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ABSTRACT
[bookmark: _Hlk14271832]We have systematically examined the phase behavior of lithium salt-doped A/B/AB ternary polymer blends composed of low molar mass poly(ethylene oxide) (PEO) and polystyrene (PS) homopolymers, a symmetric PS-b-PEO block copolymer (SO), and lithium bis(trifluoromethane) sulfonimide (LiTFSI) by a combination of small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS), bolstered by ionic conductivity measurements. The salt partitions exclusively to the PEO, and acts to increase the segregation strength of the blends, leading either to macroscopic or microscopic phase segregation. By constraining the volume fractions of the two homopolymers to be the same (ϕPEO+LiTFSI/ϕPS = 1), a 2D phase diagram along the volumetrically symmetric isopleth of the phase prism has been mapped out, and a well-structured bicontinuous microemulsion (BμE) is found over a wider range of total homopolymer composition (ca. ϕH ≈ 80 – 86%), compared to the neutral polymer case, where a 1 – 3% range in ϕH is typical. The characteristics of the BμE are obtained via the Teubner-Strey structure factor and are tunable by ϕH, temperature, and salt concentration. Moreover, the BμE possesses superior ionic transport properties, demonstrating higher conductivity compared to both microphase-separated (lamellar) and non-structured disordered blends. This work offers a strategy to obtain well-defined microstructured ion-containing polymer systems with tunable co-continuous morphology and favorable conductivity properties, which could help optimize the design of polymer electrolytes.





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.[endnoteRef:1] 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.[endnoteRef:2] 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.[endnoteRef:3]-,[endnoteRef:4],[endnoteRef:5],[endnoteRef:6] The most commonly investigated polymer electrolyte is poly(ethylene oxide) (PEO), and although more than 40 years have passed since the first attempt to use it in battery applications,[endnoteRef:7] limited success has been obtained in designing a robust PEO-based electrolyte without sacrificing too much conductivity. In order 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.[endnoteRef:8]-,[endnoteRef:9],[endnoteRef:10],[endnoteRef:11],[endnoteRef:12],[endnoteRef:13],[endnoteRef:14],[endnoteRef:15],[endnoteRef:16],[endnoteRef:17],[endnoteRef:18],[endnoteRef:19],[endnoteRef:20],[endnoteRef:21],[endnoteRef:22],[endnoteRef:23],[endnoteRef:24],[endnoteRef:25],[endnoteRef:26] [1: (1) Miller, T. F.; Wang, Z.-G.; Coates, G. W.; Balsara, N. P. Designing polymer electrolytes for safe and high capacity rechargeable lithium batteries. Acc. Chem. Res. 2017, 50, 590-593.]  [2: (2) Harry, K. J.; Hallinan, D. T.; Parkinson, D. Y.; MacDowell, A. A.; Balsara, N. P. Detection of subsurface structures underneath dendrites formed on cycled lithium metal electrodes. Nat. Mater. 2014, 13, 69-73.]  [3: (3) Meyer, W. H. Polymer electrolytes for lithium ion batteries. Adv. Mater. 1998, 10, 439-448.]  [4: (4) Manuel Stephan, A.; Nahm, K. S. Review on composite polymer electrolytes for lithium batteries. Polymer 2006, 47, 5952-5964.]  [5: (5) Agrawal, R. C.; Pandey, G. P. Solid polymer electrolytes: materials designing and all-solid-state battery applications: an overview. J. Phys. D: Appl. Phys. 2008, 41, 223001.]  [6: (6) Xue, Z.; He, D.; Xie, X. Poly(ethylene oxide)-based electrolytes for lithium-ion batteries. J. Mater. Chem. A 2015, 3, 19218-19253.]  [7: (7) Fenton, D. E.; Parker, J. M.; Wright, P. V. Complexes of alkali metal ions with poly(ethylene oxide). Polymer 1973, 14, 589.]  [8: (8) Ruzette, A. V. G.; Soo, P. P.; Sadoway, D. R.; Mayes, A. M. Melt-formable block copolymer electrolytes for lithium rechargeable batteries. J. Electrochem. Soc. 2001, 148, A537-A543.]  [9: (9) Sadoway, D. R. Block and graft copolymer electrolytes for high-performance, solid-state, lithium batteries. J. Power Sources 2004, 129, 1-3.]  [10: (10) Epps, T. H.; Bailey, T. S.; Pham, H. D.; Bates, F. S. Phase behavior of lithium perchlorate-doped poly (styrene-b-isoprene-b-ethylene oxide) triblock copolymers. Chem. Mater. 2002, 14, 1706-1714.]  [11: (11) Epps, T. H.; Bailey, T. S.; Waletzko, R.; Bates, F. S. Phase behavior and block sequence effects in lithium perchlorate-doped poly(isoprene-b-styrene-b-ethylene oxide) and poly(styrene-b-isoprene-b-ethylene oxide) triblock copolymers. Macromolecules 2003, 36, 2873-2881.
]  [12: (12) Young, W.-S.; Epps, T. H. Salt doping in PEO-containing block copolymers: counterion and concentration effects. Macromolecules 2009, 42, 2672-2678.]  [13: (13) Young, W.-S.; Albert, J. N. L.; Schantz, A. B.; Epps, T. H. Mixed-salt effects on the ionic conductivity of lithium-doped PEO-containing block copolymers. Macromolecules 2011, 44, 8116-8123.]  [14: (14) Young, W.-S.; Epps, T. H. Ionic conductivities of block copolymer electrolytes with various conducting pathways: sample preparation and processing considerations. Macromolecules 2012, 45, 4689-4697.]  [15: (15) Young, W.-S.; Kuan, W.-F.; Epps, T. H. Block copolymer electrolytes for rechargeable lithium batteries. J. Polym. Sci., Part B: Polym. Phys. 2014, 52, 1-16.]  [16: (16) Gilbert, J. B.; Luo, M.; Shelton, C. K.; Rubner, M. F.; Cohen, R. E.; Epps, T. H. Determination of lithium-ion distributions in nanostructured block polymer electrolyte thin films by X-ray photoelectron spectroscopy depth profiling. ACS Nano 2015, 9, 512-20.]  [17: (17) Gartner, T. E.; Morris, M. A.; Shelton, C. K.; Dura, J. A.; Epps, T. H. Quantifying lithium salt and polymer density distributions in nanostructured ion-conducting block polymers. Macromolecules 2018, 51, 1917-1926.]  [18: (18) Ye, Y.; Choi, J.-H.; Winey, K. I.; Elabd, Y. A. Polymerized ionic liquid block and random copolymers: effect of weak microphase separation on ion transport. Macromolecules 2012, 45, 7027-7035.]  [19: (19) Jo, G.; Jeon, H.; Park, M. J. Synthesis of polymer electrolytes based on poly(ethylene oxide) and an anion-stabilizing hard polymer for enhancing conductivity and cation transport. ACS Macro Lett. 2015, 4, 225-230.]  [20: (20) Singh, M.; Odusanya, O.; Wilmes, G. M.; Eitouni, H. B.; Gomez, E. D.; Patel, A. J.; Chen, V. L.; Park, M. J.; Fragouli, P.; Iatrou, H.; Hadjichristidis, N.; Cookson, D.; Balsara, N. P. Effect of molecular weight on the mechanical and electrical properties of block copolymer electrolytes. Macromolecules 2007, 40, 4578-4585.]  [21: (21) Sethi, G. K.; Jung, H. Y.; Loo, W. S.; Sawhney, S.; Park, M. J.; Balsara, N. P.; Villaluenga, I. Structure and thermodynamics of hybrid organic–inorganic diblock copolymers with salt. Macromolecules 2019, 52, 3165-3175.]  [22: (22) Virgili, J. M.; Hoarfrost, M. L.; Segalman, R. A. Effect of an ionic liquid solvent on the phase behavior of block copolymers. Macromolecules 2010, 43, 5417-5423.]  [23: (23) Hoarfrost, M. L.; Segalman, R. A. Ionic conductivity of nanostructured block copolymer/ionic liquid membranes. Macromolecules 2011, 44, 5281-5288.]  [24: (24) Hoarfrost, M. L.; Tyagi, M. S.; Segalman, R. A.; Reimer, J. A. Effect of confinement on proton transport mechanisms in block copolymer/ionic liquid membranes. Macromolecules 2012, 45, 3112-3120.]  [25: (25) Sanoja, G. E.; Popere, B. C.; Beckingham, B. S.; Evans, C. M.; Lynd, N. A.; Segalman, R. A. Structure–conductivity relationships of block copolymer membranes based on hydrated protic polymerized ionic liquids: effect of domain spacing. Macromolecules 2016, 49, 2216-2223.]  [26: (26) Wang, J.-Y.; Chen, W.; Roy, C.; Sievert, J. D.; Russell, T. P. Influence of ionic complexes on phase behavior of polystyrene-b-poly(methyl methacrylate) copolymers. Macromolecules 2008, 41, 963-969.] 

[bookmark: _Ref14453172][bookmark: _Ref14453173][bookmark: _Ref14452397][bookmark: _Ref14452455]Of the myriad possibilities, ternary blends comprising A and B homopolymers, plus an A-B 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 bicontinuous microemulsion (BμE), when the components are suitably designed.[endnoteRef:27]-,[endnoteRef:28],[endnoteRef:29],[endnoteRef:30],[endnoteRef:31],[endnoteRef:32] 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.[endnoteRef:33] A kinetically trapped co-continuous structure with a nanometer characteristic length scale can be obtained by polymerization-induced microphase separation.[endnoteRef:34]-,[endnoteRef:35],[endnoteRef:36] Ordered block copolymers can also form co-continuous structures, such 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.[endnoteRef:37] 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.[endnoteRef:38]-,[endnoteRef:39],[endnoteRef:40],[endnoteRef:41],[endnoteRef:42],[endnoteRef:43] [27: (27) Bates, F. S.; Maurer, W. W.; Lipic, P. M.; Hillmyer, M. A.; Almdal, K.; Mortensen, K.; Fredrickson, G. H.; Lodge, T. P. Polymeric bicontinuous microemulsions. Phys. Rev. Lett. 1997, 79, 849-852.]  [28: (28) Hillmyer, M. A.; Maurer, W. W.; Lodge, T. P.; Bates, F. S.; Almdal, K. Model bicontinuous microemulsions in ternary homopolymer/block copolymer blends. J. Phys. Chem. B 1999, 103, 4814-4824.]  [29: (29) Washburn, N. R.; Lodge, T. P.; Bates, F. S. Ternary polymer blends as model surfactant systems. J. Phys. Chem. B 2000, 104, 6987-6997.]  [30: (30) 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, 7247-7259.]  [31: (31) Krishnan, K.; Almdal, K.; Burghardt, W. R.; Lodge, T. P.; Bates, F. S. Shear-induced nano-macro structural transition in a polymeric bicontinuous microemulsion. Phys. Rev. Lett. 2001, 87, 098301.]  [32: (32) Habersberger, B. M.; Bates, F. S.; Lodge, T. P. Hierarchical microphase separation in bicontinuous ternary polymer blends. Soft Matter 2012, 8, 3429-3441.]  [33: (33) Li, L.; Miesch, C.; Sudeep, P. K.; Balazs, A. C.; Emrick, T.; Russell, T. P.; Hayward, R. C. Kinetically trapped co-continuous polymer morphologies through intraphase gelation of nanoparticles. Nano Lett. 2011, 11, 1997-2003.]  [34: (34) Seo, M.; Hillmyer, M. A. Reticulated nanoporous polymers by controlled polymerization-induced microphase separation. Science 2012, 336, 1422-1425.]  [35: (35) McIntosh, L. D.; Schulze, M. W.; Irwin, M. T.; Hillmyer, M. A.; Lodge, T. P. Evolution of morphology, modulus, and conductivity in polymer electrolytes prepared via polymerization-induced phase separation. Macromolecules 2015, 48, 1418-1428.]  [36: (36) Schulze, M. W.; McIntosh, L. D.; Hillmyer, M. A.; Lodge, T. P. High-modulus, high-conductivity nanostructured polymer electrolyte membranes via polymerization-induced phase separation. Nano Lett. 2014, 14, 122-126.]  [37: (37) Park, M. J.; Balsara, N. P. Phase behavior of symmetric sulfonated block copolymers. Macromolecules 2008, 41, 3678-3687.]  [38: (38) Zhou, N.; Bates, F. S.; Lodge, T. P. Mesoporous membrane templated by a polymeric bicontinuous microemulsion. Nano Lett. 2006, 6, 2354-2357.]  [39: (39) Jones, B. H.; Lodge, T. P. High-temperature nanoporous ceramic monolith prepared from a polymeric bicontinuous microemulsion template. J. Am. Chem. Soc. 2009, 131, 1676-1677.]  [40: (40) Jones, B. H.; Lodge, T. P. Nanoporous materials derived from polymeric bicontinuous microemulsions. Chem. Mater. 2010, 22, 1279-1281.]  [41: (41) Jones, B. H.; Lodge, T. P. Hierarchically structured materials from block polymer confinement within bicontinuous microemulsion-derived nanoporous polyethylene. ACS Nano 2011, 5, 8914-8927.]  [42: (42) Jones, B. H.; Lodge, T. P. Nanocasting nanoporous inorganic and organic materials from polymeric bicontinuous microemulsion templates. Polym. J. 2012, 44, 131-146.]  [43: (43) Kipp, D.; Wodo, O.; Ganapathysubramanian, B.; Ganesan, V. Achieving bicontinuous microemulsion like morphologies in organic photovoltaics. ACS Macro Lett. 2015, 4, 266-270.] 

[bookmark: _Ref14452317][bookmark: _Ref14453512][bookmark: _Ref18581002][bookmark: _Ref14453377][bookmark: _Ref14452170][bookmark: _Ref14452248][bookmark: _Ref14452293][bookmark: _Ref14452295][bookmark: _Ref14452253]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 = polystyrene (PS) and B = polyethylene oxide (PEO), the addition of lithium bis(trifluoromethane sulfonyl)imide (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.[endnoteRef:44] Similarly, a BμE has very recently been reported in a ternary system where one polymer is ionic.[endnoteRef:45] 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.[endnoteRef:46]-,[endnoteRef:47],[endnoteRef:48],[endnoteRef:49],[endnoteRef:50],[endnoteRef:51],[endnoteRef:52],[endnoteRef:53],[endnoteRef:54],[endnoteRef:55] 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.[endnoteRef:56] Theoretical studies also suggest that the introduction of ions (either salt ions or ions on the polymer backbone) to a homopolymer mixture or diblock copolymer can lead to phase separation and may result in a quite asymmetric phase diagram.[endnoteRef:57],[endnoteRef:58] 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,[endnoteRef:59]-,[endnoteRef:60],[endnoteRef:61] while Sing, et al. also consider asymmetric charge cohesion effects.[endnoteRef:62]-,[endnoteRef:63],[endnoteRef:64],[endnoteRef:65],[endnoteRef:66]  [44: (44) Irwin, M. T.; Hickey, R. J.; Xie, S.; Bates, F. S.; Lodge, T. P. Lithium salt-induced microstructure and ordering in diblock copolymer/homopolymer blends. Macromolecules 2016, 49, 4839-4849.]  [45: (45) Shim, J.; Bates, F.S.; Lodge, T.P., Bicontinuous microemulsions in partially charged ternary polymer blends, ACS Macro Letters, 2019, 8, 1166-1171.]  [46: (46) Wanakule, N. S.; Panday, A.; Mullin, S. A.; Gann, E.; Hexemer, A.; Balsara, N. P. Ionic conductivity of block copolymer electrolytes in the vicinity of order−disorder and order−order transitions. Macromolecules 2009, 42, 5642-5651.]  [47: (47) Wanakule, N. S.; Virgili, J. M.; Teran, A. A.; Wang, Z.-G.; Balsara, N. P. Thermodynamic properties of block copolymer electrolytes containing imidazolium and lithium salts. Macromolecules 2010, 43, 8282-8289.]  [48: (48) Teran, A. A.; Mullin, S. A.; Hallinan, D. T.; Balsara, N. P. Discontinuous changes in ionic conductivity of a block copolymer electrolyte through an order–disorder transition. ACS Macro Lett. 2012, 1, 305-309.]  [49: (49) Yuan, R.; Teran, A. A.; Gurevitch, I.; Mullin, S. A.; Wanakule, N. S.; Balsara, N. P. Ionic conductivity of low molecular weight block copolymer electrolytes. Macromolecules 2013, 46, 914-921.]  [50: (50) Chintapalli, M.; Chen, X. C.; Thelen, J. L.; Teran, A. A.; Wang, X.; Garetz, B. A.; Balsara, N. P. Effect of grain size on the ionic conductivity of a block copolymer electrolyte. Macromolecules 2014, 47, 5424-5431.]  [51: (51) Teran, A. A.; Balsara, N. P. Thermodynamics of block copolymers with and without salt. J. Phys. Chem. B 2014, 118, 4-17.]  [52: (52) Thelen, J. L.; Teran, A. A.; Wang, X.; Garetz, B. A.; Nakamura, I.; Wang, Z.-G.; Balsara, N. P. Phase behavior of a block copolymer/salt mixture through the order-to-disorder transition. Macromolecules 2014, 47, 2666-2673.]  [53: (53) Chintapalli, M.; Le, T. N. P.; Venkatesan, N. R.; Mackay, N. G.; Rojas, A. A.; Thelen, J. L.; Chen, X. C.; Devaux, D.; Balsara, N. P. Structure and ionic conductivity of polystyrene-block-poly(ethylene oxide) electrolytes in the high salt concentration limit. Macromolecules 2016, 49, 1770-1780.]  [54: (54) Loo, W. S.; Galluzzo, M. D.; Li, X.; Maslyn, J. A.; Oh, H. J.; Mongcopa, K. I.; Zhu, C.; Wang, A. A.; Wang, X.; Garetz, B. A.; Balsara, N. P. Phase behavior of mixtures of block copolymers and a lithium salt. J. Phys. Chem. B 2018, 122, 8065-8074.]  [55: (55) Loo, W. S.; Jiang, X.; Maslyn, J. A.; Oh, H. J.; Zhu, C.; Downing, K. H.; Balsara, N. P. Reentrant phase behavior and coexistence in asymmetric block copolymer electrolytes. Soft Matter 2018, 14, 2789-2795.]  [56: (56) Xie, S.; Lodge, T. P. Phase behavior of binary polymer blends doped with salt. Macromolecules 2017, 51, 266-274.]  [57: (57) Wang, Z. G. Effects of ion solvation on the miscibility of binary polymer blends. J. Phys. Chem. B 2008, 112, 16205-16213.]  [58: (58) Ren, C.-L.; Nakamura, I.; Wang, Z.-G. Effects of ion-induced cross-linking on the phase behavior in salt-doped polymer blends. Macromolecules 2016, 49, 425-431.]  [59: (59) Nakamura, I.; Balsara, N. P.; Wang, Z. G. Thermodynamics of ion-containing polymer blends and block copolymers. Phys. Rev. Lett. 2011, 107, 198301.]  [60: (60) Nakamura, I.; Balsara, N. P.; Wang, Z.-G. First-order disordered-to-lamellar phase transition in lithium salt-doped block copolymers. ACS Macro Lett. 2013, 2, 478-481.]  [61: (61) Nakamura, I.; Wang, Z.-G. Thermodynamics of salt-doped block copolymers. ACS Macro Lett. 2014, 3, 708-711.]  [62: (62) Sing, C. E.; Zwanikken, J. W.; Olvera de la Cruz, M. Ion correlation-induced phase separation in polyelectrolyte blends. ACS Macro Lett. 2013, 2, 1042-1046.]  [63: (63) Sing, C. E.; Zwanikken, J. W.; Olvera de la Cruz, M. Effect of ion–ion correlations on polyelectrolyte gel collapse and reentrant swelling. Macromolecules 2013, 46, 5053-5065.]  [64: (64) Sing, C. E.; Olvera de la Cruz, M. Polyelectrolyte blends and nontrivial behavior in effective Flory–Huggins parameters. ACS Macro Lett. 2014, 3, 698-702.]  [65: (65) Sing, C. E.; Zwanikken, J. W.; Olvera de la Cruz, M. Electrostatic control of block copolymer morphology. Nat. Mater. 2014, 13, 694-698.]  [66: (66) Sing, C. E.; Zwanikken, J. W.; Olvera de la Cruz, M. Theory of melt polyelectrolyte blends and block copolymers: phase behavior, surface tension, and microphase periodicity. J. Chem. Phys. 2015, 142, 034902.] 

In this work, 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. 
EXPERIMENTAL SECTION
[bookmark: _Hlk14259327]	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 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 tetrahydrofuran (THF) at 45 °C for 24 h and then terminated by purified methanol (Figure S1).[endnoteRef:67] 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 1. [67: (67) So, S.; Lodge, T. P. Interfacial tension-hindered phase transfer of polystyrene-b-poly(ethylene oxide) polymersomes from a hydrophobic ionic liquid to water. Langmuir 2015, 31, 594-601.] 









Table 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. [endnoteRef:68]; f The volume-weighted density of each component; g From Ref. 51; h The SO used in all the SAXS measurements had 5400 g/mol with fPEO = 0.49 and Đ = 1.03. [68: (68) Mark, J. E., Physical properties of polymers handbook. Springer: 2007; Vol. 1076.] 


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.
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 of the scattering from the three pure components. Data were reduced using the NCNR software package for Igor Pro.[endnoteRef:69] [69: (69) Kline, S. R. Reduction and analysis of SANS and USANS data using IGOR Pro. J. Appl. Crystallogr. 2006, 39, 895-900.] 

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.
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 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 1, where R(T) is the resistance at a specific temperature.

	
	σ(T) = l / (R(T) × A)
	(1)


	
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. [image: ] 

Figure 1: Experimentally determined 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.




RESULTS AND DISCUSSION 															
[bookmark: _Ref14453599]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.44 Here we examine a similar “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 1. 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.[endnoteRef:70] 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 S6, 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., and justified by Nakamura, et al., due to an uneven distribution of ions between the disordered and ordered phases.52,60 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 previous result,56 and the prediction by Ren, et al.58 Interestingly, samples with ϕH = 0.2 – 0.8 all have a ca. 5 °C coexistence window (Figure S7), 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.44 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.[endnoteRef:71] 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. [70: (70) Frielinghaus, H.; Mortensen, K.; Almdal, K. Differences of interaction parameter of a PS/PEO homopolymer blend and diblock copolymer in comparison to other systems. Macromol. Symp. 2000, 149, 63-67.]  [71: (71) Devaux, D.; Bouchet, R.; Glé, D.; Denoyel, R. Mechanism of ion transport in PEO/LiTFSI complexes: Effect of temperature, molecular weight and end groups. Solid State Ionics 2012, 227, 119-127.] 
[image: ]

Figure 2: (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 (eq 2) to the SAXS data for the BμE.




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 2a). 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 2b, 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.29 In the mean-field theory, the Lifshitz point happens at . 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.
It is worth noting that although the BμE feature persists up to ϕH = 0.95 (Figure S8), the blends are likely not homogeneous. As shown in Figure S9, 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.
Structure of the BμE. Selected samples were investigated between 49 and 167 °C using SANS (some samples were also investigated using SAXS, see Figure S8). The PS homopolymer and PS block in SO were labeled to generate enough contrast in the dS/O/dSO blends. As shown in Figure 3a, the sample with ϕH = 0.86 demonstrates a broad but prominent peak at ca. 0.15 nm–1. To quantitatively access the structure of a microemulsion, Teubner and Strey (T-S) developed an approach to fit the scattering patterns based on a Landau expansion of the free energy.[endnoteRef:72] To a good approximation, three parameters are sufficient to explain the typical feature of microemulsion scattering patterns: [72: (72) Teubner, M.; Strey, R. Origin of the scattering peak in microemulsions. ‎J. Chem. Phys. 1987, 87, 3195-3200.] 

	
	

	(2)


where a2 > 0 and c2 > 0, c1 can be positive or negative, and collectively they satisfy the stability requirement that 4a2c2 – c12 > 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 3-5). 
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The domain size (d) characterizes the distance between neighboring PEO-PEO or PS-PS homopolymer 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  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.30 As shown in Figure 3a, 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 the Supporting Information for details) shows that the interfacial area per block copolymer lies between 1.3 – 1.7 nm2, which is slightly 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.30 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 3a and Figure S8g). 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.
On the other hand, when the salt concentration is doubled to r = 0.06 in the blends (Figure 3b), 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, this is unlikely to be the case since the broad shoulder also appears in SAXS traces of a blend with ϕH = 0.88 (see Figure S10). 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.[endnoteRef:73],[endnoteRef:74] Thus, the high q feature is likely a nascent second-order Bragg peak, which indicates that the structure is close to LAM. [73: (73) Bates, F. S.; Wiltzius, P. Spinodal decomposition of a symmetric critical mixture of deuterated and protonated polymer. ‎J. Chem. Phys. 1989, 91, 3258-3274.]  [74: (74) Bates, F. S.; Rosedale, J. H.; Fredrickson, G. H. Fluctuation effects in a symmetric diblock copolymer near the order–disorder transition. ‎J. Chem. Phys. 1990, 92, 6255-6270.] 
[image: ]
Figure 3: SANS data in units of absolute intensity 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.


[bookmark: _Ref14452946]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 4, 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.30,[endnoteRef:75] 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 –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.  [75: (75) 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, 53-66.] 
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Figure 4: The domain size (d) (black symbols), correlation length (ξ) (red symbols) and amphiphilicity factor (fa) (blue symbols) 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.


Location of the BμE channel. As shown in Figure 1, the single-phase BμE channel extends from ϕH ≈ 80 – 86%, which is noticeably wider than that of neutral ternary blends, where a 1 – 3% window is more typical.27,28,[endnoteRef:76],[endnoteRef:77] 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 S12) 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 (Figure 5). 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. [76: (76) Ellison, C. J.; Meuler, A. J.; Qin, J.; Evans, C. M.; Wolf, L. M.; Bates, F. S. Bicontinuous polymeric microemulsions from polydisperse diblock copolymers. J. Phys. Chem. B 2009, 113, 3726-3737.]  [77: (77) Hickey, R. J.; Gillard, T. M.; Irwin, M. T.; Morse, D. C.; Lodge, T. P.; Bates, F. S. Phase behavior of diblock copolymer–homopolymer ternary blends: Congruent first-order lamellar–disorder transition. Macromolecules 2016, 49, 7928-7944.] 
[image: ]
Figure 5: 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 (eq 2) to the SANS data.


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 6. All samples were processed following strict methods to exclude moisture and solvent, and replicates were performed without noticeable discrepancy (Figure S13). 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 S6 is due to the small difference in r). For comparison, the conductivity profile of SO with r = 0.03 was also measured (Figure S14) 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 1. 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 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 
	
	

	(7)




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.[endnoteRef:78]-,[endnoteRef:79],[endnoteRef:80],[endnoteRef:81] All fitting parameters can be found in Table S1. 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. [78: (78) Vogel, H. The temperature dependence law of the viscosity of fluids. Phys. Z 1921, 22, 645-646.]  [79: (79) Fulcher, G. S. Analysis of recent measurements of the viscosity of glasses. J. Am. Ceram. Soc. 1925, 8, 339-355.]  [80: (80) Tammann, G.; Hesse, W. The dependancy of viscosity on temperature in hypothermic liquids. Z. Anorg. Allg. Chem. 1926, 156, 245-257.]  [81: (81) Gray, F. M., Solid Polymer Electrolytes: Fundamentals and Technological Applications. VCH: 1991.] 
[image: ]
Figure 6: 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.


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):
	
	

	(8)



It is conceivable that the topology of the microstructure and the grain orientation influence the net conductivity. Balsara, et al. defined a morphology factor , such that ideally f(LAM) = 2/3, and f(HEX) = 1/3, since in randomly distributed 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.[endnoteRef:82] The tortuosity (τ = 1/f) is also used to describe the increased distance a charge needs to travel in a micro-structured material.[endnoteRef:83] 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.49 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.[endnoteRef:84] The net result is that σn can be much lower than expected based on f. Fortunately, thanks to the previous work on the 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. [82: (82) Hallinan, D. T.; Balsara, N. P. Polymer electrolytes. Annual Review of Materials Research 2013, 43, 503-525.]  [83: (83) Chopade, S. A.; Au, J. G.; Li, Z.; Schmidt, P. W.; Hillmyer, M. A.; Lodge, T. P. Robust polymer electrolyte membranes with high ambient-temperature lithium-ion conductivity via polymerization-induced microphase separation. ACS Appl. Mater. Interfaces 2017, 9, 14561-14565.]  [84: (84) Gomez, E. D.; Panday, A.; Feng, E. H.; Chen, V.; Stone, G. M.; Minor, A. M.; Kisielowski, C.; Downing, K. H.; Borodin, O.; Smith, G. D.; Balsara, N. P. Effect of ion distribution on conductivity of block copolymer electrolytes. Nano Lett. 2009, 9, 1212-1216.] 

[image: ]

Figure 7: Normalized conductivity n 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.



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 7, 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.49,[endnoteRef:85] 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.49 (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 7. [85: (85) Panday, A.; Mullin, S.; Gomez, E. D.; Wanakule, N.; Chen, V. L.; Hexemer, A.; Pople, J.; Balsara, N. P. Effect of molecular weight and salt concentration on conductivity of block copolymer electrolytes. Macromolecules 2009, 42, 4632-4637.] 

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.48 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.[endnoteRef:86] [86: (86) Irwin, M. T.; Hickey, R. J.; Xie, S.; So, S.; Bates, F. S.; Lodge, T. P. Structure–conductivity relationships in ordered and disordered salt-doped diblock copolymer/homopolymer blends. Macromolecules 2016, 49, 6928-6939.] 

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;[endnoteRef:87] Wanakule, et al. found that the σn of a gyroid SO is 0.35,46 while Hamersky, et al. suggested the σn of a gyroid PEE-b-PEO is 0.66;[endnoteRef:88] simulation work suggested σn is 0.47 to 0.80 depending on the volume fraction of the conducting phase.[endnoteRef:89] 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, and Villaluenga, et al. prepared a hybrid bicontinuous material of copolymers and nanoparticles with σn = 0.94.[endnoteRef:90],[endnoteRef:91] [87: (87) Cho, B. K.; Jain, A.; Gruner, S. M.; Wiesner, U. Mesophase structure-mechanical and ionic transport correlations in extended amphiphilic dendrons. Science 2004, 305, 1598-1601.]  [88: (88) Hamersky, M. W.; Hillmyer, M. A.; Tirrell, M.; Bates, F. S.; Lodge, T. P.; von Meerwall, E. D. Block copolymer self-diffusion in the gyroid and cylinder morphologies. Macromolecules 1998, 31, 5363-5370.]  [89: (89) Shen, K.-H.; Brown, J. R.; Hall, L. M. Diffusion in lamellae, cylinders, and double gyroid block copolymer nanostructures. ACS Macro Lett. 2018, 7, 1092-1098.]  [90: (90) Choi, J.-H.; Ye, Y.; Elabd, Y. A.; Winey, K. I. Network structure and strong microphase separation for high ion conductivity in polymerized ionic liquid block copolymers. Macromolecules 2013, 46, 5290-5300.]  [91: (91) Villaluenga, I.; Chen, X. C.; Devaux, D.; Hallinan, D. T.; Balsara, N. P. Nanoparticle-driven assembly of highly conducting hybrid block copolymer electrolytes. Macromolecules 2015, 48, 358-364.] 

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 S8, 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.

CONCLUSIONS
The phase behavior of a symmetric LiTFSI-doped S/O/SO ternary blends 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 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.
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