phenomenon at q < 0.02 Å−1 in both salt-free and LiClO4-doped hPEO,295 

and  Triolo, et al. reported similar effects at q < 0.06 Å−1 in salt-free and LiI-doped dPEO, 

where the absolute intensity is higher for dPEO than hPEO.285 As we speculated before, it 

is quite conceivable that many other observations of this effect have gone unreported. To 

date, multiple hypotheses have been considered to explain the low q upturn feature; it is 

possible that the main factor might differ from case to case. The most common conjecture 

is an impurity introduced in the synthesis and purification steps (catalysts, salts, and dust), 

which results in extra particle scattering. Given the occurrence and the magnitude of the 

effect in completely different chemical systems, this seems unlikely. Similarly, 

imperfections in sample windows seem unlikely. Another possibility is tiny voids due to 

inefficient degassing, which might be more pronounced in high-Tg polymers. Allen and 

Tanaka drew this conclusion as far back as 1978 for the particular case of dPEO.303 

Moreover, in the case of a hygroscopic polymer such as PEO, water clusters might form to 

different degrees.295 Also, Hammouda, Ho, and Kline found a significant amount of PEO 

clusters in deuterated benzene and deuterated water, attributable to hydrogen bonding and 

hydrophobic interactions.304-306 A further possibility is chain aggregation driven by end 

groups, although this seems improbable given the high molecular weight of the polymer 

and the small size of the tert-butoxy and hydroxyl end groups; such end group effects have 

been observed in PEO solutions.305 Given the fact that the amount and size of clusters 

increase as the concentration of PEO increases,307 it is conceivable that trace amounts of 

water in the PEO melt act as a crosslinker to form clusters.  However, there is no evidence 

of a peak in the Kratky plots in Figure 5.3, which would be suggestive of a star-like form 

factor. It is also worth recalling that evidence of large-scale heterogeneities (ca. 100 nm) 

have been reported in some light scattering studies of molten polymers.308 Finally, 

instrumental artifacts have not been ruled out. 
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To explore this problem further, we measured the SANS profiles of hPEO and dPEO 

(20 kDa) at both ORNL and NIST (Figure 5.10). At both facilities, the high q incoherent 

scattering intensities are essentially the same for both hPEO and dPEO, while the low q 

upturn intensities are different. At ORNL, the intensity decays as q−1.1 and q−2.4 for hPEO 

and dPEO, respectively, while at NIST, the decays follow q−3.6 and q−3.4, respectively. Note 

that the polymers are synthesized and purified by the same method, and the only difference 

is the sample cell used on the SANS instrument. The modest discrepancy might result from 

inadequate degassing. At ORNL where samples were degassed on quartz plates in spacers, 

any moisture and trapped air bubbles can be removed more efficiently, while at NIST where 

samples were degassed in banjo cells with a tiny opening, this process is less efficient.  

 

 
 
Figure 5.10: Scattering profiles of (a) hPEO and (b) dPEO of 40 kDa. Data acquired at 
NIST (in banjo cells) and ORNL (in demountable cells) are compared. 

 

Moreover, we heated the hPEO and dPEO samples at elevated temperatures up to 

170 °C on the beamline at NIST, trying to decrease the number of voids, but the low q 

SANS data remained identical (Figure 5.11). 
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Figure 5.11: Scattering profiles of (a) hPEO and (b) dPEO of 40 kDa acquired at 
different temperatures. 

 

We also studied the coherent scattering of LiTFSI-doped dPEO over an extended q 

range by a combination of SANS and USANS at NIST (Figure 5.12), and the upturn is 

confirmed down to at least q ≈ 3 × 10−5 Å−1. This agreement among different instrumental 

configurations argues strongly against an instrumental artifact. We, therefore, take 

inadequate degassing (“voids”) as the most likely explanation. Micro voids can produce 

strong scattering at low q, due to the strong scattering length density (SLD) difference 

between polymer matrix and voids, as has also been observed in small-angle X-ray 

scattering (SAXS). The sizes of the micro voids exceed the detection range of small-angle 

scattering techniques. Thus, the low q upturn in SANS or SAXS could be attributed to the 

scattering from the surfaces. For objects with sharp interfaces, this would produce a q−4 

asymptote, i.e., Porod’s law. In practice, deviations from the Porod’s law are often observed 

due to the fuzzy interface (or transition layer) or density fluctuations.309 This picture is 

consistent with the low q asymptotes observed in the NIST data, as discussed above. We 

estimated the volume fraction of voids by a polydisperse sphere model,310 assuming that 

the voids have a mean radius of 1 μm and a dispersity of 0.5, and fixing the contrast 

between void and dPEO-LiTFSI with r = 1/64. It was found that the calculated scattering 

pattern with a volume fraction ≈ 0.005 agreed with the experimental data in the range of 
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q > 0.002 Å−1, while overestimating the scattering intensity in the ultra-low q range. The 

prefactor in the Porod’s law is associated with the specific surface area. Therefore, as the 

micro voids shrink, the strength of the low q upturn decreases, and the asymptote becomes 

less pronounced. This could explain why better degassing can mitigate the problem. 

However, one should bear in mind that complete removal of air trapped in viscous polymers 

is challenging. The low q upturn can make it difficult to obtain Rg using the Guinier method, 

but its influence on the Kratky analysis should be negligible, as the scattering from a 

Gaussian coil scales with q−2, while the low q upturn decays much more rapidly. In Kratky 

analysis, the correct subtraction of high q background becomes essential, as will be 

discussed later. 

 

 
 
Figure 5.12:  SANS from dPEO (40 kDa) with added LiTFSI (r = 1/64) with three 
different instruments at NIST, showing the persistence of the effect across configurations. 
Data in black were collected using the three configurations described in section 5.2.3, 
while data in blue were collected at a sample-to-detector distance of 15.3 m with λ = 8 Å 
and with lenses inserted. Data in red were collected on the USANS instrument. The 
calculated scattering intensity (black curve) is from a polydisperse population of spheres 
with uniform scattering length density. The deviation from the calculated curve at low q 
is likely due to the rough interfaces or irregular aggregates with a fractal geometry.  

 

 



150 
 

The neutron SLD of dPEO and hPEO are 7.08 × 10−6 and 6.40 × 10−7 Å−2, respectively, 

and if we assume the voids are vacuum (SLD = 0), dPEO has a higher contrast with voids, 

resulting in a higher low q coherent scattering intensity. The fact that deuterated polymers 

(including dPEO) usually have a stronger low q coherent scattering than the hydrogenous 

polymers makes it possible to alleviate the effect by reducing the deuterated polymer 

composition in the blends; this strategy was adopted by Loo, et al.268 

 

5.3.5 Background Subtraction in SANS 

To obtain accurate coherent scattering from polymer blends, any unwanted scattering 

(scattering at high q and extra coherent scattering at low q) from hPEO and dPEO and the 

salts need to be addressed appropriately. Since ions can be well solvated in PEO, to 

investigate the influence of salt on hPEO and dPEO, the SANS profiles of salt-doped pure 

polymers as a function of r were obtained (Figure 5.13). Note that the incoherent 

background for polymer blends varies with temperature (Figure 5.11), not only due to 

changes in density but also thermal motion, so all the measurements were conducted at 

90 °C. Interestingly, the low q coherent scattering slope remains almost constant for both 

salt-doped hPEO and dPEO, which indicates that the salt itself does not make a significant 

contribution to the upturn in the blends. Since we rely on Kratky analysis to determine l, 

the impact of the unwanted scattering in the low q range is diminished, so here we focus 

on the high q scattering. For salt-doped dPEO, the experimental high q intensity remains 

constant with increasing r, which is due to the similarity of the total scattering intensity of 

dPEO and salt. In the case of salt-doped hPEO, the intensity first increases then decreases 

for both LiTFSI and LiClO4 (Figure 5.14). The incoherent scattering intensity of these salts 

is lower than hPEO, thus increasing the amount of salt should reduce the background. We 

have no explanation of the abnormal increase at the lowest salt concentration, but we can 
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use the data to estimate the background scattering in the salt-doped hPEO/dPEO blends at 

each salt concentration using eq 5.7. 

 

 
 
Figure 5.13: Scattering profiles for (a, c) hPEO and (b, d) dPEO of 20 kDa doped with 
LiTFSI and LiClO4 at varying salt concentrations. 

 

 
 
Figure 5.14: Incoherent scattering intensity for hPEO and dPEO (20 kDa) doped with 
LiTFSI and LiClO4 as a function of the volume fraction of salt in the mixture. The 
scattering intensity is determined at the high q region shown in Figure 5.13. 
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 meas meas meas
b b b( ) (dPEO salt, ) (1 ) (hPEO salt, )I r fI r f I r= − + − −  (5.7) 

 

Note that the scattering is the total scattering from the polymer and the salt, which contains 

both coherent and incoherent contributions. The incoherent scattering cal
incohI , can be 

calculated by the SLD calculator available from NIST using eq 5.8,311 

 

 ( )cal cal cal cal
incoh p incoh incoh p incoh( ) ( ) (dPEO) (1 ) (hPEO) (1 ( )) (salt)I r r fI f I r Iφ φ= + − + −  (5.8) 

 

while the coherent part, which is referred to as diffuse coherent scattering (DCS) cal
diffI ,312,313 

comes from the disordered scatterers in the system and is often ignored in the literature. 

Note that DCS is associated with fluctuations, but it is coherent since it provides 

information about the disordered structure of the system, and diffuse because of the lack 

of q dependence. In SANS, by assuming a globally disordered system, i.e., no spatial 

correlation among the scattering units, DCS can be calculated by eq 5.9 

 

 ( )2i jcal
diff i j

i, j i j
i j

1
2

mVI b b
N v v

φφ

≠

= −∑  (5.9) 

 

where N scatterers are in a volume V, m is the number of types of scatterers, and ϕi, vi, and 

˂bi˃ are the volume fraction, volume, and scattering length of type i scatterer, respectively. 

The hEO and dEO monomers and the salt molecules can be regarded as the three types of 

scatterers involved in the system, and the values of cal
diffI  for polymer blends with salt, and 

pure hPEO or dPEO with salt, are summarized in Table 5.2 and Table 5.3. In heavily salt-
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loaded dPEO/hPEO blends, DCS makes up to 33% of the total background scattering 

( cal cal
incoh diffI I+ ), and thus cannot be neglected in calculations. 

 

Table 5.3: Measured and Calculated Scattering of Salt-Doped hPEO and dPEO. 

Polymer Salt r measI  (cm-1)a 
cal
incohI  (cm-1)b cal

diffI  (cm-1)c cal cal
incoh diffI I+  (cm-1) 

hPEO 

LiTFSI 

0 0.753 0.416 0 0.416 

1/64 0.897 0.392 0.014 0.406 

1/32 0.827 0.373 0.026 0.399 

1/24 0.784 0.362 0.033 0.395 

1/15 0.715 0.341 0.048 0.389 

1/8 0.556 0.307 0.073 0.38 

LiClO4 

1/64 0.882 0.409 0.002 0.411 

1/15 0.791 0.388 0.006 0.395 

1/8 0.699 0.367 0.011 0.378 

dPEO 

LiTFSI 

0 0.0614 0.0099 0 0.0099 

1/64 0.0692 0.0096 0.003 0.0128 

1/32 0.0704 0.0093 0.006 0.0152 

1/24 0.0707 0.0092 0.007 0.0166 

1/15 0.0728 0.0089 0.011 0.0197 

1/8 0.0715 0.0084 0.016 0.0249 

LiClO4 

1/64 0.0532 0.0101 0.001 0.0106 

1/15 0.0555 0.0104 0.002 0.0124 

1/8 0.0579 0.0107 0.003 0.0140 
a) Obtained from Figure 5.14 
b) Calculated using the NIST SLD calculator 
c) Calculated using eq 5.9. 

 
 

As shown in Table 5.2, meas
b ( )I r is larger than the value of the term B used in eq 5.1, 

especially for the heavily salt-loaded samples. On the other hand, the calculated 

background scattering intensity ( cal cal
incoh diffI I+ ) is lower than the term B used in eq 5.1. Note 

that the calculated scattering intensity is just an estimate, and thus we consistently adopted 
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the value of term B in eq 5.1 as the background term for all the analysis throughout the 

paper. In particular the DCS calculated via eq 5.9 assumes completely random mixing, and 

is therefore a lower bound for this contribution. The discrepancy between meas
bI and B is 

more significant as r increases, possibly due to the excess DCS, but the absolute value of 

the difference ∆I is less than 0.15 cm−1. In a typical normalized Kratky plot, this difference 

results in a deviation of less than 0.06 Å2, even at the high q limit (≈ 0.17 Å−1), which will 

lead to less than 10% error in the l determination. Since l is determined over a range of q, 

the high q deviation effect is weaker, and the estimated error is less than 5%. 

5.3.6 Comparison with the RPA Model. 

Using the l values obtained from the Kratky analysis, the theoretical scattering profiles 

of polymer blends can be predicted by the RPA (eq 5.2). The predicted and measured 

scattering profiles are plotted in Figures 5.15 and 5.16. Overall, the RPA predictions agree 

well with the measured data for q > 0.03 Å−1. 
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Figure 5.15: Comparison between RPA predictions and scattering data for the neat and 
salt-doped blends of dPEO/hPEO of 20 kDa. The circles represent 𝐼𝐼𝑐𝑐𝑐𝑐ℎ(𝑞𝑞) replicated from 
Figures 5.2 and 5.5 and the solid lines represent eq 5.2 where the segment length, 𝑙𝑙, is 
taken from Figure 5.8. 
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Figure 5.16: Comparison between RPA predictions and scattering data for the neat and 
salt-doped blends of dPEO/hPEO of 40 kDa. The circles represent 𝐼𝐼𝑐𝑐𝑐𝑐ℎ(𝑞𝑞) replicated from 
Figures 5.2 and 5.5 and the solid lines represent eq 5.2 where the segment length, 𝑙𝑙, is 
taken from Figure 5.8. 

 

5.4 Conclusions 

The chain conformations in salt-free and salt-doped PEO melts have been studied by 

SANS at 90 °C, using two different molecular weights and two different salts. Due to the 

low q coherent scattering from pure hPEO and dPEO, and the inevitable uncertainty in the 

high q incoherent scattering, the statistical segment length is determined primarily by 

Kratky analysis using the intermediate q range. In general, the chain dimensions decrease 
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with the addition of salt, and a roughly 10% decrease was observed at r = 0.125, for both 

molecular weights and for both salts. The effect of salt on the statistical segment length is 

compared with data from the literature, and where the systems overlap, the data agree 

reasonably well with prior results of Loo, et al. and Annis, et al.268,284 Furthermore, the 

scattering profiles were then calculated by the RPA and compared with the measured 

values, with satisfactory agreement found in all cases. Significant difficulties in data 

analysis, including an unexplained low q contribution for the pure polymers and the 

background scattering at high q, have also been discussed. The former is apparently 

ubiquitous in perdeuterated polymers, and remains unexplained. The data presented here 

argue against instrumental artifacts or impurities, thereby implicating “voids” as the most 

likely culprit. The high q scattering includes not only the incoherent contribution but also 

diffuse coherent scattering, which becomes more significant as the salt concentration 

increases. 
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Chapter VI. 
 

Concluding Remarks 

 

 

6.1 Summary 

The work detailed in this thesis focused on the influence of salt on the structure and 

phase behavior of polymer mixtures. Chapter 2 detailed the phase behavior of salt-doped 

PEP/PEO binary homopolymer blends using cloud point measurements, and the 

coexistence curve was determined by 1H NMR spectroscopy. The introduction of salt 

significantly reduced the miscibility of the blends, especially where the ion-dissolving 

polymer PEO is in the minority, as reflected in the elevated temperature and asymmetry of 

the cloud point profile. Moreover, the coexistence curve deviated from the cloud point 

curve, which was mainly due to the uneven distribution of ions between two coexisting 

phases, as suggested in a thermodynamic theory by Ren, Nakamura, and Wang.80 Similar 

results were also observed in PEP/PEO blends doped with other salts and the LiTFSI-doped 

PS/PEO system. We proposed that the solvation energy penalty due to the dielectric 

mismatch in the two polymers, the cation-polymer interactions, ion-ion correlations, and 

translational entropy of ions adjusted the thermodynamics of mixing concurrently, which 

resulted in such an asymmetric phase diagram with increased immiscibility. Next, we 

focused on salt-doped ternary blends. In Chapter 3, we investigated the microstructures of 

LiTFSI-doped S/O/SO ternary blends with r = 0.03 along the symmetric isopleth by a 

combination of SAXS and SANS. As both the PS and PEO domains are swelled by 

homopolymers, the domain size of the LAM phase increases until the evolution to the BμE 

structure, which existed as a single phase at a total homopolymer loading ϕH ≈ 0.8 − 0.86, 

and persisted as a component phase up to ϕH = 0.95. Compared to both the LAM and DIS 
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the BμE demonstrated superior ionic conductivity due to the large domain size and 

interconnectivity. The fact that the addition of salt recovered the phase behavior of salt-

free ternary blends and the existence of the ionic conductive BμE suggests it is a relatively 

straightforward approach to prepare mechanically robust and ionically conducting polymer 

materials with tunable properties by salt doping. The morphologies of such salt-doped 

ternary blends are also tunable by varying the relative amounts of PS and PEO 

homopolymers. In Chapter 4, we systematically investigated various isopleth phase 

diagrams of LiTFSI-doped S/O/SO with r = 0.06 and with different ϕPEO,homo-LiTFSI /ϕH 

ratios. Surprisingly a C15 Laves phase was observed on the EO60 isopleth (ϕPEO,homo-LiTFSI 

/ϕH = 0.6), the formation of which was rationalized as a consequence of the increasing 

interfacial curvature due to the asymmetry in the homopolymer solubility in the 

corresponding block, and the C15 phase was favored over BCC due to the interfacial area 

minimization. The existence of this ionically conducting Frank-Kasper phase with a huge 

unit cell size (a > 120 nm) in such a pseudo ternary system suggests a flexible approach to 

construct the ion-conducting Laves phase at large length scales using low molar mass block 

copolymer and homopolymers. Additionally, we mapped out the isothermal phase 

diagrams where various microstructures, including LAM, HEX, GYR, and C15 were found. 

However, a shift of the LAM region to the side with relatively less PEO homopolymer was 

observed. On the EO20 isopleth, the lamellar morphology persists until ϕH = 0.75 before 

entering a macroscopic phase separated state. On the symmetric isopleth (EO50) no BμE 

has been found; instead, LAM to HEX to C15 transitions were observed. We conjecture 

the shift of the LAM phase region and the formation of high curvature phases on the 

symmetric isopleth are related to the interplay of the volumetric asymmetry, 

conformational asymmetry, and the de-swelling behavior of the copolymer at high ϕH. 

After investigating the influence of salts on the phase behavior of A/B and A/B/AB blends, 

we then focused on a more fundamental topic: the PEO chain conformation with the 

addition of salts. In Chapter 5, we analyzed the statistical segment length of PEO of two 
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molecular weights (20 kDa and 40 kDa) doped with two types of salts (LiTFSI and LiClO4) 

by SANS. In general, the chain dimensions decrease with the addition of salt, and a roughly 

10% decrease was observed at r = 0.125, for both molecular weights and for both salts, 

which agree reasonably well with prior results in the literature.268,284 Significant difficulties 

in data analysis, including an unexplained low q contribution for the pure polymers and the 

background scattering at high q, have also been discussed. 

 

6.2 Proposed Future Directions 

Despite the progress made in this thesis, there are still a plethora of exciting questions 

to be answered in the structure and phase behavior of salt-doped polymer blends, which 

can serve as future research directions. 

In Chapter 2, we discovered that the miscibility of LiTFS-doped S/O binary blends 

decreases significantly even with a low concentration r = 0.005, partly due to the solvation 

energy penalty of ions that is originated from the dielectric mismatch of the two polymers. 

Thus, it would be interesting to explore other A/B binary systems where A and B have 

identical dielectric constants. A very recent work by Gao et al. suggested the LiTFSI-doped 

PEO/poly(1,3,6-trioxocane) (P(2EO-MO)) blends with large molar masses are immiscible 

in the range of 0.02 ≤ r ≤ 0.06, but miscible with r > 0.08 by SANS, suggesting a possibility 

of constructing miscible salt-doped binary blends.314 The work also indicates the phase 

behavior of such binary blends depends on the chemical structure of the two polymers, and 

when both are polar and can solvate ions, the picture becomes more complex. Also, the 

uneven distribution of ions in the two coexisting phases upon macroscopic phase separation 

was attributed to be the reason for the deviating coexistence curve from the cloud point. 

As a comparison, in A/B blends where A is intrinsically charged, ions are tethered to the 

backbone cannot transfer between different phases, whose behavior could be qualitatively 

different from the salt-doped system. 
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In Chapter 3, we observed a robust BμE channel along the symmetric isopleth in the 

LiTFSI-doped S/O/SO ternary system. However, the currently used homopolymers are 

essentially oligomeric, thus significantly limiting mechanical integrity. It is thus important 

to explore systems with higher molar masses. First, by fixing the ratio of chain length 

between homopolymers and the copolymer (α), increasing the copolymer degree of 

polymerization will increase the segregation strength χeffN, and the BμE channel may 

terminate and form a strongly segregated ordered morphology. It also acts as a critical 

comparison with the system explored in Chapter 4, where the molar masses are the same 

while the segregation strength increases because of the higher salt concentration. Second, 

a high molar mass can be achieved by crosslinking. The salt-doped S/O/SO system has 

multiple advantages in conducting this experiment. The BμE channel is relatively wide and 

robust, therefore providing more latitude for crosslinking. Also, after crosslinking and the 

morphology being fixed, additional salt can be introduced to improve the ionic conductivity. 

To elucidate the structure and explore the transport property of the crosslinked system, the 

self-diffusion coefficient of ions can be determined by pulsed-field-gradient (PFG) NMR, 

which can then be used to calculate transference numbers. 

In Chapter 4, we observed the unexpected C15 Laves phase and rationalized the 

formation with the homopolymer solubility asymmetry in the corresponding block. A 

contrast variation SANS experiment will be powerful to examine the de-swelling behavior 

of such highly swollen blends. By comparing the scattering profiles for the dS/O/dSO, 

S/O/dSO, and dS/O/SO, we should be able to determine the localization of PS 

homopolymer in the micelle core. If homopolymer chains are excluded from the block, a 

three-layer core/shell structure is expected.  
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Appendix 

 

A.1 Contrast Variation SANS Experiments of the LiTFSI-Doped S/O/SO BμE 

The globally isotropic but locally segregated features of the BμE can be found in both 

oil/water/surfactant (o/w/s) ternary mixtures and polymeric ternary systems, and the 

interfacial structure is of great interest. Contrast-variation SANS enables us to highlight 

the local structure. We selectively labeled the PS homopolymer (dS/O/SO) to obtain “bulk 

contrast”, and the PS block in SO (S/O/dSO) to obtain “film contrast”. Figure A.1 clearly 

demonstrates the difference between the two contrast profiles: bulk contrast demonstrates 

a I(q) ~ q–4 decay at high q, and the data can be well fit by the T-S model, whereas film 

contrast shows a much flatter slope at high q. Strey, et al. investigated the morphology of 

water/surfactant binary mixtures and o/w/s ternary mixtures using SANS and contrast 

matching. In both systems, the surfactant molecules can self-assemble into layers to 

separate neighboring domains. The difference is that in the former case, a bilayer of 

surfactants separates two water-rich domains, and can form the sponge phase (L3).139-141 In 

the latter case, a surfactant monolayer separates the water-rich and oil-rich domains and 

forms the BμE.315 Ideally, if the scattering length density ρ(x) changes sharply across the 

interface, the scattering pattern of a single thin plate should show strong oscillations, with 

a I(q) ~ q–2 decay at low q and a I(q) ~ q–4 decay at high q, assuming the plates are randomly 

oriented in space.316 Similarly, the scattering in bulk contrast should follow Porod’s law 

and decay as q–4 at high q. However, oil or water molecules can diffuse into the surfactant 

layer due to thermal fluctuations. This results in a diffuse interface with finite thickness, 

and thus changes the high q features. Lee and Chen’s contrast-matching SANS experiments 

enabled the extraction of the partial structure factors of water-water, oil-oil, and surfactant-

surfactant. The water-water and oil-oil contrasts gave a high q slope steeper than q–4
, while 

the surfactant-surfactant contrast gave a slope steeper than q–2, and with no oscillation. 
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Detailed analysis showed that the thickness of the surfactant monolayer was 1.4 nm, while 

the penetration lengths of the water and oil into the monolayer were 0.40 and 0.76 nm, 

respectively.146 

 

 
 
Figure A.1: SANS intensity in absolute units acquired as a function of temperature for 
the BμE with different labeling: (a) dS/O/SO and (b) S/O/dSO with r = 0.03 and ϕH = 
0.86. The solids curves are the optimized T-S fits. All the scattering patterns have been 
vertically shifted successively by factors of 10. 

 

In the LiTFSI-doped S/O/SO with r = 0.03, and along the symmetric isopleth, the 

lamellar domain size is predicted by the uniform solubilization model of Hashimoto et al. 

to increase as 1/3
0 H/ (1 )D D φ −= − .131 This agrees perfectly well with our experimental 

results up to ϕH = 0.60, but fails to explain the abrupt increase in D when ϕH > 0.60. As 

discussed in Chapter 4, due to the small molecular weights of the homopolymers, the SO 

copolymer acts as a wet brush and incorporates homopolymers until a high homopolymer 

composition, where some homopolymer chains begin to be excluded from the 

corresponding block, resulting in a significant increase in the length scale of the domain.  
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Figure A.2: Domain spacing for LAM and the BμE samples along the volumetrically 
symmetric isopleth at 70 °C. The red curve is the scaling d ~ (1 − ϕH)–1/3

. 

 

Following this assumption, we started from ρ(x) of the three systems (dS/O/dSO, 

dS/O/SO, and S/O/dSO) with different contrast profiles, as shown in Figure A.3. In 

dS/O/dSO, there is no contrast between the homopolymer and the corresponding block, 

thus the ρ(x) only changes across the covalent bond of the copolymer, with a narrow 

interface width proportional to χ–1/2.20 In dS/O/SO, there is no contrast in the PEO-rich 

domain, while in the PS-rich domain, dPS is assumed to be uniformly solubilized in the PS 

block until saturation, and the excess dPS chains form the third domain, resulting in a three-

layer structure of ρ(x). ρ(x) is highest in the pure dPS domain, intermediate in the dPS/PS 

block intermixing domain, and the lowest in the PEO domain. In S/O/dSO, also due to the 

solubility limit, ρ(x) is highest in the PS/dPS block intermixing domain, intermediate in the 

pure PS domain, and the lowest in the PEO domain.  
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Figure A.3: Schematic diagrams showing the spatial distribution and the 
corresponding  ρ(x) across the homopolymer/copolymer/homopolymer interface with 
different contrast profiles (a) dS/O/dSO, (b) dS/O/SO and (c) S/O/dSO. The dashed lines 
indicate the ρ(x) in the wet brush limit where homopolymers are uniformly solubilized in 
the corresponding block until saturation and the excess homopolymers are excluded from 
the corresponding block.  

 

As shown in Figure A.4, when comparing the high q scattering, the intensity decays 

more steeply for dS/O/SO than for dS/O/dSO, which is the first hint of an uneven 

distribution of PS homopolymers in the PS domain. If all PS homopolymers were 

uniformly distributed in the domain, the scattering profiles of the two systems should be 

similar except that the absolute intensity with unlabeled copolymer would be lower because 

of the lower contrast. Due to the small contrast between PS and PEO (which is less than 

PS homopolymer PS block PEO block PEO homopolymer

(a)
dS/O/dSO

(b)
dS/O/SO

(c)
S/O/dSO

D

D

ρdPS

ρPEO

ρdPS

ρPEO

ϕs,homoρdPS + (1− ϕs,homo) ρPS

(1−ϕs,homo)ρdPS + ϕs,homoρPS

ρPEO

ρPS
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1/5 of that between PS and dPS), and the thin thickness of the PS block (D ≈ 3.3 nm, from 

the estimated end-to-end distance) comparing to the domain size of the BμE, the scattering 

for S/O/dSO should follow the thin plate pattern I(q) ~ q–2. It also demonstrates a high q 

decay steeper than q–2, indicating that the interface between the dPS block and the excluded 

PS homopolymer is diffuse.  

 

 
 
Figure A.4: Comparison of the scattering curves for a BμE morphology in film contrast 
(blue) and bulk contrast (black and red). 

 

With all the analysis above, we can make a qualitative statement that the local structure 

of the BμE is close to the wet brush limit, but that excess homopolymers are excluded from 

the corresponding block. To examine the local structure of the salt-doped BμE, more 

quantitative analysis of the contrast variation SANS data is required, which is an important 

future direction. 
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A.2 Additional Contrast Variation SANS Data 

 

 
 
Figure A.5: SANS intensity in absolute units acquired as a function of temperature for 
the BμE with different labeling: (a) dS/O/SO and (b) S/O/dSO with r = 0.03 and ϕH = 0.75. 
The solids curves are the optimized T-S fits. All the scattering patterns have been vertically 
shifted successively by factors of 10. 
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A.3 Interfacial Area of the BμE 

Returning to the case of dS/O/dSO, the interfacial area per unit volume can be 

calculated using Porod’s law: 

 

 ( )24
Ilim ( ) 2

q
I q q Sπ ρ

→∞
= ∆  (A.1) 

 

where Δρ is the difference in scattering length density of pure dPS and PEO, and SI is the 

microemulsion interfacial area per unit volume. Note that penetration of dPS homopolymer 

into the dPS block will not change Δρ, and I(q) in the high q range can be approximated by 

the T-S fit shown in Figure 3.12a. These allow us to calculate SI and derive the detailed 

structure of the copolymer monolayer. Figure A.6 shows that SI is a weak function of 

temperature, similar to the result from the polyethylethylene (PEE)/polydimethylsiloxane 

(PDMS)/PEE-PDMS system. The surface area can then be converted to the area per block 

copolymer, Ac, by c I c H/ (1 )A S v φ= − , where vc is the volume of one copolymer molecule. 

In the temperature range studied, Ac lies between 1.3 – 1.7 nm2. The modest increase in SI 

with temperature agrees with the decrease in ξ, which combined with the fact that d does 

not change significantly, indicates that the domain size is more polydisperse, according to 

Chen, et al.317 

  



169 
 

 

 
 
Figure A.6: Surface area per unit volume as a function of temperature for dS/O/dSO 
blends with with r = 0.03 and ϕH = 0.86. 
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A.4 Electron Density Reconstruction 

 The real-space electron density map of the C15 phase in Figure 4.8a was generated by 

the charge flipping algorithm.265 The original q-values of the reflections in Figure 4.8a 

were rescaled by a factor of 5 (a = 241.5 Å) to reduce the unit cell size and accelerate 

calculation. The JANA2006 crystallographic computing software264 was used to perform a 

Le Bail refinement of the pattern and extract structure factor intensities for each observed 

reflection based on F 3d m space group symmetry (Figure A.7). Note that the background 

was fitted by a 20-term Legendre polynomial, and the micelle form factor is neglected. The 

structure factor intensities were listed in the SUPERFLIP charge-flipping algorithm input 

file (see below). After 100,000 iterations the algorithm converged 6 times with an overall 

agreement factor < 5, starting from random initial conditions. The averaged electron 

density map was visualized using the VESTA software with the 90% isosurface (Figures 

4.8b and 4.8c).318  

 

 

 
 
Figure A.7: Le Bail refinement of the SAXS profile of the C15 phase in Figure 4.8a. 
JANA2006 was used for refinement, generating the structure factor intensities found in 
the SUPERFLIP input file. 
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SUPERFLIP Charge-Flipping Input File 

********************************* 
title 135C_C15_JANA_Superflip 
perform CF 
outputfile "C15_5x100000.xplor" 
outputformat xplor 
dimension  3 
cell   241.3945  241.3945  241.3945   90.00   90.00   90.00 
spacegroup Fd-3m                                                        
centro yes 
centers 
  0.000000  0.000000  0.000000 
  0.000000  0.500000  0.500000 
  0.500000  0.000000  0.500000 
  0.500000  0.500000  0.000000 
endcenters 
symmetry 
      x1      x2      x3 
 -x1+3/4 -x2+1/4  x3+1/2 
 -x1+1/4  x2+1/2 -x3+3/4 
  x1+1/2 -x2+3/4 -x3+1/4 
      x3      x1      x2 
  x3+1/2 -x1+3/4 -x2+1/4 
 -x3+3/4 -x1+1/4  x2+1/2 
 -x3+1/4  x1+1/2 -x2+3/4 
      x2      x3      x1 
 -x2+1/4  x3+1/2 -x1+3/4 
  x2+1/2 -x3+3/4 -x1+1/4 
 -x2+3/4 -x3+1/4  x1+1/2 
  x2+3/4  x1+1/4 -x3+1/2 
     -x2     -x1     -x3 
  x2+1/4 -x1+1/2  x3+3/4 
 -x2+1/2  x1+3/4  x3+1/4 
  x1+3/4  x3+1/4 -x2+1/2 
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 -x1+1/2  x3+3/4  x2+1/4 
     -x1     -x3     -x2 
  x1+1/4 -x3+1/2  x2+3/4 
  x3+3/4  x2+1/4 -x1+1/2 
  x3+1/4 -x2+1/2  x1+3/4 
 -x3+1/2  x2+3/4  x1+1/4 
     -x3     -x2     -x1 
     -x1     -x2     -x3 
  x1+1/4  x2+3/4 -x3+1/2 
  x1+3/4 -x2+1/2  x3+1/4 
 -x1+1/2  x2+1/4  x3+3/4 
     -x3     -x1     -x2 
 -x3+1/2  x1+1/4  x2+3/4 
  x3+1/4  x1+3/4 -x2+1/2 
  x3+3/4 -x1+1/2  x2+1/4 
     -x2     -x3     -x1 
  x2+3/4 -x3+1/2  x1+1/4 
 -x2+1/2  x3+1/4  x1+3/4 
  x2+1/4  x3+3/4 -x1+1/2 
 -x2+1/4 -x1+3/4  x3+1/2 
      x2      x1      x3 
 -x2+3/4  x1+1/2 -x3+1/4 
  x2+1/2 -x1+1/4 -x3+3/4 
 -x1+1/4 -x3+3/4  x2+1/2 
  x1+1/2 -x3+1/4 -x2+3/4 
      x1      x3      x2 
 -x1+3/4  x3+1/2 -x2+1/4 
 -x3+1/4 -x2+3/4  x1+1/2 
 -x3+3/4  x2+1/2 -x1+1/4 
  x3+1/2 -x2+1/4 -x1+3/4 
      x3      x2      x1 
endsymmetry 
composition C490858 H721850 O115496 
  
# Keywords for charge flipping 
repeatmode 100000 sumgood 
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bestdensities 1 symmetry 
polish yes 
finevoxel 3.75 angstrom 
maxcycles 4000 
delta AUTO 
weakratio 0.000 
Biso   0.000 
randomseed AUTO 
searchsymmetry average 
derivesymmetry no 
# End of keywords for charge flipping 
  
# EDMA-specific keywords 
inputfile C15_5x10000.xplor 
outputbase C15_5x10000 
m40forjana yes 
writem40 C15_5x10000.m40 
maxima all 
fullcell no 
scale fractional 
plimit    0.3000 sigma 
numberofatoms composition 
centerofcharge yes 
chlimit    0.2500 
chlimlist    0.05 relative 
# End of EDMA-specific keywords 
  
electrons       0.0000 
dataitemwidths 4 15 15 
dataformat intensity fwhm 
fbegin 
   1   1   1       866.2895         0.0200 
   2   0   2      6615.1069         0.0159 
   1   1   3      9999.9990         0.0223 
   2   2   2      7239.2891         0.0240 
   0   0   4      1541.3112         0.0295 



174 
 

   3   1   3       399.2657         0.0330 
   2   2   4       336.2230         0.0379 
   1   1   5       374.2367         0.0406 
   3   3   3       374.2357         0.0406 
   4   0   4      1796.0511         0.0446 
   3   1   5       118.4008         0.0468 
   4   2   4       115.4569         0.0475 
   2   0   6       102.2430         0.0503 
   3   3   5       189.6989         0.0523 
   2   2   6       340.8943         0.0529 
    
endf 
********************************* 
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A.5 SANS q-Independent Background Estimation for Salt-Doped PEO from the 

Porod plot 

An alternative approach to estimate the q-independent background is from the 

asymptotic slope of a Porod plot, i.e., I(q)q4 vs. q4.319 As shown in Figure A.8, we plotted 

I(q)q4 vs. q4 for PEO 20 kDa blends with and without salt, and the background scattering 

is taken to be the slope of the regression line over the q range of 0.2 – 0.45 Å–1. In general, 

the background values are similar to, but slightly larger than those described in Chapter 5 

(Table A.1). 

 

Table A.1: Comparison of the Background Scattering Intensities Determined by Three 
Different Approaches. 

Salt r ϕsalt B (cm–1)a Background 
from Fig A.8 

meas
bI  (cm–1)b 

Neat 

d/h 25/75   0.540 0.598 ± 0.003 0.580 

d/h 50/50 0 0 0.358 0.458 ± 0.003 0.407 

d/h 75/25   0.213 0.287 ± 0.002 0.234 

LiTFSI 

1/64 0.0579 0.354 0.494 ± 0.003 0.389 

1/32 0.104 0.349 0.486 ± 0.003 0.373 

1/24 0.130 0.323 0.458 ± 0.003 0.363 

1/15 0.182 0.265 0.368 ± 0.002 0.345 

1/8 0.264 0.164 0.273 ± 0.002 0.313 

LiClO4 

1/64 0.0173 0.364 0.467 ± 0.002 0.397 

1/15 0.0700 0.276 0.393 ± 0.003 0.378 

1/8 0.124 0.255 0.374 ± 0.002 0.359 

LiI 1/15 0.0524 0.278 0.368 ± 0.002 - 
a) The term B in eq 5.1. 
b) Determined from Figure 5.14 and eq 5.7. 

 

 



176 
 

 

 

 
 
Figure A.8: Itotalq4 vs. q4 obtained from salt-free and salt-doped dPEO/hPEO blends 
(20 kDa). The background scattering is taken to be the slope of the linear fit over the q 
range of 0.2 – 0.45 Å–1. 
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