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Abstract 

 

We investigated the nanoscale morphologies and ionic conductivities of polyethylene-based 

multiblock copolymers as single-ion conducting polymer electrolytes. These polymers contain 

short polar blocks with a single sodium sulfonate group separated by polyethylene blocks of fixed 

length (PESxNa, x = 10, 12, 18). At room temperature, these multiblock copolymers exhibit layered 

ionic aggregates with semicrystalline polyethylene backbones. For PES12Na and PES18Na, the 

layered ionic aggregate morphologies transition into 𝐼𝑎3̅𝑑 gyroid morphologies upon melting the 

polyethylene blocks, and further transition into hexagonal morphologies at higher temperatures. 

With a shorter polyethylene block, PES10Na exhibits a layered to hexagonal transition at the 

melting temperature, without an intermediate gyroid morphology. The phase diagram of these 

PESxNa polymers is reminiscent of conventional diblock copolymers and identifies the presence 

of gyroid morphologies at the polar block volume fraction ~0.27 – 0.41, which is broad compared 

to typical diblock copolymers. Temperature-dependent ionic conductivities reveal faster ion 

transport through bicontinuous gyroids than hexagonal ionic aggregate morphologies, and a 

relationship between conductivity and the characteristic distance between ionic aggregates. This 

study presents materials design strategies for single-ion conducting polymers with a bicontinuous 

ionic aggregate and toward efficient ion transport.  
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Development of solid polymer electrolytes is critical to advanced energy storage 

technologies (e.g., all-solid-state batteries) beyond the conventional battery systems with liquid 

electrolytes.1–3 The most widely studied solid polymer electrolytes are poly(ethylene oxide) (PEO) 

based systems with added salt, and include diblock copolymers with a PEO block and a glassy 

block with Li-salt, Scheme 1a.2–6 However, salt-containing polymer electrolytes contain both 

mobile cations and anions leading to the persistent problems of electrode polarization and low 

transference numbers.2,7 Therefore, single-ion conducting polymer electrolytes (SIPEs) containing 

immobilized anions on the polymer backbone have emerged as a viable alternative to salt-based 

polymer electrolytes.3,8 Nevertheless, the development of SIPEs remains challenging due to the 

poor ionic conductivity and limited understanding of structure – property relationships.3  

 

Scheme 1. Schematics of various ion-conducting polymer electrolytes including (a) Li-salt 

containing diblock copolymers (dual-ion conductors) and (b) anion-tethered diblock copolymers 

(single-ion conductors). (c) Schematic and molecular structure of PESxNa multiblock copolymers 

with tethered anion groups. The polar blocks (blue) include one SO3
-Na+ ionic groups. The non-

polar blocks (red) are precise polyethylene segments with x = 10 - 48.  
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The low ionic conductivity of SIPEs is generally attributed to limited cation dissociation 

from the ion pairs (insufficient free charge carriers) and slow cation mobility due to coupling with 

segmental relaxations of the polymer backbone.9,10 To improve the cation dissociation, bulky and 

polar anionic groups are often introduced, because the delocalized electrons of such dielectric 

anions weakly interact with the cations.7,11 However, interactions between the polar ionic groups 

slow segmental dynamics of polymer chains and increase the glass transition temperatures (Tg).
9,12–

14 Therefore, improving the ionic conductivity of SIPEs is often limited due to the anticorrelated 

relationships between the cation dissociation and segmental relaxation.  

Recent studies demonstrate that the characteristics of ionic aggregate morphologies are 

critical factors in determining ion transport behaviors in SIPEs.15–24 For example, a 3D-

bicontinuous gyroid morphology exhibits higher Li+ conductivities than the hexagonal and layered 

morphologies due to the interconnected ionic aggregates.17 Also, well-ordered sulfonic acid layers 

in a hydrated semicrystalline SIPE shows comparable proton conductivities to Nafion, which was 

attributed to the highly percolating proton transport domains.25 These studies suggest that there are 

intricate relationships between the ionic aggregate morphologies, cation dissociation, and polymer 

chain dynamics, and these factors are largely dictated by the polymer chemistries.9,10 Thus, it is 

critical to design and investigate SIPEs with controlled ionic aggregate morphologies to establish 

robust morphology – ion transport relationships. 

Various polymer chemistries and architectures have been developed to control and 

investigate the ionic aggregate morphologies of SIPEs. For example, a typical aromatic ionomer 

with sulfonated ionic groups exhibited poorly defined ionic aggregates due to the constraints 

imposed by the rigid aromatic backbone.26–29 In these highly aromatic polymers, the absence of 

structural information of ionic aggregate morphologies (e.g., ion-ion correlation length) limits the 
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investigation of morphology – property relationship.29 Diblock copolymers comprised of aliphatic 

blocks and SIPE blocks with pendant ionic groups (Scheme 1b), have better defined ionic 

aggregate morphologies due to enhanced chain flexibility.24,30,31 Note that the ionic aggregates in 

these materials are largely uninvestigated and are smaller than the microphase separated 

morphologies of the diblock copolymers. The phase behavior of charge-containing diblock 

copolymers is given by an effective Flory-Huggins interaction parameter (χeff), the total degree of 

polymerization of the diblock copolymers, and the relative volumes of the two block, similar to 

the well-known neutral diblock copolymer systems (e.g., polyisoprene-b-polystyrene).30,32 The χeff 

increases with the ionic composition of the SIPE block, which strengthens the microphase 

separation as demonstrated in theoretical30 and experimental24,31 investigations. Studies of such 

SIPE block copolymers have identified various ordered morphologies including layered, gyroid, 

and hexagonal ionic aggregates, although predictive morphology – ion transport relationships 

require a more detailed understanding of the role of ionic aggregates within the microphase-

separated block copolymer morphologies.  

We have been studying various SIPEs containing well-separated ionic groups in which the 

ionic aggregates are synonymous with the microphase separated morphology. When the chain 

architecture of these polymers has precise segmentation of pendant ionic groups, the ionic 

aggregates have higher degrees of morphological ordering relative to a random distribution of ionic 

groups. Specifically, periodic sequencing of carboxylic acid on the polyethylene backbone have 

greater morphological uniformity of ionic aggregates than the randomly placed carboxylic acid 

groups.33,34 Furthermore, a series of polyethylene-based multiblock copolymer electrolytes 

containing polar blocks each with one sulfonated ionic group (Scheme 1c) exhibits various order-

to-order transitions (OOTs) as a function of temperature.17,18 These precisely segmented 
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polyethylene sulfonates (PESxM) have exactly x carbons in the polyethylene block and M is the 

counter-ion species. Notably, PES23 with Li+, Na+, and Cs+ counterions have gyroid morphologies 

with a volume fraction of the polar domain (fpolar) ~ 0.28.17 The temperature range for the gyroid 

structure shifts with the cation species, which is attributed to the temperature-dependent 

Coulombic interactions that affect χeff. A similar multiblock copolymer (PES48Na) with a 48-

carbon polyethylene block fpolar ~ 0.16 and did not exhibit the gyroid morphology.18  

 In this paper, we present a new series of PESxNa multiblock copolymer electrolytes 

comprised of non-polar polyethylene blocks (x = 10, 12, and 18) and short polar blocks with one 

SO3
-Na+ ionic group. We establish the phase behavior of PESxNa as a function of fpolar and 

temperature, as well as morphology – conductivity relationships. Notably, the phase diagram of 

PESxNa multiblock copolymers exhibits the gyroid morphologies at 0.27 < fpolar < 0.41, which is 

broader than typically reported for diblock copolymers (e.g., polystyrene-b-polyisoprene exhibits 

the gyroid morphology at 0.37 < fPS < 0.40 ).32 We also highlight the sub-50Å domain spacing of 

PESxNa polymers and its scaling to the number of backbone atoms in the monomeric repeat unit, 

and thus demonstrates the ability to control the nanoscale morphologies of ionic aggregates. The 

controlled ionic aggregate morphologies in PESxNa provide an in-depth structure-property 

relationship of these SIPEs. Specifically, the higher ionic conductivity in the gyroid morphology 

relative to the hexagonal morphology correlates with the characteristic length of these 

morphologies. This study controls the ionic aggregate morphologies and enhanced ionic 

conductivities using both polymer chemistry and temperature, thereby advancing the fundamental 

understanding needed to design viable single-ion conducting polymer electrolytes. 
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EXPERIMENTAL SECTION 

Synthesis of materials 

PESxNa multiblock copolymer electrolytes were synthesized by step-growth 

polymerization of tetra-n-butylammonium dimethyl sulfosuccinates (NBu4DSS) and diols with x-

carbons. All reactions were performed under an inert gas atmosphere using standard glovebox and 

Schlenk techniques. NaCl was supplied by Merck. Dialysis tubes by SpectraPor were provided by 

Carl Roth and used for purification of the polymers (3.5 kD pore size, 54 mm broadness). 1,18-

octadecanediol was synthesized according to literature.35 1,12-dodecanediol and 1,10-decanediol 

were purchased from Merck in ≥ 98 % purity.  

PES10Na and PES12Na: A 100 mL two-necked Schlenk tube was charged with the 

starting materials of NBu4SDS (4.62 g, 9.88 mmol, 1.0 eq.) and 1,10-decanediol (1.72 g, 9.88 

mmol, 1.0 eq.) or 1,12-dodecanediol (2.00 g, 9.88 mmol, 1.0 eq.) and an elliptical PTFE coated 

stirring bar with a rare earth magnetic core. The Schlenk tube was equipped with a distillation 

bridge with one collecting flask and connected to a membrane pump. The reaction mixture was 

heated to 100 °C until a homogeneous melt was obtained. The catalyst [Ti(OnBu)4] was added as 

a solution in dry toluene (0.01 M, 0.5 mL, 0.05 mol-%). The reaction mixture was heated to 120 °C 

and the pressure was slowly reduced to 100 mbar within 5 h. The pressure was then reduced to oil 

pump vacuo (10-2 mbar) and the temperature was raised to 160 °C and held for 16 h. To obtain the 

sodium salt, brine (100 mL) and deionized water (20 mL) were added and the flask was 

ultrasonicated for 10 minutes until the polymer was dissolved. The solution was dialyzed for three 

days (5 L deionized water bath, water exchange 3x/day). The solvent was removed by 

lyophilization and NMR measurement ensured the absence of tetra-n-butylammonium counterions. 

In the case of remaining tetra-n-butylammonium, the process was repeated. The polymers were 
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obtained in 80 % yield. 

PES18Na: For the synthesis of PES18Na, the published procedure by Rank et al. was 

followed.18 A 100 mL two-necked Schlenk tube was charged with the starting materials NBu4DSS 

(3.50 g, 7.5 mmol, 1.0 eq.) and 1,18-octadecanediol (2.15 g, 7.5 mmol, 1.0 eq.) and a mechanical 

stirrer with a helical agitator was placed into the tube. The mixture was degassed and flushed with 

nitrogen three times and heated to 130 °C to obtain a homogeneous melt. The catalyst [Ti(OnBu)4] 

was added as a 0.01 M solution in toluene (375 μL, 3.75 μmol, 0.05 mol-%) via syringe to the 

stirred solution. The reaction mixture was heated slowly to 160 °C within 4 hours. Vacuum was 

applied and the reaction mixture was stirred for 20 h. The viscous melt was cooled to room 

temperature and an NMR sample was taken. To obtain the sodium salt of the polymer, brine 

(100 mL) and deionized water (20 mL) were added to 1.9 g of the polymer. Upon heating to 60 °C, 

the polymer started to precipitate in the aqueous solution as a white solid. After the melt was fully 

dispersed, the precipitate was filtered off and washed with deionized water. It was dried in a 

vacuum drying oven at 3 mbar for 3 days. The polymer PES18Na was obtained in 84 % yield (1.08 

g). 

Nuclear Magnetic Resonance (NMR) spectroscopy  

The characterization of the soluble intermediate products by NMR spectroscopy was 

performed in dimethylsulfoxide-d6 as solvent at 25 °C or 110 °C. A Bruker Avance III HD 400 

spectrometer with a TBO probe with Z-gradient or a Bruker Avance III 400 with a BBFO plus 

probe with Z-gradient was used. 1H chemical shifts were referenced to the solvent signal (residual 

proton signal). Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), m 

(multiplet), v (virtual), and combinations thereof. MestreNova software by Mestrelab Research 

S.L. was used for the evaluation of NMR data. All deuterated solvents used for NMR spectroscopy 
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were supplied by Eurisotop.  

 

Differential Scanning Calorimetry (DSC) 

DSC experiments were performed with TA Instruments DSC2500 for all polymers. The 

powder polymer samples were kept in a vacuum desiccator and dried at 50 °C under vacuum 

overnight prior to perform DSC measurements. Due to the slow crystallization kinetics, samples 

were measured at 1 °C/min ramping rate under a nitrogen atmosphere. The measured temperature 

range varies due to the degradation temperatures, which were ~180 - 210 °C with increasing 

polyethylene block lengths. 

 

In-situ X-ray Scattering  

X-ray scattering experiments were performed in the Dual-source and Environmental X-

ray Scattering (DEXS) facility at the Laboratory for Research on the Structure of Matter, 

University of Pennsylvania. The DEXS facility is equipped with a Xeuss 2.0 from Xenocs, which 

includes a PILATUS 1M detector for small-angle scattering, a PILATUS 100K detector for wide-

angle scattering, and a GeniX3D beam source (8 keV, Cu Kα, λ = 1.54 Å). The sample to detector 

distance of ~370mm and ~158mm is used for the small- and wide-angle detectors, respectively. 

Powder samples kept in a vacuum desiccator were sealed in a 1.0mm diameter glass capillaries 

before measurements. The 2D scattering data were collected isothermally every 10 °C for 10 min, 

after 15 min equilibration. The heating and cooling rates were 10 °C/min. The scattering data was 

isotropic and integrated into I(q) plots. Small- and wide-angle I(q) plots were arbitrarily shifted to 

display the scattering data at 0.1 Å-1 < q < 1.8 Å-1. 
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Electrochemical Impedance Spectroscopy (EIS) 

Solartron Analytical Modulab XM MTS spectrometer with Janis VPF-100 cryostat was 

used to measure the electrochemical impedance of samples at frequencies of 0.1 to 1 MHz and 100 

mV amplitude. Hot-pressed polymer films (1cm diameter) were sandwiched between two 

electrodes and equilibrated at ~170 °C under vacuum in the cryostat. Isothermal frequency-sweep 

measurements were performed while cooling, every 2 °C with 5 mins equilibration. The bulk 

resistance (R) at each temperature was obtained from the Nyquist plot, and DC ionic conductivity 

(σ) was calculated from the polymer thickness (h) and area (A), σ =  
ℎ

𝐴 ×𝑅
.    

 

 

RESULTS AND DISCUSSION 

Materials 

Table 1 summarizes the basic properties of the PESxNa polymers. We performed 1H NMR 

end-group analysis to estimate the degree of polymerization and molecular weights of the polymers 

(Figure S1 – S4). To build a phase diagram of PES polymers, volume fractions of polar segments 

(fpolar, Scheme 1c) are calculated from the van der Waals volume using the Chemicalize software. 

The fpolar increases from 0.16 to 0.45 as the number of ethylene units between the sulfosuccinate 

groups decrease from 48 to 10. We approximate the molecular weight polydispersity to be ~ 2 for 

the step-growth polymerization, because the polymers are insufficiently soluble to size exclusion 

chromatography. In contrast to traditional diblock copolymers, the molecular weight dispersity 

does not impact fpolar, because the monomeric repeat units are precise. 
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Table 1. Basic properties of PESxNa  

Polymer DPn
a Mn

a (kg/mol) fpolar
b 

PES10Na 71 12.7 0.45 

PES12Na 75 14.5 0.41 

PES18Na 35 8.2 0.32 

PES23Nac 21 11.3 0.27 

PES48Nac 30 13.3 0.16 

aThe degree of polymerization and molecular weight were determined by the end-group analysis 

of 1H NMR spectra. bThe volume fraction of sulfosuccinate blocks. cPES23Na and PES48Na data 

is obtained from Ref. 17 and Ref. 18, respectively. 

 

Thermal and Morphology Transitions 

The PESxNa polymers are semicrystalline at room temperature, exhibiting melting 

temperatures of 91.7°C, 100.9°C, and 126.2°C for PES10Na, PES12Na, and PES18Na, 

respectively, Figure 1. The melting temperatures increase with longer polyethylene lengths 

because longer alkyl spacers have more backbone atoms that can maneuver into crystalline 

domains in the presence of ionic associations and hairpin turns.25 During the first heating cycle 

above the melting transition, there are no additional transitions for PES10Na and PES12Na, 

whereas PES18Na shows a transition peak at 190.5°C. This order-to-order transition (OOT) of 

PES18Na is reversible as evidenced by the peak at 170.6°C during the first cooling cycle. Upon 

cooling, the absence of crystallization for these three PESxNa polymers is the result of polar ionic 

interactions constraining backbone mobility and dramatically slowing recrystallization. As a result, 

there are no melting transitions during the second heating cycles in these polymers, although the 

OOT is evident in PES18Na. DSC traces also reveal increasing glass transition temperatures (Tg) 

with larger fpolar, as expected.  
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Figure 1. DSC traces of (a) PES10Na, (b) PES12Na, and (c) PES18Na measured at 1°C/min ramp 

rate, including heating (red) and cooling (blue) of first and second cycles. DSC traces of first and 

second cycles were arbitrarily shifted for clarity. Tm [(a) 91.7°C, (b) 100.9°C, and (c) 126.2°C], 

TOOT [(c) 190.5°C and 170.6°C], and Tg [(a) 84.0°C, (b) 80.0°C, and (c) 73.0°C] values are shown 

in red, gray, and blue, respectively. 
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In-situ SAXS experiments were performed to examine the morphology transitions of the 

PESxNa polymers with temperature. Figure 2 shows representative diffraction patterns at selected 

temperatures and more scattering data are provided in Figure S5. At 40 °C before heating, polymers 

show a diffraction peak at q ~ 1.5 Å-1, corresponding to the [100] hexagonal lattice of crystalline 

polyethylene.36 The areas of the crystalline peak and amorphous halo are integrated and indicate 

33%, 42%, and 62% crystallinity for PES10Na, PES12Na, and PES18Na, respectively. At q < 0.7 

Å-1, the scattering peaks exhibit the ratio of 1:2 (q/q*) indicating layered ionic aggregates, which 

are driven by the crystallization of the polyethylene blocks. Therefore, the higher crystallinity 

associated with longer polyethylene blocks gives rise to stronger higher-order peaks from the 

layered ionic aggregates. The d-spacing of these layers (dL) increases with the length of 

polyethylene blocks as dL = 2π/q* = 21.0, 24.1, and 32.9 Å for PES10Na, PES12Na, and PES18Na, 

respectively. The difference of dL for PES10Na and PES18Na (11.9 Å) is larger than the all-trans 

contour length difference of 10- and 18-carbons (10.0 Å), which corresponds to the lower 

crystallinity of the 10-carbon polyethylene blocks.  

Upon heating above the melting temperature, both PES12Na and PES18Na transition to 

cubic gyroid (𝐼𝑎3̅𝑑), whereas PES10Na transitions to hexagonal ionic aggregate morphologies. 

The melting of crystalline polyethylene blocks is indicated by the very broad peaks centered at q 

~ 1.5 Å-1. It is notable that PES10Na and PES12Na, which differ by two methylene groups, have 

different phase transitions, indicating the sensitivity of nanoscale aggregate morphology on 

polymer composition. Further increases of temperature give rise to a gyroid to hexagonal transition 

in PES12Na and PES18Na, while the hexagonal morphology persists in PES10Na. The second 

order scattering peaks remain present in these hexagonal morphologies up to the maximum 

temperature studied (Figure S5). Selected ionic aggregate morphologies and lattice parameters of 
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PES10Na, PES12Na, and PES18Na are provided in Table 2. Upon cooling, the slow crystallization 

kinetics observed in DSC is also evident in the X-ray scattering. For example, within the timescale 

of the scattering experiment the amorphous HEX morphology of PES10Na persists to 40 °C and 

this polymer fails to transition into a crystalline layered morphology during in-situ cooling. For 

PES12Na and PES18Na, the HEX to GYR transitions is observed upon cooling, while the 

amorphous GYR morphologies persist below the melting temperatures. These polymers 

recrystallize at room temperature after longer times as previously reported for PES23Na17 and 

PES48Na18, and further evidenced by ex-situ X-ray scattering of PES12Na (Figure S6).  
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Figure 2. Representative in-situ SAXS patterns of PES10Na, PES12Na, and PES18Na measured 

at every 10°C while (a) heating and (b) cooling. The full scattering data are available in Figure S5. 

LAY, GYR, and HEX indicate layered, gyroid, and hexagonal ionic aggregate morphologies, 

respectively. The lattice parameters at selected temperatures are provided in Table 2.  

 

 

Table 2. Ionic aggregate morphologies and lattice parameters of PES10Na, PES12Na, and 

PES18Na at selected temperatures as determined by in-situ SAXS data while heating. 

Polymer Temperature (°C) Morphology Lattice parameters (Å) 

PES10Na 40 Layered 21.0 

 170 Hexagonal 21.7 

    

PES12Na 40 Layered 24.1 
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 120 Gyroid 53.1 

 170 Hexagonal 24.2 

    

PES18Na 40 Layered 32.9 

 130 Gyroid 64.2 

 200 Gyroid + Hexagonal  62.8 (GYR), 27.7 (HEX) 

 

Table 3 summarizes thermal and morphological transitions of PES10Na, PES12Na, and 

PES18Na as determined by DSC and X-ray scattering. Given the inherent difference in their 

heating and cooling rates, there is excellent agreement between these two experimental methods 

with respect to the melting and order-order transition temperatures. For example, PES18Na 

exhibits an endothermic transition at 126.2°C that corresponds to the LAY to GYR morphology 

transition. Similarly, PES18Na exhibits GYR – HEX transitions upon heating and cooling in both 

DSC and X-ray scattering. Note that for PES12Na, X-ray scattering shows GYR – HEX transitions, 

which are not observed by DSC trace. This is attributed to the small enthalpic changes during the 

GYR – HEX transitions of PES12Na and will be discussed more below.37  

 

 

 

Table 3. Summary of thermal and morphological transitions of PES10Na, PES12Na, and 

PES18Na  

Polymer Heating Cooling 
Tendo (°C) a TOOT (°C)b Texo (°C) a TOOT (°C)b 

PES10Na 91.7 ~100; LAY → HEX 
 

- - 

PES12Na 100.9 ~100; LAY → GYR 

 

- - 
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 - ~140; GYR → HEX 
 

- ~130; HEX → GYR 

 

PES18Na 126.2 ~110 – 120; LAY → GYR 

 

- - 

 190.5 ~180 – 190; GYR → HEX 

 

170.6 ~170 – 160; HEX → GYR 

 
aThermal transition temperatures are from DSC trace (Figure 1). bThe morphology of ionic 

aggregates. Transition temperatures are estimated from in-situ SAXS measurements (Figure S5). 

 

Morphology Maps and Phase Diagram 

Morphology maps were constructed from in-situ X-ray scattering results using 1/T versus 

fpolar. The data at fpolar ~ 0.16 and 0.27 correspond to PES48Na and PES23Na, respectively, as 

previously reported.17,18 In the morphology map constructed from the heating data (Figure 3a), 

layered ionic aggregates exhibit transitions at the melting temperatures to either hexagonal (fpolar ~ 

0.16 and 0.45) or gyroid (fpolar ~ 0.27, 0.32, and 0.41) morphologies. Since layered ionic aggregates 

are indicative of semicrystalline polyethylene, the first OOTs correspond to the melting of polymer 

backbones and are consistent with the melting transitions in the first-heating DSC data (Figure 1 

and Table 3). Note that these melting transition temperatures decrease (1/T increase) with 

increasing fpolar, as consistent with less crystallinity due to shorter polyethylene blocks. As 1/T 

decreases further, polymers with fpolar of 0.27, 0.32, and 0.41 form gyroid and further transition 

into hexagonal morphologies, while polymers with fpolar of 0.16 and 0.45 exhibit LAY – HEX 

transitions without the intermediate gyroid morphologies. This morphology map shows that the 

nanoscale ionic aggregates in PESxNa polymers vary with fpolar and temperature, demonstrating 

the presence of gyroid morphologies at intermediate temperatures and 0.27 < fpolar < 0.41. When 

diblock copolymers exhibit the gyroid structure, the experimental composition window is typically 

narrower, ~ 4 vol%.32More research is needed to establish if the wider composition window for 
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the gyroid structure in PESxNa is the result of the multiblock architecture or a large χeff. 

Figure 3b is the cooling morphology map of PESxNa and displays an expanded 

temperature range of gyroid morphologies due to slow crystallization kinetics. In our previous 

report, PES48Na (fpolar ~ 0.16) showed HEX to LAY transitions upon cooling in X-ray scattering, 

due to the strong crystallization driving forces associated with the long polyethylene blocks.18 In 

contrast, the gyroid morphology in PES23Na persisted for 3 days after cooling to room temperature, 

which is attributed to the slower crystallization kinetics of the shorter polyethylene blocks.17 In 

this study, we report that the new PESxNa polymers maintain their melt-state morphologies upon 

cooling, similar to PES23Na. Specifically, PES10Na maintains the hexagonal morphology, and 

PES12Na and PES18Na maintain their gyroid morphologies below the melting temperatures. In 

summary, upon cooling the melt morphologies of the PESxNa polymers with fpolar > 0.27 persist 

below Tm due to their slow crystallization behaviors. 

A wide range of GYR-HEX coexistence for PES18Na is attributed to the strong polar 

interactions that slow OOT kinetics. In Figure S7, an isothermal X-ray scattering experiment for 

PES18Na shows the gradual transition from GYR and HEX to only HEX morphology after 9 hours 

at 200°C. The in-situ X-ray scattering experiments (Figure 2) held temperature for only 15 minutes 

before a 10-minute exposure. Thus, we conclude that the regions of GYR-HEX coexistence in 

Figure 3 result from the slow OOT kinetics of these polymers. 
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Figure 3. Morphology maps of PESxNa while (a) heating and (b) cooling plotted as 1/T versus 

fpolar. LAY (blue), GYR (red), and HEX (green) indicate layered, gyroid, and hexagonal ionic 

aggregate morphologies. There are mixed phases near the transitions temperatures as indicated by 

light blue (LAY + HEX), purple (LAY + GYR), and olive (GYR + HEX) colors. Morphologies at 

fpolar ~ 0.16 and 0.27 are previously reported elsewhere.17,18  

 

  

The morphology maps clearly illustrate various OOTs and a broad gyroid region. 

Surprisingly, there are hexagonal - gyroid - hexagonal transitions with increasing fpolar at 130 °C < 

T < 180 °C, Figure 3a. This might suggest the appearance of an inverse hexagonal symmetry with 

increasing fpolar, although this is inconsistent with the fpolar < 0.5 in these multiblock copolymer 

electrolytes. Recall that phase diagrams of diblock copolymers use the product of χ (~1/T) and the 

total degree of polymerization on the y-axis, rather than just 1/T as in Figure 3. For the multiblock 
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copolymers studied here, we employ the number of backbone atoms in a monomeric unit (Nm), 

defined as Nm = x + 6. For PESxNa polymers, x and 6 are the number of backbone atoms of non-

polar and polar groups, respectively (Scheme 1).  

Figure 4 illustrates the phase diagram upon heating of PESxNa using Nm/T on the y-axis. 

This Nm/T versus fpolar representation enables comparison with conventional diblock copolymers. 

Interestingly, the OOTs in PESxNa phase diagram exhibits a gyroid phase bounded by the 

hexagonal phases at lower Nm/T and bounded by the layered phase at higher Nm/T. While the 

layered morphology of conventional diblock copolymers is observed near the symmetric 

compositions, the layered ionic aggregate morphologies of PESxNa persist at fpolar ~ 0.16 due to 

crystallization of the PESxNa polymers below the Tm. Note that order-to-disorder transitions 

(ODTs) were inaccessible in these PESxNa polymers due to polymer degradation, and are expected 

at a higher temperature (shown by the dashed line). This phase diagram clearly captures the OOTs 

of ordered ionic aggregate morphologies as a function of Nm/T and fpolar, where Nm is defined by 

the monomeric repeat unit rather than the total degree of polymerization of these multiblock 

copolymers.  
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Figure 4. The Nm/T versus fpolar phase diagram for PESxNa polymers based on heating in-situ X-

ray scattering data. The colored regions indicate the ionic aggregate morphologies as described in 

the Figure 3 caption. The dashed line represents an experimentally inaccessible order-to-disorder 

transition at higher temperatures. 

 

To further justify the use of Nm in the phase diagram, we investigated the scaling between 

Nm and domain spacing of hexagonal ionic aggregate morphologies dHEX. Figure 5 shows dHEX ~ 

Nm
0.52 scaling for PESxNa polymers, indicating the domain spacings (20 – 50 Å) of nanoscale ionic 

aggregates is controlled by Nm. This matches the Gaussian chain model prediction of d ~ Nm
0.5 for 

weakly segregated and disordered systems of symmetric diblock copolymer melts; typically this 

scaling is experimentally inaccessible in weakly segregated systems due to fluctuation effects.38–

40 Importantly, we note that the very short chains of the polar blcoks in the PESxNa polymers is 
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incompatible with models assuming Gaussian chains. Nonetheless, this dHEX ~ Nm
0.52 scaling 

indicates controllable interaggregate domain spacings at a sub-50 Å length scale and further 

supports the use of Nm for the phase diagram of PESxNa polymers. 

 

 

Figure 5. Domain spacings of hexagonal morphologies and its Nm
0.52 scaling. Nm is defined as x + 

6 for PESxNa polymers. Domain spacings of all polymers are obtained from the q* at 170 °C while 

cooling. 

 

Block copolymer phase diagrams connect the microphase separated morphologies to the 

interactions between the blocks and the composition, and are valuable tools for designing block 

copolymers with specific self-assembled morphologies.32 To our knowledge, Figure 4 is the first 

experimental phase diagram of a multiblock copolymer electrolyte. Though there are a few 

theoretical,41 experimental,42–44 and simulation45 studies that identify the ordered morphologies 

with neutral multiblock copolymers, our results are unique as we broadly map out various OOTs, 

including gyroid morphologies, with charge-containing multiblock copolymer electrolytes. Along 
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with the phase diagram and Nm-dependence of dHEX, we have demonstrated that both the 

morphologies of ionic aggregates and the domain spacings can be fine-tuned by polymer design.    

 

Morphology – Conductivity Relationships 

Figure 6a presents the temperature- and morphology-dependent ionic conductivities of 

PES10Na, PES12Na, and PES18Na measured upon cooling. The ionic conductivity of PES23Na 

is included for comparison.17 The conductivity profiles of all PESxNa polymers are well-described 

with Vogel-Fulcher-Tammann (VFT) relationship, suggesting the ion transport in PESxNa polymer 

melts is coupled to the polymer segmental relaxation. When the ion transport is decoupled from 

the polymer chain dynamics, as in a glassy or crystalline polymer matrix, the ionic conductivity 

shows Arrhenius-like temperature dependence.3,46 The VFT-fitting curves and parameters are 

provided in Figure S7 and Table S1, respectively. The fitting of PES18Na is performed below 

130°C because the HEX – GYR transition leads to the conductivity plateau at ~140 - 160°C. In 

addition, the ionic conductivities of the PESxNa polymers decrease with shorter polyethylene 

segments (x) consistent with the increasing glass transition temperatures (Tg), even though smaller 

x increases the ionic concentration. At 110°C, the ionic conductivity in the gyroid morphology of 

PES12Na is lower by an order of magnitude than that of PES23Na due to the higher Tg of PES12Na 

(~80°C) than PES23Na (~65°C). These VFT relationships and Tg-dependence of ionic 

conductivities indicate that the ion transport behaviors are coupled to the polymer chain dynamics.  

Ionic conductivities of PESxNa also depend on the ionic aggregate morphologies. For 

PES10Na and PES23Na, ionic conductivities decrease upon cooling and uniformly follow VFT 

relationships, because there are no morphological transitions during the measurements. In contrast, 
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the conductivity profile of PES18Na exhibits a plateau at the HEX – GYR transition (~140 - 160 °C) 

upon cooling, and then exhibits a VFT relationship while in the gyroid morphology. This indicates 

higher ionic conductivities in gyroid morphologies than hexagonal morphologies, which is 

attributed to faster ion transport in the interconnected ionic aggregate channels of gyroid 

morphologies. For PES12Na, the ionic conductivities are described with a VFT relationship across 

the measured temperature range (Figure S8), although the ionic aggregate morphologies undergo 

a HEX – GYR transition upon cooling (Figure 2b and 3b). Recall that DSC failed to detect a 

thermal transition between the gyroid and hexagonal morphologies in PES12Na (Figure 1). Since 

the HEX - GYR transition in PES12Na involves a weaker enthalpic change, the ionic conductivity 

curve follows VFT behavior with comparable fragility strength coefficients for these two 

morphologies, DG ≈ DH. Thus, these ionic conductivities of PESxNa demonstrate that ion transport 

is closely related to the ionic aggregate morphologies. 

The Tg-normalized ionic conductivities of PESxNa highlight the morphological impact on 

ionic conductivities (Figure 6b). Notably, the ionic conductivities of PES12Na, PES18Na, and 

PES23Na overlap at 0.85 < Tg/T < 0.95, which is the temperature range for the gyroid morphology. 

Also, PES10Na follows PES18Na at Tg/T < 0.80 corresponding to the hexagonal morphology. The 

collapse of Tg-normalized ionic conductivities further indicates the coupling of ion transport and 

polymer segmental relaxation, and thus VFT behavior. After accounting for segmental dynamics, 

higher ionic conductivities exist in the gyroid morphologies of PES12Na, PES18Na, and PES23Na 

rather than the hexagonal morphologies of PES10Na and PES18Na. At Tg/T ~ 0.90, ionic 

conductivities in gyroid morphologies of PES12Na, PES18Na, and PES23Na are higher than the 

ionic conductivity in hexagonal morphology of PES10Na by order of magnitude. These results 

demonstrate that the gyroid ionic aggregates are advantageous relative to hexagonal ionic 



26 

 

aggregates in these polymers.    

 

Figure 6. (a) Ionic conductivities and (b) Tg-normalized conductivities of PES10Na, PES12Na, 

and PES18Na measured upon cooling. The data for PES23Na are obtained from the reference.17 

The filled and open symbols indicate the gyroid and hexagonal ionic aggregate morphologies, 

respectively, and half-filled symbols are mixed gyroid and hexagonal phases. 

 

 

 The ordered ionic aggregate morphologies have characteristic lengths (l) that provide 

further insights into the morphology-conductivity relationships. We define the characteristic 

lengths of the hexagonal, gyroid, and layered morphologies as lH = 
2

√3
𝑑𝐻𝐸𝑋(100), lG = 

2

√3
𝑑𝐺𝑌𝑅(211), 

and lL = 𝑑𝐿𝐴𝑌(100) , respectively. These lengths are topologically related when morphologies 

undergo OOTs.47–49 Along with the persisting hexagonal morphologies in PES10Na upon cooling, 

lH,10Na is constant at ~22Å upon cooling, Figure 7. For PES12Na, the HEX – GYR transition 

exhibits epitaxial relationships with (lG – lH) ~ 0.7Å at 130°C upon cooling, which corresponds to 

a smooth decrease in ionic conductivities (Figure 6). The absence of thermal transitions (via DSC) 

between the hexagonal and gyroid morphologies in PES12Na is also consistent with the epitaxial 

relationship between the two morphologies and a single VFT relationship over the measured 
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temperature range. This transition from hexagonally packed ionic aggregates to interconnected 

gyroid channels requires minimal polymer chain rearrangement such that the ionic conductivities 

are insensitive to the OOT. The difference between lG and lH in PES18Na is significantly larger 

(~2Å) indicating that the HEX – GYR transition involves a larger extent of polymer chain 

rearrangement. The hexagonal morphologies of PES18Na exhibit measurably lower ionic 

conductivities than the gyroid morphologies, because at this OOT the morphological transition is 

significant. The OOT in PES18Na is also apparent in DSC, Figure 1c. Our previous report of 

PES23Li identified an even larger disparity in ionic conductivities between gyroid and hexagonal 

morphologies along with a larger (lG – lH) ~ 5Å at the OOT.17 Due to the temperature limit in the 

EIS measurements, ionic conductivity at the HEX – GYR transition could not be studied for 

PES23Na, although both DSC and X-ray scattering indicate an OOT and the lG – lH ~ 3.5Å.  

 
Figure 7. Characteristic lengths of ionic aggregate morphologies of PESxNa polymers upon 

cooling. The blue, red, and green colors indicate the layered, gyroid, and hexagonal morphologies, 

respectively. The characteristic lengths of morphologies are calculated from the primary X-ray 

scattering peak, q*, and 𝑑 = 2𝜋/𝑞∗; the equations for the characteristic lengths are given in the 

text. 

 

 

Various self-assembled ion conductors have explored morphological effects on ionic 

conductivity, including layered, hexagonal, and gyroid morphologies.21,50–58 In polymerized ionic 
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liquids, grain boundaries significantly reduce the ionic conductivities in the mixed layered and 

hexagnoal morphologies.50 In ionic liquid crystals51,52,58 and dendrites53, the gyroid morphology 

exhibit a higher ionic conductivity than hexagonal morphology, and this is attributed to the 

bicontinous ion transport network of gyroid where the ions can migrate with a minimal impact of 

defects or grain boundaries. A PEO-based ternary blend with Li-salt shows a higher ionic 

conductivity through bicontinuous ion-conducting domains (C15 phase) than hexagonal 

domains.54 For PESxNa, we observe more efficient ion transport through bicontinuous gyroid 

morphologies than hexagonal morphologies, and the conductivity differences are correlated to the 

characteristic lengths of the morphologies. Note that the grain size of the morphologies, as 

estimated from the peak width of X-ray scattering, is considerably larger (~10 to 38 times) than 

the microdomain structures (Table S2). Thus, we conclude that the conductivity differences in 

PESxNa mainly originate from the morphology types and characteristic lengths of ionic aggregates 

rather than the impact of grain boundaries. 

These results demonstrate strong correlations between the phase behavior, nanoscale 

characteristic lengths of the ionic aggregates, and the ion transport properties for single-ion 

conducting multiblock copolymers. Also, we have established the boundaries of gyroid 

morphologies for PESxNa at a wide range of 0.27 < fpolar < 0.41. Although the ionic conductivities 

of PESxNa are too low for practical applications, gyroidal ionic aggregate morphologies perform 

better than hexagonal morphologies in these multiblock copolymers, and further improvements 

are envisioned. For example, the sulfonate group can be replaced with a larger anionic group to 

increase cation dissociation and promote cation mobility. In addition, solvents, oligomers, or ionic 

liquids could be selectively infiltrated into the ionic aggregates (i.e. the polar microdomains) to 

improve cation dissociation and ionic conductivity. 
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CONCLUSION 

 

Single-ion conducting polymer electrolytes (SIPEs) with ordered morphologies, including 

the bicontinuous gyroid, were investigated to build a fundamental understanding of design rules 

for efficient ion transport in multiblock copolymers. Using a set of five multiblock copolymer 

electrolytes with short polar blocks containing one SO3
-Na+ group and polyethylene blocks with 

precisely x carbons (PESxNa), we establish structure – property relationships. In-situ X-ray 

scattering experiments reveal order-to-order transitions (OOTs) in these polymers, and these OOTs 

are combined into a Nm/T vs fpolar phase diagram that successfully maps the phase transitions of 

PESxNa multiblock copolymers. This diagram, which is the first for a charged multiblock 

copolymer, highlights the ability to control the ionic aggregate morphologies using composition 

and T. The ordered morphologies of PESxNa reveal that the higher ionic conductivities in gyroid 

relative to hexagonal ionic aggregates are closely related to the characteristic lengths of these 

morphologies. Our results demonstrate faster ion transport through bicontinuous ionic aggregates 

than isotropic hexagonal morphologies in these multiblock copolymers, and provide future 

guidance for designing viable SIPEs with enhanced ionic conductivities. Next steps could include 

maintaining the gyroid morphologies at room temperature and increasing cation dissociation 

without perturbing the well-organized ionic aggregates. Moreover, these new insights about 

functional multiblock copolymers will encourage a broader investigation of step-growth 

polymerization to design self-assembled polymers for various potential applications.   
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