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ABSTRACT: Charged-neutral polymer blends, wherein an ion-
containing polymer is blended with a neutral polymer, are potential
candidates for battery electrolytes due to their improved ion
transport properties and electrochemical stability. Though electro-
static interactions in charged polymer blends can theoretically
stabilize ordered nanostructures analogous to those observed in
neutral block copolymers, direct experimental evidence remains
limited. Here, we investigate the effects of divalent cation identity
on the nanoscale morphology of charged-neutral polymer blends
composed of poly(ethylene oxide) (PEO) and Mg** or Ca*" ion-
containing polymers, poly[3-(methylacryloxy)propylsulfonyl-1-(tri-
fluoromethanesulfonylimide)] (P(Mg(MTFSI),) or P(Ca-
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(MTFSI),). By tuning the size of the divalent counterion, we are able to precisely tune the ion solvation between the free
cation and PEO, which acts as a solvent in this system. Differential scanning calorimetry (DSC) and small-angle X-ray scattering
(SAXS) measurements reveal that Mg>" and Ca*" ions induce distinct structural behavior. In both systems, the blends become more
miscible as the concentration of ion-containing polymer is increased indicated by increased suppression of PEO crystallinity. At the
highest concentrations of P(Mg(MTFSI),), the blends undergo microphase separation and generate nanostructures with short-
ranged ordering. In contrast, calcium ions, which are more readily solvated by PEO, produce more homogeneous blends
characterized by a single glass-transition temperature and featureless SAXS data. The results demonstrate the novel experimental
confirmation that charged-neutral polymer blends can undergo microphase separation and show that counterion identity can be

exploited as a design parameter to control nanoscale morphology.

he introduction of charged species into polymer blends

alters the system’s thermodynamics and enables precise
control over blend nanostructure and resulting physical
properties.'~* While there are many classes of charged polymer
blends, including blends of oppositely charged polyelectro-
lytes™® and neutral polymer blends doped with salt,” ™ the
resulting thermodynamics must balance the ion solvation
energy of the free ions, electrostatic interactions, and
miscibility of the polymer backbones. Previous theory has
predicted that charged polymer blends are capable of self-
assembling into ordered phases with periodicities typically
associated with block copolymers (BCPs).'°”'® In neutral
BCPs, self-assembly is primarily governed by segregation
strength, yN, where y is the Flory—Huggins interaction
parameter and N represents the degree of polymerization.'”"®
At sufficiently high values of yN for a given copolymer
composition, the system will microphase separate into well-
defined ordered phases. Theoretical works on charged polymer
blends have maintained this framework by redefining y to
account for the energetic effects of added ions,"* and phase
diagrams developed from such theories have predicted that
charged polymer blends can form ordered phases such as
body-centered cubic, hexagonally packed cylinders, and
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lamellae.'"'*"? Previous experimental studies have shown the
emergence of microphase separation in blends of oppositely
charged polymeric ionic liquids,” polyzwitterion/polyanion
blends,” and polymer blends functionalized with acid/base
pairs.”" However, the blends presented in these studies do not
self-assemble into well-ordered nanostructures and instead are
characterized by a single broad scattering peak corresponding
to nanoscale concentration fluctuations.

One unique class of charged polymer blends is charged-
neutral polymer blends, wherein an ion-containing polymer is
blended with a neutral polymer, and they have recently
emerged as potential candidates for battery electrolytes due to
their improved ion transport properties and electrochemical
stability.”>~>* In this scheme, the competition between
electrostatics and ion translational entropy can lead to either
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macro- or microphase separation, although experimental
studies on the phase behavior of charged-neutral blends have
remained limited. One prior study revealed the formation of
disordered phases with low degrees of microphase separation
comprised of charge-correlated domains, indicating solvation
of the Li counterions by the neutral polymer.”> The ion
translational entropy is controlled by the preference for the
free counterions to be solvated by the charged or neutral
polymer. In the simplest form, the ion solvation energy can be
approximated by the Born energy of the ion in a given medium
according to eq 1:*°
2

__4
8reeya (1)

fBorn

where € is the dielectric constant of the solvating medium, & is
the vacuum permittivity, and a is the radius of the ion with a
point charge, g, placed in the center. Therefore, in charged-
neutral polymer blends, the free counterions have a preference
to be solvated by the polymer species with the higher dielectric
constant, which is typically the neutral polymer. Additionally,
the Born energy shows that it is more energetically favorable to
solvate ions with larger radii and lower valency. Previous
studies on charged-neutral BCPs exhibit a strong dependence
of phase behavior on counterion identity, wherein Li analogs
were homogeneous and Mg analogs were microphase-
separated.”””® The authors attributed these differences to
increased solvation of the monovalent Li* ion, as compared to
the divalent Mg®" ion, by the neutral polymer block
suppressing microphase separation. However, the architecture
of charged-neutral BCPs changes the entropic contributions
from the polymer chains compared to charged-neutral polymer
blends.

In this paper, we investigate how the identity of divalent
counterions tunes the nanostructures of charged-neutral
polymer blends, using small-angle X-ray scattering (SAXS)
and differential scanning calorimetry (DSC). The phase
behavior of our charged-neutral polymer blends is dominated
by ion solvation energy, where the size of the counterion
enables precise tuning of the nanostructure. To the best of our
knowledge, we have shown the first experimental evidence of
ion-identity-induced microphase separation in charged-neutral
polymer blends. The polymer blends studied consist of
poly(ethylene oxide) (PEO) and poly[3-(methylacryloxy)-
propylsulfonyl-1-(trifluoromethanesulfonylimide)] (P(X-
(MTFSI),)), where X represents a Mg’ or Ca** ion. The
chemical structures of PEO and P(X(MTESI),) are shown in
Figure 1. Potassium analogs of the charged monomers were
synthesized via previously reported SuFEX click reactions.”
The charged polymers were synthesized via reversible
addition—fragmentation chain-transfer (RAFT) polymeriza-
tion, followed by an ion-exchange process to introduce the
divalent counterions.”> The molecular weight of the PEO is 30
kDa (Polymer Source) and the P(KMTFSI) is 97 kDa using
end-group analysis. For each cation system, four blends were
prepared with mixing ratios of 0.03 < r < 0.11, where r is
defined as the molar ratio of counterions to ethylene oxide
units, calculated as r = [X**]/[EO] = [P(X(MTESI),)]/
[PEO] and reflect weight fractions of P(X(MTFSI),), wy, of
0.30 to 0.63. Additional characterization of the polymers and
blends is provided in the Supporting Information.

Figure 2 presents the SAXS intensity, I(q), as a function of
the scattering vector magnitude, g, for Mg2+ and Ca" blends at
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Figure 1. Chemical structure of poly(ethylene oxide) (PEO),
magnesium-based P(Mg(MTFSI),), and calcium-based P(Ca-
(MTESI),).

90 °C, where both systems are fully amorphous. The
temperature-dependent SAXS profiles for both blends are
presented in Figure S11. Based on the SAXS profiles,
counterion identity strongly influences nanoscale structure.
The Mg** blends (Figure 2a) consistently exhibit a broad, well-
defined primary scattering peak across all values of r,
suggesting the presence of concentration fluctuations that
lead to microphase separation. As r increases, this primary peak
shifts toward lower g, indicating an increase in the character-
istic domain spacing. For blends with r < 0.05, one broad
primary scattering peak, q*, appears in the low-q range. This
peak becomes sharper as r increased to 0.08, and broad higher
order peaks appear, with peak ratios of q/q* = \/3 and \/7
(Figure S13). These peaks persist at the highest concentration
of charged polymer, r = 0.11. However, these peaks are too
broad to index properly and identify a specific nanostructure.
This observation demonstrates that charged-neutral polymer
blends can undergo microphase separation and self-assemble
into nanostructures at length scales typically observed in BCPs.

In contrast, the Ca®" blends (Figure 2b) exhibit a weak,
broad peak at low values of r (0.03 and 0.06), which disappears
as r increases to 0.08 and 0.11. The broad scattering peaks are
similar in intensity to ionomer peaks observed in other charged
polymer systems, but appear at much lower values of g,
corresponding to charge correlations with large length-
scales.””?*™*> The absence of a distinct scattering peak
indicates that the Ca-based systems are fully homogeneous at
high P(Ca(MTFSI),) concentrations. The effect of mixing
ratio on scattering is dependent on counterion identity. In the
Mg2+ case, as r increases, corresponding to an increase in the
concentration of charged polymer, the scattering intensity
becomes stronger and the peaks become sharper, whereas in
the Ca®" case, as r increases, the scattering intensity decreases.
Notably, the scattering profiles of microphase-separated Mg>*
blends differ qualitatively from those previously reported for
Li-analogs of charged-neutral polymer blends,” which exhibit
only a weak low-g shoulder that disappears at higher r, which is
in qualitative agreement with the Ca®' system. Overall, the
SAXS results highlight the critical role of counterion identity in
directing the morphology, due to the balance between cation
solvation by PEO and cation dissociation with TFSI™ anions.

To quantitatively assess the morphology of the microphase
separated P(Mg(MTFSI),)/PEO blends, the SAXS data were
analyzed using the Teubner—Strey (T-S) model (eq 2), which
was originally developed for oil/water/surfactant micro-
emulsions’ as given by
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Figure 2. Small-angle X-ray scattering (SAXS) profiles of PEO blends
with (a) P(Mg(MTFSI),) and (b) P(Ca(MTFSI),) as a function of
the mixing ratio, r, at 90 °C. Both blends are amorphous at this
temperature. The data in (a) were corrected by subtracting the
scattering contribution from the Kapton tape, whereas those in (b)
are shown as measured without subtraction. Error bars represent
standard deviation and are smaller than the data points.
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The T-S model has been previously applied to characterize
nanostructures of polymer systems such as a mixture of two
incompatible homopolymers and a diblock copolymer,®*°
Mg-containing single-ion conducting block copolymer,”® and
polyelectrolyte complexes.” The fits to the scattering profiles
are shown in Figure S12. The obtained fitting parameters (a, b,

and ¢) were subsequently used to extract two characteristic
length scales that describe the nanoscale morphology of the
blends, the domain spacing, d, and correlation length, &, as well
as the amphiphilicity factor, f,, which characterizes the stability
of the microemulsion (eqs 4—6).
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Figure 3a shows the domain spacing, d, and correlation
length, &, obtained from fitting the T-S model as a function of
wy, at 90 °C. The domain spacing characterizes the length
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Figure 3. (a) Domain size (d, red), correlation length (&, black), and
(b) amphiphilicity factor (f,, blue) of PEO/P(Mg(MTFSI),)
obtained from fitting their scattering traces to the Teubner—Strey
(T-S) equation at 90 °C.
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scale of phase separation in the system, while the correlation
length reflects the spatial distance over which composition
fluctuations remain correlated, beyond which the structural
correlations decay exponentially.””® The values of d fitted
with the T-S model are quantitatively similar to those
calculated directly from the scattering profile according to d,
= 27/q* (Table S3). As r increases, corresponding to an
increase in wy, d generally decreases from 37.3 to 29.8 nm,
indicating that the length-scale of phase separation decreases.
Fitting results for other temperatures are provided in the
Supporting Information (Table S3 and Figure S14), and
generally, d increases with increasing temperature, correspond-
ing to an expansion of the phases. Conversely, £ increases with
increasing wy, from 8.3 to 26.6 nm, indicating that the overall
size of the charge correlated regions increases as the
concentration of charged polymer is increased. Figure 3b
shows the effect of mixing ratio on the amphiphilicity factor, f,,
which can be used as an indicator of the stability of
microemulsion-like systems.”*” When f, < —1, the amphiphi-
licity becomes so strong that the microemulsion phase is
destabilized and generate a lamellar-like phase.*” When —1 < f,
< 0, the system forms a “good” microemulsion, characterized
by weaker surface tension, which leads to a bicontinuous
structure. As wy, increases, f. decreases from —0.32 to —0.94,
indicating an increase in ordering with an increasing
concentration of charged polymer. The structure of the blends,
characterized by f,, is independent of temperature at r > 0.05,
indicating that the nanostructures formed are highly stable.
The SAXS profiles for the r = 0.03 and r = 0.06 Ca-analogs
were also fit to eq 2, and the results are provided in the
Supporting Information (Figures S15 and S16). Overall, both d
and & are larger and more temperature-sensitive than what is
observed for the Mg-analogs, indicating formation of a less-
ordered nanostructure.

Based on the observed dependence of d, &, and f, on r, we
propose possible pathways for structural evolution in this
system. The scattering profiles were analyzed using the T-S
model, originally developed for oil/water/surfactant micro-
emulsions. By analogy, PEO can be considered as the “oil”, the
charged polymer as the “water”, and the counterions as the
“surfactants” that improve mixing through favorable ion-dipole
and electrostatic interactions. At r = 0.03, where PEO is the
majority component, the system exhibits microemulsion-like
structures. The strong electrostatic interaction between Mg2+
and anions on the charged polymer prevents complete cation
solvation by PEO; however, ion-dipole interactions still
maintain a close association between PEO and Mg“,
stabilizing the microemulsion. As r increases, the fraction of
charged polymer rises, and the PEO layer becomes thinner,
leading to a reduction in d and a transition toward a more
lamellar organization, with f, approaching —1. At high values of
r, the microphase separation becomes more pronounced.
Additional incorporation and entanglement of charged
polymer chains also increase £ to match the value of d,
consistent with the formation of lamellar-like structures.
Although we cannot confirm the precise morphology from
the SAXS profiles, the presence of higher order scattering
peaks, which have not been previously observed in charged
polymer blends, and the results from fitting the T-S model
indicate that our system undergoes microphase separation into
nanostructures with short-range ordering when r > 0.08.
Overall, these observations reveal the coupled influence of
electrostatic interactions and blend composition on governing

the structure and stability of phase-separated morphologies in
charged-neutral polymer blends.

Figure 4 presents the DSC thermograms of PEO blended
with (a) P(Mg(MTEFSI),) and (b) P(Ca(MTFSI),) at various
mixing ratios, r. DSC analysis is commonly used to assess
polymer blend miscibility and, here, to evaluate differences in
thermal phase behavior induced by the divalent counterions.
The DSC data for the homopolymer components are provided
in Figure S7. For the Mg-based blends (Figure 4a), a distinct
PEO melting endotherm near 64 °C is observed across all
values of r, indicating phase separation into a mostly pure,
crystalline PEO domain and an amorphous PEO/P(Mg-
(MTFSI),) complex phase. We hypothesize that this phase
separation is on the nanoscale, as we do not observe the T,
value corresponding to pure P(Mg(MTFSI),), at 86 °C, in the
DSC traces for the blends. Therefore, we classify these systems
as macroscopically miscible. In contrast, the thermal properties
of the Ca-based blends (Figure 4b) are strongly dependent on
r. While the PEO crystalline peak is evident at a low content of
charged polymer (r = 0.03 and 0.06), it is completely
suppressed at the higher mixing ratios (r = 0.08 and 0.11).
At these elevated calcium loadings, the thermograms instead
show a single well-defined Ty confirming the transition to a
fully amorphous state. In both sets of blends, the strength of
the melting transition changes with r, and the fractional PEO
crystallinity in PEO/P(X(MTFSI),), X, can be calculated
according to eq 6:

AHm en
X = blend

C

0
wppoAH,, pro (6)

where AH,, pjenq is the experimental melting enthalpy of the
blend, wpgg is the weight fraction of PEO within the blend, and
AH}, pgo is the ideal melting enthalp;f of a fully crystalline PEO
taken as 206 J/g in this study."""" Figure 4c plots X, as a
function of w, for the Mg-analogs (blue) and Ca-analogs (red).
For both systems, X decreases with increasing w,, indicating
that as the concentration of charged polymer increases, the
degree of PEO crystallinity decreases due to increased
solvation of the cations into the PEO domains. Therefore, as
r increases, the degree of mixing between PEO and
P(X(MTFSI),) also increases, which matches previous studies
of Li-containing charged-neutral polymer blends.”* Addition-
ally, we observe that the Ca*" ions more effectively mix with
PEO due to its consistently lower values of X, which is in
agreement with the SAXS results.

Based on the DSC and SAXS results, we conclude that as r
increases, corresponding to an increase in charged polymer,
mixing between the PEO and P(X(MTFSI),) chains becomes
more energetically favorable. However, the resulting nanoscale
structures of the charged-neutral blends are highly dependent
on counterion identity. Figure 5 shows a schematic illustration
of the proposed nanostructures of PEO/P(X(MTFSI),)
blends at r = 0.11 with distinct divalent cations. We
hypothesize that the changes in nanostructure are due to the
differences in cation size, which affect both the ion solvation
energy and electrostatic interactions. The larger Ca** ion
shows weaker electrostatic binding and enhanced ion
dissociation as compared to the smaller Mg®" ion, resulting
in a more homogeneous morphology at low ion concentration.
This is determined by the suppression of the PEO
crystallization at moderate values of r as well as the featureless
SAXS patterns indicative of a homogeneous morphology. As r
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Figure 4. Differential scanning calorimetry thermograms of PEO with
(a) P(Mg(MTFSI),) and (b) P(Ca(MTESI),) at various mixing
ratios, r. (c) Fractional PEO crystallinity, X, in PEO/P(Mg-
(MTEFSI),) and PEO/P(Ca(MTESI),) versus w,.

(a) Mg™

— more ordered structures
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Figure 5. Schematic illustration of microstructures in single-ion
conducting polymer blends with (a) P(Mg(MTFSI),) and (b)
P(Ca(MTFSI),).

increases, both the DSC and SAXS data indicate increased
mixing between the PEO and the P(Ca(MTFSI),) chains.
Interpretation of the data for the Mg®" case is more
complicated. The DSC data show a suppression of PEO
crystallinity with increasing r, however, the scattering intensity
increases with increasing . Upon quantitative analysis of the
scattering data, we find that the Mg®" blends undergo a
transition from a disorganized microemulsion-like state to a
more correlated lamellar-like state. Therefore, although the
degree of microphase separation increases with increasing r,
the degree of mixing between PEO and P(Mg(MTFSI),)
chains also increases as evident by the decrease in domain size
with increasing r. While the resulting nanoscale structure of
charged-neutral blends is highly dependent on counterion
identity, all blends exhibit increases in mixing between the two
polymer components as the concentration of charged polymer
increases. These experimental results also agree with the
theoretical predictions. Phase diagrams for charged-neutral
polymer blends developed by Grzetic were asymmetric with
respect to the blend composition.”> The thermodynamic
boundary to undergo microphase separation appeared at lower
values of yN when w, > 0.5. Our experimental results on the
Mg-analogs agree with this theory where we see the formation
of ordered phases at high values of r while the nanoscale
structure is highly disordered at low values of r.

In summary, we have demonstrated that the ion dissociation
strength strongly influences the nanoscale structures and report
the first experimental evidence for electrostatically stabilized
microphases in charged-neutral blends. Mg’* ions, with their
smaller ionic radius and stronger electrostatic interactions,
induce short-range ordering, indicated by SAXS and further
supported by the sharp PEO melting peaks observed in DSC.
In contrast, Ca** ions exhibit weaker electrostatic interactions
and increased solubility in PEO, leading to more homogeneous
and miscible blends, similar to the observations in Li* systems.
These findings also highlight that charged polymer blends can
achieve structural features typically observed in BCPs by
appropriately selecting the counterion as well as its
concentration and utilizing their dissociation characteristics.

Bl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768.

Materials and Methods, NMR, ICP-OES, DSC, and
related scattering details (PDF)

https://doi.org/10.1021/acsmacrolett.5c00768
ACS Macro Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.5c00768/suppl_file/mz5c00768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?fig=fig5&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.5c00768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

B AUTHOR INFORMATION
Corresponding Author

Whitney S. Loo — Department of Chemical and Biological
Engineering, University of Wisconsin-Madison, Madison,
Wisconsin 53706, United States; ©® orcid.org/0000-0002-
9773-3571; Email: wloo@wisc.edu

Authors

Hsin-Ju Wu — Department of Chemical and Biological
Engineering, University of Wisconsin-Madison, Madison,
Wisconsin 53706, United States; © orcid.org/0000-0001-
7716-4941

Aidiel Ikmal Bin Abu Hassan — Department of Chemical and
Biological Engineering, University of Wisconsin-Madison,
Madison, Wisconsin 53706, United States

Benjamin S. Bossman — Department of Chemical and
Biological Engineering, University of Wisconsin-Madison,
Madison, Wisconsin 53706, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.5c00768

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the U.S. Department of
Energy, Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering under Award #DE-SC0025449. The
authors gratefully acknowledge the use of facilities and
instrumentation at Wisconsin Centers for Nanoscale Technol-
ogy (went.wisc.edu) partially supported by the National
Science Foundation (NSF) through the University of
Wisconsin Materials Research Science and Engineering Center
(DMR-2309000). The Bruker AVANCE III 400 NMR
spectrometer was supported by NSF grant CHE-1048642.
The authors thank Prof. A. ]J. Boydston (University of
Wisconsin-Madison) for assistance with DSC.

B REFERENCES

(1) Fredrickson, G. H.; Xie, S.; Edmund, J.; Le, M. L.; Sun, D.;
Grzetic, D. J.; Vigil, D. L.; Delaney, K. T.; Chabinyc, M. L.; Segalman,
R. A. Tonic Compatibilization of Polymers. ACS Polym. Au 2022, 2
(5), 299-312.

(2) Kudlay, A; Ermoshkin, A. V.; Olvera de la Cruz, M.
Complexation of Oppositely Charged Polyelectrolytes: Effect of Ion
Pair Formation. Macromolecules 2004, 37 (24), 9231—9241.

(3) Le, M. L; Grzetic, D. J.; Delaney, K. T.; Yang, K.-C; Xie, S.;
Fredrickson, G. H.; Chabinyc, M. L.; Segalman, R. A. Electrostatic
Interactions Control the Nanostructure of Conjugated Polyelectro-
lyte—Polymeric Ionic Liquid Blends. Macromolecules 2022, SS (18),
8321-8331.

(4) Edmund, J.; Karnaukh, K. M.; Xie, S.; Murphy, E. A.; Abdilla, A.;
Ino, E; Read de Alaniz, J.; Hawker, C. J; Segalman, R. A.
Compatibilization of Immiscible Polymer Blends through Pendant
Ionic Interactions. Macromolecules 2025, 58 (14), 7425—7433.

(5) Le, M. L;; Grzetic, D. J.; Delaney, K. T.; Yang, K.-C.; Xie, S.;
Fredrickson, G. H.; Chabinyc, M. L.; Segalman, R. A. Electrostatic
Interactions Control the Nanostructure of Conjugated Polyelectro-

lyte—Polymeric Ionic Liquid Blends. Macromolecules 2022, SS (18),
8321-8331.

(6) Tsai, C.-C.; Xu, J.; Duclos, C.; Xie, S. Microstructure and
Viscoelasticity of Oppositely Charged Ionomer Blend Melts. Macro-
molecules 2025, 58 (3), 1608—1620.

(7) Gao, K. W.; Loo, W. S.; Snyder, R. L.; Abel, B. A,; Choo, Y.; Lee,
A.; Teixeira, S. C. M.; Garetz, B. A,; Coates, G. W.; Balsara, N. P.
Miscible Polyether/Poly(Ether—Acetal) Electrolyte Blends. Macro-
molecules 2020, S3 (14), 5728—5739.

(8) Shah, N. J.; He, L.; Gao, K. W.; Balsara, N. P. Thermodynamics
and Phase Behavior of Poly(Ethylene Oxide)/Poly(Methyl Meth-
acrylate)/Salt Blend Electrolytes Studied by Small-Angle Neutron
Scattering. Macromolecules 2023, 56 (7), 2889—2898.

(9) Gallmeyer, M.; Wu, H.-J.; Breining, W.; Lynn, D. M.; Loo, W. S.
Thermal Properties and Ionic Conductivity in Salt-Containing
POEM/PEO Polymer Blend Electrolytes. ACS Appl. Polym. Mater.
2025, 7 (12), 8055—8064.

(10) Rumyantsev, A. M.; Johner, A. Electrostatically Stabilized
Microstructures: From Clusters to Necklaces to Bulk Microphases.
ACS Macro Lett. 2025, 14 (4), 472—483.

(11) Rumyantsev, A. M, Gavrilov, A. A; Kramarenko, E. Yu
Electrostatically Stabilized Microphase Separation in Blends of
Oppositely Charged Polyelectrolytes. Macromolecules 2019, 52 (19),
7167-7174.

(12) Rumyantsev, A. M.; de Pablo, J. J. Microphase Separation in
Polyelectrolyte Blends: Weak Segregation Theory and Relation to
Nuclear “Pasta.”. Macromolecules 2020, 53 (4), 1281—1292.

(13) Grzetic, D. J.; Delaney, K. T.; Fredrickson, G. H. Electrostatic
Manipulation of Phase Behavior in Immiscible Charged Polymer
Blends. Macromolecules 2021, 54 (6), 2604—2616.

(14) Sing, C. E.; Zwanikken, J. W.; Olvera de la Cruz, M. Ion
Correlation-Induced Phase Separation in Polyelectrolyte Blends. ACS
Macro Lett. 2013, 2 (11), 1042—1046.

(15) Sing, C. E.; Zwanikken, J. W.; de la Cruz, M. O. Theory of Melt
Polyelectrolyte Blends and Block Copolymers: Phase Behavior,
Surface Tension, and Microphase Periodicity. J. Chem. Phys. 2018,
142 (3), No. 034902.

(16) Kong, X.; Qin, J. Microphase Separation in Neutral
Homopolymer Blends Induced by Salt-Doping. Macromolecules
2023, 56 (1), 254—262.

(17) Bates, F. S.; Fredrickson, G. H. Block Copolymer
Thermodynamics: Theory and Experiment. Annu. Rev. Phys. Chem.
1990, 41, 525—557.

(18) Leibler, L. Theory of Microphase Separation in Block
Copolymers. Macromolecules 1980, 13 (6), 1602—1617.

(19) Zhao, M.; Zhang, X.; Cho, J. Phase Behaviors of a Binary Blend
of Oppositely Charged Polyelectrolytes: A Weak Segregation
Approach. Macromolecules 2022, 55 (17), 7908—7921.

(20) Li, H;; Zhu, Q.; Shinohara, Y.; Wang, Y.; Christakopoulos, P.;
Kudlack, A. F.; Huang, Z.; Bonnesen, P. V,; Do, C.; Rahman, M. A;;
Lehmann, M. L,; Saito, T.; Colby, R. H.; Kumar, R.; Lutkenhaus, J. L.
Emergent Nanostructure and Ion Transport in Polyzwitterion/
Polyanion Blends. Macromolecules 2025, 58, 8658.

(21) Beech, H. K; Karnaukh, K. M.; Miyamoto, M. E.; Chen, K;
Edmund, J.; de Alaniz, ]J. R; Hawker, C. J; Segalman, R. A.
Electrostatic Compatibilization of Amorphous and Semicrystalline
Immiscible Polymer Blends. ACS Macro Lett. 2025, 14 (7), 969—975.

(22) Yang, M,; Epps, T. H. Solid-State, Single-Ion Conducting,
Polymer Blend Electrolytes with Enhanced Li * Conduction,
Electrochemical Stability, and Limiting Current Density. Chem.
Mater. 2024, 36 (4), 1855—1869.

(23) Paren, B. A; Nguyen, N.; Ballance, V.; Hallinan, D. T,
Kennemur, J. G.; Winey, K. L. Superionic Li-Ion Transport in a Single-
Ion Conducting Polymer Blend Electrolyte. Macromolecules 2022, 5§
(11), 4692—4702.

(24) Nguyen, N.; Blatt, M. P.; Kim, K,; Hallinan, D. T.; Kennemur,
J. G. Investigating Miscibility and Lithium Ion Transport in Blends of
Poly(Ethylene Oxide) with a Polyanion Containing Precisely-Spaced
Delocalized Charges. Polym. Chem. 2022, 13 (29), 4309—4323.

https://doi.org/10.1021/acsmacrolett.5c00768
ACS Macro Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Whitney+S.+Loo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9773-3571
https://orcid.org/0000-0002-9773-3571
mailto:wloo@wisc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsin-Ju+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7716-4941
https://orcid.org/0000-0001-7716-4941
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aidiel+Ikmal+Bin+Abu+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+S.+Bossman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.5c00768?ref=pdf
https://doi.org/10.1021/acspolymersau.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma048519t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma048519t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c02781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c02781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c01118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c01118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.4c00834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.4c00834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz400511r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz400511r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4905830
https://doi.org/10.1063/1.4905830
https://doi.org/10.1063/1.4905830
https://doi.org/10.1021/acs.macromol.2c02198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.pc.41.100190.002521
https://doi.org/10.1146/annurev.pc.41.100190.002521
https://doi.org/10.1021/ma60078a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60078a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5c00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5c00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2PY00605G
https://doi.org/10.1039/D2PY00605G
https://doi.org/10.1039/D2PY00605G
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.5c00768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

(25) Wu, H.-J; He, L.; Breining, W. M.; Lynn, D. M.; Loo, W. S.
The Influence of Charge Correlation and Ion Solvation on the Phase
Behavior of Single-Ion Conducting Polymer Blend Electrolytes Using
SAXS/SANS. Macromolecules 2025, 58 (16), 8866—8876.

(26) Wang, Z.-G. Effects of Ion Solvation on the Miscibility of
Binary Polymer Blends. . Phys. Chem. B 2008, 112 (50), 16205—
16213.

(27) Thelen, J. L.; Inceogly, S.; Venkatesan, N. R;; Mackay, N. G.;
Balsara, N. P. Relationship between Ion Dissociation, Melt
Morphology, and Electrochemical Performance of Lithium and
Magnesium Single-Ion Conducting Block Copolymers. Macromole-
cules 2016, 49 (23), 9139-9147.

(28) Rojas, A. A.; Thakker, K.; McEntush, K. D.; Inceogly, S.; Stone,
G. M,; Balsara, N. P. Dependence of Morphology, Shear Modulus,
and Conductivity on the Composition of Lithiated and Magnesiated
Single-Ion-Conducting Block Copolymer Electrolytes. Macromolecules
2017, 50 (21), 8765—8776.

(29) Lee, O. A.; McBride, M. K.; Ticknor, M.; Sharpes, J.; Hayward,
R. C. Pendent Sulfonylimide Ionic Liquid Monomers and
Tonoelastomers via SuFEx Click Chemistry. Chem. Mater. 2023, 35
(23), 10030—10040.

(30) Wang, W.; Liu, W.; Tudryn, G. J.; Colby, R. H.; Winey, K. L.
Multi-Length Scale Morphology of Poly(Ethylene Oxide)-Based
Sulfonate Ionomers with Alkali Cations at Room Temperature.
Macromolecules 2010, 43 (9), 4223—4229.

(31) Rojas, A. A; Inceogly, S.; Mackay, N. G.; Thelen, J. L.; Devaux,
D.; Stone, G. M.; Balsara, N. P. Effect of Lithium-Ion Concentration
on Morphology and Ion Transport in Single-Ion-Conducting Block
Copolymer Electrolytes. Macromolecules 2015, 48 (18), 6589—6595.

(32) Yarusso, D. J; Cooper, S. L. Microstructure of Ionomers:
Interpretation of Small-Angle x-Ray Scattering Data. Macromolecules
1983, 16 (12), 1871—1880.

(33) Lee, D,; Register, R. A,; Yang, C.; Cooper, S. L. MDI-Based
Polyurethane Ionomers. 1. New Small-Angle x-Ray Scattering Model.
Macromolecules 1988, 21 (4), 998—1004.

(34) Teubner, M,; Strey, R. Origin of the Scattering Peak in
Microemulsions. J. Chem. Phys. 1987, 87 (S), 3195—3200.

(35) Ruegg, M. L; Patel, A. J.; Narayanan, S.; Sandy, A. R.;; Mochrie,
S. G. J; Watanabe, H.; Balsara, N. P. Condensed Exponential
Correlation Functions in Multicomponent Polymer Blends Measured
by X-Ray Photon Correlation Spectroscopy. Macromolecules 2006, 39
(25), 8822—8831.

(36) Hickey, R. J.; Gillard, T. M.; Irwin, M. T.; Lodge, T. P.; Bates,
F. S. Structure, Viscoelasticity, and Interfacial Dynamics of a Model
Polymeric Bicontinuous Microemulsion. Soft Matter 2016, 12 (1),
53—66.

(37) Morkved, T. L.; Stepanek, P.; Krishnan, K.; Bates, F. S.; Lodge,
T. P. Static and Dynamic Scattering from Ternary Polymer Blends:
Bicontinuous Microemulsions, Lifshitz Lines, and Amphiphilicity. J.
Chem. Phys. 2001, 114 (16), 7247—7259.

(38) Fang, Y. N,; Rumyantsev, A. M,; Neitzel, A. E.; Liang, H,;
Heller, W. T.; Nealey, P. F.; Tirrell, M. V,; de Pablo, J. J. Scattering
Evidence of Positional Charge Correlations in Polyelectrolyte
Complexes. Proc. Natl. Acad. Sci. U. S. A. 2023, 120 (32),
No. €2302151120.

(39) Morkved, T. L.; Stepanek, P.; Krishnan, K.; Bates, F. S.; Lodge,
T. P. Static and Dynamic Scattering from Ternary Polymer Blends:
Bicontinuous Microemulsions, Lifshitz Lines, and Amphiphilicity. J.
Chem. Phys. 2001, 114 (16), 7247—7259.

(40) Kulshreshtha, A.; Hayward, R. C.; Jayaraman, A. Impact of
Composition and Placement of Hydrogen-Bonding Groups along
Polymer Chains on Blend Phase Behavior: Coarse-Grained Molecular
Dynamics Simulation Study. Macromolecules 2022, S5 (7), 2675—
2690.

(41) Thelen, J. L.; Chen, X. C.; Inceogly, S.; Balsara, N. P. Influence
of Miscibility on Poly(Ethylene Oxide) Crystallization from
Disordered Melts of Block Copolymers with Lithium and Magnesium
Counterions. Macromolecules 2017, 50 (12), 4827—4839.

(42) Pielichowski, K.; Flejtuch, K. Differential Scanning Calorimetry
Studies on Poly(Ethylene Glycol) with Different Molecular Weights
for Thermal Energy Storage Materials. Polym. Adv. Technol. 2002, 13
(10—12), 690—696.

https://doi.org/10.1021/acsmacrolett.5c00768
ACS Macro Lett. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acs.macromol.5c00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp806897t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp806897t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma100379j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma100379j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00246a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00246a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00182a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00182a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.453006
https://doi.org/10.1063/1.453006
https://doi.org/10.1021/ma061183y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma061183y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma061183y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SM02009C
https://doi.org/10.1039/C5SM02009C
https://doi.org/10.1063/1.1357800
https://doi.org/10.1063/1.1357800
https://doi.org/10.1073/pnas.2302151120
https://doi.org/10.1073/pnas.2302151120
https://doi.org/10.1073/pnas.2302151120
https://doi.org/10.1063/1.1357800
https://doi.org/10.1063/1.1357800
https://doi.org/10.1021/acs.macromol.2c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pat.276
https://doi.org/10.1002/pat.276
https://doi.org/10.1002/pat.276
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.5c00768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

