
 

 

1 

 

 
Main Manuscript for 

Enhancing ion transport in charged block copolymers by stabilizing 
low symmetry morphology: Electrostatic control of interfaces. 

 

Jaemin Min,1 Ha Young Jung,1 Seungwon Jeong,1 Byeongdu Lee,2 Chang Yun Son,1* and Moon 
Jeong Park1* 

1Department of Chemistry, Division of Advanced Materials Science, Pohang University of Science 
and Technology (POSTECH), Pohang, Korea 790-784 

2Advanced Photon Source, Argonne National Laboratory, Argonne, IL, 60439 USA 

*Chang Yun Son and Moon Jeong Park 

Email:  changyunson@postech.ac.kr, moonpark@postech.ac.kr 

Author Contributions: M. J. P. conceived the idea and designed the project. J. M. and H. Y. J. 
carried out the experiments and analyzed data. B. L. carried out crystallographic data analysis. S. 
J. and C. Y. S. carried out the computational calculations. M. J. P., J. M., and C. Y. S. wrote the 
paper. 

Competing Interest: The authors declare no competing interest.  

Keywords: charged block copolymers, ionic conductivity, low symmetry morphology, interfaces, 
electrostatic interactions 

 

This PDF file includes: 

Main Text 
Figures 1 to 4 
Tables 1 

  



 

 

2 

 

Abstract 

Recently, the interest in charged polymers has been rapidly growing due to their uses in energy 
storage and transfer devices. Yet, polymer electrolyte-based devices are not on the immediate 
horizon because of the low ionic conductivity. In the present study, we developed a methodology 
to enhance the ionic conductivity of charged block copolymers comprising ionic liquids through 
the electrostatic control of the interfacial layers. Unprecedented re-entrant phase transitions 
between lamellar and A15 structures were seen, which cannot be explained by well-established 
thermodynamic factors. X-ray scattering experiments and molecular dynamics simulations 
revealed the formation of fascinating, thin ionic shell layers composed of ionic complexes. The 
ionic liquid cations of these complexes predominantly presented near the micellar interfaces if 
they had strong binding affinity with the charged polymer chains. Therefore, the interfacial 
properties and concentration fluctuations of the A15 structures were crucially dependent on the 
type of tethered acid groups in the polymers. Overall, the stabilization energies of the A15 
structures were greater when enriched, attractive electrostatic interactions were present at the 
micellar interfaces. Contrary to the conventional wisdom that block copolymer interfaces act as 
“dead zone" to significantly deteriorate ion transport, this study establish a prospective avenue for 
advanced polymer electrolyte having tailor-made interfaces. 

Significance Statement 

We show the enhancement of ion transport properties for charged block copolymers comprising 
non-stoichiometric ionic liquids by stabilizing the cubic Frank-Kasper A15 phases with space 
group Pm3n. The ionic liquid cations predominantly present near the micellar interfaces to 
increase stabilization energies of the A15 structures if they have strong attractive electrostatic 
interactions with the charged polymer chains. Unprecedented re-entrant phase transitions 
between lamellar and A15 structures occur through the electrostatic control of interfaces, 
resulting in radical changes in the conductivity by an order of magnitude. This study is one of the 
rare demonstrations of a low symmetry morphology to establish a prospective avenue for 
advanced polymer electrolyte having tailor-made interfaces. Our findings will have implications for 
energy storage and transfer devices. 
 
 
Main Text 
Introduction 
Block copolymers have attracted extensive attention over the past decades owing to their 
fascinating self-assembly into nanoscale, periodic structures (1, 2). Due to past industrial 
demands for polymer processing, early studies on block copolymers focused on the modulation of 
their rheological properties through the incorporation of selective or neutral solvents (3, 4). Such 
steadfast research efforts on block copolymer thermodynamics, with and without additives, have 
established the Flory–Huggins interaction parameter () and the block volume fraction (f), which 
are universal factors used to determine phase diagrams (1, 5-7).  

Variable  values of functionalized block copolymers was found to yield high-fidelity, 
nanoscale morphologies (8, 9). This was noted to promote advances in the controlled synthesis 
of block copolymers tethered with functional moieties (10, 11); specifically, the facile tuning of 
nanostructures (12, 13) and even the creation of hierarchical morphologies (14). The diverse 
functionality of tailor-made block copolymers enables their use in various applications, such as 
magnetic storage devices (15), nanoporous membranes (16), and nano-optics technologies (17). 
Particularly, the covalent and physical incorporation of ions into block copolymers has greatly 
reduced potential safety threats of energy storage and transfer devices (18, 19). Therefore, in 
recent years, this has emerged as a fundamental and imperative technology for developing 
electrochemical and electromechanical systems (20, 21).  

Notably, recent experimental (22-24) and theoretical studies (25-28) have revealed 
unique self-assembly behaviors of charged block copolymers. Examples of this include a series 
of experimental work of Park et al. (13, 24, 29-32) and theoretical investigation of Olvera de la 
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Cruz et al. (26-28) These works demonstrated that if electrostatic interactions existed in one of 
the blocks, the phase boundaries between ordered morphologies radically shifted. Accordingly, 
even with minor ionic blocks (fionic block < 0.5), hexagonally packed cylindrical (HEX) structures with 
ionic matrices were formed (26, 29). The strength of the long-range interactions within these ionic 
blocks played a crucial role in modifying chain stretching and interfacial curvatures.  

Moreover, Park and coworkers have unveiled remarkably rich, three-dimensional 
morphologies, such as face-centered cubic (FCC), bicontinuous gyroid, and orthorhombic Fddd, 
from charged block copolymers through the fine control of intermolecular interactions (13, 31). 
These are noteworthy in two respects. First, although network morphologies are desirable for 
advanced polymer electrolytes with efficient ion-conduction, they have not been easy to access, 
especially in the presence of electrostatic interactions. Second, all of the aforementioned 
morphologies possess major ionic phases, which greatly contribute to improving the ionic 
conductivity of block copolymer electrolytes. These are the first investigations seeking to boost 
the ion transport efficiency of block copolymer electrolytes, which namely focused on establishing 
thermodynamics and a morphology–transport relationship.  

Recent discoveries of topologically close-packed phases from a few block copolymers 
with high conformational asymmetry opened a new forum for polymer science, as implicated by 
Shi et al. (33, 34), Bates et al. (35-37), and Mahanthappa et al. (37) To introduce interfacial 
curvature into low symmetry morphologies, a universally applied approach includes varying the 
chemical structures of the repeating units of the block copolymers to ensure they have largely 
dissimilar, statistical segment lengths (38, 39). Even though the stability window of such 
morphologies is known to be very narrow, block copolymer/homopolymer blends (40-42), 
asymmetric block copolymer/symmetric block copolymer blends (43, 44), and block 
oligomer/water mixtures (45) have been recently found to exhibit Frank–Kasper phases and 
fascinating phase transitions among them. 

Nevertheless, examples of low symmetry morphologies constructed from charged block 
copolymers remain scarce; therefore, the mechanism for stabilizing such polymorphs with 
prevailing long-range intermolecular interactions is unknown. Here, we report the stabilization of 
A15 structure, a type of the Frank–Kasper phases, of charged block copolymers through the 
control of electrostatic interactions. A methodology that enables prediction and easy access of 
A15 phases for charged block copolymers was established, which have not been reported in the 
literature on polymer electrolytes. By combining X-ray scattering experiments and molecular 
dynamics (MD) simulations, it was revealed that interfacial charge distribution and fluctuation 
played a key role in stabilizing the A15 structures of the charged block copolymers. Furthermore, 
when comparing the A15-forming samples with their lamellar-forming counterparts, the ionic 
conductivity of the former was found to be greater than that of the latter by one order of 
magnitude. 

 
Results and Discussion 
Electrostatic control of block copolymer morphology. To electrostatically control the 
morphology of charged block copolymers, two strategies were sought: (1) One set of acid-
tethered block copolymers having different types of acid groups were synthesized to control the 
ionization strengths of the polymer matrices and (2) non-stoichiometric ionic liquids were 
incorporated into the polymers to modulate the electrostatic interactions. Dissimilar acid functional 
groups of sulfonic acid and sulfonyl(trifluoromethanesulfonyl) imide were introduced into 
polystyrene (PS) chains of a PS-b-PMB (PMB: polymethylbutylene) precursor block copolymer 
via post modification routes. The PS-b-PMB precursor has a nominally symmetric molecular 
weight of 1.1-b-1.2 kg mol-1 with a PS block volume fraction (fPS) of 0.43. The PS units of PS-b-
PMB first underwent random sulfonation reactions, which gave a PSS-b-PMB (PSS: poly(4-
styrenesulfonate)) block copolymer with a modification degree of 35 mol.%. Some of the 
synthesized PSS-b-PMB compound was then used in subsequent chemical modifications to yield 
a PSTFSI-b-PMB (PSTFSI: poly(4-styrenesulfonyl(trifluoromethanesulfonyl) imide)) block 
copolymer (SI Appendix, Fig. S1 and S2) (46). Therefore, these two block copolymers (PSS-b-



 

 

4 

 

PMB and PSTFSI-b-PMB) possess the same degree of polymerization, identical molecular weight 
distributions, and equivalent chain sequence, but they have different types of tethered acid 
groups (-SO3H and -SO2NHSO2CF3). The volume fractions of PSTFSI (fPSTFSI) and PSS (fPSS) in 
PSTFSI-b-PMB and PSS-b-PMB were calculated to be 0.50 and 0.45, respectively, based on the 
densities of the constituents.  

While the PS-b-PMB precursor showed disordered morphology, the attachment of acid 
functional groups gave PSTFSI-b-PMB and PSS-b-PMB with well-defined gyroid and lamellar 
(LAM) structures, respectively. Representative small-angle X-ray scattering (SAXS) profiles of the 
neat block copolymers are shown in SI Appendix, Fig. S3. The domain size of PSTFSI-b-PMB 
was approximately 20% larger than that of PSS-b-PMB, attributed to the bulky nature of its – 
SO2NHSO2CF3 (TFSI) moiety. Non-stoichiometric ionic liquids comprising 2-ethyl-4-
methylimidazole (2E4MIm) and bis(trifluoromethane)sulfonimide (HTFSI) were introduced into the 
PSTFSI-b-PMB and PSS-b-PMB block copolymers. The list of samples is summarized in Table 1. 
Upon varying the amounts and molar ratios of 2E4MIm/HTFSI, we aimed to modulate the balance 
of attractive and repulsive interactions of charged polymer chains with 2E4MIm+ cations and 
TFSI– anions, respectively. 

Fig. 1A and B show the phase diagrams of PSTFSI-b-PMB and PSS-b-PMB, 
respectively, containing the ionic liquids, as determined by SAXS measurements. As shown in 
Fig. 1A, PSTFSI-b-PMB presented morphological changes from a gyroid structure to a LAM 
structure upon the addition of 30 wt% 2E4MIm/HTFSI (1/1), which also resulted in an increase in 
domain size from 7.9 nm to 9.1 nm. The LAM structure was further transformed into HEX phases 
at a fixed ionic liquid content of 30 wt% but with increased 2E4MIm/HTFSI ratios of 2/1 and 3/1. 
An analogous LAM-to-HEX transition was also seen when the mass fraction of 2E4MIm/HTFSI 
(1/1) was increased to 32 wt%. These transitions could be attributed to slight increases in the 
fPSTFSI+ f2E4MIm+ fHTFSI values. 

Upon further increasing the mass fraction of 2E4MIm/HTFSI to 50 wt%, equilibrium A15 
structures were obtained at 2E4MIm/HTFSI ratios of 2/1 and 3/1 via the coexistence of HEX 
phases and A15 structures at intermediate ionic-liquid contents. Except for the noteworthy 
observation where the A15 structure appeared over a wide phase window, the overall phase 
behavior of PSTFSI-b-PMB comprising 2E4MIm/HTFSI resembles that of block 
copolymer/selective solvent mixtures in that sequential LAM-to-cylinder-to-sphere phase 
transitions occurred with increasing volume fraction of ionic phases.  

The PSS-b-PMB samples exhibited greatly different phase behavior from that of the 
PSTFSI-b-PMB analogs, as they demonstrated a weak dependence on fPSS + f2E4MIm+ fHTFSI (Fig. 
1B). Unprecedented “re-entrance” phase sequences of LAM-to-HEX-to-LAM and LAM-to-A15-to-
LAM were observed with increasing fPSS + f2E4MIm+ fHTFSI. Notably, it took only a small change in 
the volume fraction of ionic phases to cause the radical morphological transition from LAM to 
A15. Further, the LAM phases re-emerged despite the mass fraction of 2E4MIm/HTFSI 
increasing from 42 wt% (2/1) to 53 wt% (1/1).  

This prompted us to closely examine a set of PSS-b-PMB samples loaded with a fixed 
mass fraction (50 wt%) of 2E4MIm/HTFSI with different molar ratios (Table 1). A15 structures 
were observed at an fPSS + f2E4MIm+ fHTFSI value of 0.71 and 2E4MIm/HTFSI ratios of 2/1 and 3/1 
over a wide temperature window of 30 – 150 °C. On the other hand, LAM structures were seen at 
an fPSS + f2E4MIm+ fHTFSI value of 0.70 and a 2E4MIm/HTFSI ratio of 1/1. We thus delineated the 
phase diagram of PSS-b-PMB based on the molar ratio of 2E4MIm to the acid moieties present in 
polymer and in 2E4MIm/HTFSI (-SO3H+HTFSI), as presented in Fig. 1C. The morphology 
appeared to be remarkably sensitive to the 2E4MIm/(-SO3H+HTFSI) ratio, where A15 phases 
were formed by increasing the amount of 2E4MIm. In contrast, the x-axis conversion of the phase 
diagram of PSTFSI-b-PMB showed little dependency on the 2E4MIm/(-NH(SO2)2CF3+HTFSI) 
ratios. (SI Appendix, Fig. S4).  

In the PSS chains, the 2E4MIm+ cations are expected to pair with the –SO3- anionic 
moieties over the TFSI- species owing to the binding affinity between 2E4MIm+ and –SO3- being 
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stronger than that between 2E4MIm+ and TFSI- (24). This is also because HTFSI is not present in 
excess for PSS-b-PMB samples, leading to deprotonation of –SO3H groups in PSS chains (pKa = 
-2.1) in contact with 2E4MIm (pKa = 8.7) to form the ionic pair. Density functional theory (DFT) 
calculations further support the deprotonation of sulfonic acid group when interacting with 
2E4MIm (SI Appendix, Fig. S5). Therefore, the increased 2E4MIm content causes an increase in 
the charging of the PSS chains, which enhances the segregation strength of PSS-b-PMB. On the 
contrary, given that HTFSI is a superacid (pKa = -10), PSS chains could not be preferentially 
deprotonated if the HTFSI content is increased. This was connected to the formation of the 
weakly segregated LAM structures, which readily disordered as the temperature increased. In the 
case of PSTFSI-b-PMB, the same conclusion does not apply because the tethered HTFSI of 
polymer chains and the embedded HTFSI in ionic liquids are similar and thus, the binding affinity 
is no more driving force that attracts 2E4MIm+ cations to the PSTFSI- ionic chains. Therefore, 
2E4MIm+ cations are expected to spread over the entire ionic phases of PSTFSI-b-PMB samples. 
The charge delocalization of the –TFSI- anions also attenuates the repulsive interactions in the 
PSTFSI domains, making the morphology less sensitive to the 2E4MIm/HTFSI ratio. 

This assessment was supported by extensive MD simulations utilizing state-of-the-art 
first principles force field developed for the ionic liquids and polymer mixtures (47, 48). The 
simulations show that thin ionic shell layers surround the PMB core, which is composed of 
charged PSS- (or PSTFSI-) and 2E4MIm+ complexes. Fig. 1D illustrates a representative micellar 
structure for PSS-b-PMB dissolved in 2E4MIm/HTFSI (1/1), as constructed by the simulation. 
Interestingly, while the stretching of the PMB chains in the micellar core (in ball and stick 
representation) was apparent, the charged PSS chains (represented with large spheres) was 
more collapsed. This conformational asymmetry originates from the amphiphilic nature of the 
randomly sulfonated PSS chains. As illustrated in SI Appendix, Fig. S6, the uncharged PS units in 
the PSS chains show a strong tendency to lie on the micellar interface while pushing the charged 
PSS units toward the ionic corona.  

Fig. 1E illuminates the radial distribution of each species for PSS-b-PMB and PSTFSI-b-
PMB micelles in 2E4MIm/HTFSI (1/1). It is noteworthy that tightly bound 2E4MIm+ cations were 
found near the micellar interfaces in the case of PSS-b-PMB (strong binding affinity), while the 
PSTFSI shells were relatively wider for PSTFSI-b-PMB (weak binding) and did not present any 
enhancement of 2E4MIm+ cations at the interfacial region. The formation of more diffusive 
interface with concentration fluctuations is thus predicted for the PSTFSI-b-PMB samples. As will 
be discussed later, both the conformational asymmetry and the cation concentration fluctuation 
played crucial roles in determining the stability of the A15 phases. 

 
Slow re-enactment of A15 phases from HEX structures via an epitaxial route. We observed 
the coexistence of A15 and HEX structures for both the PSTFSI-b-PMB and PSS-b-PMB samples 
comprising 2E4MIm/HTFSI (2/1) with mass fractions of 40 ± 2 wt.%, where heating the samples 
stabilized the HEX structures over the A15 phases. Representative SAXS data obtained for 
PSTFSI-b-PMB are plotted in Fig. 2A. As can be seen from the figure, cooling the sample from 
130 °C down to room temperature at a rate of 0.5 °C/min did not lead to the immediate re-
emergence of A15 phases and the HEX structures persisted. Upon monitoring the morphology of 
the cooled sample at room temperature for fifteen months, we noted that the extremely slow re-
enactment of the A15 structures occurred via the d211 of the A15 coinciding with the d10 of the 
HEX phases. We surmise that the energy levels of the A15 and HEX phases that formed with a 
2E4MIm/HTFSI ratio of 2/1 are essentially degenerate.  

Although some portions of the phase diagrams of the PSTFSI-b-PMB and PSS-b-PMB 
samples are marked as the A15 and HEX structures coexisting in the same way, there was a 
difference in the relative fractions of these structures in the samples; specifically, the A15 
structure exists to greater degree in the PSS-b-PMB sample than in the PSTFSI-b-PMB sample. 
As presented in Fig. 2B, while the heating of PSS-b-PMB stabilized the HEX phases, cooling the 
samples from 130 °C to room temperature led to the relatively faster re-emergence of the A15 
phases. An additional eight months of monitoring at room temperature led to the development of 
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well-defined A15 phases that coexisted with a small fraction of HEX structures (inverted 
triangles). This coexistence may be a consequence of the ternary components of our samples, 
but the metastable phases of our samples would be easily trapped by a charged medium.  

The cylinder-to-sphere transition kinetics are influenced by the interfacial tension of the 
micelles. In the present study, two interfaces exist at the PMB core/PS interlayer and PS 
interlayer/ionic corona, as envisaged by MD simulations. For PSS-b-PMB samples, with the thin 
PSS-/2E4MIm+ layer that formed near PMB/PS interfaces, the resultant PS/PSS- interface was 
sharp with high interfacial tension (see Fig. 1E) to increase stability window of spherical micelles. 
Furthermore, contrary to most literature on the phase behavior of block copolymer melts and 
solutions, BCC/FCC structures were not observed in our study. In fact, none of our samples 
exhibited such cubic phases and further increasing the f values yielded disordered phases. This 
likely stems from an ability to maintain uniform shell thickness, which is not observed in BCC or 
FCC structures due to the uneven spacings between micelles. However, the low symmetry 
morphology with shape anisotropy developed in this work does exhibit this ability, enabled by fast 
chain exchange dynamics with high  value of hydrophobic PMB core and ionic matrices.  

Interestingly, when the phase behavior of the same block copolymers in non-ionic 
solvents (i.e., MeOH/DMSO mixtures) was examined, only HEX structures were observed for the 
PSTFSI-b-PMB samples over a wide fPSTFSI+ fsolvents window. For the case of PSS-b-PMB, it was 
seen that a small portion of the TfPSS+ fsolvents phase window was occupied by A15/HEX 
coexistence, which rapidly transformed into HEX phases upon heating the sample. This indicates 
that the ionic solvent partitioning exclusively to the charged polymer domains to form thin ionic 
interfacial layer is a key requirement for expanding the stability window of A15 structures, while 
the use of non-ionic polar solvents rather solvate entire corona chains, analogous to the 
conventional block copolymer/selective solvent mixtures. 

Here, we discuss the epitaxial phase transitions between A15 and HEX structures. As 
shown in Fig. 2C, anisotropic 2D scattering patterns were obtained for a few samples at room 
temperature owing to the shear alignment during the loading into SAXS cells. Diffraction patterns 
could be indexed by coexisting A15 and HEX crystals; specifically, A15 crystals in [111] projection 
and HEX crystals in [01] and [10] projections with respect to the direction of the incident X-rays. 
Furthermore, the diffraction pattern of the A15 crystals faded with heating and new peaks 
corresponding to the HEX structures appeared. 

Azimuthal scans of the A15 {211} reflection in the 2D scattering patterns at 30 °C and 
130 °C are shown in Fig. 2D. The emergence of the {10} reflection in the HEX structures at 19°, 
47°, 72°, 104°, 124°, 175°, 199°, 248°, and 304° (red arrows) was noted and is likely a 
consequence of the A15-to-HEX phase transition that occurs with heating. Interestingly, the new 
HEX peaks are closely located to those of the original A15 structures (black arrows). This 
denotes that the A15-to-HEX transition is epitaxial, in which the HEX cylinders are formed by the 
merging of spheres in the {211} planes of the A15 unit cells. A suggested, epitaxial phase route 
between the A15 and HEX structures is schematically depicted in Fig. 2E. The micelles on the 6c 
Wyckoff positions of the A15 unit cells could alternatively rearrange in clockwise and counter-
clockwise fashions, and the merging of those micelles on the {211} planes would yield cylinders 
on the {10} planes of the HEX structure (49). 

 
Crystallographic analysis of A15 structures. When the mass fraction of 2E4MIm/HTFSI (2/1) 
is increased to 50 wt% or the ratio of 2E4MIm/HTFSI is raised to 3/1, pure A15 structures were 
observed for both the PSTFSI-b-PMB and PSS-b-PMB samples regardless of the variation in 
their thermal treatments. This denotes that the stabilization energy of A15 structures increased 
with increasing volume fraction of ionic phases or enriched –SO3-–2E4MIm+ (or –TFSI-–2E4MIm+) 
interactions in ionic shells. Intriguingly, the experimental form factor analysis of dilute micellar 
solutions in ionic liquids unveiled a gradual reduction in PMB core size with increasing 2E4MIm 
content while the thickness of the ionic shells remained intact (SI Appendix, Fig. S7 A and B). 
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This suggests that the increased 2E4MIm/HTFSI ratio increased the micellar curvature to 
stabilize the low symmetry morphology. 

Given that conformational asymmetry has long been used as an important mechanism 
to rationalize the thermodynamic stability of the A15 phases in miktoarm star polymers (50), we 
calculated the statistical chain sizes of PMB, PSTFSI, and PSS chains for PSTFSI-b-PMB and 
PSS-b-PMB in 2E4MIm/HTFSI by MD simulations (SI Appendix, Fig. S7 C and D). The ratio of 
statistical chain sizes of PMB to PSS was as large as 1.84, while that of PMB to PSTFSI was as 
small as 1.68. The value of PSS-b-PMB is in good agreement with the literature value of 1.85, 
reported for A15 phases of neutral diblock copolymer melts (38). Both values exhibited a positive 
correlation with the number of polymer chains in the micelles. The calculated conformational 
asymmetry of dilute micelles in 2E4MIm/HTFSI (1/1) and those constituting A15 phases in 
2E4MIm/HTFSI (2/1) were almost identical.  

Crystallographic analysis further demonstrates the structural differences between A15 
phases with different, tethered acid functional groups. Fig. 3A shows representative equilibrium 
SAXS profiles of PSS-b-PMB and PSTFSI-b-PMB containing 50 wt% 2E4MIm/TFSI (2/1) that 
were acquired at room temperature. As indicated by the blue shadow in the figure, the strong 
scattering intensity of the (110) peak was apparent for PSS-b-PMB, but was rather indistinct for 
PSTFSI-b-PMB. This was consistently observed for all A15-forming samples, indicative of 
dissimilar micellar morphologies in A15 phases of PSS-b-PMB and PSTFSI-b-PMB.  

These were visualized by electron density reconstruction using MATLAB and 
SUPERFLIP software based on structure factors extracted from SAXS profiles and a charge-
flipping algorithm (51). Fig. 3B delineates the electron density difference isosurface maps and the 
charge-density contour maps of the A15 unit cells. These maps displayed ellipsoidal-shaped 
facial micelles in close proximity for both samples, but the aspect ratio was greater in the PSS-b-
PMB samples. Besides, the distorted shape of the center micelles were visualized for PSTFSI-b-
PMB owing to the delocalized nature of the –TFSI- anion, resulting in the soft PSTFSI corona and 
diffusive micellar interfaces.  

Simulated A15 structures of block copolymers in 2E4MIm/HTFSI (2/1) in Fig. 3C show 
striking agreement with the reconstructed electron density map, including more distorted and 
diffusive micellar interfaces for PSTFSI-b-PMB. This distortion is facilitated by fast dynamics of 
2E4MIm+ cations at the PSTFSI-/2E4MIm+ interfacial layer, leading to a strong fluctuation of the 
micelle surface (SI Appendix, Fig. S8). On the contrary, PSS-b-PMB shows significantly less 
fluctuation than that of PSTFSI-b-PMB due to the stronger binding of its PSS-/2E4MIm+ ion pairs 
in its thin interfacial layer. The contour density map of each species provides valuable insight into 
the dissimilar interfacial fluctuations and ion distributions (SI Appendix, Fig. S9). Particularly, the 
facial micelles are very closely located to one another as they share 2E4MIm+ cations in the thin 
PSS-/2E4MIm+ (or PSTFSI-/2E4MIm+) shell layers. This is enabled by the strong electrostatic 
interactions that contract the charged polymer chains (SI Appendix, Fig. S10). The resultant 
uniform thickness of the ionic shells allowed the micelles to accommodate the low symmetry 
morphology.  

 
 
Enhanced ionic conductivity of charged block copolymers by stabilizing low symmetry 
morphology. Lastly, we investigated the morphology–transport relationship of our samples. Fig. 
4 A and B show the ionic conductivities of PSTFSI-b-PMB and PSS-b-PMB comprising 50 wt% 
ionic liquids with different 2E4MIm/HTFSI ratios. Also of note, the conductivity of the neat ionic 
liquids is highest at a 1/1 ratio, which gradually decreases as the 2E4MIm content increases (i.e., 
1/1 > 3/2 > 2/1 > 3/1, see SI Appendix, Fig. S11A). For PSTFSI-b-PMB samples, the conductivity 
was intimately related to the inherent conductivity of the neat ionic liquids, signaling that the 
2E4MIm/HTFSI ionic liquids in PSTFSI-b-PMB simply act like solvents. 

On the contrary, for PSS-b-PMB comprising 2E4MIm/HTFSI (1/1), a considerable 
reduction in ionic conductivity was observed over the entire temperature window of interest. 
Despite the inferior conductivity of non-stoichiometric 2E4MIm/HTFSI to that of stoichiometric 
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2E4MIm/HTFSI (in neat states), a radical enhancement in the conductivity by an order of 
magnitude was seen if the PSS-b-PMB samples formed A15 structures with the use of 2E4MIm-
excessive ionic liquids. This is attributed to the facilitated proton transport across three-
dimensionally connected ionic shells, which are stabilized by electrostatic interactions.  

Morphology factors were further quantified based on the SAX–Ottino equation (52). The 
ionic conductivities of the PSTFSI-b-PMB and PSS-b-PMB samples were normalized by those of 
PSS and PSTFSI homopolymer counterparts having the same local concentration of the ionic 
liquids, i.e., the same 2E4MIm/HTFSI ratio (SI Appendix, Fig. S11 B and C). Fig. 4C shows the 
calculated morphology factors of representative sets of the sample, revealing that the highest 
morphology factor close to unity was for PSTFSI-b-PMB with 2E4MIm/HTFSI (1/1), while a 
markedly low value of less than 0.05 was seen for the PSS-b-PMB analog. With embedded 
2E4MIm/HTFSI (2/1), both PSTFSI-b-PMB and PSS-b-PMB formed A15 structures and showed 
morphology factors in the range of 0.6 – 0.8. The reason the morphology factor is lowered despite 
having the same A15 structures is due to the enhanced viscosity of 2E4MIm/HTFSI (2/1) when it 
is confined in ionic phases, making the normalization by homopolymer conductivity being 
imprecise. Yet, it is evident that the morphology of the charged block copolymers played an 
important role in determining the ion transport efficiency. This is owing to the three-dimensionally 
connected ionic phases that A15 structures provide, which are unlike the highly tortuous ion-
conduction paths formed in LAM structures.   

The present study establishes a new platform for designing efficient polymer electrolytes 
via the stabilization of a low symmetry morphology. Therefore, fabricating other Frank–Kasper 
phases for charged block copolymers may be prudent to pursue in the near future. This could be 
accomplished via an approach where the molecular size, the strength of electrostatic interactions, 
the concentration of physically and chemically bound charges, and the block 
architecture/composition are tuned. 

 

Conclusions  
 
In summary, we investigated the electrostatically controlled morphologies of PSS-b-PMB 

and PSTFSI-b-PMB block copolymers. The key findings of this study acquired by combining 
experiments and computer simulations are summarized as follows: (1) Facile stabilization of A15 
phases was unveiled for PSS-b-PMB and PSTFSI-b-PMB through the incorporation of non-
stoichiometric 2E4MIm/HTFSI ionic liquids. (2) PMB micelle cores were predominantly covered 
with uncharged PS units, followed by the formation of thin ionic shell layers of charged 
polymer/2E4MIm+ complexes at the interfaces. This played a crucial role in stabilizing the low 
symmetry morphology of our samples, where the stabilization energy increased with increasing 
2E4MIm content. (3) The strong binding of 2E4MIm+ cations to the tethered –SO3- groups of 
PSS-b-PMB yielded ellipsoidal facial micelles with sharp interfacial layers, while rather distorted 
micelles and diffusive micellar interfaces with concentration fluctuations were observed for 
PSTFSI-b-PMB due to its weak binding interactions. (4) The extremely slow re-enactment of the 
A15 structures from HEX phases was noted when the samples were cooled. This was deemed an 
epitaxial process via the d211 of the A15 structures coinciding with the d10 of the HEX structures. 
(5) The development of A15 structures was found to provide efficient ion transport, contrary to a 
radical reduction in conductivity observed for the LAM-forming samples. Enhancing the ion 
transport properties of charged block copolymers via interfacial engineering provides a potential 
route to developing advanced polymer electrolytes. 
 
Materials and Methods 
 
Details of the materials, experimental procedures, data, and MD simulations are described in SI 
Appendix. 
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Figures and Tables 
 

 
Fig. 1. Phase diagrams of (A) PSTFSI-b-PMB and (B) PSS-b-PMB block copolymers comprising 
non-stoichiometric 2E4MIm/HTFSI ionic liquids as a function of the volume fraction of ionic 
phases. (C) Phase diagram of PSS-b-PMB samples with the fPSS + f2E4MIm + fHTFSI as x-axis on the 
top and the molar ratio of 2E4MIm to acid moieties as x-axis on the bottom. (D) Representative 
MD simulation snapshot of a PSS-b-PMB micelle dissolved in 2E4MIm/HTFSI (1/1). Each 
polymer chain is represented with a different color, where PSS are drawn as larger spheres and 
the PMB are shown in ball and sticks. Part of the chains are removed to highlight the 
conformation of each polymer chain. (E) Radial distribution of each species from the center of the 
PMB core, highlighting dissimilar 2E4MIm+ distributions near the micellar interface for PSS-b-
PMB and PSTFSI-b-PMB in 2E4MIm/HTFSI (1/1). 
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Fig. 2. SAXS profiles of (A) PSTFSI-b-PMB and (B), PSS-b-PMB comprising 2E4MIm/HTFSI (2/1) ionic liquids with heating and cooling steps. 
Bragg peaks corresponding to HEX structures are marked by inverted triangles. (C) 2D SAXS pattern of PSS-b-PMB comprising 2E4MIm/HTFSI 
(2/1), representing the coexistence of HEX and A15 crystals. (D) Azimuthal scans of the A15 {211} reflection in the 2D scattering patterns at 30 C 
and 130 C. (E) Suggested epitaxial phase route between A15 and HEX structures. 
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Fig. 3. (A) SAXS profiles of PSS-b-PMB and PSTFSI-b-PMB comprising 50 wt% 2E4MIm/HTFSI (2/1). (B) Electron density difference isosurface map and 
charge density contour map of each A15 unit cell. (Empty circles are Wyckoff position 2a and black circles are Wyckoff position 6c) (C) MD simulation 
snapshot and the contour density map of each A15 structure, drawn for the PSS and PSTFSI chains. 
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Fig. 4. Temperature-dependent ionic conductivity of (A) PSTFSI-b-PMB and (B) PSS-b-PMB 
comprising 50 wt% 2E4MIm/HTFSI ionic liquids. The molar ratios of 2E4MIm/HTFSI and 
morphologies of the samples are marked in the figure. (C) Morphology factors of representative 
sets of samples, calculated by SAX-Ottino equation.
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Table 1. PSTFSI-b-PMB and PSS-b-PMB samples comprising ionic liquids. 

 

 

Polymer 
Molar ratio of  

2E4MIm/HTFSI/acid 
group of polymer 

Total mass 
fraction of 

2E4MIm+HTFSI 
(wt%) 

Volume fraction of 
ionic phase 

(fPSTFSI+ f2E4MIm+fHTFSI 

or fPSS+f2E4MIm+fHTFSI) 

Morphology 

PSTFSI-b-PMB 

neat polymer 0 0.50 GYR-GYR+LAM 

0.9/0.9/1.0 

30 

0.64 LAM - DIS 

1.4/0.7/1.0 0.64 HEX 

1.8/0.6/1.0 0.65 HEX 

1.0/1.0/1.0 32 0.65 HEX 

2.0/1.0/1.0 38 0.68 A15/HEXHEX 

3.0/2.0/1.0 52 0.75 A15DIS 

2.0/2.0/1.0 

50 

0.73 A15/HEX 

3.3/1.7/1.0 0.74 A15 

3.9/1.3/1.0 0.75 A15 

PSS-b-PMB 

neat polymer 0 0.45 LAM-DIS 

0.8/0.8/1.0 

30 

0.60 LAMDIS 

1.2/0.6/1.0 0.60 HEX 

1.5/0.5/1.0 0.61 HEX 

1.0/1.0/1.0 36 0.63 LAMDIS 

2.0/1.0/1.0 42 0.66 A15/HEX 

2.0/2.0/1.0 53 0.72 LAMDIS 

3.0/2.0/1.0 56 0.74 A15 

1.8/1.8/1.0 

50 

0.70 LAMDIS 

2.8/1.4/1.0 0.71 A15 

3.3/1.1/1.0 0.71 A15 


